
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2022

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 2113

Regulation of differentiation during
the Giardia life cycle

An insight into the molecular control

LAURA ROJAS-LÓPEZ

ISSN 1651-6214
ISBN 978-91-513-1401-3
URN urn:nbn:se:uu:diva-466370



Dissertation presented at Uppsala University to be publicly examined in Room A1:111a,
BMC, Husargatan 3, Uppsala, Friday, 18 March 2022 at 09:15 for the degree of Doctor of
Philosophy. The examination will be conducted in English. Faculty examiner: Dr. Marco Lalle
(Istituto Superiore di Sanità (Department of Infectious Diseases) ).

Abstract
Rojas-López, L. 2022. Regulation of differentiation during the Giardia life cycle. An insight
into the molecular control. Digital Comprehensive Summaries of Uppsala Dissertations from
the Faculty of Science and Technology 2113. 74 pp. Uppsala: Acta Universitatis Upsaliensis.
ISBN 978-91-513-1401-3.

Giardia intestinalis (syn. G. lamblia, G. duodenalis) is an intestinal protozoan parasite that causes
diarrheal infections worldwide. A critical step in maintaining its chain of transmission is the
formation of infectious cysts from the disease causing trophozoites during a cell differentiation
process called encystation. Giardia establishes noninvasive infection in the epithelial cells
(IECs) of the upper small intestine of mammals, including humans, causing a diarrheal disease
known as giardiasis. Giardiasis is a multifactorial disease in which some of the factors involved
in pathogenesis and virulence have been identified. However, several questions of the effects
of host-parasite interaction during cell differentiation remain unclear.

This thesis is divided into three sections. The first part focused on producing a high-resolution
gene expression map of encystation in Giardia (Paper I). For this purpose, we used deep RNAseq
combined with a rich range of timepoints during encystation that showed a gradual change in
gene expression along the time course of differentiation. Genes encoding proteins involved in
forming the resistant cyst wall are induced early in encystation, and most genes are regulated
by the transcription factor Myb2. However, the most extensive gene expression changes were
observed during the late phase of encystation, mainly among cysteine-rich surface proteins
(VSPs and HCMPs) and genes involved in regulation of chromatin structure.

Secondly, we investigated how epigenetic regulation is related to processes controlling
parasite virulence, host immune evasion, transmission, and cell differentiation. As a result,
we produced the first molecular map of post-translational modifications in core histones
(methylation, acetylation, and phosphorylation) in Giardia using mass spectrometry (Paper II).

Finally, to study how cell differentiation affects the host and vice versa, we used a host-
parasite interaction model combining IECs (differentiated Caco-2 cells) with different cell
stages of Giardia (trophozoites, early encysting cells (7 h), and cysts). We analyzed these
interactions using Dual RNA sequencing (Dual RNAseq) to identify differentially expressed
genes (DEGs) in Giardia and the host cells. Our results showed that different life cycle stages
of Giardia induce different gene expression responses in the host cells. Furthermore, the IECs
affect the gene expression in trophozoites and early encysting cells (Paper III). This life cycle
stage-specific host-parasite crosstalk stands as a crucial step to consider for future studies in the
molecular pathogenesis of Giardia.

In summary, this thesis has provided a deeper understanding of cell differentiation of Giardia
intestinalis and its interaction with host cells. It shows that specific gene expression changes,
regulated via transcription factors and epigenetic regulation, are involved in the host-parasite
crosstalk during Giardia infections.
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Sammanfattning på Svenska 

Giardia intestinalis (syn. G. lamblia, G. duodenalis) är en tarmparasit som 
orsakar diarréinfektioner över hela världen. Ett kritiskt steg för spridning av 
Giardia är bildandet av infektiösa cystor från de sjukdomsframkallande trofo-
zoiterna under en celldifferentieringsprocess som kallas encystering. Giardia 
etablerar en icke-invasiv infektion av de intestinala epitelcellerna (IEC) i den 
övre tunntarmen hos däggdjur, inklusive människor, vilket orsakar en diarré-
sjukdom som kallas giardiasis. Giardiasis är en multifaktoriell sjukdom där 
bara ett fåtal av de faktorer som är involverade i patogenes och virulens har 
identifierats. Flera grundläggande frågor om effekterna av värd-parasitinter-
aktioner under Giardia infektioner är således fortfarande oklara. 

Denna uppsats är uppdelad i tre delarbeten. Det första arbetet fokuserade 
på att producera en högupplöst genuttryckskarta över encysteringsprocessen i 
Giardia (Papper I). För detta ändamål använde vi RNA sekvensering kombi-
nerat med prov från flera tidpunkter av hela encysteringsprocessen. Detta vi-
sade att det sker en gradvis förändring i genuttryck under hela tidsförloppet 
för differentiering. Gener som kodar för proteiner involverade i att bilda den 
resistenta cystväggen induceras tidigt i encysteringen och de flesta gener re-
gleras av transkriptionsfaktorn Myb2. De mest omfattande genuttrycksföränd-
ringarna observerades emellertid under den sena fasen av encysteringen, 
främst bland cysteinrika ytproteiner (VSPs och HCMPs) och gener involve-
rade i regleringen av kromatinstrukturen.  

I det andra delarbetet undersökte vi hur epigenetisk reglering är relaterad 
till processer som kontrollerar parasitens virulens, immunsystemsundvikande 
mekanismer, spridning och celldifferentiering. Vi producerade den första mo-
lekylära kartan över posttranslationella modifieringar av histoner (metylering, 
acetylering och fosforylering) i Giardia med hjälp av masspektrometri (Pap-
per II). Detta blir basen för vidare studier av deras funktion i genreglering via 
kromatinförändringar. 

Slutligen, för att studera hur celldifferentiering påverkar värden och vice 
versa, använde vi en värd-parasitinteraktionsmodell som kombinerade IECs 
(differentierade Caco-2-celler) med olika cellstadier av Giardia (trofozoiter, 
tidiga encystingceller (7 timmar) och cystor). Vi analyserade dessa interakt-
ioner med hjälp av RNA-sekvensering för att identifiera differentiellt uttryckta 
gener i Giardia och värdcellerna. Våra resultat visade att olika livscykelstadier 
av Giardia inducerar olika genuttryckssvar i värdcellerna. Dessutom påverkar 



 

 12 

IEC:erna genuttrycket i trofozoiter och encysterande celler (Papper III). 
Denna livscykelstadiespecifika värd-parasit interaktion är ett avgörande faktor 
att beakta i framtida studier av Giardias molekylära patogenes. 

Sammanfattningsvis har denna avhandling gett en djupare förståelse av 
celldifferentiering av Giardia intestinalis och dess interaktion med värdceller. 
Det visar att specifika genuttrycksförändringar, reglerade via transkriptions-
faktorer och epigenetisk reglering, är involverade i värd-parasit interaktioner 
under Giardia-infektioner. 
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Resumen en Español 

Giardia intestinalis (syn. G. lamblia, G. duodenalis) es un parásito intestinal 
que causa infecciones diarreicas en todo el mundo. Un paso crítico en su ca-
dena de transmisión es la formación de quistes infecciosos a partir de los tro-
fozoítos en un proceso de diferenciación celular llamado enquistación. Giar-
dia establece una infección no invasiva en las células epiteliales de la parte 
superior del intestino delgado de los mamíferos, incluidos los humanos, lo que 
provoca una enfermedad diarreica conocida como giardiasis. La giardiasis es 
una enfermedad multifactorial en la que se han identificado algunos de los 
factores implicados en la patogenia y la virulencia. Sin embargo, varias 
preguntas sobre los efectos de la interacción hospedero-parásito durante la 
diferenciación celular siguen sin respuesta. Esta tesis se divide en tres sec-
ciones.  

La primera parte se centró en producir un mapa de expresión génica de alta 
resolución de la enquistación en Giardia (Paper I). Para este propósito, 
usamos tecnología de secuenciación profunda del ARN (RNAseq) combinada 
con una amplia gama de muestras durante el tiempo de enquistación. Este 
mapa mostró un cambio gradual en la expresión génica a lo largo del proceso 
de diferenciación. Los genes que codifican proteínas involucradas en la for-
mación de la pared celular del quiste se inducen en la enquistación temprana 
y la mayoría de los genes están regulados por el factor de transcripción Myb2. 
Sin embargo, los cambios más extensos en la expresión génica se observaron 
durante la enquistación tardía, principalmente entre las proteínas de superficie 
ricas en cisteína (VSP y HCMP) y los genes implicados en la regulación de la 
estructura de la cromatina.  

En nuestro segundo proyecto, investigamos cómo la regulación epigenética 
se relaciona con los procesos que controlan la virulencia del parásito, la eva-
sión inmune del huésped, la transmisión y la diferenciación celular. Como re-
sultado, producimos el primer mapa molecular de modificaciones postraduc-
cionales en histonas (metilación, acetilación y fosforilación) en Giardia utili-
zando espectrometría de masas (Paper II).  

Finalmente, para estudiar cómo la diferenciación celular afecta al huésped 
y al parásito, utilizamos un modelo de interacción hospedero-parásito que 
combina células epiteliales del intestino (células Caco-2 diferenciadas) con 
diferentes estadios celulares de Giardia (trofozoítos, células en enquistación 
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temprana (7 h) y quistes).  Analizamos estas interacciones utilizando secuen-
ciación de ARN dual (Dual RNAseq) para identificar genes diferencialmente 
expresados en Giardia y las células del huésped. Nuestros resultados mostra-
ron que las diferentes etapas del ciclo de vida de Giardia inducen diferentes 
respuestas de expresión génica en las células del huésped. Además, las células 
epiteliales del intestino afectan la expresión génica en trofozoítos y células en 
enquistación temprana (Documento III). Esta comunicación especifica entre 
hospedero-parásito durante la diferenciación celular se erige como un paso 
crucial a considerar para futuros estudios en la patogénesis molecular de Gi-
ardia.  

En resumen, esta tesis ha profundizado en la comprensión de la diferen-
ciación celular de Giardia intestinalis y su interacción con las células del 
hospedero. Muestra que cambios específicos en la expresión de genes, regu-
lados a través de factores de transcripción y regulación epigenética, están in-
volucrados en la diafonía huésped-parásito durante las infecciones por Giar-
dia.  
 
Palabras clave: Giardia, diferenciación celular, enquistación, modificaciones 
postraduccionales de histonas, interacción hospedero-parásito.  
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Introduction 

Giardia intestinalis is one of the most prevalent intestinal protozoan patho-
gens worldwide of humans and other mammals, responsible for infections 
from asymptomatic to chronic diarrhea and malabsorption (Adam, 2021b; 
Monis et al., 2009; Savioli et al., 2006).  

Although Giardia is an important disease-causing parasite known for years, 
many mechanisms controlling its biology remain unclear. This work repre-
sents an effort to bring some light on the still unknown aspects of how Giardia 
regulates its cell differentiation and a hope that this knowledge could lead to 
a possible control tool for infections in the future. 

Epidemiological overview of giardiasis 
Diarrheal diseases play a significant role in disease burden worldwide. In 
2010, the Global Burden of Disease Study (GBD 2010) ranked diarrheal dis-
eases as the fourth most significant disease burden, accounting for 3.6% of the 
disease globally. Furthermore, diarrheal diseases were an even higher propor-
tion (8%) of the total disease burden in children <5 years of age (Figure 1) 
(Havelaar et al., 2015; Kirk et al., 2015; Pires et al., 2015; Ryan et al., 2019).  

Globally, there are nearly 1.7 billion cases of childhood diarrhea yearly 
(WHO, 2017). Diarrhea often appears as a symptom of infection in the intes-
tinal tract, caused by various bacterial, viral, and parasitic organisms. Usually, 
the infection is spread by contaminated food or water (Foodborne diseases) or 
from person to person due to poor hygiene (WHO, 2017). In addition, diar-
rheal diseases have a significantly higher impact in low-income countries and 
regions with poor water quality, sanitation, and food safety (Pires et al., 2015; 
Ryan et al., 2019). 
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Figure 1 Global distribution of causes of death in children under 5 years old showing 
Diarrhea as the second most important lethal cause of dead when it comes to infectious 
diseases. 

Worldwide, Cryptosporidium spp is the most common diarrhea-causing pro-
tozoan, followed by Giardia as the second most important. Back in 2010, the 
World Health Organization (WHO) reported Giardia as a cause of almost 184 
million cases of diarrheal diseases and 171,100 disability-adjusted life years 
(DALYs) from these cases, around 18 million were in children under 5 years 
(Havelaar et al., 2015; Kirk et al., 2015; WHO, 2015). The United Nations 
Food and Agriculture Organization (FAO) and WHO classified Giardia as 
11th out of the 24 most critical foodborne parasites in 2014, while Cryptos-
poridium was ranked fifth (Ryan et al., 2019; WHO, 2014).  
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The Giardia cell 
Talking about Giardia is talking about an old acquaintance for humans. The 
first description of this flagellated pear-shaped extracellular protozoan goes 
back to 1681 by the father of microscopy and microbiology, Antony Van 
Leeuwenhoek (Dobell, 1920). However, this parasite stayed in the dark until 
178 years later, when it was rediscovered by the Czech scientist Vilem Dusan 
Lamb, who suggested the first name for this parasite as Cercomonas intesti-
nalis (Adam, 2001).  

In 1915, it was the first time the parasite took the name we know nowadays 
as Giardia lamblia to recognize the work done studying this organism by Al-
fred Giard and V. Lambl (Ford, 2005). Later in 1952, based on the morphol-
ogy of the median body, Filice suggested the species names G. duodenalis 
(infecting mammals), G. muris (infecting rodents), and G. agilis (infecting 
amphibians)(Adam, 2001). Nowadays, Giardia intestinalis, Giardia lamblia, 
and Giardia duodenalis are exchangeable to refer to the same organism that 
produces diarrhea in humans. Therefore, from now on, in this thesis, we will 
use the term Giardia intestinalis. 

Classification of Giardia and assemblages 
When it comes to the classification of Giardia, eight species are accepted as 
valid, including species such as Giardia cricetidarium or peramelis that infect 
hamsters and bandicoots (Ryan et al., 2019). This is just an idea of the wide 
distribution of the parasite among different organisms.  

The advancement in molecular techniques led to a more precise division 
among Giardia intestinalis isolates based on differences in the DNA sequence 
level. During the ’80s, techniques such as surface antigen size (T. E. Nash & 
Keister, 1985) and restriction length polymorphism (RFLP) (T. E. Nash et al., 
1985) showed the existence of three groups that later were subsequently di-
vided into different assemblages or genotypes(Adam, 2021b).  

Giardia intestinalis is currently grouped into eight assemblages (A-H) 
based on host-specificity and molecular differences (Figure 2). Assemblages 
A and B are predominant in human infection, but other assemblages such as 
C, D, E, and F have also been identified (Cacciò et al., 2018; Ryan et al., 
2019). Human isolates within Assemblages A and B were further character-
ized based on multi-locus genotyping of 18S rRNA, β-giardin (bg), glutamate 
dehydrogenase (gdh), triosephosphate isomerase (tpi), and analyses of single 
nucleotide polymorphisms, giving; as result, the sub-assemblages AI, AII, and 
AIII for Assemblage A and BII and BIV in assemblage B (Cacciò et al., 2018; 
Lebbad et al., 2010; Ryan et al., 2019). 

This thesis work is based on G. intestinalis isolate WB C6 (ATCC 50803), 
assemblage AI, which is a clone of a human isolate from Afghanistan (1983) 
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(T. E. Nash et al., 1985). WB is the most characterized isolate of Giardia, and 
the WB genome was the first Giardia genome to be sequenced (Morrison et 
al., 2007). Also, it is the only isolate with full replication of its life cycle in 
vitro, which is one of the main reasons we selected it for our studies. 

 
Figure 2 Giardia intestinalis assemblages. Adapted from (Garcia–R et al., 2017; 
Monis et al., 2009)  

Cell differentiation: the life cycle 
Surviving and adapting to harsh environments is a major key factor for path-
ogens to establish and spread infection. To achieve this, Giardia alternates 
between two life cycle stages: the vegetative, replicating trophozoite and the 
dormant, non-motile cyst (highly resistant to environmental damage). In addi-
tion, there are also two intermediate stages, the encyzoite, and the excyzoite, 
that only exist as part of the differentiation process during encystation and 
excystation.  

Giardia has a relatively simple life cycle (Figure 3). It starts with the in-
gestion of cysts through contaminated water or food. Then, the cysts are trig-
gered to hatch (excystation) by the acidic milieu in the stomach and the pres-
ence of bile and trypsin in the duodenum (Ankarklev et al., 2010). After that, 
excyzoites emerge quickly from the cysts, and each of them starts dividing 
into two trophozoites that are able to divide yet another time so that one cyst 
forms four trophozoites (Bernander et al., 2001). These trophozoites attach 
and colonize the intestinal epithelial cells (IECs) of the upper small intestine 
to establish the infection.  

In the lower part of the small intestine, the trophozoites respond to changes 
in the host environment (such as the alkaline pH and high concentrations of 
bile and lipolytic products) by initiating the formation of a cyst wall (i.e., en-
cystation) to avoid damage. This process eventually leads to cyst formation. 
Cysts are excreted to the environment with fecal matter, and they can survive 
for several weeks under harsh environmental conditions (e.g., cold, damp ar-
eas). Thus, the formation of cysts is essential for survival and the transmission 
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of disease and infecting a new host (reviewed in Gillin et al. 1989, Adam 2001, 
Rópolo & Touz 2010, Ankarklev et al. 2010, Feng & Xiao 2011). 

 
Figure 3 The life cycle of Giardia. The cycle starts with the ingestion of cysts in con-
taminated food or water. This is followed by the establishment of the infection in the 
host by the newly emerged trophozoites (excystation), which colonize the upper small 
intestine, where they proliferate by binary fission. Finally, the cycle is completed 
when cysts are formed (encystation) in the lower intestinal region and then released. 

Excystation: Cyst to trophozoite 
The infection of a new host is initiated when cysts are ingested from the envi-
ronment and pass through the acidic stomach into the duodenum. There, 
excystation is triggered upon exposure to bile and a more alkaline pH than the 
stomach (Adam, 2021b). In order to establish a successful infection, the infec-
tive dose estimated for Giardia is as low as 10-100 cysts (T. E. Nash et al., 
1987; R.C., 1979).  

Once the awakening of the cyst is started, the excyzoite rapidly emerge 
from and opening in one pole of the cyst and re-assembles the ventral disc and 
the flagella to secure a position on the IECs in the small intestine and avoid 
being swept away (Boucher & Gillin, 1990; Hetsko et al., 1998).  

The newly excysted cell (excyzoite) has eight flagella, four nuclei (16N), 
and a metabolism intermediate between a trophozoite and a cyst (Bernander 
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et al., 2001; Paget et al., 1998). First, the excyzoite undergoes immediate cy-
tokinesis (within a maximum of 30 minutes after excystation) and becomes 
metabolically active to result in two trophozoites with two nuclei each. Then 
a second division occurs, giving, as a result, the generation of four trophozo-
ites (each with 4N) (Buchel et al., 1987; Hetsko et al., 1998). 

Excystation is a process that requires careful coordination since a prema-
turely opening of the cyst wall would lead to the killing of the parasite by the 
gastric acid and, a late activation of the excyzoites would mean that the para-
site would be carried downstream by the flow in the intestine where they will 
encyst (Hetsko et al., 1998).  

When excystation is performed in vitro, a two steps protocol is followed by 
starting with the induction of viable cyst in an acidic solution (pH 4) continu-
ing with a transfer to a basic solution (pH 8) containing bicarbonate and tryp-
sin (Boucher & Gillin, 1990). Unfortunately, few details of this fast and pre-
cise differentiation process have been elucidated. 

Some studies have proven the essential role of cysteine proteases and acidic 
phosphatases during excystation to disrupt the cyst wall and allow the exyzoite 
to emerge (Slavin et al., 2002; Ward et al., 1997). Also, experiments using 
calmodulin antagonists have shown the involvement of calcium signaling in 
this process (Bernal et al., 1998). However, the transduction mechanisms co-
ordinating this process are not fully identified yet. Some Excystation specific 
genes have been identified by SAGE technology (Birkeland et al., 2010), but 
not much more has been described about this differentiation process since this 
study was published. 

The trophozoite 
The trophozoites are the disease-causing stage of Giardia intestinalis. This 
cell resembles the shape of a microscopic half-pear and is approximately 12 
to 15 μm long and 5 to 9 μm wide (Adam, 2001). The trophozoite possesses 
two nuclei symmetrically located in the anterior region. The cytoskeleton con-
sists of a median body, four pairs of flagella (anterior, posterior, caudal, and 
ventral), and a ventral disc (Adam, 2001; Ankarklev et al., 2010; Elmendorf 
et al., 2003). The median body has no known function but is the one that gives 
a famous smile to the cell when it is staining with Giemsa (Ankarklev et al., 
2010). However, without a doubt, and even when it might not be as famous as 
the smile (median body), the ventral disc is one of the most prominent ele-
ments by allowing the attachment of the cells to surfaces. It favors establishing 
infection (Adam, 2001) (Figure 4). 
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Figure 4 Giardia trophozoite schematic overview showing the most characteristic fea-
tures: two symmetrical nuclei (2N), the ventral disc essential for attachment, the basal 
bodies connected to their corresponding pair of flagella, the mitosomes, and the me-
dian body. 

The nuclei 
Giardia trophozoites have two symmetrically located nuclei that are transcrip-
tionally active and have the same size and shape (Kabnick & Peattie, 1990; 
Yu et al., 2002). Nevertheless, some differences have been observed between 
the nuclei. For example, the nuclear envelope and the distribution of the pores 
are different for each nucleus within the same cell, indicating the nuclei are 
not functioning equally (Benchimol, 2004). Also, some aneuploidy in the nu-
clei has been reported in specific isolates (Tůmová et al., 2007, 2016, 2019). 
These findings have proven that even when, at first look, the nuclei seem iden-
tical, they could differ in content and behavior. 

