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Abstract
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Giardia intestinalis is a unicellular parasite causing the disease giardiasis. This disease is mostly
prevalent in low resource settings, mandating low-cost treatment options. Treatment is mainly
based on antiparasitics from the classes of 5-nitroimidazoles and benzimidazoles, which both
target parasite DNA and other cellular macromolecules based on radicals generated from the
drugs. In recent years resistance to those classes and cross-resistance in between them has
become a problem, hence alternative antigiardials are needed.

In this thesis we enhanced our understanding of the crucial differentiation process of
encystation, which produce the environmentally stable and infective form of the parasite, the
cyst (Paper I). Resistance development has been slow in G. intestinalis until now and it has
been shown that resistance to the main treatment option, metronidazole, can be lost after en-
and excystation so an enhanced understanding of this process can help us to identify the cause
of this loss of drug tolerance. In the second study (Paper II) we followed this up by analysing
two metronidazole resistant lines and one revertant on their ability to produce infective cysts,
while cross checking with growth rates, metronidazole resistance level, transcriptomics and
proteomics. We found the resistant cells lines to have deeply disturbed cellular pathways with
the main resistance mechanisms being a reduction of uptake, a reduction of activation rate and
an upregulation of oxidative stress responses. Cyst production and growth rates were highly
reduced giving those lines a clear disadvantage when no drug pressure is applied. Most changes,
phenotypically and expression wise, were reset in the revertant. As next step we evaluated
alternative antigiardials and their targets. In Paper III we characterised the giardial thymidine
kinase, on which this parasite depends completely to supply thymidine for DNA synthesis. We
identified a nucleoside analogue, azidothymidine, that is targeting this enzyme and efficiently
inhibits growth and encystation of trophozoites both in vivo and in vitro. Azidothymidine is
currently used in HIV treatment, has a good safety profile and is comparatively cheap, which
makes it a good candidate for treatment of giardiasis.

In conclusion, this study has focussed on several aspects of nitroimidazole resistance in G.
intestinalis throughout the life cycle as well as repurposing of antibiotics from other drug classes
that could be used to fill our arsenal of antigiardials with new alternatives.
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Introduction 

Microorganisms have an enormous impact on our lives. For the longest time 
we could only observe them directly in big aggregates or based on their effects 
in food production and other areas of our lives. This changed with the advent 
of the microscope in the 17th century. For the first time we could not only see 
cellular structures of our own bodies, but also independent unicellular organ-
isms. 

Plant based medicines against stomach and other aches were used since 
ancient times and people avoided settling in swampy areas to prevent diseases 
which we know now are caused by microorganisms. Once we had understood 
that microorganisms can cause a lot of harm, both by spoiling our food but 
also by infecting our bodies, we started to search for means of fighting back 
in a more active and organised manner. In the 18th and 19th century vaccination 
was being developed as the first direct means to prevent a disease and still 
today vaccination is one cornerstone of the way how we handle commutable 
diseases. Further big advances for this fight were made in the 19th century 
when practices like pasteurisation, sterilisation and hygiene started to gain 
traction (Mohr 2016), which together with vaccination contributed hugely to 
the reduction in deaths from commutable diseases until 1920 (Dobson and 
Carper 1996; K. E. Nelson and Williams 2014). 

However, there are still many pathogens which we cannot vaccinate against 
and which spread despite our hygienic measures. In those cases, we use the 
third tool in our arsenal, namely chemotherapy. Antimicrobial molecules were 
a real game changer, allowing us to first treat some parasitic infections, later 
syphilis and finally most diseases caused by bacteria, parasites, fungi and 
many viruses (Mohr 2016). 

On the other hand, it became clear almost immediately, that we would not 
have access to our newfound tools for a long time, as resistance readily devel-
oped in most cases (Neu 1992). For some drugs the connection between mode 
of action and resistance was clear or established quickly, but not for all. 

At this exact point my work aims to make a contribution. Metronidazole is 
one of those antimicrobials with a mode of action that is less straight forward 
as it is broader. Accordingly, resistance mechanisms have been differing 
widely and are hard to characterise. In this thesis I will try and explain what 
we know and how we improved the knowledge about resistance in one specific 
target pathogen of this drug: Giardia intestinalis.  
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G. intestinalis (synonyms G. duodenalis and G. lamblia) was among the 
first microorganisms observed under the microscope (Dobell 1920) and has 
since sparked the interest of scientists. This is among other things connected 
to its simple life cycle, its anaerobic and parasitic lifestyle and the fact that it 
has two nuclei instead of one. This last feature, as well  as a general duplicated 
cellular layout, is typical for the order of diplomonads (Brugerolle and Lee 
2002) of which Giardia is the most studied member.  

I will in the subsequent chapters introduce you to this fascinating eukary-
otic parasite and the peculiarities it has developed to be adapted to its specific 
lifestyle. Special emphasis will be put on the process of encystation which is 
complex and not yet fully understood. I will also describe the anaerobic me-
tabolism of Giardia in detail as metronidazole is targeting anaerobic cells ex-
clusively and its activation has often been connected to enzymes that are part 
of the anaerobic metabolism. I will next cover the disease Giardia can cause, 
giardiasis, as well as how we can treat giardial infections, since we do not have 
a vaccination against this organism. While discussing antimicrobials I will 
also introduce what we knew about resistance against metronidazole in Giar-
dia before my contribution and give a short summary of alternatives to give 
the reader a good background. This will be followed by a dive into the parts 
of my investigation in which we employed transcriptomics to closely follow 
encystation over its entire course, tracked changes in resistant cell lines on a 
phenotypical, transcriptomic and proteomic level as well as how far they re-
verted upon reversion of metronidazole resistance and explored nucleoside 
analogues as alternative drugs against giardiasis. 

Phylogeny 
Within the genus Giardia there are currently six species recognized, based 
upon morphological differences (Monis, Caccio, and Thompson 2009). Only 
G. intestinalis is causing disease in a wide range of mammals (Monis, Caccio, 
and Thompson 2009), which has led to much of the research focus being on 
this morphological species. With the advent of molecular differentiation of 
organisms the picture got more precise, showing that even between the mor-
phologically identical cells clustered under G. intestinalis there are differences 
in their ability to infect different mammals with only assemblages A and B 
being true human pathogens while the other assemblages either are not found 
in patients or are rare occurrences of zoonotic infections (Monis, Caccio, and 
Thompson 2009). Any of the three names for this parasite mentioned above 
can be used and there is ongoing discussion which one is to be preferred 
(Adam 2022). There has also been discussion about splitting what today is 
covered under the umbrella of G. intestinalis into different species based upon 
the different genomes (Xu, Jerlström-Hultqvist, and Andersson 2012), but this 
has not happened yet (Tibayrenc and Ayala 2014). From here on I will use G. 
intestinalis or simply Giardia to denote the subassemblage that was studied 
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within this thesis which is one of three assemblage A varieties; namely AI. 
This subassemblage contains the line WB (Smith et al. 1982), of which the 
clone 6 (WB-C6) is the subclone best adapted to axenic growth and encysta-
tion in vitro (Campbell and Faubert 1994) and has therefore been widely used 
in molecular research on Giardia. Any other assemblage or giardial species 
will be directly referred to. Of note the line identifier for WB is GL50803; 
important genes will be referred to by their geneID which is a combination of 
GL50803_ and the gene specific number to avoid confusion when several 
genes with identical names are present. 

Life cycle 
The life cycle of Giardia is simple and direct, involving no intermediary host. 
Infection happens upon ingestion of water or food containing the infectious 
form, the cyst. Cysts are oval and 5 µm by 7 to 10 µm in diameter, have four 
nuclei, are non-motile as the flagella are internalised and cysts are covered by 
their characteristic cyst wall (Sheffield and Bjorvatn 1977; Stanley L 
Erlandsen et al. 1996). This cyst wall, consisting of a mesh of cyst wall sugars 
(N-acetyl galactosamine, GalNAc)  and three major cyst wall proteins (CWP-
1 to -3), is lined by a double inner membrane (Stanley L Erlandsen et al. 1996) 
and acts as a barrier protecting the cell from environmental forces like osmotic 
changes or chemicals while not within a host (Ankarklev et al. 2010). While 
in cyst-form the cells show a very reduced metabolic activity at around 10 – 
20% of the active from, the trophozoite (Paget, Macechko, and Jarroll 1998). 
This contributes to the survivability outside the host which can be up to several 
months in wet and cold conditions (DeRegnier et al. 1989).  

Excystation 
Excystation, the process of differentiation from the cyst to the trophozoite, is 
triggered by changes in pH upon entering the stomach and is completed within 
only 15 minutes (Hetsko et al. 1998). The exact location of excystation is not 
described but generally assumed to be in the upper small intestine (duode-
num). As of now very little is known about the molecular details of the process 
(Ankarklev et al. 2010), except that external trypsin from the host and internal 
cysteine proteases likely play a role in degrading the cyst wall of the parasite 
(Ward et al. 1997). The cysts open up at one of the two ends, with flagella 
being excreted first followed by the cellular body (Buchel et al. 1987). After-
wards the metabolic activity is increased, the adhesive disc, a Giardia-specific 
cytoskeletal organelle used for attachment, is assembled and changes in gene 
expression are induced (Palm et al. 2005; Hetsko et al. 1998). This change has 
to be rapid as the resulting excyzoites would otherwise be swept away from 
their attachment sites. Up to this point there is no detailed study on the exact 
changes in gene and protein expression during early stages of excystation as 
this process has been difficult to capture due to its rapid nature. The excyzoite 



 

 14 

proceeds to produce a total of four trophozoites by dividing twice following 
cytokinesis without S phases (Bernander, Palm, and Svärd 2001), which is one 
reason for the low infectious dose. 

Trophozoite and encystation 
The trophozoites go on to attach to the intestinal epithelial cells in the small 
intestine and cause giardiasis. The trophozoite is about 12 to 15 µm long by 5 
to 9 µm wide giving it a pear-like appearance and has two distinct sides, a flat 
ventral and a convex dorsal side. The most striking feature are the two nuclei, 
the adhesive disc and eight flagella. It cannot readily survive and duplicate in 
environments with low osmotic pressure or temperatures other than 37°C. 
More about the morphology, organelles and metabolic functions of the troph-
ozoite can be found below in the chapter on cell biology. 

To be able to transmit and infect the next host the trophozoites have to 
differentiate back to the cyst. This process, called encystation, can be initiated 
upon combined changes in bile level, low levels of cholesterol and basic pH 
in vitro (Einarsson et al. 2016) but there is evidence that other factors like 
general nutrient starvation might play a role in vivo as well (Pham et al. 2017). 
Encystation itself has attracted great interest as many eukaryotic parasites 
form cysts or oocysts as part of their life cycle but this process can only be 
readily studied in vitro using G. intestinalis (Einarsson et al. 2016). Under-
standing encystation in Giardia better would hence provide another tool in 
preventing the corresponding diseases. Encystation takes place over the course 
of roughly 24 hours and can be divided into early and late stages (Stanley L 
Erlandsen et al. 1996; Bernander, Palm, and Svärd 2001). It has to be noted 
that encystation is not synchronised between cells; initiation is dependent on 
the part of the cell cycle the single trophozoite is in when encystation signal-
ling is sensed (Birkeland et al. 2010; Einarsson et al. 2016). This has made 
close tracking of the observed morphological changes on a transcriptional 
level more difficult. Some cells will also spontaneously start to encyst, while 
not all cells encyst even under perfect conditions, and cells belonging to as-
semblage A encyst best (Ankarklev et al. 2010). In early stages the organelles 
that are used for attachment in the intestine and motility, the adhesive disc and 
flagella respectively, are removed from the cell surface, with the flagella being 
internalised and stored (Palm et al. 2005; Stanley L Erlandsen et al. 1996). At 
the same time the cells start to round up and specialised vesicles form, called 
encystation-specific vesicles (ESV), which transport the cyst wall proteins to 
the membrane (Faso and Hehl 2011). ESVs are generated de novo in the en-
cysting cells and they are Golgi complex-like structures (Faso et al. 2013), as 
exemplified by their association with endoplasmic reticulum Golgi transport 
related proteins like COPII. Before assembly into the cyst wall the CWPs have 
to mature by diverse post-translational modifications (Alvarado et al. 2022; 
Krtková et al. 2022). Ahead of CWP secretion, of which the first part is rapid 
and concerted (Konrad, Spycher, and Hehl 2010), the specific GalNAc sugars 
are produced and transported to the surface of the encysting cells, where they 
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are anchored to serve as a base for the proteins (Chatterjee et al. 2010). During 
this phase comparatively few genes are differentially expressed (DE), but 
most are under control of the Myb2 transcription factor and genes like the 
CWPs and Myb2 itself can be found among them (Morf et al. 2010; Einarsson 
et al. 2016). Furthermore, other transcription factors have been described to 
be involved in encystation as well (Sun et al. 2022; Chen et al. 2021; Huang 
et al. 2021). Epigenetic changes are also reported to play a role during early 
and late stages of encystation (Sonda et al. 2010). In late encystation the mat-
uration of the cyst wall takes place, the DNA is replicated twice and the two 
nuclei divide without cytokinesis, adding up to a total of four nuclei with four 
copies of the genome each (Bernander, Palm, and Svärd 2001). The number 
of DE genes increases greatly as more and more metabolic functions are shut 
down while the cell is preparing for the dormant cyst stage (Birkeland et al. 
2010; Einarsson et al. 2016).  At the stage of DNA replication there is evidence 
for fusing of the nuclei and DNA exchange between the two nuclei (Poxleitner 
et al. 2008), which helps explaining the low level of heterozygosity, especially 
within the subassemblage AI (Xu, Jex, and Svärd 2020). After completing en-
cystation the cyst is ready to be exposed to the environment and infect the next 
host. An overview of the life cycle can be found in figure 1. 

Parasitic lifestyle – reduce what you can 
Initially it was believed that G. intestinalis was an example of a living fossil 
and a very early branching eukaryote and had hence never possessed all the 
features of typical eukaryotes like a full mitochondrion (Cavalier-Smith 
1987). However, this was later shown to be wrong when typical mitochondrial 
genes were found and the evolutionary place of the mitosome was better un-
derstood (Gawryluk and Stairs 2021). Since then, it has been accepted that 
these differences are to a huge extend based on the adaption to a microaerobic 
and parasitic lifestyle. I will talk about the implications of microaerobic me-
tabolism in the corresponding section. When an organism adapts to become a 
parasite a number of changes have to take place which often involve loss of 
functions that are needed to survive as free-living organism as well as gain of 
functions to be able to colonise the host (Poulin and Randhawa 2015). The 
parasitic lifestyle has the advantage that a number of essential metabolites are 
already present in the host and consequently parasites often simplify their me-
tabolism. This is also true for Giardia which have for example completely lost 
the ability for de novo synthesis of dNTPs (Wang and Aldritt 1983; Aldritt, 
Tien, and Wang 1985; Baum et al. 1989). I will go into more details for some 
of these changes in the next sections. Another example of reduction is the ge-
nome itself which is about 12 Mb and has been compacted extensively by 
removal of introns, leaving only 13 in total, shortened genes when comparing 
to other eukaryotes, streamlining of the molecular machinery needed for ex-
ample in transcription and translation as well as other processes, replacement 
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of eukaryotic proteins by smaller archaeal and bacterial versions and minimis-
ing noncoding regions (Morrison et al. 2007). In the latest version of the G. 
intestinalis WB genome 4963 protein-coding genes and 306 pseudo genes are 
annotated, of which 2099 encode hypothetical proteins (Xu, Jex, and Svärd 
2020). This high number of hypothetical proteins complicates systematic in-
terpretation of transcriptomic and proteomic data and specific analyses based 
on homologies. 

Cell biology 
In this section I will talk about the different organelles and other structures 
that have been described in the giardial cell. As stated before three of them are 
quiet striking when looking at microscopy images of Giardia, namely the nu-
clei, flagella and adhesive disc, however others, like the mitosome, have gath-
ered considerable interest over the years as well.  

Figure 1: Overview of the life cycle and cellular components of G. intestinalis. The 
life cycle starts with ingestion of the cysts, which excyst in the upper intestine. The 
resulting trophozoites replicate while attached to the epithelial cells and eventually 
encyst to form the durable and transmissible cyst again. 
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Nuclei and genome 
The two nuclei are symmetrical and both transcriptionally active (Poxleitner 
et al. 2008), however it is also clear that they are not identical (Tůmová et al. 
2016) and differences are conserved through a semiconservative and concer-
tised mitosis as shown by low level of divergences between the nuclei (Yu, 
Birky Jr, and Adam 2002). The nuclei also differ in pore number and distribu-
tion (Benchimol 2004), transfected plasmids are only found in one of the nu-
clei (Poxleitner et al. 2008; Yu, Birky Jr, and Adam 2002) and can compensate 
for expression changes in the other nucleus (Ebneter et al. 2016). Taken to-
gether, this means that knock-down or knock-out experiments have been no-
toriously difficult in Giardia. During encystation genetic material is shared 
between nuclei in a parasexual process similar to meiosis (diplomixis), which 
is further preventing genetic drift between the nuclei (Poxleitner et al. 2008). 
From a ploidy perspective Giardia  has clearly been shown to be tetraploid 
but in vitro the cells spend most of the time in G2 phase with an already du-
plicated genome (Bernander, Palm, and Svärd 2001), hence signals corre-
sponding to 8N are readily detected. This is also shown by the fact that cyto-
kinesis is extremely rapid (Hardin et al. 2017). The genome consist of five 
chromosomes and is moderately condensed (Tůmová et al. 2015). DNA repair 
in Giardia takes place as homologous recombination rather than mismatch 
repair (Ordoñez-Quiroz et al. 2018).  