The genetic content of Giardia is stored in five different chromosomes, and 
each nucleus contains at least one copy of each chromosome (Morrison et al., 
2007; Yu et al., 2002). Even with some of the aneuploidy findings discussed 
previously (Tůmová et al., 2007, 2016, 2019). Giardia is recognized as tetra-
ploid since both nuclei contain copies of each gene (Bernander et al., 2001; 
Morrison et al., 2007; Xu et al., 2020). The isolate used in this study, WB-C6, 
has an equal distribution of chromosomes with two diploid nuclei, 2X5 chro-
mosomes. This characteristic with a polyploid genome split in two nuclei, 
combined with the absence of a defined sexual stage (Poxleitner et al., 2008; 
Ramesh et al., 2005), has represented a challenge for the genetic manipulation 
of the parasite for years. 
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 During these years, different tools to manipulate the gene ex-
pression in the parasite have been developed, starting with plasmids to estab-
lish gene transfection techniques (Singer et al., 1998; Sun et al., 1998; J. Yee 
& Nash, 1995), followed by the use of antisense oligonucleotides (morpho-
linos) to repress translation of various genes (Carpenter & Cande, 2009; 
Hardin et al., 2017; J. Kim & Park, 2019; Krtková et al., 2016). Then, contin-
uing with the use of RNAi to study antigenic variation (Cesar G. Prucca & 
Lujan, 2009) and the search of drug targets (Marcial-Quino et al., 2017). Add-
ing also, a significant achievement in the field when four gene copies of the 
cwp1 using the Cre/IoxP system were removed. However, this technique is 
time-consuming and arduous (Ebneter et al., 2016). The most recent additions 
to Giardia’s genetic tools box are the CRISPR interference (CRISPRi) 
(McInally et al., 2019) and CRISPR/Cas9 (Horáčková et al., 2021; Z.-Q. Lin 
et al., 2019) techniques that have managed to show more stable repression of 
gene expression. 

The cytoskeleton 
For Giardia, the maintenance of infection relies strongly on the ability of the 
parasite to survive in the small intestine of the host. To do so, Giardia needs 
to escape the peristalsis of the intestine; here is where the cytoskeleton be-
comes a key feature. The cytoskeleton is composed of unique microtubular 
structures (Elmendorf et al., 2003), such as the median body, the ventral disc, 
the funis, and axoneme-associated elements, and also elements commonly 
found in other flagellated protist (eight flagella and two mitotic spindles) 
(Dawson, 2010). In addition, the cytoskeleton provides a stable scaffold for 
the cell shape, cell polarization, and intracellular trafficking (Elmendorf et al., 
2003). 

The ventral disc is considered an essential virulence factor given its im-
portance for the attachment of the trophozoites to the host’s intestinal epithe-
lium (Gadelha et al., 2020; D. Palm et al., 2005). The ventral disk consists of 
a concave overlapping spiral array of microtubules connected with structures 
known as microribbons that extend into the cytoplasm (Dawson, 2010). In 
addition to highly conserved tubulin and actin components, the ventral disc is 
composed of proteins from the so-called “giardin” family identified as α-, β-, 
γ-, and δ- giardin (Nohria et al., 1992; D. Palm et al., 2005). 

Flagellar motility has been proven to be an indirect important contributor 
to attachment, positioning, and orienteering the trophozoites prior to attaching 
to the intestine (House et al., 2011). The flagellar motility has also been shown 
to be essential during cell division (Hardin et al., 2017; Tůmová et al., 2007) 
and it has also been suggested as important during encystation/excystation 
(Buchel et al., 1987; Dawson & House, 2010; Ginger et al., 2008). The eight 
flagella of the trophozoite are organized in four pairs: the anterior flagella 
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(AF), the posterolateral flagella (PF), the ventral flagella (VF), and the caudal 
flagella (CF) (Adam, 2001). The flagella originate from basal bodies posi-
tioned near the nuclei (Dawson & House, 2010). During mitosis, chromoso-
mal segregation and nuclear division are followed by flagellar duplication; as 
a result, each daughter cell inherits one basal body that will function as the 
basal flagellar body (Buchel et al., 1987; Dawson & House, 2010).  

The median body is an array of microtubules placed on the dorsal surface 
of the trophozoites (Elmendorf et al., 2003). It is unique to Giardia, and it 
gives its characteristic “smile” to the trophozoites (Dawson, 2010). The func-
tion of the median body is still not clear, but some hypotheses have been pro-
posed like storage of disc components (Gadelha et al., 2020; Piva & 
Benchimol, 2004). 

The mitosome 
Mitochondria are fundamental for the production of most cellular ATP in eu-
karyotes and provide the cells with other metabolites such as amino acids, 
lipids, and iron-containing prosthetic groups such as heme and iron-sulfur 
(FeS) clusters (Spinelli & Haigis, 2018). Aerobic eukaryotic organisms gen-
erate their ATP by oxidative phosphorylation in this double-membraned orga-
nelle (mitochondria) (Adam, 2021a), whereas certain anaerobic protozoa like 
the Tritrichomonas (Lindmark & Müller, 1973) and Trichomonas (Johnson et 
al., 1990) possess hydrogenosomes in which the ATP is generated by sub-
strate-level phosphorylation with the production of hydrogen. In contrast, Gi-
ardia has an even more elementary organelle called the mitosome. Mitosomes 
are the most reduced form of mitochondria (50-200nm in size), do not produce 
ATP, have no DNA, and harbor a single metabolic pathway of iron-sulfur 
(FeS) clusters formation (Tovar et al., 2003). In addition, Giardia mitosomes 
undergo synchronized fission occurs during mitosis (Voleman et al., 2017). 
and it is coupled to the flagellar maturation system (Tůmová et al., 2021). 

Membrane trafficking  
The eukaryotic Golgi apparatus is a central player in membrane trafficking, 
protein sorting, and transport. It takes molecules from the Endoplasmic retic-
ulum (ER), modifies them, and delivers them to their required target location 
(Adam, 2021a; Maria C Touz et al., 2012). However, Giardia possesses a dif-
ferent protein transport system than typical eukaryotes. Giardia has an endo-
plasmic reticulum (ER) network which extends from the nuclear envelopes 
through the entire cell body. This one is the major secretory system to sort and 
produce mature proteins in the absence of the Golgi apparatus (Faso & Hehl, 
2011). During the years, many proteins involved in protein transport have 
been identified in Giardia, such as clathrin, SNAREs, coat complexes (COPI 
and COPII), and small GTPases (Marti, Li, et al., 2003; Morrison et al., 2007). 
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Also, the adaptor proteins (AP1 and AP2) were demonstrated to be involved 
in the secretory transport and the endocytic processes (Rivero et al., 2010; 
María C Touz et al., 2004). Glycosylation occurs in Giardia in the absence of 
the Golgi apparatus, but only the addition of N-acetyl glucosamine(s) has been 
reported in Giardia’s ER (Robbins & Samuelson, 2005). 

Giardia also lacks peroxisomes or lysosomes; instead, it has a large number 
of vesicles called peripheral vacuoles (PVs) that are located below the plasma 
membrane of the dorsal side. PVs seem to have lysosomal properties and con-
tain hydrolases and proteases (Mccaffery & Gillin, 1994; Thirion et al., 2003). 
The uptake of nutrients from the environment is an additional role of the PVs, 
although the exact mechanism controlling the uptake and transport to the ER 
has not been uncovered (Abodeely et al., 2009; Wampfler et al., 2014). The 
absence of the Golgi apparatus is compensated by transporting the secreted 
proteins directly from the ER  to their final destination using secretory vesicles 
that dock to the (PVs) (Marti, Regös, et al., 2003).  

Encystation: Trophozoite to cyst  
The trophozoites replicate in the small intestine of the host, where later, some 
of these will continue to differentiate into cysts. This differentiation process 
is triggered by environmental changes, such as cholesterol deprivation, bile 
content, and pH. However, some specific molecular mechanisms regulating 
cell differentiation remain uncovered (Einarsson & Svärd, 2015). Recent in 
vivo studies have shown that contrary to what was thought for years, the dif-
ferentiation of trophozoites to cyst might occur earlier in the small intestine in 
localized clusters of Giardia with high density (Barash, Nosala, et al., 2017). 
Encystation in Giardia can be divided into an early and a late phase (Einarsson 
& Svärd, 2015; ERLANDSEN et al., 1996). During the early phase, the adhe-
sive disc is disassembled (D. Palm et al., 2005), the flagella are internalized, 
the cells round up, and the cyst wall formation starts. In late encystation, the 
division of the two nuclei occurs, DNA is replicated, and the maturation of the 
cyst wall is completed (Bernander et al., 2001). 

Induction of encystation  
The intracellular signaling leading to induction of the encystation process re-
mains unclear. However, the natural process of encystation can be mimicked 
in vitro by increasing the pH and bile concentration in the growth media 
(Gillin et al., 1987; Morf et al., 2010a).  

During the early stage of encystation, a “point of no return” has been iden-
tified when the induction signals have been present for 3-6 hours, here it is 
considered that the trophozoites cannot revert the process and will continue 
the differentiation to cysts (Sulemana et al., 2014). Also, during this early 
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phase, the formation of Encystation Specific Vesicles (ESVs) starts, ESVs 
transport to the surface the three major proteins forming the cyst wall (CWPs 
1-3) (Faso & Hehl, 2011). A prominent presence of ESVs in differentiating 
trophozoites around 5-8 hours has been observed (Faso et al., 2013; Hehl et 
al., 2000; Morf et al., 2010b), which might be an indication that once the cyst 
wall production reach a certain stage, the differentiation will be finalized.  

Parasites belonging to the assemblage A have shown great success in 
growth and differentiation in vitro compared to isolates from other assem-
blages (Ankarklev et al., 2010). This is the main reason why all the differen-
tiation studies so far have been developed using the WB isolate (assemblage 
A). Including more isolates from other assemblages in the differentiation, 
studies represents an opportunity to deepen our understanding of initiation 
factors and signaling in the parasite.  

Transcriptional response during encystation  
Giardia is characterized by having short and A/T rich promoter regions lack-
ing a TATA box to initiate transcription (Adam, 2001). Only four of the 
twelve general transcription factors were identified in the parasite (Morrison 
et al., 2007) suggesting a highly reduced regulation of gene expression via 
transcription factors. One of the most important transcription factors described 
in Giardia is the Myb-like protein, lately renamed to Myb2 (GL58803_872).  

This transcription factor has been shown to play a key role during the par-
asite encystation given the fact that regulates essential genes as the cwp1-3, 
myb and g6pi-B (important enzyme in the synthesis of GalNac sugar in the 
cyst wall) (Sun et al., 2002). Some other transcription factor such as GARP, 
ARID, Pax, WRKY, and E2F family have also been identified and reported in 
relation to expression of CWPs expression (B.-C. Lin et al., 2013; Su et al., 
2011; Wang et al., 2007; Worgall et al., 2004). 

Previous studies investigating the transcriptional response of Giardia dur-
ing encystation have identified a small set of genes that are up regulated during 
the early phase of encystation (Einarsson et al., 2016a; Morf et al., 
2010b).Most of the upstream region of these genes contains the hexamer 
CWACAG, which has been experimentally verified to be a Myb2-binding se-
quence(Morf et al., 2010b; Sun et al., 2002). The transcriptional changes dur-
ing the whole encystation process are described in detail in Paper I. 

The cyst wall formation 
The cyst wall consist of approximately 40% protein and 60% of carbohydrate 
GalNAc (Gerwig et al., 2002). The ESVs are the vesicles involved in the 
transport of the cyst wall material secreted from the ER to the plasma mem-
brane, for this reason the formation of ESVs has been extensively character-
ized (Faso & Hehl, 2011; Hugo D. Lujan, 2011).  
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Three major cyst wall proteins (CWP1-3) exist in Giardia, the CWPs have 
a central leucine-rich repeat region that is important for sorting into ESVs, and 
a N-terminal signal peptides to direct them to the secretory pathway (Luján et 
al., 1995; Hugo D. Lujan, 2011; Sun et al., 2003). 

After the ESVs are formed their secretion to the cell surface is delayed for 
some hours, this might allow the occurrence of post-translational modification 
to the CWPs as formation of disulfide bonds, isopeptide linkages and addition 
of phospho groups (Reiner et al., 2001; Slavin et al., 2002; Worgall et al., 
2004). As part of the maturation process to form the cyst wall, the CWP2 is 
modified by proteolytic processing and then the processed CWP2 forms a con-
densed core with CWP3, while the N-terminal part of CWP2 and CWP1 re-
main in fluid state until their secretion. To add more to this complicated pro-
cess the dense core formed by CWP2-CWP3 is secreted over several hours 
while the fluid part is secreted rapidly (Konrad et al., 2010) 

When it comes to the incorporation of the UDP-GalNAc sugar to the cyst 
wall, not much is known. The carbohydrate is synthesized by an inducible 
pathway consisting of five enzymes using  as starting substrate glucose (Lopez 
et al., 2003). To finalize the synthesis the UDP-GalNAc is polymerize by the 
cyst wall synthase (Karr & Jarroll, 2004), an activity that never has been iden-
tified on the gene level. The homopolymer structure of GalNAc shows as 
curled fibrils compressed by the CWPs. CWP1 and CWP2 can bind the fibrils 
and the leucine rich repeats of CWP1 have proven to have lectin binding prop-
erties (Chatterjee et al., 2010). The lectin binding properties of CWP1 were 
an excellent tool to visualize the GalNAc homopolymer in small vesicles of 
encysting parasites, these vesicles did not colocalize with ESVs which suggest 
that a different pathway is used to transport the carbohydrate elements of the 
cyst wall (Chatterjee et al., 2010). 

The Cyst 
The Giardia cyst has an oval shape and a size of 8-10 μm length by 7-10 μm 
width, it is coated by the cyst wall which is 0.3-0.5 μm thick and is composed 
by an outer filamentous layer and an inner membranous layer with two mem-
branes (S L Erlandsen et al., 1990; Stanley L. Erlandsen et al., 1989). The cyst 
wall is mainly formed by proteins (37%) and carbohydrates (63%) (CHAVEZ-
MUNGUIA et al., 2004; Stanley L. Erlandsen et al., 1996). The sugar compo-
nent of the outer part is predominantly of N-acetylgalactosamine (GalNAc) 
(Jarroll et al., 1989). Three major cyst wall proteins (CWP have been identi-
fied and one characteristic is that all of them contain leucine-rich repeats 
(Stanley L. Erlandsen et al., 1996; Sun et al., 2003). 

The cyst has four nuclei, flagellar axonemes and fragments of the ventral disc 
(Stanley L. Erlandsen et al., 1989). The cyst stage is environmentally resistant 
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and one of the characteristics that allows the survival in the environment for 
months is its low metabolic rate (10 to 20% when compares to trophozoites) 
(Adam, 2021a; PAGET et al., 1989) 

 
Figure 5 Giardia cyst schematic overview, the cyst contains four nuclei, flagellar ax-
onemes and fragments of the ventral disc. 

Energy metabolism  
As an obligate parasite, Giardia relies on its host to provide nutrients and cell 
components. Giardia has limited biosynthetic and energy production path-
ways (Lloyd & Williams, 2014). The energy metabolism in Giardia is anaer-
obic, lacking cytochrome-mediated oxidative phosphorylation. 

Trophozoites mainly use glycolysis and arginine dihydrolase pathways as 
a source of energy. Glucose is the preferred carbohydrate source of energy and 
is metabolized into acetate, ethanol, alanine, and CO2 in different concentra-
tions. The fluctuation in the end products depends on the oxygen concentra-
tion being alanine the major product when strict anaerobic conditions are pre-
sent (Adam, 2021a). However, the parasite is exposed to variation of the oxy-
gen levels in the intestinal environment and exposure to reactive oxygen spe-
cies (ROS) generated by the host. Giardia lacks conventional ROS scavenging 
pathways and it instead relies on thioredoxin-like proteins, NADH oxidase, 
flavodiiron protein, flavohemoglobin, and superoxide reductase for detoxifi-
cation (Adam, 2001, 2021a). 

The trophozoites have minimal endogenous amino acid synthesis, so they 
use the amino acids from the host (Adam, 2001). Arginine is used as a source 
of energy, and it is imported into the cell via an arginine-ornithine transporter. 
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Three enzymes are part of the arginine dihydrolase pathway: arginine deimi-
nase (ADI), ornithine carbamoyltransferase (OCT), and carbamate kinase 
(CK) (Brown et al., 1998). Aspartate may be an additional energy source 
through conversion to pyruvate through a malate intermediate (Adam, 2021a). 

Giardia has limited ability to synthesize de novo lipids and relies on active 
uptake and modification of lipids from the intestinal lumen (Sonda et al., 
2008). The uptake of sterols, phospholipids, and long-chain fatty acids is en-
hanced by the lipid-aggregating bile salts present in the upper small intestinal 
tract. Fatty acids play essential roles in the life cycle and metabolism of Giar-
dia, including in encystation. It has been observed that genes linked to choles-
terol biosynthesis are upregulated during encystation (Hernandez & 
Wasserman, 2006). The parasite also depends on extracellular cholesterol for 
the biogenesis of cell membranes and are not able to synthesize cholesterol 
themselves (H. D. Lujan et al., 1996), 

The machinery to synthesize nucleotides is absent in Giardia, and ribonu-
cleotides and deoxynucleotides are salvaged through uptake of nucleosides or 
nucleobases from the host environment (JimÉnez & O’sullivan, 1994). 

The role chromatin modifications during cell 
differentiation 
Regulation of gene expression is a complex process involving several molec-
ular mechanisms. For example, chromatin structure plays a vital role in the 
epigenetic regulation of protozoan parasite gene expression. In addition, it af-
fects parasite virulence, differentiation, and cell-cycle control (Croken et al., 
2012). Therefore, an important focus has been made to characterize post-trans-
lational modification (PTMs) of histones and the identification of enzymes 
responsible for those. 

Protozoan parasites' complex life cycles are regulated by differentiation 
events that command a drastic and rapid alteration of the gene expression pro-
file. In addition, on top of the complex life cycles, many parasites use anti-
genic variation as a way to evade the host immune response (Croken et al., 
2012). The mechanisms used by parasites to regulate transcription and re-
spond to environmental changes have only been partially characterized. How-
ever, epigenetic regulation seems to play an essential role in this. 

The gene regulation controlled by changes in chromatin structure is fre-
quently referred to as epigenetic gene regulation. The modification in the chro-
matin results in changes in the accessibility of the chromatin to polymerases 
and transcriptional complexes, leading to post-transcriptional modification of 
either DNA or proteins associated with DNA. This is how the chromatin is 
remodeled to euchromatin (accessible, loose) or heterochromatin (inaccessi-
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ble, compact) (Croken et al., 2012). The most common modifications of his-
tones include methylation, phosphorylation, and acetylation (Bannister & 
Kouzarides, 2011). 

Chromatin modification and cell differentiation in Giardia 
In Giardia, two copies of the histones H2A, H2B, H3, and three of H4 have 
been identified. However, the histone linker H1 seems to be absent (Wu et al., 
2000; Janet Yee et al., 2007).  

Not many studies have been done when it comes to epigenetics changes 
regulating the gene expression in Giardia. In 2010, the use of a histone 
deacetylase (HDACs) inhibitor showed that the decrease in histone acetylation 
resulted in the repression of encystation-specific genes and the parasite's ina-
bility to form cysts (Sonda et al., 2010). This highlighted the importance of 
epigenetic markers and gene regulation during differentiation. Later, Carranza 
and colleagues (Carranza et al., 2016) described the role of specific histone 
modifications in the regulation of encystation and antigenic variation. Show-
ing that the rates of acetylation of H4K8 and H4K16 are key for encystation, 
while a reduction in acetylation in H4K8 and methylation of H3K9 occur dur-
ing antigenic variation. 

Another important addition to the chromatin modification research was the 
creation of a map of the histone post-translational modifications present in the 
parasite (Emery-Corbin et al., 2021) creating a step towards understanding the 
relationship of these modifications in parasite development and virulence.  

Pathogenesis 
Giardia intestinalis is the causal agent of giardiasis, a multifactorial disease 
with varied manifestations resulting from the complex interplay between the 
host, parasite, and surrounding microbiota (Figure 6). The clinical manifesta-
tions of giardiasis go from chronic diarrhea with weight loss, postinfectious 
complications of irritable bowel and chronic fatigue, growth stunting, and 
asymptomatic infections (Adam, 2001, 2021a). 

Giardia is a noninvasive pathogen that, to establish infection, needs to over-
come the intraluminal flow, peristaltic waves, and different host mechanisms 
to reach the intestinal epithelium and replicate. Once in the intestinal epithe-
lium, Giardia trophozoites firmly attach to the intestine using the ventral disc 
(Céu Sousa et al., 2001; Chavez & Martinez-Palomo, 1995). At the peak of 
the infection, millions of Giardia trophozoites are tightly attached to the epi-
thelial surface, activating specific signaling pathways that end in enterocyte 
apoptosis, disruption of the small intestinal barrier, microvilli shortening, ac-
tivation of host lymphocytes, and small intestinal malabsorption (Certad et al., 
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2017; Fink & Singer, 2017). The assemblages A and B are responsible for 
infecting humans, although some reports describing human infection with as-
sembling E can be found (Fink & Singer, 2017; Monis et al., 2009). 

 
Figure 6 Giardiasis is a multi-factorial disease. (1) Arginine starvation and reduced 
NO production. (2) Microvilli shortening, destruction and malabsorption. (3) Chem-
okine upregulation and recruitment of immune cells. (4) Chemokine degradation. (5) 
Induction of apoptosis. (6) Increase in intestinal epithelial permeability. (7) Disruption 
of apical junction complex. (8) Disruption of mucin integrity. (9) Alteration in micro-
biota. (10) Increased chloride secretion. (11) Antigenic variation. 

Apoptosis in intestinal epithelial cells  
Cell apoptosis is an important mechanism that regulates and controls autono-
mous cell death to maintain cellular homeostasis (Elmore, 2007). Many en-
teric pathogens, including Cryptosporidium parvum, enterohemorrhagic 
Escherichia coli (EHEC), Clostridium difficile, Salmonella spp., Shigella sp, 
and Listeria monocytogenes can induce apoptosis of enterocytes and affect the 
intestinal homeostasis (Chin et al., 2002; J. M. Kim et al., 1998; McCole et 
al., 2000). 

Giardia infections have also shown the capability to induce enterocyte 
apoptosis. An increased rate of apoptotic events has been observed in biopsy 
specimens from patients with chronic infection (Troeger et al., 2007). Studies 
in vitro demonstrated that epithelial cell apoptosis in Giardia is caspase-3 de-
pendent, and it can be inhibited by a caspase-3 inhibitor (Chin et al., 2002; 
Koh et al., 2013; Panaro et al., 2007). Giardia-induced apoptosis has been 
reported to activate intrinsic and extrinsic pathways (Panaro et al., 2007; 
Troeger et al., 2007). Genes associated with apoptosis in human Caco-2 cells 
were observed to be up-regulated when the cells were exposed to Giardia 
products (Roxström-Lindquist et al., 2005). A suggested factor leading to the 
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induction of apoptosis is arginine starvation, where reduced arginine availa-
bility can induce superoxide and peroxynitrite production (Potoka et al., 
2003). It was observed that during Giardia infection, the enterocyte prolifer-
ation was decreased by the consumption of arginine by the parasite 
(Stadelmann et al., 2012). 

Intestinal barrier dysfunction and tight disruption  
The intestinal epithelial barrier acts as a physical barrier between the lumen 
and the sub-epithelial tissue. This barrier plays an essential role in maintaining 
intestinal homeostasis by transporting nutrients and molecules and preventing 
the passage of microorganisms and luminal antigens to the underlying tissue 
(Schumann et al., 2017). If the barrier gets disrupted, then water and other 
matter can enter the lumen depending on how the permeability changes. Ab-
normalities in epithelial permeability are an essential factor in the pathophys-
iology of many gastrointestinal diseases (Troeger et al., 2007). It has been 
shown that Giardia induces epithelial barrier disruption and increases epithe-
lial permeability contributing to the diarrhea symptoms (Troeger et al., 2007; 
P. Zhou et al., 2007). 

The apical junctions constitute the intestinal epithelia by holding the cells 
together. The disruption of these junctions affects the permeability of the in-
testinal barrier. The intestinal apical junctional complex is composed of tight 
junctions (TJs), adherence junctions (AJs), and desmosomes, and they consist 
of a large number of cytosolic and transmembrane proteins (Schumann et al., 
2017). 

The tight junctions consist of four classes of intracellular connecting pro-
teins: occluding, claudins, junctional adhesion molecules (JAMS), and the vi-
ral receptor CAR. For the adherence junctions, cadherin and nectin are im-
portant components. Tight junction and adherence junction are connected via 
intracellular proteins such as zonula occludens-1 (ZO-1) ( (Schumann et al., 
2017). 

Several studies in vitro using human intestinal cell lines have proven that 
Giardia trophozoites induce alterations in tight junctions by breaking down 
and/or rearranging ZO-1, transmembrane tight junction, and cytoskeleton pro-
teins. The alteration of these junctional and cytoskeletal proteins increases in-
testinal permeability and produces intestinal barrier dysfunction. Incubation 
of trophozoites with human cell lines (Caco-2, SCBN, HTC-8) showed that 
Giardia induces the reorganization of the cytoskeleton proteins F-actin and α- 
actin, and the disruption of tight junction protein ZO-1, resulting in certain 
cases in an increase of intestinal permeability (A. G. Buret et al., 2002; Chin 
et al., 2002; Humen et al., 2011; Koh et al., 2013; Teoh et al., 2000). In addi-
tion, during chronic giardiasis, claudin-1, an epithelial tight junction protein 
that possesses sealing properties, has been reported and downregulated 
(Troeger et al., 2007). Nevertheless, it has been described that these changes 
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in ZO-1 and claudin-1 can be prevented by the epidermal growth factor (EGF) 
or caspase-3 inhibitor treatment or addition of myosin light chain kinase 
(MLCK)-inhibitor (A. G. Buret et al., 2002; Chin et al., 2002; Scott et al., 
2002). 

Effect on villus and crypt architecture  
The attachment of Giardia trophozoites disrupts the microvilli on the brush 
surface, leading to microvilli shortening, digestive enzymes deficiencies, and 
reduction of surface area (Cotton et al., 2011).  The microvilli shortening in-
duced by Giardia have similarities with the one produced by bacterial intesti-
nal infections, chronic intestinal anaphylaxis, and Crohn’s disease (A. Buret 
et al., 1991; Andre Buret et al., 1992). 

It was believed that the tight attachment of Giardia to the enterocytes re-
sulted in intestinal malfunction and brush border villi shortening. However, it 
was observed that cysteine proteases secreted by the parasite are involved in 
degrading host proteins contributing to the epithelial injury by degrading the 
mucus barriers and disrupting the intracellular junctions (Bhargava et al., 
2015; Cotton et al., 2011; Dubourg et al., 2018; Liu et al., 2018). Experiments 
in gerbils showed that Giardia infections also affect crypt cell responses, caus-
ing an increase in crypt depth and cell proliferation (Andre Buret et al., 1992).  

Host malabsorption  
The combination of malabsorption and hypersecretion of electrolytes is one 
of the main causes of diarrhea during giardiasis (A. G. Buret, 2008). The most 
important cause of malabsorption during Giardia infections is surface area 
reduction and microvilli shortening. However, some other factors have been 
reported. These factors include bacterial overgrowth, impaired secretion of 
pancreatic enzymes, increased intestinal motility, and abnormalities in bile 
salt concentrations  (Scott et al., 2002).  

Observations in patients with giardiasis and different studies in vivo and in 
vitro models show that Giardia causes malabsorption of glucose, sodium, and 
water and reduced disaccharidase activity as a result of the microvilli shorten-
ing (Belosevic et al., 1989; Andre Buret et al., 1992; Cevallos et al., 1995). 
Previously carbohydrate malabsorption has been described as a result of the 
premature breakdown of sugars from bacteria combined with the reduced di-
saccharidase activity observed during giardiasis. Protein malabsorption and 
vitamin B12 deficiency can also result from bacterial overgrowth and compet-
itive uptake from aerobic bacteria (Dukowicz et al., 2007). A recent meta-
genomic analysis in humans infected with Giardia suggested a possible reduc-
tion in the ability to synthesize Vitamin B12 (cobalamin) by the microbiome 
of infected individuals (Mejia et al., 2020). 
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Intestinal microbiota 
The intestinal microbiota has an essential role in keeping not only the gut 
health but also the health of the organism in general. Commensal microbes 
preserve the mucosal barrier and modulate the intestine immune system and 
host gene expression (Geva-Zatorsky et al., 2017). The intestine in mammals 
is rich in commensal organisms, also referred to as bacterial flora. Many of 
the bacteria present in the gut facilitate digestion and participate in metabolic 
processes while they can also synthesize products, like biotin and vitamin K, 
that the host cells can utilize as a source of energy and nutrients (Gibson, 2004; 
Jeyakumar et al., 2019). 

The interplay between Giardia and the intestinal microbiota plays a role 
during giardiasis; it has been reported that the composition of the intestinal 
flora impacts the colonization of Giardia trophozoites in mice (Singer & Nash, 
2000). The intestinal microbiota has also been reported to stimulate the path-
ogenicity of Giardia, and it might contribute to CD8 T cell-mediated brush 
border enzyme impairment during Giardia infection in mice (Keselman et al., 
2016; TORRES et al., 2000). 

The interaction between other microorganisms and Giardia has been stud-
ied experimentally, and observations showed that Giardia could synergize 
with commensal bacteria and disrupt homeostatic host-microbiota interac-
tions. In this report, Giardia-induced functional changes in commensal E. coli, 
who can kill Caenorhabditis elegans in the absence of Giardia trophozoites 
(Gerbaba et al., 2015). The capability of Giardia inducing alteration of micro-
biota biofilms has also been proven, in part mediated by its cysteine proteases, 
causing epithelial apoptosis, tight junctional ZO-1 disruption, bacterial trans-
location, increased epithelial TLR4 expression, and CXCL-8 secretion  
(Beatty et al., 2017). Reports investigating the effect of protein malnutrition 
on infected mice showed that Giardia disrupts the microbiota-mediated path-
ogen clearance, provoking alteration in the composition of resident microbiota 
and impaired host growth (Bartelt et al., 2017). Also, the alteration of intesti-
nal immune responses to enteroaggregative E. coli (EAEC) has also been seen 
in mice persistently infected with Giardia (Bartelt et al., 2017). Systemic 
dysbiosis of the gut commensal bacteria in infected mice with Giardia has 
also been observed (Barash, Maloney, et al., 2017).  These findings suggest 
that the interplay between Giardia and the intestinal microbiota impacts the 
outcomes of the disease. 

Host cytokine profile  
The response of the intestinal enterocytes to pathogens is to induce the prolif-
eration of proinflammatory chemokines and cytokines that regulate the im-
mune response. To understand the host cellular responses during Giardia in-
fection systems in vivo and in vitro have been used to analyze the transcription 
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of genes coding for components of the intestinal mucosal immunity. Interac-
tions of human IECs (Caco-2) with Giardia resulted in upregulation of genes 
coding for chemokines, including CCL2, CCL20, CXCL1, CXCL2, and 
CXCL3 (Roxström-Lindquist et al., 2005). An interesting observation of this 
experiment was done when the infection was done using trophozoites of the 
Assemblage B (isolate GS), which induced a stronger inflammatory signal 
than parasites of the assemblage A isolate WB (Ma’ayeh et al., 2018). Upreg-
ulation of cell cycle inhibitory genes after incubation of host cells and troph-
ozoites has also been observed (Stadelmann et al., 2012). Also, studies with 
mice have shown that genes associated with antibodies, mast cell proteases, 
and MMP7 were upregulated during Giardia infections (Tako et al., 2013). 
The incubation of IECs (Caco-2) with macrophages induces pro-inflammatory 
cytokines (CXCL1, CXCL2, CCL2, and IL-8). However, when Giardia was 
added to the incubation, the secretion of the pro-inflammatory cytokines was 
stopped, showing the immune-modulation of Giardia (Fisher et al., 2013). 

Few cytokines, such as IL-6, IL-17A, and TNFα, have been shown to be 
implicated in giardiasis in vivo. For example, It has been observed that IL-6-
deficient mice have a diminished ability to clear Giardia infections (Bienz et 
al., 2003; Ping Zhou et al., 2003). The transfer of dendritic cells (DC) into IL-
6-deficient mice infected with Giardia showed that DC-derived IL-6  pro-
motes clearance of the parasite (Kamda et al., 2012). Activation of DC matu-
ration by Giardia increased expression of pro-inflammatory cytokines such as 
IL-6, TNF-α, IL-12 and surface molecules such as CD80, CD86, MHC class 
II molecules (Grit et al., 2014; Lee et al., 2014). TNFα importance for clear-
ance of Giardia infection has been observed, experiments in mice lacking 
TNFα showed to be delayed in the clearance of the parasite (P. Zhou et al., 
2007), showing consistency with the observation of an increase of TNFα lev-
els in sera of infected children (Bayraktar et al., 2005). 

Treatment  
There are several anti-giardia drugs and the 5-nitroimidazole compounds are 
the first-line of treatment (Mørch & Hanevik, 2020). Metronidazole is a pro-
drug that needs to be reduced to become toxic, upon which DNA damage is 
induced in micro-aerophilic and anaerobic organisms (Edwards, 1993). An 
additional target is the redox enzyme, thioredoxin, whose inactivation causes 
severe oxidative stress (Leitsch et al., 2012). However, resistance or tolerance 
towards the antimicrobial agents makes the treatment of giardiasis a challenge 
(Loderstädt & Frickmann, 2021; Mørch & Hanevik, 2020). 
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Virulence 
Virulence is defined as the relative capacity of an infectious agent to cause 
disease/damage in a specific host (Burrell et al., 2017). As a multifactorial 
disease, giardiasis possesses several virulence factors, such as those involved 
in the attachment, the flagellar motility, and antigenic variation (Adam, 
2021b; Ankarklev et al., 2010). Additionally, it has been found that the excre-
tory-secretory protein (ESP) products of Giardia induce host immune re-
sponses, contributing to the invasion of the immune system and the establish-
ment of the infection. The role of the ESPs, especially the cysteine proteases, 
has been under constant investigation during the past decade (Allain et al., 
2019). Although serine proteases are also present in the ESP, the major portion 
of protease activity seems to come from the cysteine proteases (de Carvalho 
et al., 2008). Although a few virulence factors have been identified and char-
acterized to date, it is suspected that there are still more components and prod-
ucts from Giardia involved in the development of giardiasis. Table 2 shows a 
summary of the virulence factor known today. 
Table 2. Identified G. intestinalis virulence factors and their function in host- pathogen 
interactions 

Virulence Factors Function Reference 
Lectin  Hemagglutinating activity 

Attachment in vitro  
(Lev et al. 1986) 
(Lev et al. 1986)  

Thiol proteinase  Cleavage of IgA  (Parenti 1989) 
Cysteine Proteases 
      CP1 (CP10217) 
      CP2 (CP14019) 
      CP3 (CP16779) 

 
 
Excystation 
 
Excystation 
Degradation of chemo-
kines 
 
Degradation of chemo-
kines  
 

 
(Ward W et al. 1997)  
(Ward W et al. 1997)  
(Liu et al. 2018) 
 
(Liu et al. 2018) 

Giardins 
 
     α-1 giardin 
 
       α-2 giardin 
 
     β giardin 
 
     δ giardin 
 

 
Attachment in vitro 
 
Attachment in vitro 
 
Attachment in vitro 
 
Attachment in vitro 

 
(Weiland et al. 2003) 
 
(Weiland et al. 2003) 
 
(Peattie 1990, Palm D et al. 
2005) 
 
(Jenkins et al. 2009)  
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ADI Arginine metabolism (Ringqvist et al. 2008)  
OCT Arginine metabolism  (Ringqvist et al. 2008)  
VSPs Antigenic variation 

Immune evasion  
Cellular signaling  
 

(Adam 2000, Adam 2001) 
 (Singer et al. 2001) 
(Touz et al. 2005) 

Attachment  
To establish a successful infection and proliferate in the intestine of the host, 
Giardia needs to attach to the intestinal villi and avoid peristalsis. The ability 
of the trophozoites to attach to the host IECs is an important virulence factor 
(Adam, 2021b; Argüello-García & Ortega-Pierres, 2021). Attachment is 
largely mediated by the ventral disc, the flagella, and a number of giardial 
surface proteins. It occurs as a stepwise process. The flagellar motility is im-
portant for cellular orientation and positioning prior to attachment, but it is not 
directly required to maintain attachment (House et al., 2011). The ventral disc, 
a spiral microtubule array, mediates trophozoite attachment via an as-yet-un-
known mechanism (Nosala & Dawson, 2015). 

Contractile elements are also involved during attachment; these elements 
include proteins such as actin, α-actinin, and tropomyosin that are common in 
many eukaryotic cells. Their localization in the periphery of the ventral disc 
of Giardia trophozoites suggests a role in the attachment (Feely et al., 1982; 
Katelaris et al., 1995). 

Giardins are cytoskeletal Giardia-specific proteins within the ventral disc 
and plasma membrane of the trophozoites and are suggested to be involved in 
attachment by participating in the maintenance of the disc structure and that 
they could interact with other cytoskeletal proteins (Peattie, 1990). A few 
giardins have been characterized and demonstrated to be highly immunoreac-
tive, which makes them good candidates for vaccines against giardiasis 
(Jenikova et al., 2011; Jenkins et al., 2009; D. Palm et al., 2005; Peattie, 1990; 
Weiland et al., 2003). Some of these giardins have also been related to attach-
ment in vitro (Table 2|). 

Antigenic variation  
Surface antigenic variation is present in diverse organisms, including protists, 
bacteria, and viruses. Giardia trophozoites undergo surface antigenic varia-
tion by changing the expression of its variant-specific surface proteins (VSPs) 
periodically (T. E. Nash et al., 2001). Giardia has around 200 VSP genes 
(Adam et al., 2010). VSPs are the major surface protein, and it covers the 
entire surface of the parasite, including structures such as the central disc and 
flagella, providing a dense interface between the parasite and the host 
(Theodore E. Nash, 2002). VSPs are thought to be resistance mechanisms to 
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protect the parasite from intestinal proteases (T. E. Nash et al., 2001; Theodore 
E. Nash, 2002) 

VSPs are characterized by the presence of N-terminal variable regions con-
taining a high frequency of CXXC motifs, a conserved C-terminal transmem-
brane domain, and a conserved cytosolic CRGKA tail  (Adam, 2001; Adam et 
al., 1988). The structures of VSPs suggest that they may have essential roles 
in contributing to Giardia infections by interacting with the host cells. Each 
parasite expresses only one VSP at a time and changes surface VSPs sponta-
neously in the absence of stimuli or anti-VSP antibodies (Theodore E. Nash, 
1989; Theodore E. Nash & Mowatt, 1992). Changes in VSP expression also 
occur during encystation and excystation (Einarsson et al., 2016b; Svard et al., 
1998) . The frequency of VSP switching is isolate-dependent, with switching 
every 12-13 generations in WB isolate and 6.5 generations in the GS isolate. 
VSPs have been linked to the evasion of the host’s immune system (César G. 
Prucca et al., 2008). 

Cysteine proteases  
The cysteine proteases (CPs) are a wide superfamily of proteases charac- ter-
ized by the presence of an active site that includes a cysteine and a histi- dine 
residue (DuBois et al., 2006). CPs are commonly found in several pro- tozoan 
parasites such as T. cruzi, Trichomonas vaginalis, E. histolytica and Blasto-
cystis spp. and they are considered important virulence factors (Hernández et 
al., 2014; Ndao et al., 2014; NOURRISSON et al., 2016; Sajid & McKerrow, 
2002) . CPs of parasites play roles in tissue and cell invasion, immune evasion 
and increase paracellular permeability (Sajid & McKerrow, 2002). Cathepsin 
B is a member of the CP super-family and, the most studied giardial CP. In 
the WB isolate genome  26 CPs are found, of which nine are cathepsin B 
(DuBois et al., 2006; Morrison et al., 2007). 

During giardiasis, CPs are released upon host-parasite interactions and their 
proteolytic activity can degrade various substrates such as gelatin, col- lagen 
and albumin (de Carvalho et al., 2008; Dubourg et al., 2018; Ferella et al., 
2014; Showgy Yasir; Ma’ayeh & Brook-Carter, 2012; Ringqvist et al., 2011). 

The presence of CPs in the ESP fraction has been identified as essential for 
the pathogenesis of giardiasis. Particularly, for trophozoites attachment 
(Rodríguez-Fuentes et al., 2006),  mucosal injury and humoral immune re-
sponses in mice upon oral administration of giardial ESPs (Jimenez et al., 
2009; Jiménez et al., 2004). CPs were also proven to cleave the intestinal ep-
ithelial protein villin (Bhargava et al., 2015) and Liu and colleagues also 
showed  CPs induce disruption on differentiated epithelial cell layers by cleav-
ing the tight junctions E-cadherin, occludin and claudin (Liu et al., 2018). 

Also in the same work, a new role involving the attenuation of immune 
responses by CPs was suggested particularly by the ability of Giardia CPs to 
cleave several cytokines including CXCL1, CXCL2, CXCL3, IL-8, CCL2 and 
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CCL20 (Liu et al., 2018). This is an indication that Giardia CPs could play a 
key role in modulating inflammatory responses via their ability to degrade 
cytokines/chemokines produced by IECs.  

The cysteine protease CP2 (CP14019) was shown to play a role in the 
breakdown of the cell wall during trophozoite exit from the cysts (Ward et al., 
1997).  CPs are also important in encystation, where an increase in CP genes 
transcription has been seen (Einarsson et al., 2016a; Rojas-López et al., 2021).  

HCMPs and Tenascins 
The HCMPs are a family of cysteine-rich proteins that also contain  CXXC 
motifs and a transmembrane domain but lack the C-terminal tail in VSPs 
(Davids et al., 2006) . During in vitro host-parasite interactions with IECs, 
giardial HCMPs have shown to be up-regulated transcriptionally in several 
studies (Ferella et al., 2014; Showgy Yasir; Ma’ayeh & Brook-Carter, 2012; 
Peirasmaki et al., 2020; Ringqvist et al., 2011). HCMPs were also found to be 
up- regulated in response to H2O2 stress (Showgy Y. Ma’ayeh et al., 2015). 
In Giardia, the surface localization and cysteine-rich composition of cysteine- 
rich proteins such as VSPs and HCMPs is suggested to play an important role 
into the Giardia oxidative defense mechanism (Brown et al., 1998).  

Tenascins combined with VSPs and HCMPs form the largest group of pro-
teins in the giardial ESPs and they are up-regulated upon interaction with hu-
man IECs at both transcriptional and protein levels (Dubourg et al., 2018; 
Emery et al., 2016; Ringqvist et al., 2011). 

Tenascins harbor characteristic EGF repeats that act as weak ligands for 
EGF receptors but unlike VSPs and HCMPs, they lack transmembrane helices 
(Emery et al., 2016). 

Several tenascins are also secreted by Giardia trophozoites during host-
parasite interactions (Dubourg et al., 2018) and a few tenascins have been 
demonstrated to localize to ESVs and cyst wall (Chiu et al., 2010), also to 
change expression during encystation (Einarsson et al., 2016a; Rojas-López 
et al., 2021). However, the role Giardia-secreted tenascins remains to be elu-
cidated.  

ADI and OCT 
Several metabolic proteins have been identified in Giardia ESPs upon inter- 
action with human IECs. These include the arginine metabolizing enzymes 
ADI and OCT which have been shown to induce host immune responses, mak-
ing them virulence factors (J. E. D. Palm et al., 2003; Roxström-Lindquist et 
al., 2005; Skarin et al., 2011). Arginine metabolizing enzymes quickly de-
crease the available arginine in the interaction environment with host cells 
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(Ringqvist et al., 2008). It has been shown that arginine depletion reduces the 
ability of the intestinal epithelial cells to produce NO, an important antimicro-
bial host defense molecule that inhibits encystation, excystation and the 
growth of Giardia (Eckmann et al., 2000). Arginine depletion by ADI has been 
shown to increase secretion of TNF-α oppose to a decrease of IL-10 (Banik et 
al., 2013). It has been shown that chronic giardiasis cause an increase of in-
testinal epithelial cell apoptosis (Troeger et al., 2007) and it has been sug-
gested that arginine deprivation could play a role here (Roxström-Lindquist et 
al., 2005).  
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Current investigation 

Giardia intestinalis (syn. G. lamblia, G. duodenalis) is an intestinal protozoan 
parasite that causes diarrheal infections worldwide. Giardia establishes non-
invasive infection of the intestinal epithelial cells (IECs) in the upper small 
intestine of mammals, including humans, causing a diarrheal disease known 
as giardiasis. Giardiasis is a multifactorial disease in which only a few molec-
ular factors involved in the regulation of pathogenesis and virulence have been 
identified. A critical step in maintaining its chain of transmission is the for-
mation of infectious cysts from the disease-causing trophozoites during a cell 
differentiation process called encystation. However, several questions of the 
effects of host-parasite interaction during cell differentiation remain unclear. 
It has been shown that gene expression changes are associated with differen-
tiation of Giardia and in host responses to the parasite. This thesis aims to 
increase the knowledge of how cell differentiation occurs and is regulated in 
G. intestinalis and how cell differentiation affects the parasite’s interaction 
with host cells. 