Pyrimidine and purine metabolism 
On peculiarity of the giardial metabolism is the absence of pathways to pro-
duce and interconvert purines and the ability to produce pyrimidines as has 
been shown by in a series of papers published in the 1980s by Wang and Al-
dritt (Wang and Aldritt 1983; Aldritt, Tien, and Wang 1985) and Baum et al 
(Baum et al. 1989). Purine and pyrimidine nucleobases are building blocks for 
deoxynucleoside triphosphates, which are parts of the DNA and RNA macro-
molecules that are essential for all living organisms. In most eukaryotes those 
nucleobases are synthesised de novo. Interestingly enough in a number of eu-
karyotic pathogens like Plasmodium spp., Leishmania spp. and Trypanosoma 
spp. the ability to produce purines de novo has been lost (De Koning, Bridges, 
and Burchmore 2005). This is one example of a reduction caused by the par-
asitic lifestyle. Being devoid of the needed enzymes for de novo synthesis re-
sults in a complete reliance of the parasites on salvaging entire purine based 
ribonucleosides or deoxyribonucleosides from their hosts. 

Transcription and translation 
The promoter regions in Giardia are usually very short (around 200 bp) and 
few transcription factors have been identified (Iyer et al. 2008). Transcription 
in Giardia is somewhat unusual compared to other eukaryotes in that mRNA 
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transcripts have very short 5´-UTRs (0-14 nucleotides) and short 3´-UTRs 
(10-30 nucleotides) as well, probably owing to their compact genome (Li and 
Wang 2004). The mRNAs are conventionally capped once matured 
(Hausmann et al. 2005), allowing for standard eukaryotic procedures during 
transcriptomic analysis. However, a few of the conserved cap-binding proteins 
are lost. Despite only having a few introns a core spliceosome has been iden-
tified (Gómez and Wasserman 2017) which is again highly reduced compared 
to other eukaryotes. RNA polymerases I, II and III are present but somewhat 
reduced in size and number of sub-units when compared to other eukaryotic 
versions of the same genes (Seshadri et al. 2003).  The same holds true for the 
ribosome and translation complex with reductions in size and components to 
only leave a minimal, yet clearly eukaryotic, translation machinery (Shirakura 
et al. 2001; Adedoja et al. 2020). Ribosomal proteins are structurally close to 
the eukaryotic core set, with only two components missing, while the rRNA 
is very reduced and compacted, missing most extensions protruding from the 
core (Hiregange et al. 2022). Aside from this, the overall structure is con-
served. Of note, the ribosome exit tunnel was found to be wider than in the 
human ribosome, allowing for different molecules to bind thus hopefully en-
abling drug targeting of the ribosome. Other possible target sites might be 
found by exploiting the overall changes in peripheral extensions and rRNA 
modifications (Hiregange et al. 2022). 

Protein transport 
The protein maturation and transport system in Giardia is different to the ca-
nonical set-up which consists of nucleus associated endoplasmic reticulum 
plus Golgi-apparatus as the latter is absent at least in non-encysting trophozo-
ites (Luján et al. 1995). Recently it has been shown that equivalent sorting and 
maturation instead takes place in specialised parts of the endoplasmic reticu-
lum (Zamponi et al. 2017). The next steps in protein transport are less well 
resolved, but it is clear that so called peripheral vesicles (PVs), which serve as 
both endosome and lysosome (M. R. Rivero et al. 2013), play a role (Moyano 
et al. 2019). It has to be noted that these vesicles are poorly understood and 
might be specialised on one of the roles (M. R. Rivero et al. 2013; Faso and 
Hehl 2011). They are also believed to be essential in the uptake of nutrients 
from the environment. Another kind of secretion vesicles, the ESVs, are made 
upon initiation of encystation. ESVs are used to transport CWPs to the outer 
membrane. Several secretion signals are described: N-terminal signal pep-
tides, sometimes in combination with a C-terminal region (Faso and Hehl 
2011), and another less well understood system used for metabolic enzymes 
(Ringqvist et al. 2008). Another way of secretion is by packing the proteins in 
specific vesicles which are subsequently released (Sabatke et al. 2021).  
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Cell membrane and associated proteins 
The cell membrane consists of phosphatidylglycerols, phosphatidylcholines 
and phosphatidylethanolamines and out of these three only the phosphatidyl-
cholines are likely to be directly imported from the medium (Yichoy et al. 
2009). The other two phospholipids are not synthesised de novo either but 
rather converted from other phospholipids with the help of bacterial enzymes 
(Yichoy et al. 2009), making Giardia dependent on lipid scavenging. This 
makes the lipid production process a potential drug target and yet another ex-
ample of replacement of a eukaryotic enzyme by a smaller bacterial equiva-
lent. Coming to proteins there are several group of phosphoinositide-binding 
proteins (involved in membrane trafficking and cell signalling), type I mem-
brane proteins, e.g. cysteine proteases, high cysteine membrane proteins 
(HCMPs) and variant-specific surface proteins (VSPs) (Touz, Feliziani, and 
Rópolo 2018). The last classes are targeted to the membrane by a specific 
mechanism and play a role in stress responses (Peirasmaki et al. 2020) as well 
as in immune evasion (VSPs) (Cesar G Prucca and Lujan 2009). VSPs have 
been studied particularly well since they are interesting for developing a vac-
cination against Giardia (C. et al. 2022; F. D. Rivero et al. 2010)  and very 
abundant in the genome at 150-300 members spread over all five chromo-
somes (Xu, Jex, and Svärd 2020). Only one VSP is present on protein level at 
any given time per cell and regulation is believed to be based on post-tran-
scriptional mechanisms (Saraiya et al. 2014). Furthermore, they have been 
found to protect the parasites from hostile conditions and induce a strong im-
mune response, making them suitable adjuvants (Serradell et al. 2019). VSP 
expression is regulated via epigenetic mechanisms (Kulakova et al. 2006; 
Carranza et al. 2016) and RNAi (César G Prucca et al. 2008). There is evi-
dence for involvement of specialised VSPs and HCMPs in encystation 
(Davids et al. 2006; Einarsson et al. 2016) and host-parasite interactions 
(Peirasmaki et al. 2020). 

Cytoskeleton 
Another essential part of every cell is its cytoskeleton. It helps the cell to keep 
its shape and move around the respective environment. This is definitely true 
for giardial cells, which have a highly specialised cytoskeleton which mainly 
consists of microtubules and has as additional microtubular organelles the ad-
hesive ventral disc, the median bodies, the funis and four pairs of flagella (Ana 
Paula Rocha Gadelha, Benchimol, and de Souza 2020). However, there is ev-
idence for an actin component as well which is less characterised (Krtková et 
al. 2017). An overview of some of the major cytoskeleton components can be 
seen in figure 1. 

The ventral disc is composed of a combination of the five tubulin proteins 
as well as more than 100 other proteins of which the giardins are the most 
prominent (Lourenço et al. 2012). There are several different classes of 
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giardins, which were first detected associated with the disc. The alpha-giardins 
are a Giardia-specific gene family with around 20 members associated with 
the cytoskeleton and different membranes in Giardia (Weiland et al. 2005). 
They are Ca2+ and phospholipid-binding proteins related to annexins that are 
involved in many cellular functions involving the cell membrane like perme-
ability, exo- and endocytosis, membrane scaffolding and trafficking (Weiland 
et al. 2005). One member of the alpha-giardins, Alpha-11 giardin 
(GL50803_17153) (Pathuri et al. 2007), has been shown to localize to plasma 
membranes and basal bodies of anterior flagella in trophozoites (Kim et al. 
2013). Alpha-11 giardin has also been shown to bind to metronidazole and 
tinidazole (Leitsch et al. 2012). Beta-giardin and delta-giardin are homologues 
of structural proteins found in other parasites (Lechtreck 2003) and localise 
almost exclusively to the ventral disc (Macarisin et al. 2012), while for 
gamma-giardin no homologous have been identified to date (Nohria, Alonso, 
and Peattie 1992; Ana Paula Rocha Gadelha, Benchimol, and de Souza 2020). 
Another disc protein that is related to the giardins is SALP-1, which is also 
immunodominant (Palm et al. 2005). Clear substructures like the ventral crest 
can be discerned on the ventral disc (Nosala, Hagen, and Dawson 2018). It 
mainly serves as a suction cup style attachment organ to the intestinal walls 
and protects Giardia from being swept down the intestines during an infection. 
Exact mechanisms of how the attachment is achieved are yet to be understood, 
but attachment is rapid, strong and not dependent on flagellar movement 
(House et al. 2011). The disc is dissembled during cell division and encysta-
tion (Tůmová, Kulda, and Nohýnková 2007; Palm et al. 2005).  

The function of the median bodies is less well understood. They are a 
unique giardial organelle and give the cells their characteristic “smile” 
(Ankarklev et al. 2010). One function could be as a reservoir for ventral disc 
and cytoskeleton assembly following mitosis (Hardin et al. 2017). This hy-
pothesis is supported by the fact that many different forms of tubulin and other 
structural proteins are found within the median bodies (Ana Paula Rocha 
Gadelha, Benchimol, and de Souza 2020). Another suggested function would 
be to help in detachment (Piva and Benchimol 2004). 

The funis is another organelle with unknown function. It consist of parallel 
microtubules and is connected to the posterior-lateral flagella. One proposed 
function is involvement in caudal lateral movement (Benchimol et al. 2004) 
another in maintaining cell shape (Hennessey et al. 2020). 

Finally, the giardial flagella follow the classic eukaryotic 9 + 2 architecture 
and are named by position: Two each out of the eight are called anterior, pos-
terolateral, ventral and caudal and they are arranged in pairs (Dawson and 
House 2010).  The flagella are important during big parts of the life cycle 
(Buchel et al. 1987), for complex motility and for cell division (Campanati et 
al. 2002; Dawson and House 2010) and originate from the basal bodies 
(Ankarklev et al. 2010). After cell division each daughter cells inherits four 
flagella and has to produce another four (Nohýnková, Tumová, and Kulda 
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2006). Not all flagella follow the same beat form, but all are controlled rate-
wise and act together (Ghosh et al. 2001). 

The mitosome 
One of the biggest differences to other eukaryotic cells is the lack of classic 
mitochondria in the diplomonads. Hence they were believed to have diverged 
early from the other eukaryotes and represent a “primitive” stage (Ankarklev 
et al. 2010). This view was changed with the discovery that the mitosome, 
which is in fact a rudimentary version of a mitochondrion that has lost most 
of its functions aside Fe-S cluster assembly and lacks a genome, replicates 
during mitosis (Jedelský et al. 2011). These reductions in function are partly 
caused by the anaerobic environment Giardia lives since it removes the need 
for oxidative ATP production. In contrast to the ATP producing hy-
drogenosomes found in Trichomonas vaginalis as well as the closely related 
Spironucleus salmonicida, giardial mitosomes seem to not be involved in en-
ergy production (Stairs, Leger, and Roger 2015), instead these pathways have 
been moved to the cytosol (P. J Schofield et al. 1990).  

Anaerobic energy metabolism 
There are two major sources of energy used by G. intestinalis: Glucose and 
arginine. In this section I will talk about the pathways utilising both of them 
and also touch upon what we know about electron transport since electron 
transport and glycolysis are intertwined. I will start by outlining the simpler 
arginine pathway.  

Arginine dehydrolase pathway 
The arginine pathway is producing one molecule of ATP per molecule argi-
nine metabolised and is rather short consisting of only three enzymes: Argi-
nine deiminase (ADI), ornithine transcarbamylase (OCT) and carbamate ki-
nase (CK). In Giardia especially the corresponding ADI enzyme is highly ac-
tive and the pathway contributes in a major way to energy production, cer-
tainly when low glucose levels are found (P. J Schofield et al. 1990; Philip J 
Schofield et al. 1992). This pathway does not change the cells redox balance. 
One arginine and one ADP are ultimately converted into CO2, NH4 and ATP, 
while the ornithine is exchanged for more arginine via the arginine-ornithine 
antiporter (Knodler, Schofield, and Edwards 1995) or metabolised by orni-
thine decarboxylase. Figure 2 shows the contributing enzymes as well as sub-
strates and products. 
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Figure 2: Overview of arginine metabolism in G. intestinalis. Reaction substrates 
and products are shown next to the corresponding reaction arrows while the en-
zymes catalysing the corresponding reaction are indicated by the number above or 
next to the reaction arrow. 

Glycolysis 
One of the most prominent features of the giardial cell is the absence of a 
classical mitochondrion; these changes are in direct connection to the anaero-
bic or microaerobic environment Giardia lives in. Energy production is in-
stead realised via glycolysis followed by substrate level fermentation, as has 
also been seen in other unicellular, anaerobic eukaryotes (Adam 2001).  

Glycolysis is the first step of this process and it is mostly canonical in Gi-
ardia; all enzymes have been identified in the genome and present a mixture 
of eukaryotic and bacterial enzymes (Lalle et al. 2015). The entire process can 
be seen in figure 3 where you can also find the overall substrate and product 
balances. Two exceptions from textbook glycolysis are known in that conver-
sion of fructose 6-phosphate to fructose 1,6-biphosphate is catalysed by a py-
rophosphate-dependent phosphofructokinase instead of phosphofructokinase-
1 (Mertens 1990) and the conversion of phosphoenolpyruvate to pyruvate by 
pyruvate, phosphate dikinase instead of pyruvate kinase (Hrdy, Mertens, and 
Nohynkova 1993). Of note, pyruvate kinase exists as well and probably both 
enzymes are used depending on cellular adenine nucleotide pools (Park, 
Schofield, and Edwards 1997).  In the reaction catalysed by pyrophosphate-
dependent phosphofructokinase one ATP needed for one conversion to fruc-
tose 1,6-biphosphate is replaced with pyrophosphate, a by-product of other 
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reactions,  removing some of the ATP costs of glycolysis (Mertens 1990). In 
the second reaction the energetic advantage arises from the conversion of ATP 
from AMP rather than from ADP when converting  phosphoenolpyruvate to 
pyruvate (Rozario, Smith, and Müller 1995).  The AMP in turn is produced 
by the enzyme adenylate kinase which takes two ADP molecules and makes 
one AMP and one ATP (Adam 2001). This way two ATP are produced for 
one molecule of pyruvate instead of one. The overall balance of glycolysis in 
Giardia works out to be  

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 2	𝑁𝐴𝐷! + 	𝑃" + 	𝑃𝑃" + 3	𝐴𝐷𝑃
→ 2	𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 2	𝑁𝐴𝐷𝐻! + 2	𝐻! + 3	𝐴𝑇𝑃 

if pyruvate kinase does the final conversion and  

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 2	𝑁𝐴𝐷! + 3		𝑃𝑃" + 5	𝐴𝐷𝑃
→ 2	𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 2	𝑁𝐴𝐷𝐻! + 2	𝐻! + 5	𝐴𝑇𝑃 + 1	𝑃" 

if pyruvate, phosphate dikinase is used, resulting in one or two additional en-
ergy equivalents when comparing to the textbook version of glycolysis.  

Within glycolysis two derivations from the straight line from glucose to py-
ruvate are possible in Giardia. The first can occur right after the initial con-
version of glucose to glucose 6-phosphate where instead the pentose phos-
phate pathway (hexose monophosphate shunt) can be used to generate reduc-
ing NADPH equivalents and produce several different sugars before the prod-
ucts can be fed back into glycolysis. The second derivation can happen by 
converting phosphoenolpyruvate via oxaloacetate and malate to pyruvate in-
stead of the direct conversion. This pathway produces GTP rather than ATP; 
via oxaloacetate aspartate can be fed into fermentation as well (Mendis et al. 
1992).  

One more shunt within glycolysis is described in which dihydroxyacetone 
phosphate is converted to glycerol 3-phophate by glycerol-3-phosphate dehy-
drogenase rather than to glyceraldehyde 3-phosphate by glyceraldehyde-3-
phosphate dehydrogenase. Ultimately this shunt can be used to produce one 
molecule ATP and glycerol with the last step being catalysed by glycerol ki-
nase and regenerate NAD+ from NADH+ but its bigger task usually lies in elec-
tron shuttling between cellular compartments thereby generating proton gra-
dients (Berg JM, Tymoczko JL 2002). The reverse reaction from glycerol to 
dihydroxyacetone phosphate can be catalysed by those two enzymes as well. 
Glycerol-3-phosphate dehydrogenase can also reduce quinones and nitrocom-
pounds but not metronidazole and localise to the mitosomes during encysta-
tion (Lalle et al. 2015).  



 24 

Figure 3: Overview of glycolysis as found in G. intestinalis. Reaction substrates and 
products are shown next to the corresponding reaction arrows while the enzymes 
catalysing the corresponding reaction are indicated by the number above the reaction 
arrow. Total substrate and product balances can be found in the upper and lower 
right corners respectively. 
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Fermentation 
Once the giardial cell has finished glycolysis it has to take care of the produced 
pyruvate while preferentially also regenerating some of the reduced NAD+ 
equivalents invested previously. One way is by using an alanine aminotrans-
ferase to convert pyruvate to alanine, using glutamate as catalysator and pro-
ducing NADP+ when regenerating the glutamate, thereby removing an elec-
tron from the system. This pathway mostly takes place under anaerobic con-
ditions while with increasing oxygen-concentrations from 0 – 3 µM the main 
products shift via ethanol to acetate and CO2 (Paget et al. 1993). These alter-
native products are realised via acetyl-CoA (Adam 2001).  