For this purpose, in Paper I, we focused on producing a detailed high-res-
olution gene expression map of encystation in Giardia. This was done by a 
combination of improved RNA sequencing (RNAseq) technologies and a 
richer sampling during the complete life cycle of the parasite in vitro. To 
deepen our understanding of how epigenetic regulation is involved in the mo-
lecular control of Giardia’s biology, in Paper II, we produced the first molec-
ular map of post-translational modifications in core histones (methylation, 
acetylation, and phosphorylation) using mass spectrometry. Finally, and aim-
ing to study how cell differentiation affects the host and vice versa, in Paper 
III, we used an improved in vitro Giardia-host cell interaction model with all 
major life cycle stages of Giardia combined with dual RNAseq that detects 
gene expression in both the parasite and the host. 

A detailed Gene Expression Map of Giardia 
Encystation (Paper I)  
The encystation process is crucial in the transmission and survival of Giardia. 
Since assemblage A of Giardia (e.g., the WB isolate) allows the culturing of 
the parasite and reproduction of the life cycle in vitro, encystation has been 
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studied and characterized for several decades. However, most studies have 
focused on the early stage of encystation, leaving many aspects uncovered 
during the mid and late stages of this cell differentiation process. One recent 
study from our laboratory tried to cover the whole encystation process when 
it comes to gene expression changes associated with this critical process 
(Einarsson et al., 2016a). A high level of periodicity was observed for up- and 
down-regulated genes during encystation, both at the level of the entire tran-
scriptome and putative regulators. It suggested a cell differentiation trajectory 
that is coordinated via developmentally linked gene regulatory activities like 
stage-specific transcription factors and specific changes in chromatin structure 
(Einarsson et al., 2016a). However, this study was limited to only a few time 
points during early and late encystation, and only one biological replicate was 
used per time point, limiting the conclusions that can be drawn from the whole 
process.  

To achieve a high-resolution map of the whole life cycle of Giardia, we 
used the previously reported Uppsala encystation protocol, which produces a 
higher yield of mature cysts (Einarsson et al., 2016a). Also, in this new data 
set, more replicates and time points (every 3.5 h during 31.5 h) were included 
to expand our knowledge into the unexplored timepoints of the cell differen-
tiation. We also added an extra time point with trophozoites grown up after 
excystation of cysts to reconstitute a complete life cycle. We used the newly 
annotated and more complete G. intestinalis (WB) genome for the bioinfor-
matics analysis, giving an even higher resolution of the transcriptional 
changes involved during the encystation process. 

Overall Gene Expression Changes during Encystation 
The whole life cycle of Giardia was analyzed starting with a trophozoites pop-
ulation (T1), and the differentiation process was sampled every 3.5 h until the 
maturation of the cysts at 31.5 h. Then, the cysts were water-treated and either 
collected for RNAseq analysis or used for excystation and re-establishment of 
the population of trophozoites to complete the life cycle. 

As a general overview, we could observe that the transcriptome shows a 
gradual increase in differentially expressed genes (DEGs), seeing the major 
changes towards the end of encystation, in agreement with previous work 
(Einarsson et al., 2016a). Therefore, we decided to study the expression of 
previously identified giardial transcription factors and chromatin modifiers to 
have a profile of the temporality of these transcripts. As a result, we observed 
the early activation of the encystation-associated transcription factor Myb1-
like protein (Myb2), confirming its crucial role in the progression of encysta-
tion (Einarsson et al., 2016a; Morf et al., 2010a; Sun et al., 2002). Contrary to 
Myb2, the early expression of other transcription factors (GARP, ARID, Pax, 
WRKY, and E2F family) suggested being important in the up-regulation of 
encystation-specific genes (Sun et al., 2002), were not observed in our study. 
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However, these transcription factors were activated gradually, starting at 10.5 
h. During early encystation, none of the chromatin modifying proteins 
changed their expression, but they did in the late phase of encystation, towards 
the formation of mature cysts. 

Gene Expression Changes in Early Stages of Encystation (3.5 
and 7 h) 
During the early stage of encystation (3.5 h), only six genes showed significant 
up-regulation; among those, as expected, the highest level of up-regulation 
was seen in the two major cyst wall proteins -1 and -2 (CWP1-2). Also, it 
came to our attention the up-regulation of a hypothetical protein 
(GL50803_15532) with cyclin similarities during the time points 3,5 h, 21 h, 
and cyst. Previously the cyclin-dependent kinase Cdk2 has been proven to 
participate in phosphorylation of Myb2 and impact the expression of CWP1-
2 (Cho et al., 2012). For this reason, we hypothesize this cyclin might be re-
lated to cdk2 and have an important role in the regulation of encystation. On 
the other hand, when it comes to down-regulation, 14 genes showed a decrease 
in expression, and they are mainly involved in metabolic pathways. 

The other early time point analyzed in our study was 7 h post-induction of 
encystation. Here we saw a larger number of DEGs but the only up-regulated 
genes overlapping with the previous time point were CWP-1 and -2. In addi-
tion, we observed high Myb2 and the third major cyst-wall protein CWP-3. 
Also, the activation of three enzymes (the transglycosidase CEGP1 
(GL50803_17210), glucose 6-phosphate N-acetyltransferase 
(GL50803_14259), and phosphoglucosamine mutase (GL50803_16069)) in-
volved in carbohydrate metabolism was observed, which we could associate 
with the start of production of N-acetyl galactosamine to form the sugar-part 
of the cyst wall. Notably, we also observed the presence of putative proteins 
associated with the formation of ESVs, vesicles transporting CWPs to the par-
asite surface.  

Myb2 like motifs 
One important analysis that we added to our study was the search of Myb2-
like motifs in the upstream region of the up-regulated genes in our data set. 
This motivation comes from the previous identification of a core set of 13 
genes up-regulated during early encystation (Einarsson et al., 2016a; Morf et 
al., 2010b) with the hexamer CWACAG in their upstream region, a motif that 
has been proven to represent a binding sequence for the transcription factor 
Myb2 (Morf et al., 2010a; Sun et al., 2002). 

Our analysis showed that the presence of the Myb2-motif in up-regulated 
genes seems to increase in a coordinated manner going from 14 genes at 7 h 
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to 83 genes at 14 h of encystation. Thus, it seems like the number of genes 
involved in the Myb2-regulon is more significant than previously appreciated. 

Gene Expression Changes in Early to Mid Stages of Encystation 
(10.5 and 14 h) 
Most genes involved in cyst formation peak during this period, and the en-
zymes involved in synthesizing the cyst wall sugar N-acetyl galactosamine are 
up-regulated. Also, here, we can observe the induction of genes involved in 
DNA recombination/meiotic processes, which we could support by parallel 
experiments analyzing double-stranded DNA breaks induced during encysta-
tion. The presence of genes involved in meiosis in the genome of Giardia has 
been shown in previous studies (Ramesh et al., 2005) however, neither a typ-
ical meiotic process nor a sexual stage has been identified. Our data show a 
temporal induction of meiosis-related genes connected to the encystation pro-
cess. 

Gene Expression Changes in Mid Stages of Encystation (17.5 
and 21 h) 
Mid encystation seems to be an important transition in the life cycle of the 
parasite. During this time, several changes in energy metabolism can be ob-
served, and cell-cycle regulated genes involved in DNA replication start to be 
up-regulated during this time, suggesting that DNA replication occurs at the 
end of encystation. Furthermore, during this period, the protein synthesis is 
most likely down-regulated since genes of tRNA synthetases, ribosomal pro-
teins, and translation initiation factor are observed to be down-regulated.  Sim-
ultaneously with the proteolytic activity increase, the up-regulation of cathep-
sins starts to be constant from now on, and this correlates well with the obser-
vation of large changes in Giardia’s proteome during encystation, as recently 
described by (Balan et al., 2021). 

Gene Expression Changes Late in Encystation (24.5 to 31.5 h) 
During this time, extensive changes in gene expression occur. The most sig-
nificant are related to genes involved in lipid metabolism and antigenic varia-
tion (VSPs and HCMPs). Giardia harbors a large repertoire of cysteine-rich 
surface proteins (VSPs, pVSPs, and HCMPs). So far, not much is known about 
the HCMPs other than some localize to the PM upon cellular stress, but we 
observed a diverse expression pattern during the encystation. The VSPs are 
surface proteins involved in antigenic variation. Still, we also observed the 
induction of certain VSPs during the encystation process when the expression 
of the VSPs in the starting trophozoite population is reduced. The extensive 
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changes in the expression of cysteine-rich surface proteins are accompanied 
by vast, gradual changes in the expression of chromatin modifying activities, 
suggesting a role of epigenetic regulation in this stage of encystation. 

Gene Expression Changes in Cysts and Excysted Cells (C and 
T2) 
Overall, the most significant gene expression changes in the timepoints in-
cluded in our study were observed in the cyst with 3408 DEGs (1786 up-reg-
ulated and 1623 down-regulated genes). The largest group of up-regulated 
genes in cysts are hypothetical proteins, and the two most up-regulated genes 
are also hypothetical proteins (GL50803_11050 and 5206). Further studies are 
required to show and characterize these proteins' role during encystation. 

An interesting observation during this time point is that all the histone var-
iants are highly up-regulated (histone H2A (GL50803_14256 and 27521), his-
tone H2B (GL50803_121046), histone H3 (GL50803_14212 and 135231), 
and histone H4 (GL50803_135002 and 135003), but proteomic analyses 
showed that histones are down-regulated at the protein level in cysts (Balan et 
al., 2021). This can be a preparation for the excystation process, which would 
suggest that the histone mRNAs are stored in the cysts, most likely in associ-
ation with RNA binding proteins. 

Eukaryote-conserved histone post-translational 
modification landscape in Giardia duodenalis revealed 
by mass spectrometry (Paper-II)  
To investigate the relationship of epigenetic regulation to processes control-
ling parasite virulence, host immune evasion, transmission, and cell differen-
tiation, we performed the first mass spectrometry study in Giardia histones to 
identify their three major post-translational modifications (methylation, acet-
ylation, and phosphorylation) 

Histone H3 
Histone H3 was the most modified Giardia variant, with 27 modifications de-
tected on 17 residues. A total of 12 methylation sites, 11 acetylation, and 4 
phosphorylation modification were identified. H3 was the only methylated 
core histone in Giardia. 

The acetylation of H3 occurred in N-terminal sites (K4, K9, K14, K18, 
K23, K27, K36, K57). Methylation and acetylation were identified in K4, K9, 
K27, and K36. Methylation marks on H3K4, H3K36, and H3K79 are consid-
ered ‘active’ (euchromatin) states, whereas methylation on H3K9 and H3K27 
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are repressive (heterochromatin) (Hyun et al., 2017). Also, four phosphoryla-
tion modifications were observed. 

Histone H4 
A total of 11 acetylation sites were detected for Giardia H4, mainly on the N-
terminal region. There were no H4 methylation sites, and we detected H4S1 
phosphorylation and N-terminal acetyl serine in Giardia, indicative of con-
served post-transcriptional crosstalk. Also, acetylation modifications were 
identified for every lysine within the H4 N-terminal sequence (K3, K5, K7, 
K11, K13, K19), and detection of K75 and K87 acetylation in Giardia sug-
gested conserved mechanisms for nucleosome destabilization as in model eu-
karyotes (Gansen et al., 2015; Simon et al., 2011). K91 mono-ubiquitylation 
in combinatorial regulation with K91 acetylation (equivalent K87 in Giardia) 
has been reported as protective against DNA damaging agents (Yan et al., 
2009) to which Giardia has demonstrated high sensitivity (Einarsson et al., 
2015). 

Histone H2B 
We detected 16 H2B modifications; the majority were lysine acetylations 
(12/16) across both N-terminal and globular protein regions. The Giardia H2B 
N-terminal tail is diverged and shortened; therefore, K2 and K6 acetylation 
may not have equivalents in model organisms.  

Histone H2A 
Although MS/MS evidence for H2A was the lowest, six modifications were 
detected on the N-terminal region.  Sequence divergence in H2A made it dif-
ficult to equate K3, K6, and K10 acetylation in Giardia to equivalent epige-
netic sites in model eukaryotes. However, potential conserved phosphoryla-
tion sites were identified at the H2A N-terminal and C-terminal regions of 
H2A, which may be involved in DNA damage signaling.  

Comparison of mass spectrometry with antibody-based detection 
of histone modifications 
Previously, a total number of eight histone post-translational modifications 
were detected with immunoblotting in Giardia (Carranza et al., 2016; 
Einarsson et al., 2015; Hofštetrová et al., 2010). We decided to provide evi-
dence for five of the previously reported and two new histone post-transla-
tional modifications and compared immunoblot detection to MS-based iden-
tification. One of the disadvantages of immunoblotting is that the technique 
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remains restricted to conserved sites that could be detected with commercial 
antibodies. Overall comparisons between sites detected by either method 
demonstrated 10 sites detected by antibodies, of which nine were also seen via 
our mass spectrometry approaches, demonstrating robust evidence for these 
conserved, epigenetic sites in Giardia. Only H3K4TMe was detected by im-
munoblot but not MS, where it was filtered from proteomic data due to a lack 
of site-fragment ion evidence.  

Chromatin modifiers are regulated through the life cycle and in 
vivo conditions 
We explored the expression of chromatin modifiers and histones during 
growth and differentiation. Transcriptional behavior was evaluated from da-
tasets of in vivo and in vitro cultures (Einarsson et al., 2016a; Pham et al., 
2017). This indicated that chromatin modifiers have a dynamic expression 
during the growth phase and life cycle and seem to be particularly influenced 
by in vivo conditions. Expression in murine intestines was generally oppo-
sitely expressed to their in vitro abundance. This could be due to mixed signals 
from encysting trophozoites, which occur dynamically within in vivo foci 
(Pham et al., 2017),  or could indicate the influence of host-parasite interac-
tions on parasite chromatin.  

In particular, VSP switching in Giardia has been linked to histone acetylation 
(Carranza et al., 2016; Kulakova et al., 2006; Orozco & Garlapati, 2020) (Ku-
lakova et al., 2006, Carranza et al., 2016, Orozco and Garlapati, 2020), and 
processes for antigenic variation in vivo may differentially influence chroma-
tin protein abundance compared with in vitro. 

Dual RNA sequencing reveals key events when different Giardia 
life-cycle stages interact with human intestinal epithelial cells in 
vitro (Paper III) 
To study how cell differentiation affects the host and vice versa, we used a 
host-parasite interaction model combining IECs (differentiated Caco-2 cells) 
with different cell stages of Giardia (trophozoites, early encysting cells (7 h), 
and cysts). We analyzed these interactions using Dual RNA sequencing (Dual 
RNAseq) to identify differentially expressed genes (DEGs) in Giardia and in 
the host cells.  The 7 h encysting cells timepoint was decided based on the 
ability of the cells to continue differentiating after passing the so called “point 
of no return” and the expression of the CWPs.Another observation to keep in 
mind is that our experiment uses heterogeneous populations. In the 7 h time 
point, a mix of trophozoites and cells on an early stage of differentiation are 
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combined but no cysts are present. However, in the interaction with the water-
treated cysts, some late encysting cells and cellular debris from earlier stages 
in differentiation and trophozoites might remain. 

DEGs in differentiated Caco-2 cells after G. intestinalis 
trophozoite interactions  
In line with earlier expression studies of Giardia-host cell interactions, genes 
involved in innate immune responses, regulation of the transcription factors 
NF-kB and AP-1, MAPK  signaling, mRNA decay regulation, cell prolifera-
tion and apoptosis regulation, and glucose metabolism are enriched in the top 
up-regulated genes (Ma’ayeh et al., 2018; Roxström-Lindquist et al., 2005). 

The chemokines are the most highly up-regulated group of genes, and they are 
already highly up-regulated after 1.5 h of interaction. The most up-regulated 
chemokines after trophozoite interactions (CXCL1 to 3, CXCL10, CCL20, 
CCL4, CXCL8, CCL2, IL17C, IL23A, IL1A, and IL1B) are also up-regulated 
during Caco-2 interaction with encysting cells and cysts, but the level and 
timing of up-regulation vary. 

An interesting observation comes when we see that the gel-forming mucins 
Muc2 and Muc5AC are up-regulated by trophozoites but not by cysts. Mucins 
play an important role as a protective barrier against infections in the intestinal 
tract (Johansson & Hansson, 2016).  

DEGs in differentiated Caco-2 cells during interactions with 
encysting cells and cysts  
One of the most interesting findings during the interaction was to observe the 
level of expression of immunomodulatory molecules. 

The chemokine profile induced in the host cells by cysts is different com-
pared to trophozoites, the main up-regulated chemokines are the same, but 
CCL4, CCL4L2, CSF1, CCL5, CXCL5, and CX3CL1 are more highly up-
regulated in the cyst interaction. Serpin A3 is a serine peptidase inhibitor that 
is more highly up-regulated by cysts, and it can inhibit neutrophil cathepsin G 
and mast cell chymase (Baker, 2007). WFDC12 is an anti-bacterial protein 
and a putative serine peptidase inhibitor, and it is also up-regulated only dur-
ing cyst interactions. These observations, combined with the differences in 
chemokine expression profiles and a higher up-regulation of TLR3 and TLR4 
regulatory pathways, suggest that cysts (and late encysting cells) can induce 
unique, innate immune responses during Giardia infections.  
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DEGs in encysting Giardia cells during interaction with 
differentiated Caco-2 cells  
Giardia seems to adapt to the interaction with the human cells quickly: 160 
Giardia genes are up-regulated, and 138 genes are down-regulated after 1.5 h 
interaction between 7 h encysting cells and differentiated Caco-2 cells. After 
4.5 h, 253 genes are up-regulated, and 260 genes are down-regulated more 
than 2-fold. Among the 30 most up-regulated genes at all time points in the 7 
h encysting cells, 11 are also found in an earlier microarray data set from 
trophozoite-Caco-2 cell interaction (ORFs 7183, 7715, 8173, 8682, 10659, 
16936, 91707, 112584, 114210, 115066, and 137727), and 7 are HCMPs 
(Ringqvist et al., 2011). 

The most down-regulated genes in 7 h encysting cells during host cell in-
teractions are up-regulated genes during encystation (Rojas-López et al., 
2021). This suggests that encysting cells are inhibited in the encystation pro-
cess during the interaction with Caco-2 cells, and follow-up experiments 
showed that fewer cysts are produced when 7 h encysting cells are transferred 
to DMEM or interacting Caco-2 cells. Thus, the IEC can have a negative effect 
on the encystation process.  
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Conclusions and future perspectives 

This thesis has provided a deeper understanding of cell differentiation of Gi-
ardia intestinalis and its interaction with host cells. It shows that specific gene 
expression changes, regulated via transcription factors and epigenetic regula-
tion, are involved in the host-parasite crosstalk during Giardia infections.  

Adding new elements to the differentiation picture 
Cell differentiation has been a question of remarkable interest in the Giardia 
field for several years; thanks to the efforts of different labs, we have been 
able to add new pieces to this picture. Back in 2016 (Einarsson et al., 2016a), 
our lab produced one of the first works studying the transcriptional changes 
during encystation in Giardia. The results of this study opened up the way to 
develop our new and more detailed study to further investigate the encystation 
process and analyze new time points. 

In line with our previous study, the transcriptional changes seem to have a 
high level of coordination and show a cascade of up-regulated and down-reg-
ulated genes throughout the time points. We identified several new genes in-
volved in the encystation process. It will now be possible to follow up the 
regulation of specific genes throughout the whole encystation process. This 
will generate deeper knowledge about protozoan parasite cell differentiation 
in an intestinal environment. 

The identification of a hypothetical protein (GL50803_15532) with simi-
larities to a cyclin, and the previous characterization of the cyclin-dependent 
kinase CdK2 (Cho et al., 2012) in the phosphorylation of the Myb2, let us 
wonder about the role of cyclins in the regulation of encystation and if this 
particular hypothetical protein affects the cell differentiation. Another inter-
esting finding is the presence of the Myb2-like motifs in up-regulated genes 
throughout the process. Further characterization of these motifs in vitro could 
help us understand their importance for gene expression and initiation of the 
encystation process.  

Besides Myb2, several other transcription factors are up-regulated later in 
encystation, suggesting a transcription factor cascade similar to what is seen 
in cell differentiation in higher eukaryotes. Most likely, there is also active 
repression of encystation-specific genes in trophozoites, and the transcription 
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factors that are highly expressed in trophozoites but downregulated in cysts 
are top candidates to be studied as potential repressors. 

The existence of a sexual stage in Giardia is a question that has been in the 
air for many years. However, instead of a typical, classical sexual stage, a 
homologous DNA recombination process between the two nuclei, supported 
by meiotic-related genes, has been suggested in a process called diplomixis 
(Carpenter et al., 2012; Poxleitner et al., 2008). Our data suggested the expres-
sion of meiotic-related genes in a cascade-like fashion starting from mid en-
cystation. This sets the stage for future studies of specific meiosis-related pro-
teins to characterize the diplomixis process further. It will also be possible to 
further study putative sexual stages induced during the encystation process. 

Epigenetic modifications have been previously studied in Giardia, and it 
has been proven that histone acetylation is important for the correct progres-
sion of cell differentiation during encystation (Carranza et al., 2016; Sonda et 
al., 2010). Also, the characterization of six histone modifications was reported 
using an immunoblotting approach (Carranza et al., 2016). However, further 
description was required. Our study in histone modifications allowed us to 
provide a complete histone landscape in Giardia, expanding the map of mod-
ification sites and setting the first step to explore the role of these sites in cell 
differentiation and pathogenesis. It will be possible to perform specific anal-
yses of changes in chromatin modifications in genes that change their expres-
sion upon specific stimuli like encystation, excystation, and host-parasite in-
teractions. 

Another question regarding epigenetic regulation of gene expression relates 
to the level of DNA methylation in Giardia. Earlier studies have suggested 
that there is no methylation of the DNA in Giardia and our initial data tell that 
if there is DNA methylation, the levels are very low. However, the presence 
of the classical modifications 5mC and 6mA, which are known to affect gene 
expression in eukaryotes, have given conflicting results in our studies, and it 
will be important to follow this up to see if DNA methylation is part of the 
toolbox of gene regulation in Giardia. 

Previous studies of Giardia-host interaction in vitro have identified and 
characterized the effects of the parasite on the host. However, the interaction 
model and the technology available at the time limited the power to analyze 
the changes in gene expression (Roxström-Lindquist et al., 2005). Later on, 
new studies started to add more light to the host-parasite interaction in vitro 
(Ma’ayeh et al., 2018). In addition, new data has also been added analyzing 
the host-parasite interaction on a murine system in vivo (Pham et al., 2017). 
The combination of all the previous projects motivated us to set up a project 
to analyze the effects of cell differentiation of the parasite in the host and vice 
versa, using an in vitro model.   

Our results showed that different Giardia life cycle stages induce distinc-
tive gene expression responses in the host cells. Surprisingly, we also ob-
served that the host’s intestinal epithelial cells affected the gene expression in 
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trophozoites and early encysting cells. This life cycle stage-specific host-par-
asite crosstalk stands as a crucial step to consider in future studies in the mo-
lecular pathogenesis of Giardia.  

                   



 

 52 

Acknowledgments 

And suddenly, this journey called PhD is coming to an end. I will use the 
following paragraphs to thank everyone who was part of this journey and 
helped me reach this moment. 

I want to thank the Mexican taxpayers, who, voluntarily or involuntarily 
through the Mexican Council of Science and Technology (CONACyT), al-
lowed me to pursue my dream of studying infectious diseases abroad and com-
ing to Sweden. Also, thanks to the Swedish taxpayers who funded part of my 
PhD. 

Firstly, I thank the person that made this possible, Staffan. There are no 
words to express my gratitude for the opportunity of being part of your lab. 
This has been a life-changing experience that allowed me to meet some of the 
most amazing people I have encountered but mainly a chance to know myself. 
Thanks for being so positive and enthusiastic, especially in science, for your 
support and staying strong when I needed it the most, even when you had a lot 
to go through by yourself. 

Ulf, thanks for accepting co-supervised me even when you did not know 
me at the time never. Working with you has been a journey itself, challenging 
at times but without doubt a unique experience. Thanks for the jokes, the 
happy vibe, and the craziness that is sometimes needed to keep things moving 
forward. Thanks for opening the door of your lab to me and letting me learn 
from you and the people in your lab. 

Elin, thank you for helping me start in the lab, showing me how to work 
with Giardia, and allowing me to be your "shadow" to learn as much as I could 
from you. But mainly, thank you for becoming a friend and listening to and 
supporting me when needed. Jingyi, why do you move back to China? Thanks 
for being an example of strength, hard work, and positivity. I have always 
admired your way of seeing life and how good were you at calming my anxi-
ety. Feifei, thanks for being an excellent officemate, thanks for listening to me 
and giving me your support, thanks for the hugs, and even wiping some tears 
when it was needed. Dimitra, my first officemate and the one that welcomed 
me when I came first to the lab, thank you for the laughs, for guiding me on 
my first teaching experiences, and in general, for having my back in moments 
of extreme vulnerability. Ásgeir, one of the old men, thanks for always being 
so helpful to fix things in the lab, also for patiently "listening" to my com-
plaints, and thanks for all the amazing dinners. We should repeat the black 



 

 53 

dead vs. tequila competition J. Louise, another wonderful officemate, thanks 
for being so patient with your messy officemate, for the fantastic and delicious 
fikas, and for being so sweet and being the calm that, at times, I needed the 
most. Courtney, your passion for science has always been inspiring. Thanks 
for being around sharing a bit of that passion with us. I hope Lund is treating 
you how you deserve. Jon, thanks for being such an inspiring scientist and 
always have opened doors for our questions. Sascha, thanks for all the talks 
and laughs in the office, for shipping into the encystation paper. I am sure you 
will do great in your coming defense. Jana, I admire your curiosity and pas-
sion for science. I am sure this will take you far. Lorenzo, the latest addition 
to the office, thanks for bringing the Italian style and the Latin vibe. The past 
months have been more fun with you here. 

The kiddos, it was terrific to have you around for a year. You both were a 
fantastic combination and always made me look forward to seeing you in the 
lab. Hassanat, my first long-term student, thank you for always being so 
sweet, hardworking, and curious about everything. Thank you for pushing me 
to keep learning and being an inspiring strong woman. I am sure you will do 
great in life. Rafael, the other kiddo, thanks for always being so enthusiastic 
and positive, for your endless curiosity, for joining efforts to create beautiful 
figures for our mini-review, and in general, for bringing happiness around. 

Chris, thank you for understanding the struggle of not having good Mexi-
can food around. Good luck with your project and I am sure you will have a 
lot of fun in the following months. 

My dear sisters, Maria Letizia, thank you for being the rock supporting 
me and never letting me down, you have played a key role in reaching this 
milestone, and I cannot express how much you mean to me. Thanks for being 
a role model, a mentor, and a big sister, thanks for always being willing to 
listen to me and for always look a way to support me and assure me I will be 
fine, thanks for the laughs, the fantastic food, and the gin tonics, without 
doubts, I would have been lost without you. I am fortunate to have you in my 
life. Grazie mille. Showgy, who will tell you will end up being my crazy sister, 
thanks for your craziness that made me laugh when I thought I could not, 
thanks for teaching me how to work with human cells, and for always being 
willing to give me advice. Thanks for understanding when I needed you to let 
me work in peace, but moreover, thanks for making the whole department and 
maybe the world call me "Laurita." 
Yolanda, my bench neighbor and officemate for a while, thanks for always 
being so happy, for all the laughs, the dancing, and the salsa cruise to Turku. 
Thanks for being there to complement the sisterhood team and always having 
chocolate to cheer me up. 

Bart, thanks for being a fantastic scientist but even a more amazing person, 
thanks for being so patient when we were officemates and for letting me share 
candies with you so I could eat them, thanks for the fun when teaching and the 
joy in general, having you around made things more fun. Sandra L., the past 



 

 54 

years have been way more fun with you around. Thanks for sharing struggles 
and always being willing to join for a beer, whether it was a happy or sad one. 
Thanks for being so happy and bringing smiles around, also thanks for sharing 
your scientific expertise and views with me. 

Liis, thanks for being an excellent bench neighbor, for the amazing sense 
of humor, and for always bringing some laughs while working. Alisa, thanks 
for always being so sweet and helpful. I admire a lot your organization skills 
and how you always manage to get things done so perfectly. I am sure you 
will do great in life. Sofia, thanks for the cakes and the laughs in the coffee 
corner. Thomas, another of my victims as bench neighbor, thanks for the good 
times and conversations. Athina, we have not to overlap much, but I have the 
impression of you being a happy character that is always refreshing to have. 
Thank you for donating me some snacks when working late, and I am sure 
you will do great with your studies. 

Magnus, thanks for the laughs, for the conversation while waiting for the 
centrifuge, and thank you for not being afraid of the colors. Petra, teaching 
with you was an amazing experience. Thanks for always being so organized 
and keeping things under control. I am sure you will have a great career. 
Hanna, thanks for all the amazing cakes and always being so enthusiastic. 
Danna, good luck with the future, and I hope life takes you to your happy 
place. Susanne, Thank you for always being so helpful and taking care of a 
lot of stuff for the common well-being. Also, thank you for always having a 
smile and being so welcoming. Allison, good luck with your projects. 

Shweta, thanks for being an excellent officemate and for always being will-
ing to listen and help when you could. Also, thank you for answering all my 
questions and letting me learn a bit more about India. 

Mikael, thanks for always being so supportive and welcoming in your 
group, for letting me take part in your journal club, for the advice and all the 
fun through the years, and, thank you for bringing ML to your group. Steffan, 
we overlapped very little, but I will always be grateful to you for introducing 
me to the Micro people and integrating me into the social environment back 
them. Your stay with us might seem short but have a significant impact, at 
least for me. Best of lucks in the USA. Gerhart, thanks for always being an 
inspiring scientist for your curiosity and willingness to enrich projects with 
your feedback. Thanks for the excellent music and keep rocking in life in gen-
eral, an inspiration. Andrea, thanks always for your awesome feedback and 
for making our workplace more inclusive. You are a fantastic scientist and a 
great inspiration. Leif, Thanks for always stopping by to say hi, all the jokes 
and for making my afternoons at BMC more fun. Erik, thank you for taking 
care so patiently of arranging the Micro meetings, for the feedback, the con-
versations in the coffee corner, and the laughs in general. Fredrik, thanks for 
always being so relaxed. Lars, Sandra, and Sanna, Thanks for the scientific 
and non-scientific conversations. 



 

 55 

Ewa, thanks for always being so sweet and helpful, for making life in the 
lab way easier. You are one of the pillars of our department. Akiko, thanks 
for always being so friendly and helpful with all my questions, no doubt you 
make our life easier. 

Zhen, thanks for being a caring friend and for always organizing amazing 
BBQs. Cedric, thanks for the laughs, fun conversations, and amazing fikas 
and coffees.Katrin, thanks for always being so much fun to be around, for 
opening the door of your home to me, and trust me to take care of your kids. 
Hugo, thanks for always being so welcoming, for all the good conversation 
accompanied by a beer or a glass of wine. Thanks, because you also trusted 
me to take care of your kids and opened your home to me. Seb, one of my 
favorite Germans in the entire world, I have so many things to be grateful for 
that I hope you forgive me if I forget to mention some of those here. Thanks 
for all the peep talks, for advising me, and for always being so caring. Also, 
thanks for the amazing dinners, all the beers, the laughs, and for letting me be 
part of your kids' life. Sofia, thanks for being so sweet and caring and always 
having an encouraging word to say to me. Thanks for all the amazing memo-
ries we have together, and thanks for letting me be part of your family. 

Willem, thanks for always making me feel there is someone as crazy as I 
in the world, thanks for all the serious and non-serious conversations for the 
laughs, the beers, and the tequila. Academia is lucky to have you as a perma-
nent member now. Klaus, thanks for being so much fun and always making 
my day better when you visited to use the Chemidoc. Laura, the person with 
the coolest name in the department, thanks for being a fantastic representation 
of what girl power means and making the beer clubs more fun. Luka, thanks 
for the parties and for making me notice I overused Instagram. Konrad, thank 
you for always being a thoughtful and caring person, also for being part of the 
organization of the beer clubs and making them more fun. 

To the people of my Infections in the Tropics course, Sven and Hannah, 
thanks for organizing such an amazing course and for taking care we have the 
best experience during our visit to Ghana, the number of things I have learned 
from you are unmeasurable, and I am very grateful for having you as an inspi-
ration in my life. Jesse, Marten, Johanna, Vero, and Maaike, thanks for the 
amazing experiences during the course and during our trip. Thank you for 
sharing all your different expertise with me and enriching my professional and 
personal life. 

My Mexicans, thanks for being there supporting me all the way, for sharing 
with me all the amazing food and tequila but most importantly, for sharing the 
happiness when I needed it the most. 

My nation, people, thanks for letting me share adventures with you and 
always willing to have a beer with me. Thanks for sharing with me the roller-
coaster of emotions that a PhD means.  

Ana, gracias ma frend for always being there sharing the happiness, the 
sadness, and all the emotions in between, for always listening to my endless 



 

 56 

stories, and being my friend through all these years. Wilbert, thanks for shar-
ing your PhD journey with me and for all our philosophical talks. Isa, and Ali, 
thanks for being always there for me, even when distance sometimes gets in 
the middle. 

All my friends from the master program, thanks for all the years of shared 
experiences, dinners, beers, and laughs. Special thanks to Madle for being my 
friend and my encouraging collaborator and supporter during my adventures 
at KI. 

 
And finally, thanks to my family, my biggest inspiration and support. 

 
Yolanda, Artigas y mi familia sueca, gracias por adoptarme como un miem-
bro más en casa, por siempre consentirme con comida rica y cálidas conver-
saciones cuando el sentimiento de extrañar casa sea hacia grande. Mi paso por 
Suecia no hubiese sido tan especial sin ustedes en mi vida. 

 
Papás, gracias porque a través de los años siempre han estado ahí para mí, por 
nunca dejarme caer y por acompañarme en cada paso que doy, aún cuando 
esos pasos me han llevado al otro lado del mundo y les han dejado el corazón 
un poco roto.  

Papi, gracias por ser un ejemplo de voluntad inquebrantable, por siempre 
dar lo mejor de ti, por siempre estar abierto a escucharme y entenderme. Y 
sobre todo por tu apoyo incondicional. Mami, gracias por siempre ser tan 
amorosa, por apoyar cada uno de mis sueños y decisiones. Y porque a pesar 
de no entender mucho lo que hago siempre has sido mi mayor fan, y nunca 
has dejado de creer en mí. 

Yocu, mi hermanita, gracias por siempre apoyarme, por siempre estar ahí 
para escucharme, y porque siempre que he querido tirar la toalla tu has estado 
ahí para inspirarme, darme aliento y recordarme que puedo con todo. Los amo! 

 
 



 

 57 

References 

Abodeely, M., DuBois, K. N., Hehl, A., Stefanic, S., Sajid, M., DeSouza, W., Attias, 
M., Engel, J. C., Hsieh, I., Fetter, R. D., & McKerrow, J. H. (2009). A 
Contiguous Compartment Functions as Endoplasmic Reticulum and 
Endosome/Lysosome in Giardia lamblia. Eukaryotic Cell, 8(11), 1665–1676. 
https://doi.org/10.1128/EC.00123-09 

Adam, R. D. (2001). Biology of Giardia lamblia. Clinical Microbiology Reviews, 
14(3), 447–475. https://doi.org/10.1128/CMR.14.3.447-475.2001 

Adam, R. D. (2021a). Giardia duodenalis: Biology and Pathogenesis. Clinical 
Microbiology Reviews. https://doi.org/10.1128/CMR.00024-19 

Adam, R. D. (2021b). Giardia duodenalis: Biology and Pathogenesis. Clinical 
Microbiology Reviews, 34(4). https://doi.org/10.1128/CMR.00024-19 

Adam, R. D., Nash, T. E., & Wellems, T. E. (1988). The Giardia lamblia trophozoite 
contains sets of closely related chromosomes. Nucleic Acids Research, 16(10), 
4555–4567. https://doi.org/10.1093/nar/16.10.4555 

Adam, R. D., Nigam, A., Seshadri, V., Martens, C. A., Farneth, G. A., Morrison, H. 
G., Nash, T. E., Porcella, S. F., & Patel, R. (2010). The Giardia lamblia vsp 
gene repertoire: characteristics, genomic organization, and evolution. BMC 
Genomics, 11(1), 424. https://doi.org/10.1186/1471-2164-11-424 

Allain, T., Fekete, E., & Buret, A. G. (2019). Giardia Cysteine Proteases: The Teeth 
behind the Smile. Trends in Parasitology, 35(8), 636–648. 
https://doi.org/10.1016/j.pt.2019.06.003 

Ankarklev, J., Jerlström-Hultqvist, J., Ringqvist, E., Troell, K., & Svärd, S. G. (2010). 
Behind the smile: cell biology and disease mechanisms of Giardia species. 
Nature Reviews Microbiology, 8(6), 413–422.  
https://doi.org/10.1038/nrmicro2317 

Argüello-García, R., & Ortega-Pierres, M. G. (2021). Giardia duodenalis Virulence 
— “To Be, or Not To Be.” Current Tropical Medicine Reports, 8(4), 246–256. 
https://doi.org/10.1007/s40475-021-00248-z 

Baker, C. (2007). SERPINA3 (aka alpha-1-antichymotrypsin). Frontiers in 
Bioscience, 12(8–12), 2821. https://doi.org/10.2741/2275 

Balan, B., Emery-Corbin, S. J., Sandow, J. J., Ansell, B. R. E., Tichkule, S., Webb, 
A. I., Svärd, S. G., & Jex, A. R. (2021). Multimodal regulation of encystation 
in Giardia duodenalis revealed by deep proteomics. International Journal for 
Parasitology, 51(10), 809–824. https://doi.org/10.1016/j.ijpara.2021.01.008 

Banik, S., Renner Viveros, P., Seeber, F., Klotz, C., Ignatius, R., & Aebischer, T. 
(2013). Giardia duodenalis Arginine Deiminase Modulates the Phenotype and 
Cytokine Secretion of Human Dendritic Cells by Depletion of Arginine and 
Formation of Ammonia. Infection and Immunity, 81(7), 2309–2317. 
https://doi.org/10.1128/IAI.00004-13 

Bannister, A. J., & Kouzarides, T. (2011). Regulation of chromatin by histone 
modifications. Cell Research, 21(3), 381–395.  
https://doi.org/10.1038/cr.2011.22 



 

 58 

Barash, N. R., Maloney, J. G., Singer, S. M., & Dawson, S. C. (2017). Giardia Alters 
Commensal Microbial Diversity throughout the Murine Gut. Infection and 
Immunity, 85(6). https://doi.org/10.1128/IAI.00948-16 

Barash, N. R., Nosala, C., Pham, J. K., McInally, S. G., Gourguechon, S., McCarthy-
Sinclair, B., & Dawson, S. C. (2017). Giardia Colonizes and Encysts in High-
Density Foci in the Murine Small Intestine. MSphere, 2(3). 
https://doi.org/10.1128/mSphere.00343-16 

Bartelt, L. A., Bolick, D. T., Mayneris-Perxachs, J., Kolling, G. L., Medlock, G. L., 
Zaenker, E. I., Donowitz, J., Thomas-Beckett, R. V., Rogala, A., Carroll, I. M., 
Singer, S. M., Papin, J., Swann, J. R., & Guerrant, R. L. (2017). Cross-
modulation of pathogen-specific pathways enhances malnutrition during 
enteric co-infection with Giardia lamblia and enteroaggregative Escherichia 
coli. PLOS Pathogens, 13(7), e1006471.  
https://doi.org/10.1371/journal.ppat.1006471 

Bayraktar, M. R., Mehmet, N., & Durmaz, R. (2005). Serum cytokine changes in 
Turkish children infected with Giardia lamblia with and without allergy: Effect 
of metronidazole treatment. Acta Tropica, 95(2), 116–122. 
https://doi.org/10.1016/j.actatropica.2005.05.006 

Beatty, J. K., Akierman, S. V., Motta, J.-P., Muise, S., Workentine, M. L., Harrison, 
J. J., Bhargava, A., Beck, P. L., Rioux, K. P., McKnight, G. W., Wallace, J. L., 
& Buret, A. G. (2017). Giardia duodenalis induces pathogenic dysbiosis of 
human intestinal microbiota biofilms. International Journal for Parasitology, 
47(6), 311–326. https://doi.org/10.1016/j.ijpara.2016.11.010 

Belosevic, M., Faubert, G. M., & MacLean, J. D. (1989). Disaccharidase activity in 
the small intestine of gerbils (Meriones unguiculatus) during primary and 
challenge infections with Giardia lamblia. Gut, 30(9), 1213–1219. 
https://doi.org/10.1136/gut.30.9.1213 

Benchimol, M. (2004). Giardia lamblia: behavior of the nuclear envelope. 
Parasitology Research, 94(4), 254–264. https://doi.org/10.1007/s00436-004-
1211-8 

Bernal, R. M., Tovar, R., Santos, J. I., & Muñoz, M. L. (1998). Possible role of 
calmodulin in excystation of Giardia lamblia. Parasitology Research, 84(9), 
687–693. https://doi.org/10.1007/s004360050471 

Bernander, R., Palm, J. E. D., & Svard, S. G. (2001). Genome ploidy in different 
stages of the Giardia lamblia life cycle. Cellular Microbiology, 3(1), 55–62. 
https://doi.org/10.1046/j.1462-5822.2001.00094.x 

Bhargava, A., Cotton, J. A., Dixon, B. R., Gedamu, L., Yates, R. M., & Buret, A. G. 
(2015). Giardia duodenalis Surface Cysteine Proteases Induce Cleavage of the 
Intestinal Epithelial Cytoskeletal Protein Villin via Myosin Light Chain 
Kinase. PLOS ONE, 10(9), e0136102.  
https://doi.org/10.1371/journal.pone.0136102 

Bienz, M., Dai, W. J., Welle, M., Gottstein, B., & Müller, N. (2003). Interleukin-6-
Deficient Mice Are Highly Susceptible to Giardia lamblia Infection but Exhibit 
Normal Intestinal Immunoglobulin A Responses against the Parasite. Infection 
and Immunity, 71(3), 1569–1573. https://doi.org/10.1128/IAI.71.3.1569-
1573.2003 

Birkeland, S. R., Preheim, S. P., Davids, B. J., Cipriano, M. J., Palm, D., Reiner, D. 
S., Svärd, S. G., Gillin, F. D., & McArthur, A. G. (2010). Transcriptome 
analyses of the Giardia lamblia life cycle. Molecular and Biochemical 
Parasitology, 174(1), 62–65.  
https://doi.org/10.1016/j.molbiopara.2010.05.010 



 

 59 

Boucher, S. E., & Gillin, F. D. (1990). Excystation of in vitro-derived Giardia lamblia 
cysts. Infection and Immunity, 58(11), 3516–3522.  
https://doi.org/10.1128/iai.58.11.3516-3522.1990 

Brown, D. M., Upcroft, J. A., Edwards, M. R., & Upcroft, P. (1998). Anaerobic 
bacterial metabolism in the ancient eukaryote Giardia duodenalis. 
International Journal for Parasitology, 28(1), 149–164. 
https://doi.org/10.1016/S0020-7519(97)00172-0 

Buchel, L.-A., Gorenflot, A., Chochillon, C., Savel, J., & Gobert, J.-G. (1987). In vitro 
Excystation of Giardia from Humans: A Scanning Electron Microscopy Study. 
The Journal of Parasitology, 73(3), 487. https://doi.org/10.2307/3282126 

Buret, A. G. (2008). Pathophysiology of enteric infections with Giardia duodenalis. 
Parasite, 15(3), 261–265. https://doi.org/10.1051/parasite/2008153261 

Buret, A. G., Mitchell, K., Muench, D. G., & Scott, K. G. E. (2002). Giardia lamblia 
disrupts tight junctional ZO-1 and increases permeability in non-transformed 
human small intestinal epithelial monolayers: effects of epidermal growth 
factor. Parasitology, 125(1), 11–19.  
https://doi.org/10.1017/S0031182002001853 

Buret, A., Gall, D. G., & Olson, M. E. (1991). Growth, activities of enzymes in the 
small intestine, and ultrastructure of microvillous border in gerbils infected 
withGiardia duodenalis. Parasitology Research, 77(2), 109–114. 
https://doi.org/10.1007/BF00935423 

Buret, Andre, Hardin, J. A., Olson, M. E., & Gall, D. G. (1992). Pathophysiology of 
small intestinal malabsorption in gerbils infected with Giardia lamblia. 
Gastroenterology, 103(2), 506–513. https://doi.org/10.1016/0016-
5085(92)90840-U 

Burrell, C. J., Howard, C. R., & Murphy, F. A. (2017). Pathogenesis of Virus 
Infections. In Fenner and White’s Medical Virology (pp. 77–104). Elsevier. 
https://doi.org/10.1016/B978-0-12-375156-0.00007-2 

Cacciò, S. M., Lalle, M., & Svärd, S. G. (2018). Host specificity in the Giardia 
duodenalis species complex. Infection, Genetics and Evolution, 66, 335–345. 
https://doi.org/10.1016/j.meegid.2017.12.001 

Carpenter, M. L., Assaf, Z. J., Gourguechon, S., & Cande, W. Z. (2012). Nuclear 
Inheritance and Genetic Exchange without Meiosis in the Binucleate Parasite 
Giardia intestinalis. Journal of Cell Science.  
https://doi.org/10.1242/jcs.103879 