The conversion of pyruvate to acetyl-CoA is in the giardial cell mostly cat-
alysed by a pyruvate: ferredoxin oxidoreductase, called PFOR1 
(GL50803_17603). This oxygen sensitive enzyme is of special interest within 
this thesis since it was early implied in metronidazole activation and resistance 
(Townson, Upcroft, and Upcroft 1996).  Other products of this reaction are 
CO2 and the reduction of two ferredoxins. It can also use a-ketobutyrate and 
oxaloacetate, does not interact with NADP+ , is membrane associated and 
likely within a complex (Townson, Upcroft, and Upcroft 1996). The other en-
zyme with pyruvate: ferredoxin oxidoreductase activity, PFOR2 
(GL50803_114609) can use the same substrates plus phenyl-pyruvate and a-
ketoglutarate but prefers a-ketobutyrate in contrast to PFOR1. Hence, it is not 
believed to be instrumental in pyruvate metabolism but rather involved in thre-
onine metabolism. Threonine dehydratase (GL50803_12108) catalyses the 
conversion of threonine to a-ketobutyrate and NH3, and feeds PFOR2 which 
produces propionyl-CoA, CO2, and reduced ferredoxin. The acetyl-CoA re-
sulting from the reaction catalysed by PFOR1 can either be used to regenerate 
some of the NAD+ invested into glycolysis earlier or converted into acetate 
producing additional ATP in the process (Adam 2001). All options and the 
corresponding electron balances can be seen in figure 4. 
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Figure 4: Overview of fermentation pathways found in G. intestinalis. Reaction sub-
strates and products are shown next to the corresponding reaction arrows while the 
enzymes catalysing the corresponding reaction are indicated by the number above 
the reaction arrow. Preference for the different pathways is coupled to changing oxy-
gen pressures as indicated next to the major end products alanine/H2, acetate and 
ethanol. In the lower right corner, the corresponding electron balances can be seen. 

The problem of surplus electrons 
If you have been keeping track of the redox balance in the reactions so far we 
have a surplus of zero to six electrons per molecule of glucose that we used in 
glycolysis and the giardial cell will have to remove them to keep glycolysis 
going. 

Under strict anaerobic conditions the reduced ferredoxin can be used to 
produce hydrogen by a [Fe]-hydrogenase. In contrast to Trichomonas, where 
hydrogen is produced in specialised the hydrogenosomes, this process takes 
place within the giardial cytosol and not the mitosome (Emelyanov and 
Goldberg 2011; Lloyd, Ralphs, and Harris 2002). Hydrogen production likely 
acts as an electron sink for the additional electrons produced during glycoly-
sis; if electron bifurcation is used, both the reduced ferredoxin and the NADH+ 
are oxidised again while producing hydrogen (Buckel and Thauer 2013). 
However, within the gut Giardia often encounters microaerobic conditions. 
The resulting metabolism leaves the parasite with a surplus of electrons. Most 
of them are present in the form of reduced ferredoxins.  To help our under-
standing of where these electrons could be moved unto I will describe the fer-
redoxins present in Giardia. I will also evaluate potential electron sinks and 
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which enzymes could be used to move electrons from ferredoxins to these 
potential sinks. In other words, I will include most enzymes that are involved 
in oxidoreduction in any way within the cell, since those are also highly inter-
esting in regard to metronidazole activation. This list does not strive to be 
complete and given the high number of hypothetical proteins in the genome 
cannot be either. 

Ferredoxins 
Ferredoxins are small and simple proteins that are involved in various elec-
tron-transfer and transport processes within cells. Depending on the specific 
protein they can have widely varying iron-sulphur cluster types, characteris-
tics and functions (Nzuza et al. 2021). There are now six proteins annotated 
as ferredoxins in the G. intestinalis genome (Xu, Jex, and Svärd 2020). Given 
that Fd1 (GL50803_60379) has been described to be able to activate metroni-
dazole together with PFOR1 while another ferredoxin could not do so 
(Townson et al. 1994) we can assume that they have different functions in 
metabolism in Giardia as well and it is likely that not all of them interact with 
either of the PFORs, either due to their structure or localisation. Indeed at least 
one of them, [2Fe-2S] ferredoxin (GL50803_27266) has mitosomal localisa-
tion (Regoes et al. 2005). Aside Fd1 and [2Fe-2S] ferredoxin naming for the 
ferredoxins is somewhat incoherent, but there is one ferredoxin with high ho-
mology to Fd1 with the identifier GL50803_9662, which I termed Fd1b. An-
other two have been discovered and named by Nixon et al (Nixon et al. 2002) 
as Fd2 (GL50803_4081) and Fd3 (GL50803_23325). Finally, we decided to 
name GL50803_10329 as Fd3b due to its homology with Fd3 and being an-
notated as Fd3 at the moment. A clear difference lies in the iron-sulphur centre 
organisation with Fd1 having two [4Fe-4S] centres, while  Fd2 and Fd3 have 
been described to contain one [4Fe-4S], and one [3Fe-4S] iron-sulphur cen-
tre (Nixon et al. 2002). Aside from this we know little to nothing about those 
proteins, so studies on localisation and interaction partners in the cell would 
greatly further our understanding of their role within the cell. 

Electron sinks and oxidoreductase network in Giardia 
Possible electron sinks encountered by Giardia in the intestine include qui-
nones, nitromolecules and oxygen; the last however is probably more prob-
lematic than helpful since oxygen radicals are a major issue and will cause 
damage themselves, and several enzymes are known to create oxygen radicals 
as a by-product (Li and Wang 2006; Jiménez-González, Xu, and Andersson 
2019). Here I will introduce these sinks and enzymes that are or could be in-
volved in their utilisation or, in the case of oxygen, detoxification, since many 
of the enzymes are able to reduce several different substrates. Figure 5 pre-
sents an overview of oxidoreductases which can utilise the major electron 
sinks. 
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Quinone reductases 
Quinones are an example of a group of molecules that are present in our diets 
as well as produced by intestinal bacteria and can be toxic (Song and Buettner 
2010). As a results of its habitat the giardial cell will routinely encounter these 
molecules. Quinones (Q) are redox active molecules that can accept both one 
or two electrons, being reduced to semiquinone (SQ) or hydroxyquinone 
(HQ), respectively. While many other molecules form radicals when reduced 
with just one electron, some SQ “radicals” can have half-lives up to a day at 
37°C and can therefore be considered non-toxic for the cells (Kehrer, 
Robertson, and Smith 2010). Other SQ are more toxic since they rapidly do-
nate electrons to oxide thereby creating the reactive superoxide radical in a 
process termed futile cycling (Song and Buettner 2010). To make the picture 
even more complicated some HQ can be toxic as well, since they can redox 
cycle as well, creating H2O2 in the process (Song and Buettner 2010; Ross and 
Siegel 2021). Whether and in which redox stage toxicity manifests is mostly 
determined by the additional groups added to the central phenol ring apart 
from the quinone defining hydroxy group. Of note, this toxicity is negligible 
in the absence of oxygen as in the microaerobic giardial cell. 

The giardial cell could either import quinones or take them up passively, 
depending on the molecule in question and use quinone reductases to both 
detoxify the toxic variants and get rid of excess electrons before exporting the 
produced semiquinones or hydroquinones.  

 But not all quinones are xenomolecules, in fact quinone reductases have a 
well-established second role that becomes apparent if we examine how qui-
nones are used in other cells. Quinones are known to play a central role as part 
of the electron transport chain for many organisms. This is based on their abil-
ity to accept both one or two electrons and carry them to the next part of the 
electron transport chain. One such example is the FAD/FMN based redox 
group, another one the fittingly termed ubiquinone (Gawryluk and Stairs 
2021; Walsh and Wencewicz 2013).  

Quinones, SQ and HQ can therefore be a great way for the giardial cell to 
transport electrons intracellularly without a high risk of oxygen radical pro-
duction. With this in mind it can be very beneficial for Giardia to have diverse 
quinone oxidoreductases that can use a wide range of substrates with differing 
redox midpoints and can reduce them by one or two electron equivalents: It 
makes for a fine-tuned yet flexible management systems of the intracellular 
electron levels as well as a detoxification system for those very common mol-
ecules. 

There are several quinone reductases annotated within the giardial genome; 
for several more oxidoreductases the ability to reduce quinones has been 
shown. Until recently the two quinone reductases (GL50803_17150, 
GL50803_17151) were less characterised. Müller et al showed that 
GL50803_17150 can reduce quinones and nitrocompounds and prefers 
NADPH+ over NADP+. They also found that it is closely related to the diapho-
rase in structure with an 86% sequence identity (Müller et al. 2021). Not much 
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is known about GL50803_17151 except that it is highly transcribed but lowly 
translated and has about 40% sequence identity to the diaphorase. Said di-
aphorase itself (GL50803_15004) was characterised by Sanchez et al 
(Sánchez et al. 2001) . They showed it to be able to reduce quinones and other 
molecules with NADP+ and NADPH+ but also perform the reverse reaction of 
reducing NAD(P)+. Furthermore, they identified some quinone oxidoreduc-
tase activity that can transfer one electron, as exemplified by superoxide gen-
eration and some identity that transfers two electrons, as seen by complete 
reduction of the target molecules in crude extracts of G. intestinalis. The final 
oxidoreductase possibly targeting quinones is a less characterised FAD/FMN 
dependent NAD(P)H+ oxidoreductase (GL50803_9719). It has not been ex-
amined closer and is most closely related to chromate reductases in bacteria 
(Ansell et al. 2017).  



 

 30 

 
Figure 5: Schematic overview of cellular mechanism involving oxygen and quinones 
in the giardial cell. Radicals are shown in red, semiquinones are weaker due to their 
lower reactivity. Red arrows show reduction of oxygen, superoxide and hydrogen 
peroxide and blue arrows denote futile cycling. Electrons entering the reactions are 
shown in a blue circle and hydrogen protons in red. Several enzymes on the same re-
action arrow show that either of these enzymes can catalyse this reaction.  

Nitroreductases 
Another common group of molecules are molecules with a nitro group. These 
molecules they are for example produced by plants and fungi and can therefore 
be part of our diet, but several groups of bacteria have also been shown to 
produce nitro-group containing molecules for inter-bacterial warfare. For 
most of the remaining over 200 different nitro compounds physiological roles 
are unknown (Parry, Nishino, and Spain 2011). Nitro compounds are often 
highly cytotoxic since they can easily be converted to a radical, or be metab-
olised to mutagenic metabolites based on the strong electron-withdrawing 
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effect of the nitro group that heavily supports redox reactions. Hence it is of 
great importance to have enzymes that modify these molecules in a targeted 
manner. This is often realised by reducing them with specialised nitroreduc-
tases. At the same time these nitroreductases can, similarly to the quinone re-
ductases, help to use xenobiotics to dispose of electrons produced during fer-
mentation.  

G. intestinalis possesses four proteins annotated as nitroreductases and for 
three of them differing characteristics concerning substrate preferences and 
maximum number of electrons transferred have been described by Müller et 
al. (Müller, Wastling, et al. 2007; Müller and Müller 2019; Müller, 
Schildknecht, and Müller 2013). These can be used to convert or detoxify a 
wider array of different compounds including nitromolecules, flavins and qui-
nones, likely because different compounds will have different midpoint redox 
potentials and will need different oxidoreductases to prevent radical creation. 
They all contain a ferredoxin-like domain with a [4Fe-4S] cluster as the re-
ductive moiety. 

Beginning from the top, GlNR1 (Giardia lamblia Nitroreductase 1) 
(GL50803_22677) has been shown to transfer one electron at a time to met-
ronidazole, but has a greater affinity for quinones over nitroimidazoles. It was 
characterised by Müller et al (Müller, Wastling, et al. 2007). They also showed 
that it increases susceptibility towards nitroimidazole drugs if overexpressed, 
and GlNR1 has been reported to be downregulated in many metronidazole 
resistant lines before (Ansell et al. 2017; Emery et al. 2018). However, in vitro 
no reduction of metronidazole could be shown, possibly due to a lack of a co-
factor or problems with enzyme activity in the recombinant protein (Müller 
and Müller 2019). Its cellular role is not clear, but it might be involved in 
quinone metabolism. A downregulation of this molecule would hence provide 
a clear advantage for the cell in the face of a nitroimidazole challenge. 

The second protein annotated as nitroreductase, GlNR2 (GL50803_6175), 
has been examined by the same group (Müller, Schildknecht, and Müller 
2013) and was seen to be able to use the same substrates as GlNR1, albeit at 
a slower rate. It has also been shown to be able to completely reduce all sub-
strates at a higher level, which means it more often moved two electrons over 
to the substrate.  

GlNR3 (GL50803_15307) has been analysed by Müller et al as well and 
has been shown to be the worst of the trio to use metronidazole as electron 
acceptor at least in vitro. It can reduce quinones in a similar manner to both 
the other nitroreductases but at a greatly reduced rate (Müller and Müller 
2019). The final nitroreductase (GL50803_8377) is more distantly related to 
those enzymes and mostly uncharacterised to date. It has a predicted trans-
membrane location.  

Interestingly GlNR1 and GlNR2 have been co-purified with each other and 
several energy producing enzymes (Müller et al. 2015). It has also been shown 
that the two proteins interact in a synergistic way fully reducing substrates 
more often than their separate sums of full reduction. This hints at a possible 



 

 32 

hand over of a substrate that is reduced by one electron by GlNR1 to GlNR2 
for a second one-electron reduction, avoiding release of a potential radical in 
the middle. The substrate in question would likely be stabilised by GlNR1 to 
avoid its escape. The association with the electron producing glycolysis en-
zymes could than either be to ensure fast flow of electrons away from glycol-
ysis or steady flow of electrons towards these detoxifying enzymes or because 
the substrate is a product of glycolysis itself. GlNR1-3 have been acquired via 
lateral gene transfer from anaerobic bacteria or archaea (Müller and Müller 
2019). 

Oxygen detoxification 
Both quinone and nitroreductases have been shown to also interact with oxy-
gen thereby creating oxygen radicals (Jiménez-González, Xu, and Andersson 
2019). However, there are several other oxidoreductase involved in oxygen 
radicalisation or detoxification that are also interesting in light of metronida-
zole activation and to understand why this is less likely to be the main function 
of above eight enzymes, hence I will cover those.  

The first two of those are a NADH oxidase (GL50803_33769) and the fla-
vodiironprotein (FDP) (GL50803_10358). The NADH oxidase has been stud-
ied intensively and has been shown to catalyse the direct conversion of O2 to 
water without creating a superoxide radical using two electrons and while it 
can also use other electron acceptors, it cannot reduce metronidazole (Brown, 
Upcroft, and Upcroft 1996). This suggests a clear and targeted role in oxygen 
detoxification. 

 FDP has been reported to catalyse the very same reaction as the NADH 
oxidase, with the main difference being that FDP uses rubredoxin as cofactor 
instead of NAD(P)H+. Since no rubredoxin has been found in the giardial ge-
nome so far (Di Matteo et al. 2008) Jiménez-González et al (Jiménez-
González, Xu, and Andersson 2019) have proposed that ferredoxin might pro-
vide the electrons, thereby connecting this enzyme to the PFORs. This might 
enable the use of oxygen as an electron sink or simply ease the detoxification 
of oxygen in the event of oxidative stress.  

The existence of other oxidoreductases that create radicals, especially un-
der oxygen stress conditions (Ma’ayeh, Knörr, and Svärd 2015), mandates an 
enzyme to convert superoxide to hydrogen peroxide or another less reactive 
oxygen species (Jiménez-González, Xu, and Andersson 2019). In G. intesti-
nalis it was unknown which enzyme was catalysing this step until a superox-
ide reductase (SOR) of bacterial origin has been described (Pinto, Rodrigues, 
and Teixeira 2010; Testa et al. 2011). This enzyme (GL50803_61550) is rap-
idly converting superoxide radicals to hydrogen peroxide. On a site note, the 
source of the reducing equivalents for SOR is currently unknown as well, 
since SOR often uses rubredoxin as electron donor as well. A possible candi-
date would again be one of the six ferredoxins, but further research to confirm 
or reject this is needed.  
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The hydrogen peroxide produced by SOR, in turn needs to be converted to 
water by proteins with peroxiredoxin function to avoid creation of new oxygen 
radicals by the hydrogen peroxide. 

In total there are four proteins with peroxiredoxin function identified in G. 
intestinalis three of which are located in the cytoplasm (Ma’ayeh et al. 2017; 
Mastronicola et al. 2014; Schneider et al. 2011): Peroxiredoxin 1ai 
(GL50803_16076), peroxiredoxin 1aii (GL50803_14521) and hybrid cluster 
protein (HCP) (GL50803_3042). They all catalyse the reaction H2O2 to H2O 
with the peroxiredoxins also being able to metabolise other alkylperoxides and 
peroxynitrite, molecules which are produced by superoxide radicals 
(Mastronicola et al. 2014) . Peroxiredoxins are than recycled by reduction via 
interaction to thioredoxins, while HCP is possibly also involved in other cel-
lular pathways like nitrogen metabolism (Almeida et al. 2006; Seth et al. 
2018). The last peroxiredoxin (GL50803_15838) is located on the outside of 
the cell membrane and involved in oxidative stress response (Ma’ayeh et al. 
2017; Mastronicola et al. 2014).  

The next gene involved in oxygen stress is the thioredoxin reductase 
(GL50803_9827). This enzyme is important in redox-regulation as it reduces 
and thereby regenerates thioredoxin and Protein disulphide isomerase (PDI) 
which in turn replenishes peroxiredoxins, cysteine proteins, and free cysteine.  
Thioredoxin reductase uses NAD(P)H+ and has been shown by Leitsch et al 
(Leitsch et al. 2011) to be able to activate metronidazole. It has also been 
shown to not be a primary drug target for metronidazole. Its activity depends 
heavily on the available FAD and reduced FAD pool sizes rather than expres-
sion levels (Leitsch et al. 2011; Müller, Hemphill, and Müller 2018). Little is 
known about its interaction partners, the at least six thioredoxins with differ-
ing characteristics, the five protein disulphide isomerases, of which some are 
secreted to the media (Ma’ayeh et al. 2017) or the three FixW proteins. 

Finally, the flavohemoprotein (GL50803_15009) is involved in nitric oxide 
and oxygen detoxification as it uses two of each to create two molecules of 
nitrate using NAD(P)H+ (Mastronicola et al. 2010; Ma’ayeh, Knörr, and Svärd 
2015). The flavohemoprotein is not active in the absence of oxygen 

Mitosomal oxidoreductases 
Another two oxidoreductases which are involved in yet another redox system 
are described in Giardia: The two GiORs, which are diflavin oxidoreductases 
consisting of a flavodoxin-like and a cytochrome P450-like domain. GiOR-1 
(GL50803_91252) is mitosomal and does not interact with the mitosomal 
[2Fe-2S] ferredoxin but instead with the cytosolic cytochrome b5 proteins 
with NADPH+ as electron donor. GiOR-2 (GL50803_15897) is poorly char-
acterised but localises to vesicles instead of the mitosome (Jedelský et al. 
2011; Pyrih et al. 2014).  
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Giardiasis 
The disease caused by G. intestinalis is called giardiasis and since there is no 
intermediary host and cysts survive readily in water or on moist food it can be 
contracted worldwide. An estimated 190 million symptomatic infections per 
year which corresponds to roughly 171 100 DALYS (daily adjusted life years) 
lost makes Giardia on of the most prevalent parasitic diarrhoeal infections 
worldwide (Kirk et al. 2015). As poor water quality is one major risk factor it 
is often endemic in resource poor settings but occasionally outbreaks are also 
observed in highly developed areas with generally good water control (Gilman 
et al. 1988; Nygård et al. 2006). Another contributing aspect to the worldwide 
spread lies in the low number of cysts that are needed to establish infection 
(Rendtorff 1954). Infection is also frequently contracted during recreational 
water use or usage of inadequate drinking water as part of outdoor activities 
(Adam 2020).  

 Symptoms are usually milder in endemic settings and more severe when 
naïve populations are infected. Despite the old colloquialism “beaver fever”, 
Giardia is most often transmitted from human to human rather than being zo-
onotic (Adam 2022). This is partially a result of the specific infection patterns 
associated with the different assemblage with only assemblages A and B in-
fecting humans, while other mammals are infected by other assemblages.  

Not all infections with giardiasis result in a symptomatic manifestation; in 
fact, around 50% of patients can be completely asymptomatic. While infection 
can become chronic it also often resolves spontaneously (Ankarklev et al. 
2010). After an incubation period of one to two weeks the disease itself devel-
ops with long-lasting diarrhoea with greasy and foul-smelling stools being the 
most common symptom.  Other symptoms include abdominal pain, other in-
testinal manifestations, malabsorption, weight loss and fatigue (Adam 2020). 
This combination means that symptoms are especially hard on young and mal-
nourished patients, for which growth retardation and slower mental develop-
ment can ensue (Berendes et al. 2020; Bartelt and Sartor 2015). Even after 
successful clearing of the infection, either spontaneously or after treatment, 
symptoms like food allergies, chronic fatigue or irritable bowel syndrome can 
persist for several years (Bartelt and Sartor 2015; Hanevik et al. 2017). This 
variety in symptoms has been attributed to differences in host response, im-
munity and nutritional status, gut microbiome and infecting strain (Bartelt and 
Sartor 2015).  

Diagnosis of giardiasis is usually based upon detection of cysts or tropho-
zoites on faecal samples, but diverse antigen or PCR based methods are also 
common (Adam 2020).  

Host-parasite interaction 
To understand why these effects are so diverse there has been a lot of research 
over the last decades on the molecular mechanism by which Giardia causes 



 

 35 

disease and how the immune response is shaped. Since the parasite does typi-
cally not invade the tissue or produce a classic toxin, other mechanisms had 
to be at play here.  

One possibility is a direct mechanical cause since trophozoites attach firmly 
to the intestinal host epithelium, leaving an imprint behind after detachment 
(S L Erlandsen 1974). This tight attachment might contribute to microvilli 
shortening, which has been reported several times (Céu et al. 2001; Adam 
2022), other authors however attribute this shortening to immune responses 
(S Solaymani-Mohammadi and Singer 2013; Bartelt and Sartor 2015). More 
recently secreted factors have been examined closer showing that secreted 
cysteine proteases can disrupt the mucus layer, tight junctions of the intestinal 
epithelium and cleave chemokines as well as other immune response mole-
cules (Liu et al. 2018; 2019). Less is known about the other secreted factors, 
but effects like cell-cycle arrest, reduced host cell proliferation and apoptosis 
have been reported (Bartelt and Sartor 2015). These effects could be caused 
by arginine starvation, which in turn is induced by the high arginine consump-
tion of Giardia for its energy production (Stadelmann et al. 2012). Arginine 
consumption might also help the parasite in preventing nitric oxide stress, 
since nitric oxide based defences in intestinal cells are partly based on arginine 
(Stadelmann et al. 2013). 

Aside from nitric oxide, the host immune response includes physical barri-
ers like the mucus layer but also antimicrobial peptides and parts of the adap-
tive immune system like antibodies. Their role is exemplified by reports of 
chronic giardiasis in immune suppressed patients (Shahram Solaymani-
Mohammadi and Singer 2010). Another indication of the importance of anti-
body based immune defences is the immune evasion system in form of VSPs 
that Giardia employs (Nash 1997). 

Inflammation can be observed, but not necessarily at the site of infection; 
in addition a reduction of diarrhoea in coinfections with Giardia has been re-
ported  (Veenemans et al. 2011). This protective effect as well as symptoms 
overall are dependent on the local  gut microbiome which itself can also have 
a protective role (Bartelt and Sartor 2015). 

Treatment options and resistance development 
There is currently no approved vaccine providing protection from G. intesti-
nalis infection even though there has been considerable progress in develop-
ing a vaccine over the last decade (Serradell et al. 2016; 2019). This means 
that chemotherapy is the only option. Here I will talk both about the major 
classes in use today as well as a selection of other molecules that have been 
shown to possess antigiardial activity. Table 1 is a summary of all molecule 
classes to give the reader the option of a quick overview. 
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5-nitroimidazoles 
Giardiasis is mostly treated by a group of drugs derived from azomycin called 
the 5-nitroimidazoles. The pathway for production of azomycin, which itself 
is a 2-nitroimidazole, in interbacterial warfare is widespread throughout ac-
tinobacteria like Streptomyces spp. (Hedges and Ryan 2019). Early on, how-
ever, the potential of azomycin to treat different anaerobic pathogens was un-
derstood as this drug class was initially pursued to find a treatment against T. 
vaginalis (Cosar and Julou 1959). Being rather small for an antibiotic azomy-
cin could still not easily be synthesised but instead a range of derivatives were 
tested and metronidazole developed as the drug that had the most optimal 
combination of producibility, anti-protozoal activity and low toxicity as well 
as milder side effects compared to some of the other candidates (Cosar and 
Julou 1959; “The Nitroimidazole Family of Drugs” 1978).  In the following 
decades a wide range of pathogens were found to be susceptible to metroni-
dazole, including Giardia, Entamoeba histolytica, Clostridioides spp., Bac-
teroides fragilis and Helicobacter pylori (Leitsch 2019). Today it is still used 
in treatment of several of those pathogens (Löfmark, Edlund, and Nord 2010). 
This broad spectrum of activity is attributed to the unspecific mode of action 
this class of drugs has. After cell entry either by diffusion or active transport 
the prodrug molecule is converted to the active radical by oxidoreductases or 
simply by reducing agents (Dingsdag and Hunter 2018). Of note, this active 
molecule has not been observed with certainty (Chiarinelli et al. 2019). In aer-
obic conditions the prodrug is rapidly restored in a process called futile cycling 
that works in a similar manner as mentioned above for quinones. Superoxide 
radicals are produced in the process (Dingsdag and Hunter 2018). In anaerobic 
cells on the other hand the active radical persists and damages macromole-
cules in an unspecific way which has been shown for both DNA and proteins 
(Uzlikova and Nohynkova 2014; Ordoñez-Quiroz et al. 2018; Lauwaet et al. 
2020). Roughly 5-6 % of the proteome could be found bound to a metronida-
zole derivative with permanent binding facilitated by a click-chemistry ap-
proach and one of the biggest predictors for binding was the expression level 
(Lauwaet et al. 2020). Resistant parasites did not show a major shift in binding 
patterns. Hence, no specific molecule or mechanism is targeted as is the case 
for other antibiotics, making essentially all anaerobic or microaerobic cells 
susceptible. In patients with an impaired DNA repair system, hepatotoxicity 
was observed (Wilson et al. 2015) showcasing that metronidazole is activated 
in aerobic conditions and does cause damage, albeit limited. On a side note, 
the very broad and unspecific mode of action means also that the microbiome 
in the gut is going to be affected which has been shown in several studies 
(Pélissier et al. 2010; Lewis et al. 2015; Jakobsson et al. 2010).  

Metronidazole 
The 5-nitromidazole most commonly used to treat giardiasis is still metroni-
dazole. This drug is characterised by an extremely low price with the treatment 
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being as cheap as $13 per ten-day course in the US (R. L. Nelson, Suda, and 
Evans 2017) or $0.01 per pill elsewhere (WHO 2005) and a favourable side-
effect profile. Of note, there have been reports of nausea, vomiting, metallic 
taste and headaches as most common symptoms with some more severe neu-
ronal symptoms associated to long-term use (Goolsby, Jakeman, and Gaynes 
2018). Severe neuropathological side-effects have been observed in patients 
with reduced liver function which are believed to be caused by faster accumu-
lation of metronidazole (Sørensen et al. 2018). It is still common standard to 
advice against ethanol consumption when receiving metronidazole, as a disul-
firam-like effects had been described; newer research however could not con-
firm this interaction convincingly (Steel and Wharton 2020). While carcino-
genesis is shown in bacteria and animal models, there is no evidence for the 
same effect in humans (Bendesky, Menéndez, and Ostrosky-Wegman 2002). 
Nevertheless, metronidazole and other 5-nitroimidazoles are contraindicated 
during the first term of pregnancy (Riches et al. 2020). One aspect that does 
speak against metronidazole is the taste which in combination with long dos-
ing regimens of five to seven days can lead to lower treatment course comple-
tion rates (Boreham et al. 1986). Another problem reported earlier was that 
cyst formation and the number of cysts were supposedly not affected strongly 
by this drug (Hausen, Freitas, and Monteiro-Leal 2006). As a result, it was 
believed that transmission is not efficiently stopped by metronidazole. 

Peak serum concentrations vary depending on the dose used with reaching 
11.5 µg/ml (67 µmol/l) after a 500mg dose and 6.2 µg/ml (36 µmol/l) after a 
250mg dose, reaching up to 40 µg/ml (233 µmol /l) when using a 2g single 
dose. Common dosing regimens include multiple smaller doses per day over 
the course of a week and serum levels are between 3.9 µg/ml (22 µmol/l) and 
5.7µg/ml (33 µmol/l) for 750mg per day and between 13.1 µg/ml (76 µmol/l) 
and 21.3 µg/ml (124 µmol/l) for 2g per day (Ralph et al. 1974). These con-
centrations are usually enough to clear a Giardia infection since the 48h EC50 
values, that is the concentration at which 50% of the cells have died after 48h, 
lie around 5 µmol/l for wildtype lines (Ansell et al. 2017) and are somewhat 
lower when measuring for 72h (Hart et al. 2017). Of note, the susceptibility 
changes with changing oxygen concentrations (Milne, Stokes, and 
Waterworth 1978), which are encountered in the intestines, and changing cys-
teine concentrations (Leitsch 2017).  

Resistance to 5-nitroimidazoles 
Speaking of susceptibility: For most antibiotics introduced it does not take 
long for the targeted pathogens, as well as other organisms affected by the 
drug, to become resistant (Mohr 2016). This is a logic consequence of the 
immense pressure an antibiotic puts on any population by killing or severely 
slowing down all susceptible cells giving any cell that survives the chance to 
repopulate the niche with its descendants exclusively. Interestingly, the time 
frame for resistance development in metronidazole is substantially longer 
compared to other drugs for which resistance development is commonly seen 
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within two to three years after market introduction (Davies 2006). For most 
pathogens treated with metronidazole resistance only became a problem after 
several decades of use if at all. 

In Bacteroides species resistance rates are still between 1-20% in Europe 
and Asia without much increase until 2018 (Treviño et al. 2012; Sheikh et al. 
2015; Byun et al. 2019; Nagy and Urbán 2011) while they are not increasing 
at 4-10% for T. vaginalis either until 2010 (Krashin et al. 2010; Kirkcaldy et 
al. 2012; Schwebke and Barrientes 2006). On big exception is Helicobacter 
pylori. Here we find resistance rates of up to 30% in North America and 75% 
in Africa, Asia and Latin America. There is also a clear increase between 1993 
and 2014 (Thung et al. 2016). A recent rise in resistance levels has been ob-
served in Giardia intestinalis as well. One study found rates to increase (2008: 
15.1% , 2013: 40%) in patients treated in London which had been infected 
south and east of the Mediterranean or in Asia (Carter et al. 2018). 

Resistance mechanisms to metronidazole in other microorganisms 
To help us understand the picture encountered in metronidazole resistant Gi-
ardia I will now recapitulate what is seen in other pathogens treated with and 
becoming resistant to metronidazole.  

One important observation is that resistance has not been observable in the 
clinic for Entamoeba histolytica infections while it could be induced in vitro 
(Penuliar, Nakada-Tsukui, and Nozaki 2015). This hints at high fitness costs 
during an infection associated with metronidazole resistance in this pathogen.  

Two organisms – T. vaginalis and C. difficile - are reported to develop a 
so-called “aerobic” resistance type. The defining feature of this kind of re-
sistance is an increased intracellular oxygen content due to downregulation of 
scavenging mechanisms, leading to futile cycling. In addition to this in T. 
vaginalis loss of PFOR and surrounding pathways can contribute to resistance 
but is not by itself enough to cause it (Muller and Gorrell 1983; Leitsch et al. 
2009). C. difficile is a bit of a special case as it is omnipresent and spore form-
ing and hence can and often does overgrow after antibiotic intake and cause 
disease. As a result antibiotic intake is the main risk factor aside known colo-
nialization (Leffler and Lamont 2015). Other factors contributing to metroni-
dazole resistance are PFOR loss and a downregulation of other activating ni-
troreductases (Chong et al. 2014; Moura et al. 2014). Low metronidazole con-
centrations promote biofilm formation and resistance development (Vuotto et 
al. 2016). 

Bacteroides species have a combined strategy by reducing uptake of the 
drug, increasing efflux via drug efflux pumps, reducing activation and altering 
the prodrug to a non-reactive molecule with the help of a gene family of ni-
troreductases called the NIM (nitroimidazole resistance) genes (Ghotaslou et 
al. 2018; Britz and Wilkinson 1979). High level resistance is only observed in 
strains with these NIM genes but not all strains and bacterial species with NIM 
genes are resistant (Leitsch et al. 2014; Husain et al. 2013; Pumbwe et al. 
2007). One interesting case is Campylobacter spp. where oxygen environment 
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levels do not seem to play a role but rather the host they grew in (Stanley and 
Jones 1998). 

Helicobacter pylori finally is a wide-spread is a gram-negative carcino-
genic bacterium (Kusters, van Vliet, and Kuipers 2006) with high levels of 
metronidazole resistant strains (Thung et al. 2016). Resistance seems to rely 
on a combination of mutations in activating nitroreductases rdxA and frxA and 
an activated oxidative stress response (Chua et al. 2019; Lauener et al. 2019; 
Gerrits et al. 2004).  

5-nitroimidazole resistance in Giardia 
In Giardia there has only recently been a pronounced rise in resistance rates 
to metronidazole (Carter et al. 2018). However, there has been evidence for 
resistance development long before this. Some research has been done exam-
ining phenotypical differences between sensitive and resistance lines as well 
as understanding how key enzymes involved in metronidazole resistance in 
other pathogens, like PFOR or thioredoxin reductase, behave in Giardia.  

PFOR and its activity was examined as it was for a long time believed to 
be the main factor in conferring metronidazole resistance in most pathogens. 
It was shown early that PFOR1 can reduce metronidazole in vivo and that it 
often is down-regulated in resistant lines (J. A. Upcroft and Upcroft 1993; 
Townson, Upcroft, and Upcroft 1996). Yet, in a 2011 paper this dogma was 
dismantled in a similar way as described in T. vaginalis: It could be shown 
that several giardial metronidazole resistant lines express PFOR-1 at the same 
levels as sensitive cell lines while also having the same level of PFOR activity 
as those lines. This showcases, that PFOR expression or activity alone is not 
a good marker for metronidazole resistant lines,. It still likely is a major player 
in metronidazole activation, and as a result of that, resistance. (Leitsch et al. 
2011) 

Thioredoxin reductase (GL50803_9827) was examined by Leitsch et 
(Leitsch, Müller, and Müller 2016). They found, that while this enzyme can 
indeed activate metronidazole it does not seem to be the main target for it, 
since cell lines overexpressing the enzyme were not more susceptible and thi-
oredoxin reductase remained active even when under substantial drug pres-
sure. On the other hand, lower activity has been found in resistance lines and 
seems to be mostly a result of lowered availability of cofactors like FAD 
(Müller, Hemphill, and Müller 2018; Leitsch et al. 2011). 

 As mentioned above, Müller et al have been examining three of the four 
nitroreductases (GlNR1-3) found in G. intestinalis in a series of articles estab-
lishing their role as potential metronidazole activators or deactivators (Müller, 
Wastling, et al. 2007; Müller, Schildknecht, and Müller 2013; Müller et al. 
2015; Müller and Müller 2019) with the evidence being most clear for an ac-
tivating function of GlNR1. 