Carpenter, M. L., & Cande, W. Z. (2009). Using Morpholinos for Gene Knockdown 
in Giardia intestinalis. Eukaryotic Cell, 8(6), 916–919.  
https://doi.org/10.1128/EC.00041-09 

Carranza, P. G., Gargantini, P. R., Prucca, C. G., Torri, A., Saura, A., Svärd, S., & 
Lujan, H. D. (2016). Specific histone modifications play critical roles in the 
control of encystation and antigenic variation in the early-branching eukaryote 
Giardia lamblia. The International Journal of Biochemistry & Cell Biology, 
81, 32–43. https://doi.org/10.1016/j.biocel.2016.10.010 

Certad, G., Viscogliosi, E., Chabé, M., & Cacciò, S. M. (2017). Pathogenic 
Mechanisms of Cryptosporidium and Giardia. Trends in Parasitology, 33(7), 
561–576. https://doi.org/10.1016/j.pt.2017.02.006 

Céu Sousa, M., Gonçalves, C. A., Bairos, V. A., & Poiares-da-Silva, J. (2001). 
Adherence of Giardia lamblia Trophozoites to Int-407 Human Intestinal Cells. 
Clinical Diagnostic Laboratory Immunology, 8(2), 258–265. 
https://doi.org/10.1128/CDLI.8.2.258-265.2001 

  



 

 60 

Cevallos, A.-M., Carnaby, S., James, M., & Farthing, M. J. G. (1995). Small intestinal 
injury in a neonatal rat model of giardiasis is strain dependent. 
Gastroenterology, 109(3), 766–773. https://doi.org/10.1016/0016-
5085(95)90383-6 

Chatterjee, A., Carpentieri, A., Ratner, D. M., Bullitt, E., Costello, C. E., Robbins, P. 
W., & Samuelson, J. (2010). Giardia Cyst Wall Protein 1 Is a Lectin That Binds 
to Curled Fibrils of the GalNAc Homopolymer. PLoS Pathogens, 6(8), 
e1001059. https://doi.org/10.1371/journal.ppat.1001059 

CHAVEZ-MUNGUIA, B., CEDILLO-RIVERA, R., & MARTINEZ-PALOMO, A. 
(2004). The Ultrastructure of the Cyst Wall of Giardia lamblia. The Journal of 
Eukaryotic Microbiology, 51(2), 220–226. https://doi.org/10.1111/j.1550-
7408.2004.tb00549.x 

Chavez, B., & Martinez-Palomo, A. (1995). Giardia lamblia: Freeze-fracture 
Ultrastructure of the Ventral Disc Plasma Membrane. The Journal of 
Eukaryotic Microbiology, 42(2), 136–141. https://doi.org/10.1111/j.1550-
7408.1995.tb01554.x 

Chin, A. C., Teoh, D. A., Scott, K. G.-E., Meddings, J. B., Macnaughton, W. K., & 
Buret, A. G. (2002). Strain-Dependent Induction of Enterocyte Apoptosis by 
Giardia lamblia Disrupts Epithelial Barrier Function in a Caspase-3-Dependent 
Manner. Infection and Immunity, 70(7), 3673–3680.  
https://doi.org/10.1128/IAI.70.7.3673-3680.2002 

Chiu, P.-W., Huang, Y.-C., Pan, Y.-J., Wang, C.-H., & Sun, C.-H. (2010). A Novel 
Family of Cyst Proteins with Epidermal Growth Factor Repeats in Giardia 
lamblia. PLoS Neglected Tropical Diseases, 4(5), e677.  
https://doi.org/10.1371/journal.pntd.0000677 

Cho, C.-C., Su, L.-H., Huang, Y.-C., Pan, Y.-J., & Sun, C.-H. (2012). Regulation of 
a Myb Transcription Factor by Cyclin-dependent Kinase 2 in Giardia lamblia*. 
Journal of Biological Chemistry, 287(6), 3733–3750.  
https://doi.org/10.1074/jbc.M111.298893 

Cotton, J. A., Beatty, J. K., & Buret, A. G. (2011). Host parasite interactions and 
pathophysiology in Giardia infections. International Journal for Parasitology, 
41(9), 925–933. https://doi.org/10.1016/j.ijpara.2011.05.002 

Croken, M. M., Nardelli, S. C., & Kim, K. (2012). Chromatin modifications, 
epigenetics, and how protozoan parasites regulate their lives. Trends in 
Parasitology, 28(5), 202–213. https://doi.org/10.1016/j.pt.2012.02.009 

Davids, B. J., Reiner, D. S., Birkeland, S. R., Preheim, S. P., Cipriano, M. J., 
McArthur, A. G., & Gillin, F. D. (2006). A New Family of Giardial Cysteine-
Rich Non-VSP Protein Genes and a Novel Cyst Protein. PLoS ONE, 1(1), e44. 
https://doi.org/10.1371/journal.pone.0000044 

Dawson, S. C. (2010). An insider’s guide to the microtubule cytoskeleton of Giardia. 
Cellular Microbiology, 12(5), 588–598. https://doi.org/10.1111/j.1462-
5822.2010.01458.x 

Dawson, S. C., & House, S. A. (2010). Life with eight flagella: flagellar assembly and 
division in Giardia. Current Opinion in Microbiology, 13(4), 480–490. 
https://doi.org/10.1016/j.mib.2010.05.014 

de Carvalho, T. B., David, É. B., Coradi, S. T., & Guimarães, S. (2008). Protease 
activity in extracellular products secreted in vitro by trophozoites of Giardia 
duodenalis. Parasitology Research, 104(1), 185–190.  
https://doi.org/10.1007/s00436-008-1185-z 

Dobell, C. (1920). The Discovery of the Intestinal Protozoa of Man. Proceedings of 
the Royal Society of Medicine, 13(Sect Hist Med), 1–15.  
http://europepmc.org/abstract/MED/19981292 



 

 61 

DuBois, K. N., Abodeely, M., Sajid, M., Engel, J. C., & McKerrow, J. H. (2006). 
Giardia lamblia cysteine proteases. Parasitology Research, 99(4), 313–316. 
https://doi.org/10.1007/s00436-006-0149-4 

Dubourg, A., Xia, D., Winpenny, J. P., Al Naimi, S., Bouzid, M., Sexton, D. W., 
Wastling, J. M., Hunter, P. R., & Tyler, K. M. (2018). Giardia secretome 
highlights secreted tenascins as a key component of pathogenesis. 
GigaScience, 7(3). https://doi.org/10.1093/gigascience/giy003 

Dukowicz, A. C., Lacy, B. E., & Levine, G. M. (2007). Small intestinal bacterial 
overgrowth: a comprehensive review. Gastroenterology & Hepatology, 3(2), 
112–122. http://www.ncbi.nlm.nih.gov/pubmed/21960820 

Ebneter, J. A., Heusser, S. D., Schraner, E. M., Hehl, A. B., & Faso, C. (2016). Cyst-
Wall-Protein-1 is fundamental for Golgi-like organelle neogenesis and cyst-
wall biosynthesis in Giardia lamblia. Nature Communications, 7(1), 13859. 
https://doi.org/10.1038/ncomms13859 

Eckmann, L., Laurent, F., Langford, T. D., Hetsko, M. L., Smith, J. R., Kagnoff, M. 
F., & Gillin, F. D. (2000). Nitric Oxide Production by Human Intestinal 
Epithelial Cells and Competition for Arginine as Potential Determinants of 
Host Defense Against the Lumen-Dwelling Pathogen Giardia lamblia. The 
Journal of Immunology, 164(3), 1478–1487.  
https://doi.org/10.4049/jimmunol.164.3.1478 

Edwards, D. I. (1993). Nitroimidazole drugs-action and resistance mechanisms I. 
Mechanism of action. Journal of Antimicrobial Chemotherapy, 31(1), 9–20. 
https://doi.org/10.1093/jac/31.1.9 

Einarsson, E., & Svärd, S. G. (2015). Encystation of Giardia intestinalis—a Journey 
from the Duodenum to the Colon. Current Tropical Medicine Reports, 2(3), 
101–109. https://doi.org/10.1007/s40475-015-0048-9 

Einarsson, E., Svärd, S. G., & Troell, K. (2015). UV irradiation responses in Giardia 
intestinalis. Experimental Parasitology, 154, 25–32.  
https://doi.org/10.1016/j.exppara.2015.03.024 

Einarsson, E., Troell, K., Hoeppner, M. P., Grabherr, M., Ribacke, U., & Svärd, S. G. 
(2016a). Coordinated Changes in Gene Expression Throughout Encystation of 
Giardia intestinalis. PLoS Neglected Tropical Diseases.  
https://doi.org/10.1371/journal.pntd.0004571 

Einarsson, E., Troell, K., Hoeppner, M. P., Grabherr, M., Ribacke, U., & Svärd, S. G. 
(2016b). Coordinated Changes in Gene Expression Throughout Encystation of 
Giardia intestinalis. PLoS Neglected Tropical Diseases.  
https://doi.org/10.1371/journal.pntd.0004571 

Elmendorf, H. G., Dawson, S. C., & McCaffery, J. M. (2003). The cytoskeleton of 
Giardia lamblia. International Journal for Parasitology, 33(1), 3–28. 
https://doi.org/10.1016/S0020-7519(02)00228-X 

Elmore, S. (2007). Apoptosis: A Review of Programmed Cell Death. Toxicologic 
Pathology, 35(4), 495–516. https://doi.org/10.1080/01926230701320337 

Emery-Corbin, S. J., Hamey, J. J., Balan, B., Rojas-López, L., Svärd, S. G., & Jex, A. 
R. (2021). Eukaryote-conserved histone post-translational modification 
landscape in Giardia duodenalis revealed by mass spectrometry. International 
Journal for Parasitology, 51(4), 225–239.  
https://doi.org/10.1016/j.ijpara.2020.09.006 

Emery, S. J., Mirzaei, M., Vuong, D., Pascovici, D., Chick, J. M., Lacey, E., & 
Haynes, P. A. (2016). Induction of virulence factors in Giardia duodenalis 
independent of host attachment. Scientific Reports, 6(1), 20765. 
https://doi.org/10.1038/srep20765 



 

 62 

ERLANDSEN, S. L., MACECHKO, P. T., KEULEN, H. VAN, & JARROLL, E. L. 
(1996). Formation of the Giardia Cyst Wall: Studies on Extracellular Assembly 
Using Immunogold Labeling and High Resolution Field Emission SEM. The 
Journal of Eukaryotic Microbiology, 43(5), 416–430.  
https://doi.org/10.1111/j.1550-7408.1996.tb05053.x 

Erlandsen, S L, Bemrick, W. J., Schupp, D. E., Shields, J. M., Jarroll, E. L., Sauch, J. 
F., & Pawley, J. B. (1990). High-resolution immunogold localization of 
Giardia cyst wall antigens using field emission SEM with secondary and 
backscatter electron imaging. Journal of Histochemistry & Cytochemistry, 
38(5), 625–632. https://doi.org/10.1177/38.5.2332623 

Erlandsen, Stanley L., Bemrick, W. J., & Pawley, J. (1989). High-Resolution Electron 
Microscopic Evidence for the Filamentous Structure of the Cyst Wall in 
Giardia muris and Giardia duodenalis. The Journal of Parasitology, 75(5), 787. 
https://doi.org/10.2307/3283065 

Erlandsen, Stanley L., Macechko, P. T., Keulen, H. van, & Jarroll, E. L. (1996). 
Formation of the Giardia Cyst Wall: Studies on Extracellular Assembly Using 
Immunogold Labeling and High Resolution Field Emission SEM. The Journal 
of Eukaryotic Microbiology, 43(5), 416–430. https://doi.org/10.1111/j.1550-
7408.1996.tb05053.x 

Faso, C., Bischof, S., & Hehl, A. B. (2013). The Proteome Landscape of Giardia 
lamblia Encystation. PLoS ONE, 8(12), e83207.  
https://doi.org/10.1371/journal.pone.0083207 

Faso, C., & Hehl, A. B. (2011). Membrane trafficking and organelle biogenesis in 
Giardia lamblia: Use it or lose it. International Journal for Parasitology, 41(5), 
471–480. https://doi.org/10.1016/j.ijpara.2010.12.014 

Feely, D. E., Schollmeyer, J. V., & Erlandsen, S. L. (1982). Giardia spp.: Distribution 
of contractile proteins in the attachment organelle. Experimental Parasitology, 
53(1), 145–154. https://doi.org/10.1016/0014-4894(82)90100-X 

Ferella, M., Davids, B. J., Cipriano, M. J., Birkeland, S. R., Palm, D., Gillin, F. D., 
McArthur, A. G., & Svärd, S. (2014). Gene expression changes during 
Giardia–host cell interactions in serum-free medium. Molecular and 
Biochemical Parasitology, 197(1–2), 21–23.  
https://doi.org/10.1016/j.molbiopara.2014.09.007 

Fink, M. Y., & Singer, S. M. (2017). The Intersection of Immune Responses, 
Microbiota, and Pathogenesis in Giardiasis. Trends in Parasitology, 33(11), 
901–913. https://doi.org/10.1016/j.pt.2017.08.001 

Fisher, B. S., Estraño, C. E., & Cole, J. A. (2013). Modeling Long-Term Host Cell-
Giardia lamblia Interactions in an In Vitro Co-Culture System. PLoS ONE, 
8(12), e81104. https://doi.org/10.1371/journal.pone.0081104 

Ford, B. J. (2005). The Discovery of Giardia 1. 53(September 2004), 147–153. 
Gadelha, A. P. R., Benchimol, M., & de Souza, W. (2020). The structural 

organization of Giardia intestinalis cytoskeleton (pp. 1–23).  
https://doi.org/10.1016/bs.apar.2019.08.003 

Gansen, A., Tóth, K., Schwarz, N., & Langowski, J. (2015). Opposing roles of H3- 
and H4-acetylation in the regulation of nucleosome structure—a FRET study. 
Nucleic Acids Research, 43(3), 1433–1443.  
https://doi.org/10.1093/nar/gku1354 

Garcia–R, J. C., French, N., Pita, A., Velathanthiri, N., Shrestha, R., & Hayman, D. 
(2017). Local and global genetic diversity of protozoan parasites: Spatial 
distribution of Cryptosporidium and Giardia genotypes. PLOS Neglected 
Tropical Diseases, 11(7), e0005736.  
https://doi.org/10.1371/journal.pntd.0005736 



 

 63 

Gerwig, G. J., van Kuik, J. A., Leeflang, B. R., Kamerling, J. P., Vliegenthart, J. F. 
G., Karr, C. D., & Jarroll, E. L. (2002). The Giardia intestinalis filamentous 
cyst wall contains a novel (1-3)-N-acetyl-D-galactosamine polymer: a 
structural and conformational study. Glycobiology, 12(8), 499–505. 
https://doi.org/10.1093/glycob/cwf059 

Geva-Zatorsky, N., Sefik, E., Kua, L., Pasman, L., Tan, T. G., Ortiz-Lopez, A., 
Yanortsang, T. B., Yang, L., Jupp, R., Mathis, D., Benoist, C., & Kasper, D. 
L. (2017). Mining the Human Gut Microbiota for Immunomodulatory 
Organisms. Cell, 168(5), 928-943.e11.  
https://doi.org/10.1016/j.cell.2017.01.022 

Gibson, G. R. (2004). Fibre and effects on probiotics (the prebiotic concept). Clinical 
Nutrition Supplements, 1(2), 25–31.  
https://doi.org/10.1016/j.clnu.2004.09.005 

Gillin, F. D., Reiner, D. S., Gault, M. J., Douglas, H., Das, S., Wunderlich, A., & 
Sauch, J. F. (1987). Encystation and Expression of Cyst Antigens by Giardia 
lamblia in Vitro. Science, 235(4792), 1040–1043.  
https://doi.org/10.1126/science.3547646 

Ginger, M. L., Portman, N., & McKean, P. G. (2008). Swimming with protists: 
perception, motility and flagellum assembly. Nature Reviews Microbiology, 
6(11), 838–850. https://doi.org/10.1038/nrmicro2009 

Grit, G. H., Devriendt, B., Van Coppernolle, S., Geurden, T., Hope, J., Vercruysse, J., 
Cox, E., Geldhof, P., & Claerebout, E. (2014). Giardia duodenalis stimulates 
partial maturation of bovine dendritic cells associated with altered cytokine 
secretion and induction of T-cell proliferation. Parasite Immunology, 36(4), 
157–169. https://doi.org/10.1111/pim.12095 

Hardin, W. R., Li, R., Xu, J., Shelton, A. M., Alas, G. C. M., Minin, V. N., & Paredez, 
A. R. (2017). Myosin-independent cytokinesis in Giardia utilizes flagella to 
coordinate force generation and direct membrane trafficking. Proceedings of 
the National Academy of Sciences, 114(29), E5854–E5863.  
https://doi.org/10.1073/pnas.1705096114 

Havelaar, A. H., Kirk, M. D., Torgerson, P. R., Gibb, H. J., Hald, T., Lake, R. J., Praet, 
N., Bellinger, D. C., de Silva, N. R., Gargouri, N., Speybroeck, N., Cawthorne, 
A., Mathers, C., Stein, C., Angulo, F. J., & Devleesschauwer, B. (2015). World 
Health Organization Global Estimates and Regional Comparisons of the 
Burden of Foodborne Disease in 2010. PLOS Medicine, 12(12), e1001923. 
https://doi.org/10.1371/journal.pmed.1001923 

Hehl, A. B., Marti, M., & Köhler, P. (2000). Stage-Specific Expression and Targeting 
of Cyst Wall Protein–Green Fluorescent Protein Chimeras in Giardia. 
Molecular Biology of the Cell, 11(5), 1789–1800.  
https://doi.org/10.1091/mbc.11.5.1789 

Hernández, H. M., Marcet, R., & Sarracent, J. (2014). Biological roles of cysteine 
proteinases in the pathogenesis of Trichomonas vaginalis. Parasite, 21, 54. 
https://doi.org/10.1051/parasite/2014054 

Hernandez, P. C., & Wasserman, M. (2006). Do genes from the cholesterol synthesis 
pathway exist and express in Giardia intestinalis? Parasitology Research, 
98(3), 194–199. https://doi.org/10.1007/s00436-005-0039-1 

Hetsko, M. L., McCaffery, J. M., Svärd, S. G., Meng, T.-C., Que, X., & Gillin, F. D. 
(1998). Cellular and Transcriptional Changes during Excystation ofGiardia 
lamblia in Vitro. Experimental Parasitology, 88(3), 172–183.  
https://doi.org/10.1006/expr.1998.4246 

  



 

 64 

Hofštetrová, K., Uzlíková, M., Tůmová, P., Troell, K., Svärd, S. G., & Nohýnková, 
E. (2010). Giardia intestinalis: Aphidicolin influence on the trophozoite cell 
cycle. Experimental Parasitology, 124(2), 159–166.  
https://doi.org/10.1016/j.exppara.2009.09.004 

Horáčková, V., Voleman, L., Hagen, K. D., Petrů, M., Vinopalová, M., Weisz, F., 
Janowicz, N., Marková, L., Motyčková, A., Tůmová, P., Dawson, S. C., & 
Doležal, P. (2021). Cas9-mediated gene disruption in tetraploid 
&lt;em&gt;Giardia intestinalis&lt;/em&gt; BioRxiv, 2021.04.21.440745. 
https://doi.org/10.1101/2021.04.21.440745 

House, S. A., Richter, D. J., Pham, J. K., & Dawson, S. C. (2011). Giardia Flagellar 
Motility Is Not Directly Required to Maintain Attachment to Surfaces. PLoS 
Pathogens, 7(8), e1002167. https://doi.org/10.1371/journal.ppat.1002167 

Humen, M. A., Pérez, P. F., & Liévin-Le Moal, V. (2011). Lipid raft-dependent 
adhesion of Giardia intestinalis trophozoites to a cultured human enterocyte-
like Caco-2/TC7 cell monolayer leads to cytoskeleton-dependent functional 
injuries. Cellular Microbiology, 13(11), 1683–1702.  
https://doi.org/10.1111/j.1462-5822.2011.01647.x 

Hyun, K., Jeon, J., Park, K., & Kim, J. (2017). Writing, erasing and reading histone 
lysine methylations. Experimental & Molecular Medicine, 49(4), e324–e324. 
https://doi.org/10.1038/emm.2017.11 

Jarroll, E. L., Manning, P., Lindmark, D. G., Coggins, J. R., & Erlandsen, S. L. (1989). 
Giardia cyst wall-specific carbohydrate: evidence for the presence of 
galactosamine. Molecular and Biochemical Parasitology, 32(2–3), 121–131. 
https://doi.org/10.1016/0166-6851(89)90063-7 

Jenikova, G., Hruz, P., Andersson, M. K., Tejman-Yarden, N., Ferreira, P. C. D., 
Andersen, Y. S., Davids, B. J., Gillin, F. D., Svärd, S. G., Curtiss, R., & 
Eckmann, L. (2011). α1-giardin based live heterologous vaccine protects 
against Giardia lamblia infection in a murine model. Vaccine, 29(51), 9529–
9537. https://doi.org/10.1016/j.vaccine.2011.09.126 

Jenkins, M. C., O’Brien, C. N., Murphy, C., Schwarz, R., Miska, K., Rosenthal, B., 
& Trout, J. M. (2009). Antibodies to the Ventral Disc Protein δ-giardin Prevent 
in Vitro Binding of Giardia lamblia Trophozoites. Journal of Parasitology, 
95(4), 895–899. https://doi.org/10.1645/GE-1851R.1 

Jeyakumar, T., Beauchemin, N., & Gros, P. (2019). Impact of the Microbiome on the 
Human Genome. Trends in Parasitology, 35(10), 809–821. 
https://doi.org/10.1016/j.pt.2019.07.015 

JimÉnez, B. M., & O’sullivan, W. J. (1994). CTP synthetase and enzymes of 
pyrimidine ribonucleotide metabolism in Giardia intestinalis. International 
Journal for Parasitology, 24(5), 713–718. https://doi.org/10.1016/0020-
7519(94)90125-2 

Jiménez, J. C., Fontaine, J., Grzych, J.-M., Dei-Cas, E., & Capron, M. (2004). 
Systemic and Mucosal Responses to Oral Administration of Excretory and 
Secretory Antigens from Giardia intestinalis. Clinical and Vaccine 
Immunology, 11(1), 152–160. https://doi.org/10.1128/CDLI.11.1.152-
160.2004 