 Another study by Tejman-Yarden et al (Tejman-Yarden et al. 2011) cre-
ated new resistant lines via UV-induced mutagenesis followed by passage in 
50 µM metronidazole and analysed them thoroughly in an initial article 
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concerning their morphology, energy and glucose consumption, attachment 
rates and infectivity in animal models, with the lines showing clear differences 
in several of these when compared to the wildtype. Interestingly, one of the 
lines, M2, is able to infect mice and gerbils while the other, M1, was not able 
to do this. M1 is reported to have a roughly ten times elevated EC50 when 
compared to the wildtype WB-C6 and M2 is reported to a have more than 20 
times higher EC50. They tested DE of four genes (PFOR1, Fd1 
(GL50803_9662), GlNR1, and thioredoxin reductase and could observe con-
sistent changes in GlNR1 in both resistant lines. Another phenotype both met-
ronidazole resistant lines shared was a lowered attachment both in vitro and 
in vivo when compared to the wildtype. This could not be tracked to major 
morphological differences in the cytoskeleton or flagella. Instead, they found 
that the resistant lines consume less glucose but have similar levels of ATP 
which they state was possibly connected to the importance of glycosylated 
proteins for attachment rather than energy levels. They also created a revertant 
of M1, M1NR, which showed reversion of not only metronidazole suscepti-
bility but also other characteristics to wildtype status. 

Does genomic metronidazole resistance exist in Giardia? 
The next logical step was to was to look for mutations in target genes as have 
been described in many other cases of antibiotic resistance. In this way target 
genes can often be found and the mode of action of a given antibiotic can be 
understood more easily. 

In all studies so far, no clear genomic changes were identified. This low 
level of genetic fixation of metronidazole resistance is underlined by the fact 
that resistant G. intestinalis strains can revert to sensitive both after en- and 
excystation and after growing for several generations without selective pres-
sure (Müller et al. 2008; Tejman-Yarden et al. 2011). On the other hand, in-
creasing resistance rates inform us that there are parasites with a transmissible 
resistance phenotype, which prompted additional research into genomic, tran-
scriptomic, and proteomic differences between susceptible and resistant para-
sites to help understand how resistance is conferred and which problems re-
sistant parasites might have to overcome 

One recent study by Saghaug et al (Saghaug et al. 2019) tackles this ques-
tion by comparing mutation rates of clinically resistant G. intestinalis strains 
to those in sensitive strains via whole genome sequencing. From genes iden-
tified in earlier studies the authors made a list of genes of interest that should 
be examined for a role in metronidazole resistance. No clear picture emerged 
but some genes and groups of genes on this list had higher non-synonymous 
point mutation rates than the average of the whole genome strengthening the 
role of these genes as candidates for further research. 

Transcriptomic studies of metronidazole resistance in Giardia 
Metronidazole resistance in G. intestinalis was also investigated on the mRNA 
expression level. There are several studies that have been done on gene 
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expression changes in combination with metronidazole resistance (Tejman-
Yarden et al. 2011; Müller, Sterk, et al. 2007; Argüello-García et al. 2009; 
Müller et al. 2008; Begaydarova et al. 2015). Most of them concentrate on a 
few genes that are examined via qPCR or northern blotting. Genes that are 
commonly analysed include the genes which were earlier discovered to be 
involved in metronidazole resistance in other organisms like PFOR and other 
oxidoreductases as well as general stress coping and repair mechanisms like 
heat shock proteins. Overall, one can say that no clear picture for these genes 
emerged except for GlNR1 (GL50803_22677) which was repeatedly reported 
to be downregulated. These observations prompted two studies by Ansell et 
al. In one study they compared the responses of the giardial line WB-C6 when 
stressed with metronidazole, elevated temperatures and hydrogen peroxide. 
All three stressors were found to trigger similar yet clearly distinguishable 
responses (Ansell et al. 2016). 

In a more recent study Ansell et al examined gene expression in three la-
boratory made metronidazole resistant lines and their respective parental lines, 
BRIS/83/HEPU/106-2ID10, BRIS/83/HEPU/713-M3 and WB1B-M3 which 
they dub 106-r, 713-r, and WB-r (Ansell et al. 2017). This was the first com-
plete transcriptome study on metronidazole resistant G. intestinalis strains. 
They analysed whether there were any gene group enrichments of DE genes 
in each line. Special focus was put on genes that had been reported earlier to 
be involved in metronidazole resistance, variable surface proteins as well as 
genes that are functionally connected to PFOR. They also model several of 
the involved uncharacterised proteins and propose networks of metabolites to 
help tracking how DE of genes could be connected to metronidazole re-
sistance.  Finally, a different mode of resistance is presented for every of the 
three lines. These modes fit into the above-described general modes of re-
sistance with WB-r and 713-r reported to have an “aerobic” resistance type, 
while resistance in 106-r is supposedly more active using a drug efflux pump. 
Of note 106-r was shown to retain some degree of infectivity in contrast to the 
other lines (Tejman-Yarden et al. 2011). They also put forth the theory that 
GLNR2 might be used to deactivate metronidazole in a manner similar to the 
NIM genes found in Bacteroides. 

Proteomic studies of metronidazole resistance in Giardia 
To complement these studies of gene expression, and since there is the possi-
bility that gene expression changes do not penetrate well to the protein level, 
these transcriptomic studies were followed up by proteomic studies. So far 
two studies have examined metronidazole resistance in G. intestinalis with the 
help of proteomics: One by Müller et al (Müller et al. 2019) and one by Emery 
et al  (Emery et al. 2018). In the second study the same lines as used in the 
Ansell et al study above were used, Müller et al used 106-r and 713-r as well 
and their own resistant derivative from WB-C6, which they dub C4. In short, 
Müller et al find, that there are no common resistance-associated genes be-
tween the three lines and that all three lines have developed their own version 
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of metronidazole resistance which they report as “aerobic” for strain 713-r, 
downregulation of PFOR connected enzymes in 106-r and a less clear strategy 
for C4 which might involve the downregulation of GlNR1. One thing they do 
state explicitly is that they do not find a DE of GlNR1 on the protein level in 
all lines and that they do not find any evidence for the involvement of GlNR2 
in deactivating metronidazole or even for the expression of this gene under 
laboratory conditions. 

Emery et al find for their lines that they have only few common DE pro-
teins. However, at the same time they are reporting six DE clusters found by 
gene set enrichment which include proteins involved in electron transport, ox-
idative stress response as well as cysteine-rich and membrane-associated pro-
teins. They state that metronidazole resistance is very complex and that the 
single only DE protein consistently downregulated is GlNR1. In the same pa-
per, they also inspect post-translational protein modifications and find that 
there are indeed different modifications present without being able to pinpoint 
the exact targets. They do not state clear strategies for each line but rather sum 
up that all lines seem to employ a mixed response with 106-r having a clearly 
different approach compared to the other two lines. 

Overall, one can summarise that before this work there was evidence that 
metronidazole does not target a single molecule in Giardia and is likely acti-
vated by oxidoreductases with GlNR1 being the strongest candidate. Re-
sistance was accordingly believed to be conferred by several different mech-
anisms that are not well understood but involve lowered activation and possi-
bly futile cycling. These changes were seen to entail a huge fitness cost on the 
parasite and in some way hinder transmission. 

Other 5-nitroimidazoles 
Other 5-nitroimidazoles used to treat giardiasis are tinidazole, ornidazole and 
secnidazole. They all have altered side-chains compared to metronidazole 
which result in slightly changed properties including an improved half-life, 
making single-dose treatment of giardiasis possible (Jokipii and Jokipii 1982; 
Özbilgin et al. 2002). This in turn will improve compliance rates. 

A downside of all three is the elevated course cost (tinidazole: $18- $32, 
secnidazole: $285) when comparing to metronidazole, disfavouring it in the 
typically low resource environments Giardia is most prevalent (Shahram 
Solaymani-Mohammadi et al. 2010; Leggit and Saguil 2019; Biswas et al. 
2010). Cure rates are as good or better than with metronidazole for all three 
(Jokipii and Jokipii 1979; 1982; Di Prisco et al. 2000) and side effects are 
somewhat reduced, partly due to the shorter treatment duration  (Argüello-
García et al. 2020). Cross-resistance between metronidazole and the other 5-
nitroimidazoles has been observed and can be easily induced in vitro (Cañete 
et al. 2020; Müller, Hemphill, and Müller 2018). This is not surprising given 
the similar and unspecific mode of action and that resistance does not seem to 
be conferred by single nucleotide mutations that for example change binding 
patterns as has been seen in other antibiotics (Mohr 2016). Hence, it would be 
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advised to look at other classes of antibiotics instead of introducing additional 
5-nitroimidazoles into treatment of giardiasis. 

Other classes of antibiotics used in treatment of giardiasis 
There are diverse non-5-imidazole molecules showing anti-giardial activity, 
however only albendazole, nitazoxanide, paromomycin and quinacrine are 
currently advised to be used for treatment of giardiasis. Albendazole and nita-
zoxanide are used widely, paromomycin is used for treatment during preg-
nancy or in refractory cases, and quinacrine is used only in refractory cases 
(Rumsey and Waseem 2019; Riches et al. 2020). 

Benzimidazoles 
The most commonly used benzimidazole, albendazole, is an anti-parasite drug 
taken orally and mostly used in the treatment of helminthic infections. Al-
bendazole is currently prescribed as an alternative to metronidazole especially 
in children because there are fewer severe side effects (Gardner and Hill 2001) 
though headaches and reduced liver function are commonly observed. It is 
teratogenic in animals and therefore contraindicated during pregnancy 
(Whittaker and Faustman 1991). Another concern is the broad-spectrum ac-
tivity which will influence the microbiome during and after treatment (Riches 
et al. 2020). Albendazole costs between 0.01$ and 128$ per dose (WHO 2005; 
McGettigan 2019) and is given once a day for five days. In helminths the mode 
of action is attributed to specific tubulin binding, essentially paralysing the 
worms (Kwa et al. 1995). A similar mode of action was believed to be at play 
in G. intestinalis as well, but more recently a second oxygen radical based 
effect was reported (Martínez-Espinosa et al. 2015). This radicals lead to DNA 
double strand breaks in a very similar to the mode of action to 5-nitroimdia-
zoles (Martínez-Espinosa et al. 2015). Both may contribute to killing G. intes-
tinalis as changes in the cytoskeleton have been described and giardial cell 
lines have been reported to become resistant via upregulation of oxidative 
stress mechanisms (Martínez-Espinosa et al. 2015; Riches et al. 2020; 
Argüello-García et al. 2020). This response has also been observed in metro-
nidazole resistant strains and might give rise to multi-drug resistant strains 
easily. Indeed, there have been reports of metronidazole refractory giardiasis 
that was untreatable with albendazole (Muñoz Gutiérrez et al. 2013; Lindquist 
1996; J. Upcroft et al. 1996). These similarities make the role of albendazole 
as a drug to treat metronidazole resistant strains of G. intestinalis questionable. 
Another benzimidazole used occasionally is mebendazole, which has very 
similar advantages and problems (Argüello-García et al. 2020). Furthermore, 
benzimidazoles are often administered as single dose for helminth control, 
which might contribute to resistance development. Treatment failures are also 
attributed to diverse host factors aside parasite related factors (Argüello-
García et al. 2020).   
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Nitazoxanide 
Nitazoxanide is another anthelminthic drug which was subsequently found to 
have a broad spectrum activity (Gilles and Hoffman 2002; Hoffman et al. 
2007; Sisson et al. 2002) against anaerobic pathogens as well as viruses. It is 
also used as an alternative to metronidazole in children as dosing is shorter at 
twice a day for three days (Argüello-García et al. 2020) and side effects are 
generally mild (Riches et al. 2020). The broad spectrum of activity will how-
ever affect the microbiome. Nitazoxanide is a nitrothiazole and another exam-
ple of a prodrug that needs be activated, with conversion to a radical being one 
of the proposed modes of action (Riches et al. 2020). Activation is conferred 
by PFORs and other oxidoreductases with PFOR and GlNR1 also being one 
of the target molecules (Hoffman et al. 2007; Müller, Wastling, et al. 2007). 
Resistance can be induced in vitro and cross-resistance to 5-nitroimidazole has 
been reported (Dunn et al. 2010; Müller, Hemphill, and Müller 2018; Meltzer, 
Lachish, and Schwartz 2014). 

Aminoglycosides 
The susceptibility of Giardia to certain aminoglycosides has been known 
since the 1980s (Thomas D. Edlind 1989). It is based on the ribosome having 
more bacteria-like features than other eukaryotic ribosomes and predictions 
for activity of certain aminoglycosides based on binding activity was followed 
up with testing of growth inhibition. Paromomycin and hygromycin were 
found to be most active (Thomas D. Edlind 1989). In vivo action was shown 
a few years later (Geurden et al. 2006). As with most aminoglycoside antibi-
otics downsides with both are that they causes diverse and severe side effects, 
especially in the case of hygromycin and that they have to be administered in 
rather high doses and for prolonged periods of time (Argüello-García et al. 
2020). On the plus side, paromomycin absorbs poorly especially via the intes-
tine, which prevents some of the systemic toxicity when given oral, which is 
why it is recommended for treatment during pregnancy (Thomas D. Edlind 
1989). A typical course will cost between 5- 200$ (Wiwanitkit 2012; World 
Health Organization 2010). These factors combined are making it a second-
line option with a limited but clear application.  

Quinacrine 
Quinacrine is a highly effective drug that was developed for use against ma-
laria. The acridine molecule was the first antibiotic used against giardiasis. 
The mechanism of action is unclear but might be based on the molecule inter-
calating in the DNA or inhibiting certain oxidases (Carter et al. 2018; 
Ehsanian, Van Waes, and Feller 2011). It efficiently targets replicating troph-
ozoites and encysting cells as well as cysts (Paget et al. 1989). However, it is 
reserved for treating refractory cases since it has several adverse effects like 
nausea, vomiting, headache, hepatitis, psychosis, birth defects and a poor tox-
icity profile (Gardner and Hill 2001; Carter et al. 2018). Treatment is 



 

 45 

prolonged at 5 to 7 days. Resistance could be induced in vitro (J. A. Upcroft, 
Campbell, and Upcroft 1996). 

Chloroquine 
Chloroquine is structurally related to quinacrine and has proven activity 
against Giardia (Gordts et al. 1985). The mode of action is not understood. 
Disadvantages are a small therapeutic window and slow elimination making 
overdosing easy. Furthermore, it was shown early, that at the common malaria 
preventive dose of 100mg/day it does not prevent giardiasis (Gordts et al. 
1985; Carter et al. 2018). 

Furazolidone 
Furazolidone is based on nitrofuran and is another broad-spectrum prodrug 
that has to get activated to produce radicals. This activation does take place 
by NADH oxidase suggesting differences to metronidazole (Brown, Upcroft, 
and Upcroft 1996). In vitro furazolidone is a good inhibitor of giardial growth, 
but the effect is somewhat less clear in the clinic. Side effects are common and 
can be severe, which is made worse by the intake period of up to 10 days 
(Riches et al. 2020). Cross-resistance to both quinacrine and metronidazole 
has been described (Tejman-Yarden et al. 2011; J. A. Upcroft, Campbell, and 
Upcroft 1996) which likely follows from the similar mode of activation and 
action. 

Bacitracin/Bacitracin zinc 
Bacitracin zinc is a broad-spectrum antibiotic consisting of a mixture of poly-
peptides that has been repurposed for use in giardiasis and is associated with 
the same problem of microbiome disturbance. The mode of action is unknown 
but it has shown to be a good inhibitor of giardial growth in vitro and in vivo 
(B J Andrews, Mylvaganam, and Yule 1994; Barry J Andrews et al. 1995). In 
bacteria it inhibits cell wall synthesis and resistance is often realised via ATP-
binding cassette (ABC) transporters (Manson et al. 2004). The intake period 
is long at 10 days. Allergic reactions are common as is nephrotoxicity in sys-
temic applications (Punjataewakupt, Napavichayanun, and Aramwit 2019). 
This makes bacitracin another second line drug used only in refractory disease. 

Other drug class candidates for use in treatment of giardiasis 
Finally, there is another category of drugs and this one is by far the largest, 
encompassing all molecules that have been found to kill Giardia in a prefer-
ential manner over mammalian cells, with evidence being present either only 
in vitro or in vivo as well depending on the drug in question. Here I will present 
a short selection of candidates that are of special interest, but almost constantly 
there are new molecules being discovered that have at least in vitro action, 
many of them of herbal origin (Alnomasy et al. 2021). One problem with these 
new molecules and a major issue in antibiotic development in general is the 
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low profitability when compared to other drugs (Årdal et al. 2020). This is 
especially true for a disease like giardiasis that mostly affects less developed 
areas and has well-established and cheap alternatives already on the market. 
This means in turn that while research on new pharmaceuticals targeting giar-
diasis is exciting, it is very unlikely that a drug will follow from it if Giardia 
is the only target. Hence, many have taken to repurposing drugs already in use 
for other applications against giardiasis (Argüello-García et al. 2020). This 
approach will short-cut the clinical trials considerably, as there is already 
plenty of safety data available cutting the costs of drug development im-
mensely (Sertkaya et al. 2016). Another positive aspect lies in the already 
well-established production and distribution pipelines. Negative might be re-
sistance development due to prior exposure, a problem less likely to occur in 
Giardia since it is most sensitive to drugs in the trophozoite form, which can-
not survive outside the host. 

Auranofin 
Auranofin is an antirheumatic drug that was shown to be effective in killing 
trophozoites in vitro and in animal models and is now in Phase IIa clinical 
trials (Argüello-García et al. 2020). It was found to interact with cysteine, but 
the exact mode of action is unknown and despite some connection to thiore-
doxin reductase inhibition it does not seem to be linked this enzyme directly 
(Leitsch 2017). Auranofin is tolerated in the concentrations needed for treat-
ment of giardiasis but side effects are common (Capparelli et al. 2022). Fur-
thermore, it is contraindicated during pregnancy and has broad spectrum ac-
tivity (Owings et al. 2016). 

Disulfiram 
Disulfiram is another drug that has been successfully tested on giardial cells 
both in vitro and in an animal model. It is currently used as an agent in treating 
alcohol addiction and has usually few side-effects, though simultaneous intake 
of alcohol should of course be avoided (Argüello-García et al. 2020). The 
mode of action is unclear, but targets include triphosphate isomerase (Castillo-
Villanueva et al. 2017) and carbamate kinase (Galkin et al. 2014) probably 
based on cysteine residue modifications. Disulfiram has broad spectrum ac-
tivity as well (Riches et al. 2020). 

Omeprazole 
Next on the list of drugs repurposed from other use is the proton pump inhib-
itor omeprazole. Omeprazole has been shown to efficiently kill the parasites 
in vitro (Pérez-Villanueva et al. 2011) and there is data suggesting that proton 
pump inhibitor intake might protect from infection (Sheele 2017); however, 
there are no in vivo studies to date (Riches et al. 2020). This drug and related 
proton pump inhibitors are prodrugs built around a benzimidazole structure 
(Sheele 2017) and while they need to be activated in an acid environment to 
work as proton-pump inhibitors this activation seems not necessary for the 
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antigiardial action (Reyes-Vivas et al. 2014). Triphosphate isomerase has been 
identified as one target (Reyes-Vivas et al. 2014) but there seem to be numer-
ous other targets including structural proteins (López-Velázquez et al. 2019) 
giving rise to the possibility that they in fact work in benzimidazole-like man-
ner. 

Orlistat 
A drug that likely targets the reduced metabolism of Giardia is orlistat. Its 
approved use is in obesity where it inhibits lipases needed to take up fatty 
acids from the intestinal lumen (Argüello-García et al. 2020).  Lipid metabo-
lism is somewhat reduced in G. intestinalis compared to other eukaryotes, but 
several lipases are described and the parasite is dependent on uptake of lipids 
from the intestine (Yichoy et al. 2011). Hence, a drug targeting the lipid me-
tabolism would likely be very potent and giardial cells are indeed killed at low 
concentrations. The drug is well-tolerated and concentrations reached in typi-
cal treatment situations are enough to kill Giardia (Hahn et al. 2013). No in 
vivo data is currently available. 

NBDHEX 
NBDHEX has been shown to be active against G. intestinalis and is currently 
researched as an anticancer agent (Sha et al. 2018). It inhibits glycerol-3-phos-
phate dehydrogenase (Lalle et al. 2015) but is predicted to have a 5-nitroim-
idazole-like mode of action which opens the door to cross-resistance becom-
ing a problem sooner rather than later. 

Fumagillin 
Fumagillin is a mycotoxin under use in medicine as an anticancer drug as well 
as an antimicrosporidian molecule (van den Heever et al. 2014). It is also used 
to control microsporidian infections in bees. It has a strong antigiardial effect 
both in vivo and in vitro (Liudmila et al. 2014) and might work via methionine 
aminopeptidase inhibition (van den Heever et al. 2014) a universal enzyme 
that has not been targeted in Giardia. However, this drug has problems con-
cerning toxicity and stability so analogues addressing these issues would need 
to be introduced before considering use of this class of antigiardials (Riches 
et al. 2020). 

Tetracyclines 
Another class of broad-spectrum antibiotics that have been reported long ago 
to be active against G. intestinalis are the tetracyclines. Tetracyclines act on 
protein synthesis by blocking tRNA attachment. Their antigiardial activity 
seems to increase with lipophilicity (T. D. Edlind 1989). Interestingly GlNR1 
and GlNR3 can reduce tetracyclines since those are quinones from a chemical 
perspective (Müller and Müller 2019). This reduction results in partial protec-
tion from tetracycline action, showcasing a potential role of these nitroreduc-
tases. Given that tetracyclines are used in treatment of diverse bacterial 
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infections (Nguyen et al. 2014) and malaria (Gaillard, Madamet, and Pradines 
2015) and are known to sometimes trigger severe allergic reactions (Merk and 
Bickers 2022), a potential use in giardiasis is not advised. 

Nucleoside analogues 
I want to mention one last group of molecules that have been shown to be 
active against Giardia: nucleoside analogues. Research into the mode of ac-
tion was triggered by the realisation that G. intestinalis, similar to several other 
parasites (De Koning, Bridges, and Burchmore 2005), had lost the ability to 
produce purines and pyrimidines (Wang and Aldritt 1983; Aldritt, Tien, and 
Wang 1985; Baum et al. 1989). In other eukaryotes nucleosides are commonly 
synthesised de novo. As a direct result these eukaryotic parasites are com-
pletely dependent on nucleoside salvage making them very susceptible to nu-
cleoside analogues which will be inserted into DNA when it is duplicated re-
sulting in termination of DNA strand elongation. Further inside was gained 
when two distinct enzymes for purine and pyrimidine salvage were identified 
in the giardial genome, giving the chance to exploit both independently of 
each other as drug targets (Laoworawit, Choy Soong Lee, and O’Sullivan 
1993). This is one example were the reduced metabolic possibilities of the 
very compact giardial genome can be used for drug targeting; for almost every 
characterised divergent enzyme this has been suggested. The concept was 
proven for giardiasis when the guanine nucleoside analogue guanine arabinose 
(nelarabine) was shown to be a potent growth inhibitor in the second half of 
the 1980s (Berens and Marr 1986; Miller et al. 1987). A hint on the efficiency 
in the clinic can be gained when comparing Giardia infection rates during the 
early stages of the HIV pandemic to after introduction of combination thera-
pies containing AZT (zidovudine), another nucleoside analogue. Infection fre-
quencies went from common to seldom following this introduction (Bachur et 
al. 2008). Nucleoside analogues are frequently used to treat cancer or viral 
infections based on their increased specificity to viral polymerases or just 
higher growth speed of cells via introducing mistakes or chain termination 
during replication. This means they already have approval for use in human 
medicine and a rich body of safety information is available. In particular AZT 
could be a good alternative for treatment in giardiasis due to its low price 
(WHO 2005; McGettigan 2019) and favourable safety profile especially dur-
ing shorter treatment courses (Sperling 1998), allowing for example treatment 
of pregnant women and infants (Connor et al. 1994; Eckhardt and Gulick 
2017). Effects on the microbiome might be a concern, however AZT was 
found to be mainly active against Enterobacteriaceae and Vibrio spp. (Elwell 
et al. 1987; Peyclit et al. 2018). 

Combination therapy 
Monotherapy is almost always the first choice in giardiasis, since historically 
treatment failure rates have been low (Riches et al. 2020). Combination ther-
apy is usually employed against other infectious diseases like tuberculosis, in 
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which treatment has to be prolonged and resistance development readily takes 
place during the treatment (Gygli et al. 2017). There are some limited studies 
on combining 5-nitroimidazoles and benzimidazoles which were reported to 
improve cure rates slightly but there is a need for further studies before any 
verdict can be reached (Cacopardo et al. 1995; Bezagio et al. 2017). A point 
of concern is the overlap in mode of action and resistance mechanisms be-
tween those drugs and indeed not all metronidazole refractory giardiasis could 
be cured with this combination (Mørch et al. 2008). If quinacrine was added 
to the mix the curation rate was improved greatly, though side effects were 
elevated as well and very few patients were treated (Mørch et al. 2008). All 
this makes combination therapy a second line option. 
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Table 1: Overview of drug classes currently in use in giardiasis treatment. For every 
drug class the name, general structure and structure of a member of this drug class 
used in or proposed for giardiasis are given. For those drug classes we know the mode 
of action and resistance mechanisms these are given as well. 

Drug class/ 
Example 

Mode of action and 
resistance mecha-

nisms in 
G. intestinalis

Structure 

5-nitroimidaz-
oles

Metronidazole 

Prodrug which gets ac-
tivated by oxidoreduc-
tases to become a radi-
cal which damages 
DNA and other macro-
molecules. 

Resistance mecha-
nisms: 

Lowered uptake and 
reduction of activation 
speed, upregulation of 
oxygen and general 
stress responses. 

Benzimidazoles 

Albendazole 

Prodrug needs to be ac-
tivated, acts on cyto-
skeleton and as a radical 
damaging the DNA. 

Resistance mecha-
nisms: 
Upregulation of oxida-
tive stress mechanisms, 
changes in cytoskele-
ton; cross-resistance to 
nitroimidazoles ob-
served. 
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Nitazoxanide Prodrug which gets ac-
tivated by oxidoreduc-
tases to become a radi-
cal damaging DNA. 

Resistance mecha-
nisms: Upregulation of 
oxidative stress mecha-
nisms, reduced activa-
tion; cross-resistance to 
nitroimidazoles ob-
served. 

Aminoglyco-
sides 

Paromomycin 

Binds to the ribosome 
and inhibits protein 
synthesis. 

Quinacrine Not understood; might 
intercalate in DNA or 
inhibit oxidases. 

Chloroquine Not understood. 

Nitrofurans Activated by NADH 
oxidase, superoxide 
radical based damage of 
macromolecules.  

Resistance mecha-
nisms: 
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Furazolidone Not well defined, cross 
resistance to metronida-
zole and quinacrine de-
scribed. 

Bacitracin/Zinc Not understood, in bac-
teria it affects mem-
brane function. 

Auranofin Unknown; interacts 
with cysteine and inhib-
its thioredoxin reduc-
tase. 

Disulfiram Unknown; targets tri-
phosphate isomerase or 
carbamate kinase by 
cysteine residues modi-
fications. 

Omeprazole Prodrug with unknown 
mode of action; 
might act in a benzimid-
azole-like manner tar-
geting structural pro-
teins and triphosphate 
isomerase. 
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Orlistat Likely to target lipid 
metabolism. 

NBDHEX Targets glycerol-3-
phosphate dehydrogen-
ase; 
also predicted to have 
5-nitroimidazole like
mode of action.

Fumagillin Unknown, might inhibit 
methionine aminopepti-
dase. 

Tetracyclines 

Thiacycline 

Blocking of protein 
synthesis. 
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Nucleoside ana-
logues 

Thymidine 

AZT 

Adenosine 

CdA 

Blocking of DNA du-
plication by insertion of 
the analogue instead of 
the natural nucleoside 
leading to termination 
of DNA synthesis. 
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Current investigation 

Thesis aims 
There has long been interest in the phenomenon of metronidazole resistance 
in G. intestinalis, mainly since it does not follow the typical profile. In many 
other cases resistance is brought upon by genetic changes, either via mutations 
in core target genes or transfer of a resistance mechanism. This allows for 
comparably simple screening of clinical samples to understand whether a 
specimen in question is resistance even in those cases in which you cannot 
easily determine the resistance status by growth experiments. Metronidazole 
resistance in G. intestinalis does not seem to have a genetic compound as ex-
plained above, yet the observed phenotypic changes are massive. We set out 
to further our understanding of why.  

Some of the most striking changes are connected to infectivity and trans-
mission which might be one of the reasons why metronidazole resistance de-
velopment has been slow. We decided that in a first step we would need to 
improve our understanding of the encystation process in the wildtype since 
the process of encystation is complex and needed for transmission to another 
host. Other reasons were reports of resistant cell lines reverting back to sensi-
tive after en-and excystation as well as encysting cells becoming less suscep-
tible to metronidazole. To this end we performed a study analysing the tran-
scriptome over the first 31.5 h of encystation sampling every 3.5h (Paper I). 
We followed this up with a study combining transcriptomic and proteomic 
analyses of the wildtype (WB-C6), two resistant lines (M1 and M2) and a re-
vertant (M1NR) with phenotypical analyses of the same lines when it comes 
to metronidazole resistance levels, growth rates as well as encystation and cyst 
quality (Paper II). To strengthen these results, we also compared the changes 
we observed with previously studied transcriptomic and proteomic analyses 
to form a broader understanding of conserved patterns of metronidazole re-
sistance in G. intestinalis. 

When there is resistance development there is going to be a need to find 
alternative antimicrobials to the current treatment which ideally target a dif-
ferent part of the pathogen cell. This meant we excluded drugs with a proposed 
radical based mode of action and instead explored the potential of the thymi-
dine analogue azidothymidine as such an alternative in the treatment of giar-
diasis in the third and last study (Paper III). We also analysed how encystation 
is disturbed if azidothymidine or metronidazole are added at different 
timepoints during the process.  
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Gene expression throughout encystation in G. 
intestinalis (Paper I) 
Encystation has long been under investigation in G. intestinalis yet a clear 
molecular mechanism for initiation has been elusive even though the pheno-
typical changes certainly towards the end of the process are relatively well 
understood. This is partly due to the lower resolution of methods employed 
previously both on the level of mRNA sequencing but also when it comes to 
the timescale. We took the information available about this important process 
to a new level using differential expression analysis of tightly spaced 
timepoints (every 3.5 h) for the first 31.5 h of encystation including the cyst 
state and excysted cells to complete the analysis. 

Differential gene expression increases over the course of encystation 
The first observation we made is that the number of genes changed in expres-
sion increases over the course of encystation. At the 3.5 h timepoint 20 genes 
are DE (differentially expressed), while in the cyst itself 3409 of the total 4936 
genes are DE. The same trend can be seen when looking at the amount of DE 
in respect to the trophozoite, where changes overall gradually increase from 
low levels at 3.5 h to strongest in the cyst. Based on these observations 
timepoints were grouped two and two (3.5–7 h, 10.5–14 h, 17.5–21 h, 24.5–
28 h, 31.5h–Cyst, and T2) and submitted to gene group enrichment analysis. 
This analysed showed that early on fatty acid and lipid metabolism are upreg-
ulated, probably in connection with the remodelling of the cell membrane, 
while later on VSPs are the biggest upregulated group. No groups are down-
regulated early but later protein biosynthesis and metabolic enzymes are 
downregulated. 

Encystation is divided in three parts 
Previously encystation was divided into two parts, based mostly on phenotyp-
ical observations. In this study we found that it can be more finely divided into 
three parts. In the early phase (0- 10h post initiation) relatively few genes are 
DE and changes are for the most part connected to the remodelling of the cyst 
membrane and building of the cyst wall, both of which have been observed to 
begin during these timepoints. In the middle phase these changes peak, which 
correlates with the peak in ESVs as well as their concerted release at this 
timepoint. Furthermore, genes and processes related to DNA recombination 
are induced which fits with the reported fusing of nuclei around this time in 
encystation which is thought to be the cause for the relative low level of vari-
ation between the two nuclei. Several genes involved in anaerobic energy me-
tabolism start to be shut down around this time, for example diverse oxidore-
ductases, as are the nucleoside salvage pathways. Protein synthesis starts to 
be shut off as well. This indicates that growth stops. In late encystation matu-
ration of the cyst wall and a final duplication step of DNA takes place. This is 
mirrored in the expression of cyst wall associated genes remaining high, while 
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fewer nucleosides need to be imported. Additionally, energy production and 
protein synthesis are mostly shut-off and the VSP repertoire is markedly 
changed. This matches the situation in the cyst when considerably less energy 
is consumed. 

Transcription factors, chromatin modification factors and histones are 
activated in a cascade starting with Myb2 
We found that encystation is clearly dependent on activation of the transcrip-
tion factor Myb2, which during early and mid-encystation directly regulates 
the majority of DE genes. The myb2 regulon is bigger than previously re-
ported and conserved within G. intestinalis but not within G. muris. Myb2 
itself might be activated by a putative cyclin (GL50803_15332) in complex 
with CdK2 and in turn does not only upregulate genes like the cyst wall pro-
teins but also in a cascade-like manner other transcription factors (E2F/DP, 
ARID2, GARP-like protein 2 and 3) that had been implied by earlier studies. 
Chromatin modification factors and histones join the upregulated fraction dur-
ing mid and late encystation, but might play a role in silencing Myb2 and the 
cyst wall proteins earlier. 

Certain VSPs and HCMPs have specific expression profiles throughout 
encystation 
The various high cysteine proteins in Giardia have been implied earlier during 
encystation and indeed we could confirm that both HCMPs and VSPs can have 
specific expression patterns over the course of this process with some increas-
ing gradually over time, while others are only upregulated or downregulated 
in the cyst. These specific changes, as well as the fact that the only significant 
changes that could be observed between the original trophozoites and newly 
excysted trophozoites are three VSPs, underline the role of encystation and 
excystation in antigenic variation.  

Laboratory induced metronidazole resistance is 
multifactorial and brings upon huge fitness costs in G. 
intestinalis (Paper II) 
In the second study we conducted a comparative analysis of two metronida-
zole resistant lines, M1 and M2, and one revertant, M1NR, on phenotypic, 
transcriptomic and proteomic level. These lines which were originally created 
from WB-C6/A11 by Tejman-Yarden and colleagues (Tejman-Yarden et al. 
2011) using UV based mutagenesis. To complement and abstract our results 
we subsequently integrated similar data produced on different metronidazole 
lines to find a common model for metronidazole activation and resistance in 
G. intestinalis.  
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Growth rates and encystation are affected massively in metronidazole 
resistant lines 
It has been known for a while that phenotypical aspects like attachment rates, 
infectivity and growth rates are affected in metronidazole resistant parasites 
(Tejman-Yarden et al. 2011; Ansell et al. 2016). As a first step we ensured 
that metronidazole resistance had persisted and found that both resistant lines 
(M1 and M2) were indeed still less susceptible than both the wildtype strain 
(WB-C6) and the revertant line (M1NR). This resistance was coupled to a 
growth retardation of roughly 20% which was not present in the revertant. We 
followed up on these studies with a newly developed encystation assay using 
staining with propidium iodide (dead cells) and fluorescein acetate (life cells) 
before analysing the cyst by flow cytometry. In this way we could quickly 
evaluate cyst numbers and quality for all lines. We found that encystation ef-
ficiency, cyst numbers and cyst quality drop to almost zero in resistant lines 
and are partially restored in M1NR. Furthermore, growth of M1 and M2 did 
not cease upon induction of encystation and there is limited evidence for DNA 
duplication in the resistant lines. Overall, the resistant lines would be unlikely 
to transmit to a new host and be outcompeted quickly even if they manage to 
establish a new infection by a non-resistant strain and these changes are cou-
pled to their resistance status. 