Jimenez, J. C., Fontaine, J., Grzych, J. M., Capron, M., & Dei-Cas, E. (2009). 
Antibody and cytokine responses in BALB/c mice immunized with the 
excreted/secreted proteins of Giardia intestinalis : the role of cysteine 
proteases. Annals of Tropical Medicine & Parasitology, 103(8), 693–703. 
https://doi.org/10.1179/000349809X12502035776351 



 

 65 

Johansson, M. E. V., & Hansson, G. C. (2016). Immunological aspects of intestinal 
mucus and mucins. Nature Reviews Immunology, 16(10), 639–649. 
https://doi.org/10.1038/nri.2016.88 

Johnson, P. J., D’Oliveira, C. E., Gorrell, T. E., & Muller, M. (1990). Molecular 
analysis of the hydrogenosomal ferredoxin of the anaerobic protist 
Trichomonas vaginalis. Proceedings of the National Academy of Sciences, 
87(16), 6097–6101. https://doi.org/10.1073/pnas.87.16.6097 

Kabnick, K. S., & Peattie, D. A. (1990). In situ analyses reveal that the two nuclei of 
Giardia lamblia are equivalent. Journal of Cell Science, 95(3), 353–360. 
https://doi.org/10.1242/jcs.95.3.353 

Kamda, J. D., Nash, T. E., & Singer, S. M. (2012). Giardia duodenalis: Dendritic cell 
defects in IL-6 deficient mice contribute to susceptibility to intestinal infection. 
Experimental Parasitology, 130(3), 288–291.  
https://doi.org/10.1016/j.exppara.2012.01.003 

Karr, C. D., & Jarroll, E. L. (2004). Cyst wall synthase: N-
acetylgalactosaminyltransferase activity is induced to form the novel N-
acetylgalactosamine polysaccharide in the Giardia cyst wall. Microbiology, 
150(5), 1237–1243. https://doi.org/10.1099/mic.0.26922-0 

Katelaris, P. H., Naeem, A., & Farthing, M. J. (1995). Attachment of Giardia lamblia 
trophozoites to a cultured human intestinal cell line. Gut, 37(4), 512–518. 
https://doi.org/10.1136/gut.37.4.512 

Keselman, A., Li, E., Maloney, J., & Singer, S. M. (2016). The Microbiota Contributes 
to CD8 + T Cell Activation and Nutrient Malabsorption following Intestinal 
Infection with Giardia duodenalis. Infection and Immunity, 84(10), 2853–
2860. https://doi.org/10.1128/IAI.00348-16 

Kim, J. M., Eckmann, L., Savidge, T. C., Lowe, D. C., Witthöft, T., & Kagnoff, M. 
F. (1998). Apoptosis of human intestinal epithelial cells after bacterial 
invasion. Journal of Clinical Investigation, 102(10), 1815–1823. 
https://doi.org/10.1172/JCI2466 

Kim, J., & Park, S. (2019). Roles of end‐binding 1 protein and gamma‐tubulin small 
complex in cytokinesis and flagella formation of Giardia lamblia. 
MicrobiologyOpen, 8(6). https://doi.org/10.1002/mbo3.748 

Kirk, M. D., Pires, S. M., Black, R. E., Caipo, M., Crump, J. A., Devleesschauwer, 
B., Döpfer, D., Fazil, A., Fischer-Walker, C. L., Hald, T., Hall, A. J., Keddy, 
K. H., Lake, R. J., Lanata, C. F., Torgerson, P. R., Havelaar, A. H., & Angulo, 
F. J. (2015). World Health Organization Estimates of the Global and Regional 
Disease Burden of 22 Foodborne Bacterial, Protozoal, and Viral Diseases, 
2010: A Data Synthesis. PLOS Medicine, 12(12), e1001921. 
https://doi.org/10.1371/journal.pmed.1001921 

Koh, W. H., Geurden, T., Paget, T., O’Handley, R., Steuart, R. F., Thompson, R. C. 
A., & Buret, A. G. (2013). Giardia duodenalis Assemblage-Specific Induction 
of Apoptosis and Tight Junction Disruption in Human Intestinal Epithelial 
Cells: Effects of Mixed Infections. Journal of Parasitology, 99(2), 353–358. 
https://doi.org/10.1645/GE-3021.1 

Konrad, C., Spycher, C., & Hehl, A. B. (2010). Selective Condensation Drives 
Partitioning and Sequential Secretion of Cyst Wall Proteins in Differentiating 
Giardia lamblia. PLoS Pathogens, 6(4), e1000835.  
https://doi.org/10.1371/journal.ppat.1000835 

Krtková, J., Thomas, E. B., Alas, G. C. M., Schraner, E. M., Behjatnia, H. R., Hehl, 
A. B., & Paredez, A. R. (2016). Rac Regulates Giardia lamblia Encystation by 
Coordinating Cyst Wall Protein Trafficking and Secretion. MBio, 7(4). 
https://doi.org/10.1128/mBio.01003-16 



 

 66 

Kulakova, L., Singer, S. M., Conrad, J., & Nash, T. E. (2006). Epigenetic mechanisms 
are involved in the control of Giardia lamblia antigenic variation. Molecular 
Microbiology, 61(6), 1533–1542. https://doi.org/10.1111/j.1365-
2958.2006.05345.x 

Lebbad, M., Mattsson, J. G., Christensson, B., Ljungström, B., Backhans, A., 
Andersson, J. O., & Svärd, S. G. (2010). From mouse to moose: Multilocus 
genotyping of Giardia isolates from various animal species. Veterinary 
Parasitology, 168(3–4), 231–239.  
https://doi.org/10.1016/j.vetpar.2009.11.003 

Lee, H.-Y., Kim, J., Noh, H. J., Kim, H.-P., & Park, S.-J. (2014). Giardia lamblia 
binding immunoglobulin protein triggers maturation of dendritic cells via 
activation of TLR4-MyD88-p38 and ERK1/2 MAPKs. Parasite Immunology, 
36(12), 627–646. https://doi.org/10.1111/pim.12119 

Leitsch, D., Schlosser, S., Burgess, A., & Duchêne, M. (2012). Nitroimidazole drugs 
vary in their mode of action in the human parasite Giardia lamblia. 
International Journal for Parasitology: Drugs and Drug Resistance, 2, 166–
170. https://doi.org/10.1016/j.ijpddr.2012.04.002 

Lin, B.-C., Su, L.-H., Weng, S.-C., Pan, Y.-J., Chan, N.-L., Li, T.-K., Wang, H.-C., 
& Sun, C.-H. (2013). DNA Topoisomerase II Is Involved in Regulation of Cyst 
Wall Protein Genes and Differentiation in Giardia lamblia. PLoS Neglected 
Tropical Diseases, 7(5), e2218. https://doi.org/10.1371/journal.pntd.0002218 

Lin, Z.-Q., Gan, S.-W., Tung, S.-Y., Ho, C.-C., Su, L.-H., & Sun, C.-H. (2019). 
Development of CRISPR/Cas9-mediated gene disruption systems in Giardia 
lamblia. PLOS ONE, 14(3), e0213594.  
https://doi.org/10.1371/journal.pone.0213594 

Lindmark, D. G., & Müller, M. (1973). Hydrogenosome, a Cytoplasmic Organelle of 
the Anaerobic Flagellate Tritrichomonas foetus, and Its Role in Pyruvate 
Metabolism. Journal of Biological Chemistry, 248(22), 7724–7728. 
https://doi.org/10.1016/S0021-9258(19)43249-3 

Liu, J., Ma’ayeh, S., Peirasmaki, D., Lundström-Stadelmann, B., Hellman, L., & 
Svärd, S. G. (2018). Secreted Giardia intestinalis cysteine proteases disrupt 
intestinal epithelial cell junctional complexes and degrade chemokines. 
Virulence, 9(1), 879–894. https://doi.org/10.1080/21505594.2018.1451284 

Lloyd, D., & Williams, C. F. (2014). Comparative biochemistry of Giardia, Hexamita 
and Spironucleus: Enigmatic diplomonads. Molecular and Biochemical 
Parasitology, 197(1–2), 43–49.  
https://doi.org/10.1016/j.molbiopara.2014.10.002 

Loderstädt, U., & Frickmann, H. (2021). Antimicrobial resistance of the enteric 
protozoon Giardia duodenalis – A narrative review. European Journal of 
Microbiology and Immunology, 11(2), 29–43.  
https://doi.org/10.1556/1886.2021.00009 

Lopez, A. B., Sener, K., Jarroll, E. L., & van Keulen, H. (2003). Transcription 
regulation is demonstrated for five key enzymes in Giardia intestinalis cyst 
wall polysaccharide biosynthesis. Molecular and Biochemical Parasitology, 
128(1), 51–57. https://doi.org/10.1016/S0166-6851(03)00049-5 

Lujan, H. D., Mowatt, M. R., Byrd, L. G., & Nash, T. E. (1996). Cholesterol starvation 
induces differentiation of the intestinal parasite Giardia lamblia. Proceedings 
of the National Academy of Sciences, 93(15), 7628–7633. 
https://doi.org/10.1073/pnas.93.15.7628 

  



 

 67 

Luján, H. D., Mowatt, M. R., Conrad, J. T., Bowers, B., & Nash, T. E. (1995). 
Identification of a Novel Giardia lamblia Cyst Wall Protein with Leucine-rich 
Repeats. Journal of Biological Chemistry, 270(49), 29307–29313. 
https://doi.org/10.1074/jbc.270.49.29307 

Lujan, Hugo D. (2011). Mechanisms of adaptation in the intestinal parasite Giardia 
lamblia. Essays in Biochemistry, 51, 177–191.  
https://doi.org/10.1042/bse0510177 

Ma’ayeh, S. Y., Knörr, L., Sköld, K., Garnham, A., Ansell, B. R. E., Jex, A. R., & 
Svärd, S. G. (2018). Responses of the Differentiated Intestinal Epithelial Cell 
Line Caco-2 to Infection With the Giardia intestinalis GS Isolate. Frontiers in 
Cellular and Infection Microbiology, 8.  
https://doi.org/10.3389/fcimb.2018.00244 

Ma’ayeh, Showgy Y., Knörr, L., & Svärd, S. G. (2015). Transcriptional profiling of 
Giardia intestinalis in response to oxidative stress. International Journal for 
Parasitology, 45(14), 925–938. https://doi.org/10.1016/j.ijpara.2015.07.005 

Ma’ayeh, Showgy Yasir;, & Brook-Carter, P. T. (2012). Representational difference 
analysis identifies specific genes in the interaction of Giardia duodenalis with 
the murine intestinal epithelial cell line, IEC-6. International Journal for 
Parasitology, 42(5), 501–509. https://doi.org/10.1016/j.ijpara.2012.04.004 

Marcial-Quino, J., Gómez-Manzo, S., Fierro, F., Rufino-González, Y., Ortega-
Cuellar, D., Sierra-Palacios, E., Vanoye-Carlo, A., González-Valdez, A., 
Torres-Arroyo, A., Oria-Hernández, J., & Reyes-Vivas, H. (2017). RNAi-
Mediated Specific Gene Silencing as a Tool for the Discovery of New Drug 
Targets in Giardia lamblia; Evaluation Using the NADH Oxidase Gene. Genes, 
8(11), 303. https://doi.org/10.3390/genes8110303 

Marti, M., Li, Y., Schraner, E. M., Wild, P., Köhler, P., & Hehl, A. B. (2003). The 
Secretory Apparatus of an Ancient Eukaryote: Protein Sorting to Separate 
Export Pathways Occurs Before Formation of Transient Golgi-like 
Compartments. Molecular Biology of the Cell, 14(4), 1433–1447.  
https://doi.org/10.1091/mbc.e02-08-0467 

Marti, M., Regös, A., Li, Y., Schraner, E. M., Wild, P., Müller, N., Knopf, L. G., & 
Hehl, A. B. (2003). An Ancestral Secretory Apparatus in the Protozoan 
Parasite Giardia intestinalis. Journal of Biological Chemistry, 278(27), 24837–
24848. https://doi.org/10.1074/jbc.M302082200 

Mccaffery, J. M., & Gillin, F. D. (1994). Giardia lamblia: Ultrastructural Basis of 
Protein Transport during Growth and Encystation. Experimental Parasitology, 
79(3), 220–235. https://doi.org/10.1006/expr.1994.1086 

McCole, D. F., Eckmann, L., Laurent, F., & Kagnoff, M. F. (2000). Intestinal 
Epithelial Cell Apoptosis following Cryptosporidium parvum Infection. 
Infection and Immunity, 68(3), 1710–1713.  
https://doi.org/10.1128/IAI.68.3.1710-1713.2000 

McInally, S. G., Hagen, K. D., Nosala, C., Williams, J., Nguyen, K., Booker, J., Jones, 
K., & Dawson, S. C. (2019). Robust and stable transcriptional repression in 
Giardia using CRISPRi. Molecular Biology of the Cell, 30(1), 119–130. 
https://doi.org/10.1091/mbc.E18-09-0605 

Mejia, R., Damania, A., Jeun, R., Bryan, P. E., Vargas, P., Juarez, M., Cajal, P. S., 
Nasser, J., Krolewiecki, A., Lefoulon, E., Long, C., Drake, E., Cimino, R. O., 
& Slatko, B. (2020). Impact of intestinal parasites on microbiota and 
cobalamin gene sequences: a pilot study. Parasites & Vectors, 13(1), 200. 
https://doi.org/10.1186/s13071-020-04073-7 



 

 68 

Monis, P. T., Caccio, S. M., & Thompson, R. C. A. (2009). Variation in Giardia: 
towards a taxonomic revision of the genus. Trends in Parasitology, 25(2), 93–
100. https://doi.org/10.1016/j.pt.2008.11.006 

Mørch, K., & Hanevik, K. (2020). Giardiasis treatment: an update with a focus on 
refractory disease. Current Opinion in Infectious Diseases, 33(5), 355–364. 
https://doi.org/10.1097/QCO.0000000000000668 

Morf, L., Spycher, C., Rehrauer, H., Fournier, C. A., Morrison, H. G., & Hehl, A. B. 
(2010a). The Transcriptional Response to Encystation Stimuli in Giardia 
lamblia Is Restricted to a Small Set of Genes. Eukaryotic Cell, 9(10), 1566–
1576. https://doi.org/10.1128/EC.00100-10 

Morf, L., Spycher, C., Rehrauer, H., Fournier, C. A., Morrison, H. G., & Hehl, A. B. 
(2010b). The Transcriptional Response to Encystation Stimuli in Giardia 
lamblia Is Restricted to a Small Set of Genes. Eukaryotic Cell, 9(10), 1566–
1576. https://doi.org/10.1128/EC.00100-10 

Morrison, H. G., McArthur, A. G., Gillin, F. D., Aley, S. B., Adam, R. D., Olsen, G. 
J., Best, A. A., Cande, W. Z., Chen, F., Cipriano, M. J., Davids, B. J., Dawson, 
S. C., Elmendorf, H. G., Hehl, A. B., Holder, M. E., Huse, S. M., Kim, U. U., 
Lasek-Nesselquist, E., Manning, G., … Sogin, M. L. (2007). Genomic 
Minimalism in the Early Diverging Intestinal Parasite Giardia lamblia. 
Science, 317(5846), 1921–1926. https://doi.org/10.1126/science.1143837 

Nash, T. E., Herrington, D. A., Losonsky, G. A., & Levine, M. M. (1987). 
Experimental Human Infections with Giardia lamblia. Journal of Infectious 
Diseases, 156(6), 974–984. https://doi.org/10.1093/infdis/156.6.974 

Nash, T. E., & Keister, D. B. (1985). Differences in Excretory-Secretory Products and 
Surface Antigens Among 19 Isolates of Giardia. Journal of Infectious 
Diseases, 152(6), 1166–1171. https://doi.org/10.1093/infdis/152.6.1166 

Nash, T. E., Luján, H. T., Mowatt, M. R., & Conrad, J. T. (2001). Variant-Specific 
Surface Protein Switching in Giardia lamblia. Infection and Immunity, 69(3), 
1922–1923. https://doi.org/10.1128/IAI.69.3.1922-1923.2001 

Nash, T. E., McCutchan, T., Keister, D., Dame, J. B., Conrad, J. D., & Gillin, F. D. 
(1985). Restriction-Endonuclease Analysis of DNA from 15 Giardia Isolates 
Obtained from Humans and Animals. Journal of Infectious Diseases, 152(1), 
64–73. https://doi.org/10.1093/infdis/152.1.64 

Nash, Theodore E. (1989). Antigenic variation in Giardia lamblia. Experimental 
Parasitology, 68(2), 238–241. https://doi.org/10.1016/0014-4894(89)90104-5 

Nash, Theodore E. (2002). Surface antigenic variation in Giardia lamblia. Molecular 
Microbiology, 45(3), 585–590. https://doi.org/10.1046/j.1365-
2958.2002.03029.x 

Nash, Theodore E., & Mowatt, M. R. (1992). Characterization of a Giardia lamblia 
variant-specific surface protein (VSP) gene from isolate GS/M and estimation 
of the VSP gene repertoire size. Molecular and Biochemical Parasitology, 
51(2), 219–227. https://doi.org/10.1016/0166-6851(92)90072-R 

Ndao, M., Beaulieu, C., Black, W. C., Isabel, E., Vasquez-Camargo, F., Nath-
Chowdhury, M., Massé, F., Mellon, C., Methot, N., & Nicoll-Griffith, D. A. 
(2014). Reversible Cysteine Protease Inhibitors Show Promise for a Chagas 
Disease Cure. Antimicrobial Agents and Chemotherapy, 58(2), 1167–1178. 
https://doi.org/10.1128/AAC.01855-13 

Nohria, A., Alonso, R. A., & Peattie, D. A. (1992). Identification and characterization 
of γ-giardin and the γ-giardin gene from Giardia lamblia. Molecular and 
Biochemical Parasitology, 56(1), 27–37. https://doi.org/10.1016/0166-
6851(92)90151-9 



 

 69 

Nosala, C., & Dawson, S. C. (2015). The Critical Role of the Cytoskeleton in the 
Pathogenesis of Giardia. Current Clinical Microbiology Reports, 2(4), 155–
162. https://doi.org/10.1007/s40588-015-0026-y 

NOURRISSON, C., WAWRZYNIAK, I., CIAN, A., LIVRELLI, V., VISCOGLIOSI, 
E., DELBAC, F., & POIRIER, P. (2016). On Blastocystis secreted cysteine 
proteases: a legumain-activated cathepsin B increases paracellular 
permeability of intestinal Caco-2 cell monolayers. Parasitology, 143(13), 
1713–1722. https://doi.org/10.1017/S0031182016001396 

Orozco, D. R., & Garlapati, S. (2020). Histone deacetylase inhibitors induce 
expression of chromosomally tagged variant-specific surface protein genes in 
Giardia lamblia. BMC Research Notes, 13(1), 148. 
https://doi.org/10.1186/s13104-020-04995-6 

PAGET, T. A., JARROLL, E. L., MANNING, P., LINDMARK, D. G., & LLOYD, 
D. (1989). Respiration in the Cysts and Trophozoites of Giardia muris. 
Microbiology, 135(1), 145–154. https://doi.org/10.1099/00221287-135-1-145 

Paget, T. A., Macechko, P. T., & Jarroll, E. L. (1998). Metabolic Changes in Giardia 
intestinalis during Differentiation. The Journal of Parasitology, 84(2), 222. 
https://doi.org/10.2307/3284474 

Palm, D., Weiland, M., McArthur, A. G., Winiecka-Krusnell, J., Cipriano, M. J., 
Birkeland, S. R., Pacocha, S. E., Davids, B., Gillin, F., Linder, E., & Svärd, S. 
(2005). Developmental changes in the adhesive disk during Giardia 
differentiation. Molecular and Biochemical Parasitology, 141(2), 199–207. 
https://doi.org/10.1016/j.molbiopara.2005.03.005 

Palm, J. E. D., Weiland, M. E. ‐L., Griffiths, W. J., Ljungström, I., & Svärd, S. G. 
(2003). Identification of Immunoreactive Proteins during Acute Human 
Giardiasis. The Journal of Infectious Diseases, 187(12), 1849–1859. 
https://doi.org/10.1086/375356 

Panaro, M. A., Cianciulli, A., Mitolo, V., Mitolo, C. I., Acquafredda, A., Brandonisio, 
O., & Cavallo, P. (2007). Caspase-dependent apoptosis of the HCT-8 epithelial 
cell line induced by the parasite Giardia intestinalis. FEMS Immunology & 
Medical Microbiology, 51(2), 302–309. https://doi.org/10.1111/j.1574-
695X.2007.00304.x 

Peattie, D. A. (1990). The Giardins of Giardia lamblia: Genes and proteins with 
promise. Parasitology Today, 6(2), 52–56. https://doi.org/10.1016/0169-
4758(90)90070-K 

Peirasmaki, D., Ma’ayeh, S. Y., Xu, F., Ferella, M., Campos, S., Liu, J., & Svärd, S. 
G. (2020). High Cysteine Membrane Proteins (HCMPs) Are Up-Regulated 
During Giardia-Host Cell Interactions. Frontiers in Genetics, 11. 
https://doi.org/10.3389/fgene.2020.00913 

Pham, J. K., Nosala, C., Scott, E. Y., Nguyen, K. F., Hagen, K. D., Starcevich, H. N., 
& Dawson, S. C. (2017). Transcriptomic Profiling of High-Density Giardia 
Foci Encysting in the Murine Proximal Intestine. Frontiers in Cellular and 
Infection Microbiology, 7. https://doi.org/10.3389/fcimb.2017.00227 

Pires, S. M., Fischer-Walker, C. L., Lanata, C. F., Devleesschauwer, B., Hall, A. J., 
Kirk, M. D., Duarte, A. S. R., Black, R. E., & Angulo, F. J. (2015). Aetiology-
Specific Estimates of the Global and Regional Incidence and Mortality of 
Diarrhoeal Diseases Commonly Transmitted through Food. PLOS ONE, 
10(12), e0142927. https://doi.org/10.1371/journal.pone.0142927 

Piva, B., & Benchimol, M. (2004). The median body of Giardia lamblia: an 
ultrastructural study. Biology of the Cell, 96(9), 735–746. 
https://doi.org/10.1016/j.biolcel.2004.05.006 



 

 70 

Potoka, D. A., Upperman, J. S., Zhang, X.-R., Kaplan, J. R., Corey, S. J., Grishin, A., 
Zamora, R., & Ford, H. R. (2003). Peroxynitrite inhibits enterocyte 
proliferation and modulates Src kinase activity in vitro. American Journal of 
Physiology-Gastrointestinal and Liver Physiology, 285(5), G861–G869. 
https://doi.org/10.1152/ajpgi.00412.2002 