Gene expression changes are divergent in resistant lines, coupled to 
reverse with susceptibility and comparatively small 
In contrast to previous studies, we decided to analyse the transcriptomes of 
M1 and M2 without added metronidazole in the medium to monitor baseline 
changes rather than stress responses and enable direct comparison with M1NR 
and WB-C6. While the total number of DE genes is large at over 1400 each 
for the resistant lines the changes were often below two-fold. Around half of 
the DE genes are shared between M1 and M2. On the other hand, M1NR only 
shows DE in 129 genes. GO term analysis yielded mostly mixed results as 
well including upregulation of repair mechanisms and downregulation of 
membrane transport when comparing DE genes in M1 and M1NR and evi-
dence of metabolism reorganisation in the genes DE in M1 and M2. 

Protein expression changes are line specific but show general trends 
Our protein expression analysis was carried out without metronidazole pres-
sure as well; however, to untangle the changes induced by metronidazole we 
included a set-up with metronidazole for M1 as well. Still M1 and M1+met-
rondiazole showed the most similar responses to each other. 1589 proteins, 
which correspond to a third of all proteins, could be identified and quantified 
in all lines. Most proteins were not DE when compared to WB-C6. Interest-
ingly M1 showed the smallest amount of DE proteins at just 303, while both 
M1NR and M2 had more than two times as many DE proteins. Few proteins 
were exclusively DE in the resistant lines and not in M1NR 
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We could not identify any link between post-translational modifications 
and metronidazole resistance as had been reported before (Emery et al. 2018). 

GO term analysis showed that oxidation-reduction processes and oxidative 
stress related proteins were among the upregulated groups in resistant lines 
and ribosomal proteins were downregulated. Upon addition of metronidazole 
stress responses were induced while proteins connected to growth were found 
less often. Similarly, M1 showed sign of slowed growth and increased protein 
turnover, especially of oxidoreductive proteins when compared to M1NR. 

Agreement between transcriptomic and proteomic data 
In general, our transcriptomic and proteomic data correlate well. There are 
nine genes DE in the resistant lines but not M1NR on mRNA and protein level, 
which include one high cysteine membrane protein, two VSPs, one hypothet-
ical protein, one iron-sulphur cluster protein, one tyrosine phosphatase, perox-
iredoxin 1ai, the adhesive disc protein SALP-1 and one tumour-like protein. 

Metronidazole has conserved and individual aspect as revealed by 
comparative analysis 
To understand which of the observed changes contribute to metronidazole re-
sistance and which ones were randomly induced during creation of the re-
sistant lines we included the three other omics datasets characterising metro-
nidazole resistant Giardia lines that have been published so far. These were a 
transcriptomic analysis (Ansell et al. 2016), and two proteomic analyses 
(Emery et al. 2018; Müller et al. 2019). In order to improve comparability, we 
reanalysed the datasets in the same way we had analysed out own data. On 
mRNA level we found a total of 39 genes upregulated and 21 genes downreg-
ulated in all resistant lines and not in M1NR, while on protein level no genes 
were shared but several showed up- or downregulation in all but one line. 
Crosslinking both datasets, we identified nine proteins each mostly up-or 
downregulated with one, GlNR1, being downregulated in all datapoints except 
protein in M2, where it was not detected. 

Targeted analysis of selected gene groups previously implied to be 
involved in metronidazole resistance 
Several different gene groups have been theorised to be connected to metro-
nidazole resistance, namely attachment (Tejman-Yarden et al. 2011), energy 
metabolism (Müller, Sterk, et al. 2007; Müller et al. 2019; Tejman-Yarden et 
al. 2011; Begaydarova et al. 2015) and oxidoreductases. 

We therefore analysed those groups closer and found that in M1 and M2 
attachment proteins are indeed downregulated, while this is not the case in the 
other resistant lines. Energy metabolism is consistently DE but the changes 
seem to be line specific instead of conserved with the exception of the threo-
nine dehydratase/PFOR2 pathway, which is downregulated in all resistant 
lines but not in M1NR.  
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Oxidoreduction is important in metronidazole resistance and Giardia is no 
exception. We found several conserved patterns within this group across all 
resistant lines, with some oxidoreductases downregulated, some upregulated 
and oxidative stress responses upregulated. Two oxidoreductases stuck out: 
GlNR1, as explained above, and the quinone reductase GL50803_17151, 
which was downregulated when detected as well. 

Several resistance mechanisms are conserved between different 
laboratory induced metronidazole resistant lines 
Taking all results together we could find evidence for several different re-
sistance mechanisms that were consistently showing up in the resistant lines. 
Not always were the same exact genes involved and not all lines show evi-
dence for usage of all strategies, but commonly a combination of these strate-
gies is employed instead of a single solution. Figure 6 summarises all these 
resistance mechanisms. 

A first change that did occur in all lines were alterations in membrane struc-
ture, as shown by changes in membrane proteins like GL50803_114210, 
VSPs, HCMPs and alpha-giardins. It is known that membrane changes can 
lead to increased tolerance and changes in expression of these proteins have 
been implied to play a role in metronidazole resistance before (Britz and 
Wilkinson 1979; Müller, Sterk, et al. 2007; Leitsch et al. 2012). These changes 
could help reduce uptake of metronidazole (Boreham, Phillips, and Shepherd 
1988), promote efflux thereof or mitigate some of the oxidative stress induced 
by the drug.  

 After cell entry the prodrug metronidazole is activated by either oxidore-
ductases or a generally reductive environment. Naturally changes in this step 
were of great interest to us and indeed we could see expression changes on 
mRNA and protein level in oxidation and reduction processes.  

As explained above GlNR1 is a strong candidate for activation of metroni-
dazole (Nillius, Müller, and Müller 2011) and we could show that it univer-
sally is downregulated in resistant lines. GlNR2 on the other hand has been 
discussed as an active detoxification mechanism for metronidazole (Ansell et 
al. 2017) as it can catalyse the full reduction thereof to a non-toxic product. 
Despite this we have not seen any evidence for DE of this enzyme. GlNR3 is 
not DE either, which is in line with previous data (Müller and Müller 2019). 
GL50803_8377 is upregulated in some resistant lines but since we do not 
know much about this protein a connection to resistance is speculative. 
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Figure 6: Schematic overview of cellular mechanism involving metronidazole in the 
giardial cell. Radicals are shown in red. Red arrows show reduction of oxygen, super-
oxide and hydrogen peroxide and blue arrows denote futile cycling. Electrons entering 
the reactions are shown in a blue circle, hydrogen protons in red and CoA (Coenzyme 
A) in black. Several enzymes on the same reaction arrow show that either of these en-
zymes can catalyse this reaction. Possible resistance mechanisms are marked by num-
bers: 1 – Reduced uptake, 2 – Reduced activation by downregulation of activating en-
zymes, 3 – Increased futile cycling by increased oxygen content, 4 – Upregulated oxy-
gen stress response, 5 – Reduced electron flow through PFOR resulting in reduced ac-
tivation by Fd. MTZ – metronidazole, Fd – ferredoxin, red – reduced, ox - oxidized, 
PFOR – pyruvate ferredoxin oxidoreductase, CoA – coenzyme A. 

When it comes to quinone reductases, GL50803_17151 sticks out as consist-
ently downregulated, while the diaphorase is upregulated or unchanged. 
GL50803_17150 shows a mixed expression profile. 

Early on it was reported that PFORs are the main activating enzymes for 
metronidazole. We have not found good evidence that this holds true for 
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PFOR1 in Giardia but there is downregulation of electron flow through 
PFOR2, either by direct downregulation of this enzyme or by downregulation 
of threonine dehydratase, which produces a-ketobutyrate, the preferred sub-
strate of PFOR2. Fewer electrons present in the system will in turn mean fewer 
possible reductions of metronidazole. 

Thioredoxin reductase finally plays a role in activation of metronidazole 
(Leitsch et al. 2011). We do not see consistent DE in our data and it has been 
reported that a reduction of activity of this enzyme is mostly conferred via 
depletion of co-factor pools instead (Leitsch et al. 2011; Müller, Hemphill, 
and Müller 2018). 

All these changes have comparably small amplitudes but taken together 
will slow down the activation rate of metronidazole considerably. 

Another described resistance type is the so called “aerobic type” which is 
based on the rapid detoxification of nitroimidazole radicals in the presence of 
oxygen. Two studies so far examined oxygen consumption in nitroimidazole 
resistant lines with one reporting reduced consumption (Müller, Hemphill, and 
Müller 2018) and the other increased uptake speed (Ellis et al. 1993). To eval-
uate whether we see any evidence for increased oxygen levels we had a closer 
look on the oxidative stress network and found several changes. The FDP was 
often upregulated, while NADH oxidase, which is reported to have the same 
function in directly reducing oxygen to water, was not. Since FDP was theo-
rised to interact with one of the ferredoxins this might be an additional electron 
sink to reduce metronidazole reduction.  

There is also evidence for an upregulation of SOR and peroxiredoxins 
which would help attenuate oxidative stress either caused by metronidazole 
directly or by elevated intracellular oxygen levels.  

Metronidazole has been shown several times to cause DNA damage 
(Bagchi et al. 2012; Uzlikova and Nohynkova 2014; Ordoñez-Quiroz et al. 
2018) so a upregulation of DNA repair mechanisms might help counteract this 
but we found no DE genes involved in these pathways. General stress re-
sponses were however among the GO terms identified as discussed above. 

Metronidazole and quinone metabolism are comparable and connected 
to oxidative stress mechanisms 
During our analysis of pathways that can lead to activation of 5-nitroimidaz-
oles we compared what is known about detoxification of oxygen and quinone 
metabolism to these pathways. We realised that the same proteins are involved 
in reducing these molecules with the exception of two specialised oxidoreduc-
tases that directly reduce oxygen to water. Aside from that all three groups of 
molecules are reduced after cell entry by one of the quinine reductases, ni-
troreductases or the FAD/FMN dependent oxidoreductase. While natural sub-
strates of these enzymes produce radicals with lower reactivity, like semi-qui-
nones, superoxide and metronidazole radicals are highly damaging for the gi-
ardial cell. The SOR of bacterial origin helps Giardia tolerating the 
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microaerobic conditions in the intestine by detoxifying superoxide. Metroni-
dazole radicals on the other hand are dangerous for the cell once created hence 
we see a combination of reduced uptake, reduced activation and damage mit-
igation via oxidative stress responses in metronidazole resistant cell lines. We 
have no evidence for active detoxification of metronidazole. 

Single cell data helps understand importance of respective 
oxidoreductases 

 
Figure 7: Heatmap of log2 expression (FPKM) levels of selected oxidoreductases in 
single cells. Low expression is shown in blue, high expression is shown in red and 
every column represents mRNA expression data from one single cell. For all genes 
represented both the Geneid (starting with GL50803) and annotated function are 
given. 

The unlikelihood of an active deactivation of metronidazole is underlined by 
a single cell data-set of transcriptomics in WB-C6 that was published in 2020 
(Onsbring et al. 2020). In this dataset the authors analysed mRNA expression 
levels for all expressed genes in Giardia in a total of 55 cells grown in TYDK 
while optimising the experimental set-up. For most genes expression levels 
vary widely. If we have a look on expression levels of selected oxidoreduc-
tases – presented in figure 7 - we can see that the expression levels for all 
nitroreductases other than GlNR1 are very low. While these might be ex-
pressed under other conditions, at least for now we would consider them less 
interesting in the light of metronidazole resistance. For all other oxidoreduc-
tases aside from PFOR1 and NADH oxidase expression levels vary hugely 
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from 0 to over 8000 fragments per kilobase of transcript per million mapped 
reads (FPKM). These huge differences show that everything we track on the 
population level are averages and needs to be interpreted with caution. Fur-
thermore, we can see that those extreme expression level differences give a 
good starting point for the cells to become resistant; Giardia can obviously 
regulate expression of these genes tightly and does so even in standard rich 
media. Downregulation to achieve resistance is an easy answer to survive the 
drug pressure. Hence we would argue that all other oxidoreductases can still 
be considered interesting even in light of the single cell data. 

The thymidine analogue azidothymidine is targeting the 
highly specific thymidine kinase in G. intestinalis 
(Paper III) 
The third study that is part of this thesis explored a nucleotide analogue as 
alternative to the currently used drugs in treatment of giardiasis. As explained 
above this class of drugs has good potential for treatment of Giardia infections 
and has some advantages over the other classes currently in use since Giardia 
is completely dependent on nucleoside salvage. We recombinantly expressed 
thymidine kinase, the enzyme responsible for thymidine salvage. Subse-
quently we characterised this enzyme based on primary structure and substrate 
specificity. We found that AZT is a good substrate and tested drug activity 
against trophozoites and encysting cells in vitro and in vivo confirming its ac-
tivity against DNA synthesis. 

Giardial thymidine kinase has two parts forming a pseudo-dimer and is 
highly specific for thymidine 
The thymidine kinase enzyme in Giardia is roughly twice the size of the hu-
man equivalent enzyme and has two parts of which one has the active residues 
while the other likely stabilises the protein and is highly divergent. This can 
be seen as a pseudo-dimer since equivalent enzymes often form homodimer 
or tetramers. We purified the protein after expression in Escherichia coli and 
found that different phosphate donors work equally well but thymidine is by 
far the best substrate for this enzyme. In general, the substrate specificity was 
rigid, with the exception of the 3’ -position on the deoxyribose part which 
made AZT a good substrate of this enzyme while other analogues of thymidine 
are not. This rigid specificity is probably connected to the absence of dUTPase 
in Giardia removing the second role of thymidine kinase in usage of deoxyur-
idine. The enzyme was inhibited by dTTP in a competitive way which may 
help distribute thymidine between clonal neighbouring cells. 
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AZT kills trophozoites of metronidazole susceptible and resistant strains 
efficiently by inhibiting DNA synthesis and prevents correct encystation 
both in vitro and in vivo 
Both when exposed for 48h and 72h AZT could kill lines WB-C6, M1NR, M1 
and M2 at comparable rates with 48h EC50 values around 6µM. We could 
show that this killing is based on inhibition of DNA synthesis by incubating 
the recombinant enzyme with radioactive deoxyribonucleosides as tracer. As 
a next step we tested the effect of AZT on encystation in comparison to met-
ronidazole. To this end we produced cysts with the Uppsala encystation pro-
tocol and added the drugs at various points throughout encystation. Formed 
cysts were stained with propidium iodide (dead cells, PI) and fluorescein ace-
tate (live cells) and counted on a flow-cytometer. Both drugs had a clear effect 
on encystation when added before 12h post induction of encystation, but that 
effect was removed for AZT when added after 12h post induction. However, 
there was a clear shift in genome content seen in timepoints up to 12h for the 
immature cysts that could be stained with PI indicating that DNA synthesis 
was disturbed. We could thereby show that both AZT and metronidazole – in 
contrast to earlier studies - efficiently inhibit encystation. 

Similarly, numbers of trophozoites and cysts were markedly reduced in 
gerbil (Meriones unguiculatus) infections, both when starting treatment with 
metronidazole or AZT before and during infection with G. intestinalis. This 
held true for infections both with assemblage A and assemblage B lines. Fur-
thermore, symptoms and symptomatic duration was massively reduced in the 
treated animals when comparing to the control group. 

AZT is a cheap, well tolerated and promising treatment alternative to 
metronidazole 
A new class of drugs targeting giardiasis should be efficient in killing the par-
asite and prevent spread by inhibiting cyst formation, cheap, easy to adminis-
ter and have a safety profile that allows for treatment in pregnant. It should 
also preferentially work based off a mechanism that does not involve radical 
creation, since the main classes of drugs used against G. intestinalis infections 
today use this mode of action. AZT checks all these points. It targets DNA 
synthesis via a new mechanism, kills trophozoites and hinders encystation. 
AZT has been used for many years in HIV infections in patients including 
children and pregnant women and has few side effects when used for a shorter 
duration. Peak plasma levels are above the observed EC50 values and prices 
are low due to the long history of use of this drug, especially in low resource 
settings where giardiasis is most prevalent. All together this makes AZT a 
great candidate for repurposing in treatment of Giardia. 
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Conclusion and future perspective 

In this thesis we have studied different aspects of metronidazole resistance in 
G. intestinalis connected to cell cycle, resistance mechanisms and alternative 
treatment options. Encystation is of utmost importance for the giardial life cy-
cle and in Paper I we have created a detailed and thorough map of it that will 
help other researches answer their specific questions in the future but has also 
provided us with insides on the extremely complex nature of this process. In 
Paper II on the other hand, we connected some of the phenotypic changes seen 
in metronidazole resistant lines to transcriptomic and proteomic changes and 
compared general patterns observed in laboratory induced metronidazole re-
sistant lines. Paper III dealt with the giardial thymidine kinase and AZT, a 
nucleoside analogue, targeting this enzyme. We could show a clear mode of 
action and that AZT is a potential drug in treatment of giardiasis.  

However, in all parts of this thesis there are still unanswered questions. 