Poxleitner, M. K., Carpenter, M. L., Mancuso, J. J., Wang, C.-J. R., Dawson, S. C., & 
Cande, W. Z. (2008). Evidence for Karyogamy and Exchange of Genetic 
Material in the Binucleate Intestinal Parasite Giardia intestinalis. Science, 
319(5869), 1530–1533. https://doi.org/10.1126/science.1153752 

Prucca, Cesar G., & Lujan, H. D. (2009). Antigenic variation in Giardia lamblia. 
Cellular Microbiology, 11(12), 1706–1715. https://doi.org/10.1111/j.1462-
5822.2009.01367.x 

Prucca, César G., Slavin, I., Quiroga, R., Elías, E. V., Rivero, F. D., Saura, A., 
Carranza, P. G., & Luján, H. D. (2008). Antigenic variation in Giardia lamblia 
is regulated by RNA interference. Nature, 456(7223), 750–754. 
https://doi.org/10.1038/nature07585 

R.C., R. (1979). The experimental transmission of Giardia lamblia among volunteer 
subjects. In J. C. H. W. Jakubowski (Ed.), Waterborne Transmission of 
Giardiasis, Report No. EPA-600J9- 79-001 (pp. 64–68). US Environmental 
Protection Agency, Environmental Research Centre.  
https://books.google.se/books?id=dntVAAAAYAAJ&lr=&hl=es&source=gb
s_navlinks_s 

Ramesh, M. A., Malik, S.-B., & Logsdon, J. M. (2005). A Phylogenomic Inventory 
of Meiotic Genes. Current Biology, 15(2), 185–191. 
https://doi.org/10.1016/j.cub.2005.01.003 

Reiner, D. S., McCaffery, J. M., & Gillin, F. D. (2001). Reversible interruption of 
Giardia lamblia cyst wall protein transport in a novel regulated secretory 
pathway. Cellular Microbiology, 3(7), 459–472.  
https://doi.org/10.1046/j.1462-5822.2001.00129.x 

Ringqvist, E., Avesson, L., Söderbom, F., & Svärd, S. G. (2011). Transcriptional 
changes in Giardia during host–parasite interactions. International Journal for 
Parasitology, 41(3–4), 277–285. https://doi.org/10.1016/j.ijpara.2010.09.011 

Ringqvist, E., Palm, J. E. D., Skarin, H., Hehl, A. B., Weiland, M., Davids, B. J., 
Reiner, D. S., Griffiths, W. J., Eckmann, L., Gillin, F. D., & Svärd, S. G. 
(2008). Release of metabolic enzymes by Giardia in response to interaction 
with intestinal epithelial cells. Molecular and Biochemical Parasitology, 
159(2), 85–91. https://doi.org/10.1016/j.molbiopara.2008.02.005 

Rivero, M. R., Vranych, C. V., Bisbal, M., Maletto, B. A., Ropolo, A. S., & Touz, M. 
C. (2010). Adaptor protein 2 regulates receptor-mediated endocytosis and cyst 
formation in Giardia lamblia. Biochemical Journal, 428(1), 33–45. 
https://doi.org/10.1042/BJ20100096 

Robbins, P. W., & Samuelson, J. (2005). Letter to the Glyco-Forum: Asparagine 
Linked Glycosylation in Giardia. Glycobiology, 15(6), 15G-16G. 
https://doi.org/10.1093/glycob/cwi073 

Rodríguez-Fuentes, G. B., Cedillo-Rivera, R., Fonseca-Liñán, R., Argüello-García, 
R., Muñoz, O., Ortega-Pierres, G., & Yépez-Mulia, L. (2006). Giardia 
duodenalis: analysis of secreted proteases upon trophozoite-epithelial cell 
interaction in vitro. Memórias Do Instituto Oswaldo Cruz, 101(6), 693–696. 
https://doi.org/10.1590/S0074-02762006000600020 

  



 

 71 

Rojas-López, L., Krakovka, S., Einarsson, E., Ribacke, U., Xu, F., Jerlström-
Hultqvist, J., & Svärd, S. G. (2021). A Detailed Gene Expression Map of 
Giardia Encystation. Genes, 12(12), 1932.  
https://doi.org/10.3390/genes12121932 

Roxström-Lindquist, K., Ringqvist, E., Palm, D., & Svärd, S. (2005). Giardia lamblia-
induced changes in gene expression in differentiated caco-2 human intestinal 
epithelial cells. Infection and Immunity, 73(12), 8204–8208. 
https://doi.org/10.1128/IAI.73.12.8204-8208.2005 

Ryan, U., Hijjawi, N., Feng, Y., & Xiao, L. (2019). Giardia: an under-reported 
foodborne parasite. International Journal for Parasitology, 49(1), 1–11. 
https://doi.org/10.1016/j.ijpara.2018.07.003 

Sajid, M., & McKerrow, J. H. (2002). Cysteine proteases of parasitic organisms☆. 
Molecular and Biochemical Parasitology, 120(1), 1–21.  
https://doi.org/10.1016/S0166-6851(01)00438-8 

Savioli, L., Smith, H., & Thompson, A. (2006). Giardia and Cryptosporidium join the 
‘Neglected Diseases Initiative.’ Trends in Parasitology, 22(5), 203–208. 
https://doi.org/10.1016/j.pt.2006.02.015 

Schumann, M., Siegmund, B., Schulzke, J. D., & Fromm, M. (2017). Celiac Disease: 
Role of the Epithelial Barrier. Cellular and Molecular Gastroenterology and 
Hepatology, 3(2), 150–162. https://doi.org/10.1016/j.jcmgh.2016.12.006 

Scott, K. G. –E., Meddings, J. B., Kirk, D. R., Lees–Miller, S. P., & Buret, A. G. 
(2002). Intestinal infection with Giardia spp. reduces epithelial barrier function 
in a myosin light chain kinase–dependent fashion. Gastroenterology, 123(4), 
1179–1190. https://doi.org/10.1053/gast.2002.36002 

Simon, M., North, J. A., Shimko, J. C., Forties, R. A., Ferdinand, M. B., Manohar, 
M., Zhang, M., Fishel, R., Ottesen, J. J., & Poirier, M. G. (2011). Histone fold 
modifications control nucleosome unwrapping and disassembly. Proceedings 
of the National Academy of Sciences, 108(31), 12711–12716. 
https://doi.org/10.1073/pnas.1106264108 

Singer, S. M., & Nash, T. E. (2000). The Role of Normal Flora in Giardia lamblia 
Infections in Mice. The Journal of Infectious Diseases, 181(4), 1510–1512. 
https://doi.org/10.1086/315409 

Singer, S. M., Yee, J., & Nash, T. E. (1998). Episomal and integrated maintenance of 
foreign DNA in Giardia lamblia. Molecular and Biochemical Parasitology, 
92(1), 59–69. https://doi.org/10.1016/S0166-6851(97)00225-9 

Skarin, H., Ringqvist, E., Hellman, U., & Svärd, S. G. (2011). Elongation factor 1-
alpha is released into the culture medium during growth of Giardia intestinalis 
trophozoites. Experimental Parasitology, 127(4), 804–810. 
https://doi.org/10.1016/j.exppara.2011.01.006 

Slavin, I., Saura, A., Carranza, P. G., Touz, M. C., Nores, M. J., & Luján, H. D. (2002). 
Dephosphorylation of cyst wall proteins by a secreted lysosomal acid 
phosphatase is essential for excystation of Giardia lamblia. Molecular and 
Biochemical Parasitology, 122(1), 95–98. https://doi.org/10.1016/S0166-
6851(02)00065-8 

Sonda, S., Morf, L., Bottova, I., Baetschmann, H., Rehrauer, H., Caflisch, A., Hakimi, 
M.-A., & Hehl, A. B. (2010). Epigenetic mechanisms regulate stage 
differentiation in the minimized protozoan Giardia lamblia. Molecular 
Microbiology, 76(1), 48–67. https://doi.org/10.1111/j.1365-
2958.2010.07062.x 

  



 

 72 

Sonda, S., Štefanić, S., & Hehl, A. B. (2008). A Sphingolipid Inhibitor Induces a 
Cytokinesis Arrest and Blocks Stage Differentiation in Giardia lamblia. 
Antimicrobial Agents and Chemotherapy, 52(2), 563–569. 
https://doi.org/10.1128/AAC.01105-07 

Spinelli, J. B., & Haigis, M. C. (2018). The multifaceted contributions of 
mitochondria to cellular metabolism. Nature Cell Biology, 20(7), 745–754. 
https://doi.org/10.1038/s41556-018-0124-1 

Stadelmann, B., Merino, M. C., Persson, L., & Svärd, S. G. (2012). Arginine 
Consumption by the Intestinal Parasite Giardia intestinalis Reduces 
Proliferation of Intestinal Epithelial Cells. PLoS ONE, 7(9), e45325. 
https://doi.org/10.1371/journal.pone.0045325 

Su, L.-H., Pan, Y.-J., Huang, Y.-C., Cho, C.-C., Chen, C.-W., Huang, S.-W., Chuang, 
S.-F., & Sun, C.-H. (2011). A Novel E2F-like Protein Involved in 
Transcriptional Activation of Cyst Wall Protein Genes in Giardia lamblia. 
Journal of Biological Chemistry, 286(39), 34101–34120. 
https://doi.org/10.1074/jbc.M111.280206 

Sulemana, A., Paget, T. A., & Jarroll, E. L. (2014). Commitment to cyst formation in 
Giardia. Microbiology, 160(2), 330–339.  
https://doi.org/10.1099/mic.0.072405-0 

Sun, C.-H., Chou, C.-F., & Tai, J.-H. (1998). Stable DNA transfection of the primitive 
protozoan pathogen Giardia lamblia. Molecular and Biochemical Parasitology, 
92(1), 123–132. https://doi.org/10.1016/S0166-6851(97)00239-9 

Sun, C.-H., McCaffery, J. M., Reiner, D. S., & Gillin, F. D. (2003). Mining the Giardia 
lamblia Genome for New Cyst Wall Proteins. Journal of Biological Chemistry, 
278(24), 21701–21708. https://doi.org/10.1074/jbc.M302023200 

Sun, C.-H., Palm, D., McArthur, A. G., Svärd, S. G., & Gillin, F. D. (2002). A novel 
Myb-related protein involved in transcriptional activation of encystation genes 
in Giardia lamblia. Molecular Microbiology, 46(4), 971–984. 
https://doi.org/10.1046/j.1365-2958.2002.03233.x 

Svard, S. G., Meng, T.-C., Hetsko, M. L., McCaffery, J. M., & Gillin, F. D. (1998). 
Differentiation-associated surface antigen variation in the ancient eukaryote 
Giardia lamblia. Molecular Microbiology, 30(5), 979–989. 
https://doi.org/10.1046/j.1365-2958.1998.01125.x 

Tako, E. A., Hassimi, M. F., Li, E., & Singer, S. M. (2013). Transcriptomic Analysis 
of the Host Response to Giardia duodenalis Infection Reveals Redundant 
Mechanisms for Parasite Control. MBio, 4(6). 
https://doi.org/10.1128/mBio.00660-13 

Teoh, D. A., Kamieniecki, D., Pang, G., & Buret, A. G. (2000). Giardia lamblia 
Rearranges F-Actin and a-Actinin in Human Colonic and Duodenal 
Monolayers and Reduces Transepithelial Electrical Resistance. The Journal of 
Parasitology, 86(4), 800. https://doi.org/10.2307/3284967 

Thirion, J., Wattiaux, R., & Jadot, M. (2003). The acid phosphatase positive 
organelles of the Giardia lamblia trophozoite contain a membrane bound 
cathepsin C activity. Biology of the Cell, 95(2), 99–105. 
https://doi.org/10.1016/S0248-4900(03)00006-6 

TORRES, M. F., UETANABARO, A. P. T., COSTA, A. F., ALVES, C. A., FARIAS, 
L. M., BAMBIRRA, E. A., PENNA, F. J., VIEIRA, E. C., & NICOLI, J. R. 
(2000). Influence of bacteria from the duodenal microbiota of patients with 
symptomatic giardiasis on the pathogenicity of Giardia duodenalis in 
gnotoxenic mice. Journal of Medical Microbiology, 49(3), 209–215. 
https://doi.org/10.1099/0022-1317-49-3-209 



 

 73 

Touz, María C, Kulakova, L., & Nash, T. E. (2004). Adaptor protein complex 1 
mediates the transport of lysosomal proteins from a Golgi-like organelle to 
peripheral vacuoles in the primitive eukaryote Giardia lamblia. Molecular 
Biology of the Cell, 15(7), 3053–3060. https://doi.org/10.1091/mbc.e03-10-
0744 

Touz, Maria C, Rivero, M. R., Miras, S. L., & Bonifacino, J. S. (2012). Lysosomal 
protein trafficking in Giardia lamblia: common and distinct features. Frontiers 
in Bioscience (Elite Edition), 4, 1898—1909. https://doi.org/10.2741/511 

Tovar, J., León-Avila, G., Sánchez, L. B., Sutak, R., Tachezy, J., van der Giezen, M., 
Hernández, M., Müller, M., & Lucocq, J. M. (2003). Mitochondrial remnant 
organelles of Giardia function in iron-sulphur protein maturation. Nature, 
426(6963), 172–176. https://doi.org/10.1038/nature01945 

Troeger, H., Epple, H.-J., Schneider, T., Wahnschaffe, U., Ullrich, R., Burchard, G.-
D., Jelinek, T., Zeitz, M., Fromm, M., & Schulzke, J.-D. (2007). Effect of 
chronic Giardia lamblia infection on epithelial transport and barrier function in 
human duodenum. Gut, 56(3), 328–335.  
https://doi.org/10.1136/gut.2006.100198 

Tůmová, P., Dluhošová, J., Weisz, F., & Nohýnková, E. (2019). Unequal distribution 
of genes and chromosomes refers to nuclear diversification in the binucleated 
Giardia intestinalis. International Journal for Parasitology, 49(6), 463–470. 
https://doi.org/10.1016/j.ijpara.2019.01.003 

Tůmová, P., Kulda, J., & Nohýnková, E. (2007). Cell division ofGiardia intestinalis: 
Assembly and disassembly of the adhesive disc, and the cytokinesis. Cell 
Motility and the Cytoskeleton, 64(4), 288–298.  
https://doi.org/10.1002/cm.20183 

Tůmová, P., Uzlíková, M., Jurczyk, T., & Nohýnková, E. (2016). Constitutive 
aneuploidy and genomic instability in the single‐celled eukaryote Giardia 
intestinalis. MicrobiologyOpen, 5(4), 560–574.  
https://doi.org/10.1002/mbo3.351 

Tůmová, P., Voleman, L., Klingl, A., Nohýnková, E., Wanner, G., & Doležal, P. 
(2021). Inheritance of the reduced mitochondria of Giardia intestinalis is 
coupled to the flagellar maturation cycle. BMC Biology, 19(1), 193. 
https://doi.org/10.1186/s12915-021-01129-7 

Voleman, L., Najdrová, V., Ástvaldsson, Á., Tůmová, P., Einarsson, E., Švindrych, 
Z., Hagen, G. M., Tachezy, J., Svärd, S. G., & Doležal, P. (2017). Giardia 
intestinalis mitosomes undergo synchronized fission but not fusion and are 
constitutively associated with the endoplasmic reticulum. BMC Biology, 15(1), 
27. https://doi.org/10.1186/s12915-017-0361-y 

Wampfler, P. B., Tosevski, V., Nanni, P., Spycher, C., & Hehl, A. B. (2014). 
Proteomics of Secretory and Endocytic Organelles in Giardia lamblia. PLoS 
ONE, 9(4), e94089. https://doi.org/10.1371/journal.pone.0094089 

Wang, C.-H., Su, L.-H., & Sun, C.-H. (2007). A Novel ARID/Bright-like Protein 
Involved in Transcriptional Activation of Cyst Wall Protein 1 Gene in Giardia 
lamblia. Journal of Biological Chemistry, 282(12), 8905–8914. 
https://doi.org/10.1074/jbc.M611170200 

Ward, W., Alvarado, L., Rawlings, N. D., Engel, J. C., Franklin, C., & McKerrow, J. 
H. (1997). A Primitive Enzyme for a Primitive Cell: The Protease Required for 
Excystation of Giardia. Cell, 89(3), 437–444. https://doi.org/10.1016/S0092-
8674(00)80224-X 

  



 

 74 

Weiland, M. E.-L., Palm, J. E. D., Griffiths, W. J., McCaffery, J. M., & Svärd, S. G. 
(2003). Characterisation of alpha-1 giardin: an immunodominant Giardia 
lamblia annexin with glycosaminoglycan-binding activity. International 
Journal for Parasitology, 33(12), 1341–1351. https://doi.org/10.1016/S0020-
7519(03)00201-7 

WHO. (2015). World Health Statistics 2015: Indicator compendium. World Health 
Organization. https://apps.who.int/iris/handle/10665/170250 

WHO. (2017). Diarrhoeal disease. https://www.who.int/news-room/fact-
sheets/detail/diarrhoeal-disease 

WHO, F. (2014). Multicriteria-based ranking for risk management of food-borne 
parasites: report of a Joint FAO/WHO expert meeting, 3-7 September 2012, 
FAO Headquarters, Rome, Italy. FAO, World Health Organization. 
https://apps.who.int/iris/handle/10665/112672 

Worgall, T. S., Davis-Hayman, S. R., Magana, M. M., Oelkers, P. M., Zapata, F., 
Juliano, R. A., Osborne, T. F., Nash, T. E., & Deckelbaum, R. J. (2004). Sterol 
and fatty acid regulatory pathways in a Giardia lamblia-derived promoter. 
Journal of Lipid Research, 45(5), 981–988.  
https://doi.org/10.1194/jlr.M400024-JLR200 

Wu, G., McArthur, A. G., Fiser, A., Šali‡, A., Sogin, M. L., & M, M. (2000). Core 
Histones of the Amitochondriate Protist, Giardia lamblia. Molecular Biology 
and Evolution, 17(8), 1156–1163.  
https://doi.org/10.1093/oxfordjournals.molbev.a026398 

Xu, F., Jex, A., & Svärd, S. G. (2020). A chromosome-scale reference genome for 
Giardia intestinalis WB. Scientific Data, 7(1), 38.  
https://doi.org/10.1038/s41597-020-0377-y 

Yan, Q., Dutt, S., Xu, R., Graves, K., Juszczynski, P., Manis, J. P., & Shipp, M. A. 
(2009). BBAP Monoubiquitylates Histone H4 at Lysine 91 and Selectively 
Modulates the DNA Damage Response. Molecular Cell, 36(1), 110–120. 
https://doi.org/10.1016/j.molcel.2009.08.019 

Yee, J., & Nash, T. E. (1995). Transient transfection and expression of firefly 
luciferase in Giardia lamblia. Proceedings of the National Academy of 
Sciences, 92(12), 5615–5619. https://doi.org/10.1073/pnas.92.12.5615 

Yee, Janet, Tang, A., Lau, W.-L., Ritter, H., Delport, D., Page, M., Adam, R. D., 
Müller, M., & Wu, G. (2007). Core histone genes of Giardia intestinalis: 
genomic organization, promoter structure, and expression. BMC Molecular 
Biology, 8(1), 26. https://doi.org/10.1186/1471-2199-8-26 

Yu, L. Z., Birky, C. W., & Adam, R. D. (2002). The Two Nuclei of Giardia Each 
Have Complete Copies of the Genome and Are Partitioned Equationally at 
Cytokinesis. Eukaryotic Cell, 1(2), 191–199.  
https://doi.org/10.1128/EC.1.2.191-199.2002 

Zhou, P., Li, E., Shea-Donohue, T., & Singer, S. M. (2007). Tumour necrosis factor ? 
contributes to protection against Giardia lamblia infection in mice. Parasite 
Immunology, 29(7), 367–374. https://doi.org/10.1111/j.1365-
3024.2007.00953.x 

Zhou, Ping, Li, E., Zhu, N., Robertson, J., Nash, T., & Singer, S. M. (2003). Role of 
Interleukin-6 in the Control of Acute and Chronic Giardia lamblia Infections 
in Mice. Infection and Immunity, 71(3), 1566–1568.  
https://doi.org/10.1128/IAI.71.3.1566-1568.2003 

 





Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 2113

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through
the series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-466370

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2022


	Abstract
	List of Papers
	Contents
	Abbreviations
	Sammanfattning på Svenska
	Resumen en Español
	Introduction
	Epidemiological overview of giardiasis
	The Giardia cell
	Classification of Giardia and assemblages
	Cell differentiation: the life cycle
	Excystation: Cyst to trophozoite
	The trophozoite
	The nuclei
	The cytoskeleton
	The mitosome
	Membrane trafficking

	Encystation: Trophozoite to cyst
	Induction of encystation
	Transcriptional response during encystation
	The cyst wall formation

	The Cyst
	Energy metabolism
	The role chromatin modifications during cell differentiation
	Chromatin modification and cell differentiation in Giardia

	Pathogenesis
	Apoptosis in intestinal epithelial cells
	Intestinal barrier dysfunction and tight disruption
	Effect on villus and crypt architecture
	Host malabsorption
	Intestinal microbiota
	Host cytokine profile

	Treatment
	Virulence
	Attachment
	Antigenic variation
	Cysteine proteases
	HCMPs and Tenascins

	ADI and OCT

	Current investigation
	A detailed Gene Expression Map of Giardia Encystation (Paper I)
	Overall Gene Expression Changes during Encystation
	Gene Expression Changes in Early Stages of Encystation (3.5 and 7 h)
	Myb2 like motifs
	Gene Expression Changes in Early to Mid Stages of Encystation (10.5 and 14 h)
	Gene Expression Changes in Mid Stages of Encystation (17.5 and 21 h)
	Gene Expression Changes Late in Encystation (24.5 to 31.5 h)
	Gene Expression Changes in Cysts and Excysted Cells (C and

	Eukaryote-conserved histone post-translational modification landscape in Giardia duodenalis revealed by mass spectrometry (Paper-II)
	Histone H3
	Histone H4
	Histone H2B
	Histone H2A
	Comparison of mass spectrometry with antibody-based detection of histone modifications
	Chromatin modifiers are regulated through the life cycle and in vivo conditions
	Dual RNA sequencing reveals key events when different Giardia life-cycle stages interact with human intestinal epithelial cells in vitro (Paper III)
	DEGs in differentiated Caco-2 cells after G. intestinalis trophozoite interactions
	DEGs in differentiated Caco-2 cells during interactions with encysting cells and cysts
	DEGs in encysting Giardia cells during interaction with differentiated Caco-2 cells


	Conclusions and future perspectives
	Adding new elements to the differentiation picture

	Acknowledgments
	References