Unveiling the molecular initiation mechanism of encystation and 
possible drug targets 
While we have several protocols that achieve encystation in the majority of 
cells in vitro we still cannot readily achieve cyst quality that is as good as cysts 
produced in animals or purified from faeces (Ankarklev et al. 2010; Einarsson 
et al. 2016; Schupp and Erlandsen 1987). This in turn points to either a missing 
factor in these protocols or a strict selection for only high-quality cysts in vivo. 
With the very tightly spaced dataset created in Paper I we can now target one 
of the big questions that remain in encystation - how exactly encystation is 
initiated on the molecular level. We have shown that most evidence points to 
a central role of Myb2 which itself is regulated by phosphorylation. The kinase 
responsible for this phosphorylation is described as is an inhibitor (Cho et al. 
2012).  Continue working with both could allow us to study the exact events 
in a more controlled manner and hopefully couple them in a better way to the 
encystation malfunctions found the resistant isolates. This extreme depend-
ence on Myb2 can also be an angle for future drug which could prevent trans-
mission to the next host. However, as CdK2 plays a vital role in human cell 
cycle control as well and CdK inhibitors are indeed used in cancer treatment 
(Spring et al. 2019), any inhibitor will have to be finetuned extensively to 
avoid toxic side effects. Another possibility are inhibitors of specific histone 
modifications. Histone modifications play an important role during encysta-
tion (Emery-Corbin et al. 2021) and histone deacetylase inhibitors have been 
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described to target growing cells (Ana Paula R Gadelha et al. 2019) as well as 
encystation (Carranza et al. 2016) so they would likely reduce both current 
infection and transmission to the next patient. As histone deacetylases are 
highly conserved in eukaryotes even this drug class needs to be carefully eval-
uated for cytotoxicity.  

Exploring the exact role of VSPs and HCMPs during encystation 
It has been known for a while that antigen switching is performed during en-
cystation and excystation so it is not surprising to find that a few VSPs are 
changed after one round of the cell cycle. However, we found evidence that 
several VSPs, pVSPs and HCMPs might be more crucial during the process 
as they were DE only in encysting cells or cysts, but not in the excysted troph-
ozoites. This might be connected to the major rearrangements of the cell mem-
brane that take place during encystation. For some of the genes these changes 
were gradual while others displayed a sudden DE in cysts. It would be very 
informative to have a closer look at differences between these VSPs and others 
and to investigate whether a suppression or upregulation of their expression 
could influence encystation to further our understanding of this process. 

How do transcriptomics proceed during excystation? 
A big unanswered question is the exact proceedings of events during excysta-
tion on a molecular level. While there has been a study on gene expression 
before (Birkeland et al. 2010) a study using modern gene expression analysis 
has yet to be performed. This is in part due to the low quality of cysts obtained 
by current in vitro protocols which lead to only a small subpopulation of cells 
excysting properly (Boucher and Gillin 1990) resulting in huge amounts of 
cysts needed for any study of this process and in part due to the sheer tempo 
of this process. It would be very interesting to conduct these studies and 
thereby complete the exact map of proceedings throughout the life cycle. An 
improved protocol for excystation might also contribute to improving the 
number of cysts that properly excyst. Once these processes are fine-tuned and 
standardised, studies on drug efficiency during encystation can be taken to the 
next step and not only evaluate the cyst quality by staining and flow cytometry 
but also by comparing the number of viable excyzoites emerging from the 
produced cysts. 

Metronidazole resistance is manifests in multiple additional ways 
phenotypically which can be partly traced by transcriptomics and 
proteomics 
In Paper II we continued the analysis of two metronidazole resistant lines and 
a revertant and tried to extrapolate general patterns found in in vitro induce 
metronidazole resistant lines to find conserved resistance mechanisms. While 
evaluating phenotypic traits presented by several of the lines we managed to 
connect some of them like the attachment deficiency in M1 and M2 to changes 
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on the expression levels in mRNA and proteins. However, connections were 
less clear for aspects like reduced growth speed, infectivity or reduced encys-
tation efficiency. This is in part caused by our incomplete understanding of 
these processes themselves so additional research into metabolomics and bio-
chemistry of Giardia, the in vivo infection mechanisms and exact mechanisms 
of encystation would help here. Subsequently, one can reanalyse the data pro-
duced here and better understand which functions are DE and contributing to 
these phenotypes. A very important step is to properly map the giardial elec-
tron transport network as much is still unclear. Another study that could pro-
vide insights would be a transcriptomic analysis of the resistant lines in en-
cystation medium to compare their response to that of the wildtype. Further-
more, measurement of additional phenotypes like FAD levels and intracellular 
oxygen levels should be used in conjunction with omics to complete the pic-
ture. Another topic of great interest is in how far metronidazole uptake is 
changed in all resistant cell lines, which might be examined by comparing 
remaining metronidazole concentrations in the media at certain timepoints and 
has been shown for at least one metronidazole resistant line (Britz and 
Wilkinson 1979; Boreham, Phillips, and Shepherd 1988). To this end mim-
icking the expression changes seen in certain membrane proteins in resistant 
lines before comparing uptake rates would be very informative. 

Metronidazole is in giardial cells activated by diverse mechanisms and 
targets a wide range of macromolecules 
A conclusion that we can draw from our data is that there does not seem to be 
a simple and direct way to become resistant to metronidazole for G. intesti-
nalis which in turn points away from one target molecule and one activating 
pathway. This is in line with earlier research suggestion DNA and diverse 
proteins, mostly based on their abundancy rather than anything else, as targets 
(Bagchi et al. 2012; Uzlikova and Nohynkova 2014; Ordoñez-Quiroz et al. 
2018; Lauwaet et al. 2020). Numerous enzymes like PFOR, FDP and the ni-
troreductases have been suggested to activate metronidazole in Giardia 
(Townson, Upcroft, and Upcroft 1996; Müller and Müller 2019; Leitsch et al. 
2011). We found evidence of downregulation of electron flow or presence of 
these proteins in several instances, most notably for PFOR2 and GlNR1, and 
would hence suggest that metronidazole activation in Giardia is indeed mul-
timodal and resistance might depend on changing more than one screw. This 
is supported by the complex changes in expression patterns in the oxidoreduc-
tase system that while very divergent between different resistant cell lines 
seem to be a consistent target of changes when compared to susceptible lines. 

Next steps in understanding the connection of metronidazole activation 
and resistance in G. intestinalis 
 To further examine which changes are primary for resistance purposes and 
which ones might be rather compensatory or indeed random, the next step 
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would be to increase understanding of reduction patterns once metronidazole 
enters the cell. To this end, a good starting point would be to downregulate all 
the oxidoreductases that showed downregulation in at least some of the lines 
in a controlled manner, if possible within an inducible context. A permanent 
knockdown of oxidoreductases might proof detrimental to the cells as they are 
possibly central in energy production pathways as exemplified by the pull-
down of GlNR1 with glycolysis enzymes (Müller et al. 2015) and of course 
the known role of PFORs. Furthermore, it would be great to continue the char-
acterisation of oxidoreductases by localising all of them, examining interac-
tion networks between them and also overexpression studies, recombinant ex-
pression and biochemical analysis for those enzymes that remain uncharacter-
ised today. In this way their role could be more clearly defined, effects of DE 
on for example encystation understood better and their potential as major ac-
tivators of metronidazole and thereby major players in resistance development 
evaluated in a more consistent manner. 

Related to this we found no good evidence for targeted deactivation of met-
ronidazole prodrug or radicals as has been reported from other organisms 
(Ghotaslou et al. 2018). Further examination of oxidoreductases would likely 
also answer whether this mechanism of resistance could play a role at all. An-
other important datapoint in this context is a study on single cell level expres-
sion in resistant cell lines to see whether it is changed at all when compared 
to the wild type. 

Do changes seen in in vitro produced metronidazole resistant lines 
match the situation in vivo? 
The big elephant in the room when it comes to research into metronidazole 
resistance in Giardia is that we have very little data on resistant lines isolated 
from the clinic. This is in part due to the difficulties that lie in axenization of 
new lines of G. intestinalis (Tejman-Yarden et al. 2011). Data from these clin-
ically resistant lines is needed directly to verify or falsify what has been in-
vestigated so far.  

In case a clinically resistant line is axenised successfully, one should con-
sider which environment to cultivate the trophozoites of said lines in, as the 
conditions might change the susceptibility profile considerably. While the 
transcriptome does not seem to change dramatically over time it does change 
when cultivating trophozoites in different media (Ferella et al. 2014; 
Ankarklev et al. 2015). Most desirable would be to grow the trophozoites after 
isolation in either the gerbil model of giardiasis, in mice or in organoids to 
match conditions in the gut as closely as possible, enhancing the chances that 
the transcriptome and proteome should be similar to the situation in the intes-
tine as well. Additional data should include genomes and phenotypic data as 
explained above to round out the analysis. 
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Is it possible to find a marker to check for resistance in the clinic? 
Resistance evaluation for bacteria is often either done by screening for certain 
mutations or growth monitoring under the influence of antibiotics. Both ways 
are difficult to apply on screening for metronidazole resistance in Giardia as 
there is little evidence for genomic fixation of resistance and the in vitro 
growth of clinical isolates is often poor. However, seeing the recent rise in 
resistance levels I would argue there is reasonable hope that one could find 
some permanent change in cysts of clinically resistant strains that enables 
them to perpetuate resistance to the next host. Whether these changes are 
traceable in a quick way is another question. If for example epigenetics are 
found to be at work there is a good chance that finding a way to trace them is 
going to be too expensive and time intensive to be applicable in a clinical 
workflow, especially as giardiasis is seldom live threatening in the same way 
as for example sepsis. Research into identifying such a permanent and tracea-
ble marker could be nevertheless justified when looking on an outbreak basis 
to establish whether it is recommended to start treating with metronidazole in 
the first place or directly deploy another option.  

G. intestinalis, its thymidine kinase and AZT 
In Paper III we showed the dependence of Giardia on its thymidine kinase to 
supply thymidine for DNA, characterised the enzyme and the way that AZT 
can be used to abuse this dependency for killing trophozoites and encysting 
cells by halting DNA synthesis. The in vitro analysis of thymidine kinase can 
thereby be considered almost complete except for a structural characterisation 
of this enzyme and research into AZT resistant Giardia lines to show in which 
way they can become resistant and understand whether there is reason to be-
lieve this will quickly become a problem in the clinic. 

More interesting is the evaluation whether this approach is promising in 
finding a new treatment option against giardiasis. This in turn depends on the 
follow up of this work by clinical trials to show the efficiency of AZT in the 
clinic. Concerning safety data, one should be able to fast track these trials by 
using the rich body of safety data available from the long years of use of AZT 
in antiretroviral therapy. One aspect that also warrants further evaluation is 
the influence AZT has on the intestinal microflora. It also might be interesting 
to screen giardial lines encountered in the clinic for AZT resistance especially 
in areas where it is used heavily in HIV treatment and giardiasis is commonly 
seen. 
Aside from this it would be interesting to evaluate whether the other nucleo-
side kinase in Giardia is similarly important for its survival and whether there 
are any interesting drug candidates already used for other purposes targeting 
this enzyme. 
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In conclusion this thesis has made a contribution to the understanding of the 
life cycle of Giardia, metronidazole resistance and its implications on various 
cellular aspects and new treatment options in this fascinating unicellular eu-
karyote. I hope the datasets, methods and insights generated can be of help to 
anybody studying either of these aspects in the future. 
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Popular science summary 

Giardia intestinalis (synonyms: G. duodenalis and G. lamblia) is a unicellular 
parasite colonizing the upper intestine of humans and other mammals. It 
causes about 190 million symptomatic cases of the disease giardiasis which is 
connected to severe diarrhoea as well as malabsorption and weight loss, but 
long term sequalae like allergies, chronic fatigue and irritable bowel syndrome 
are known as well. Furthermore, this disease is contributing to stunting and 
developmental retardation in children in resource poor settings. The parasite 
is transmitted in the infective cyst form which is formed in a complex and 
highly regulated process called encystation. If this process is disturbed, trans-
mission rates are reduced, as the vegetative cell form, the trophozoite, cannot 
survive outside the intestine. In the first article of this work (Paper I) we ex-
panded the knowledge about the precise regulation of encystation on a gene 
expression level. We hope to increase understanding of this important process 
and allow research into disruption of encystation and thereby transmission.  

There is no vaccine available to prevent giardiasis. This leaves post infec-
tive chemotherapy with antimicrobial molecules as the only treatment option.  

Modern medicine is impossible without antimicrobials. We depend on 
them not only to directly treat microbial infections especially in patients with 
a weakened immune system but also to enable the high standard of neonatal 
and cancer care that we can provide today as well as for post-surgery care. All 
the more scary is the rise in antimicrobial resistance over the last decades with 
infections untreatable by any antibiotic currently available for in patient use 
becoming more and more common. 

Due to the connection of the disease to resource poor settings this chemo-
therapy should preferably be cheap. The main antibiotic used to treat giardia-
sis is metronidazole and fulfils this criteria. This antibiotic is a prodrug which 
becomes reduced to form a radical once inside the giardial cell. In the presence 
of oxygen this radical is rapidly returned to the prodrug, thereby preventing 
our own cells from harm. In anaerobic environments, like within the intestine 
and the giardial cell, the radical instead causes damage on DNA and proteins, 
killing the cell in the process. Recently metronidazole resistance levels have 
been rising in G. intestinalis, which led to increased efforts to find and use 
alternatives. However, the two main alternatives in giardiasis treatment are 
albendazole and nitazoxanide, which have a similar mode of action and cross-
resistance has been observed. Cross resistance describes the phenomenon that 
a cell which is resistance to one antimicrobial also shows resistance to other 
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antimicrobials with the same target. To improve our understanding of the 
background of resistance towards metronidazole we conducted a study (Paper 
II) on two metronidazole resistant lines as well as one that had reverted to 
sensitive, so we could follow which patterns were important in resistance. We 
also compared our data to results from other laboratories to enable abstraction 
to more general mechanisms. Three mechanisms of metronidazole resistance 
were conserved: First, membrane changes could be detected, likely reducing 
cellular uptake of the drug; second, activation rates of the prodrug to the dam-
aging radical were found to be reduced in several ways and third, there is ev-
idence for upregulation of oxygen stress mechanisms, which could either 
mean elevated cellular oxygen levels resulting in deactivation of the radical in 
a similar manner to the process in our cells or a stress response on the damage 
caused by the radical. On a phenotypical level we furthermore found the re-
sistant parasites to be growing slower and not encysting properly, which might 
explain why transmittable resistance towards metronidazole in G. intestinalis 
took several decades to develop. 

In the third study within this work (Paper III), we focused on finding an 
alternative drug with a different mode of action. We noticed that G. intestinalis 
is fully dependent on uptake of nucleosides, which are the building blocks of 
RNA and DNA, to be able to grow and proliferate. This dependency is caused 
by the absence of several enzymes when compared to other eukaryotes, us 
humans included. As a result, the parasite is highly susceptible to nucleotide 
analogues, a class of drugs used for example in treatment of viral infections 
and cancer. These nucleotide analogues get build into the DNA instead of the 
nucleotide and cause a stop of amplification and thereby prevents further 
growth of the infecting cells and population. We showed that one analogue, 
azidothymidine, efficiently kills the cells both in the laboratory but also in a 
gerbil model of giardiasis and hinders transmission to the next host. We be-
lieve therefore that azidothymidine is an interesting candidate to become and 
antimicrobial used in giardiasis. 

In summary G. intestinalis is an intestinal parasite which of now is only 
treatable by chemotherapy. Resistance against the main drug, metronidazole, 
is becoming a problem. We continued characterising resistance patterns while 
also providing leads for alternative drugs and improving our understanding of 
fundamental aspects of this parasite’s cell biology. All together we hope our 
work will enable us to find a good and cheap way forward in giardiasis treat-
ment. 
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Sammanfattning på Svenska 

Giardia intestinalis (synonym: G. duodenalis och G. lamblia) är en encellig 
parasit som lever i anaeroba miljöer i tunntarmen hos människor och andra 
däggdjur. Omkring 190 miljoner patienter utvecklar sjukdomen giardiasis i 
samband med en infektion av den här parasiten varje år. Kännetecken för sjuk-
domen är bland annat långvarig och svår diarré, dålig absorption av närings-
ämnen i tarmen, vikttapp och utpräglad trötthet, som även kan bli kronisk. 
Andra symptom som kan hålla i sig är allergier och en irritabel tarm (Irritable 
bowel syndrome; IBS). Speciellt i låginkomstländer bidrar den här sjukdomen 
dessutom till lägre tillväxt och försenad kognitiv utveckling hos barn. Infekt-
ionen sker via den infektiösa formen av parasiten, cystan. Själva cystan utfor-
mas i en välreglerad och komplex process som kallas för encystering. Om en-
cysteringen störs på något sätt, bildas ofullständiga, icke infektiösa cystor. 
Överföringen till nästa person reduceras eftersom bara den fullständiga cystan 
kan överleva utanför tarmen mellan trofozoiten, den växande cellformen av 
parasiten, inte kan göra det. I första artikeln (Paper I) som ingår i denna av-
handling har vi studerat encysteringen med hjälp av RNA sekvensering. På 
detta sätt kunde vi bidra till ett utökat förståelse av encysteringsprocessen på 
molekylär nivå vilket i sin tur kan bidra till utveckling av nya läkemedel som 
påverkar encysteringen och därmed specifikt stoppar överföringen till nästa 
värd.  

Det finns inget vaccin mot G. intestinalis som skulle kunnas ge i förebyg-
gande syfte, och enda behandlingsmetoden som vi i nuläget har är kemoterapi. 
De antimikrobiella molekylerna används efter att sjukdomen har diagnostice-
rats och då sjukdomen är vanligast i låginkomstländer är det viktigt att läke-
medlen är jämförelsevis billiga.  

Den moderna medicinen är totalt beroende på tillgång av fungerande anti-
mikrobiella läkemedel. Både inom infektionsvården, inom vården av nyfödda 
barn och vård av patienter med nedsatt immunförsvar, men även efter de flesta 
operativa ingrepp, behövs fungerande antimikrobiella läkemedel. Antimikro-
biell resistensutveckling är därför bland de främsta problemen inom medici-
nen i våran tid, och redan idag finns det patogener som inte går att behandla 
med något av de läkemedel vi använder, särskilt vid sjukhus och andra områ-
den där det används många olika läkemedel. Andelen av dessa patogener 
växer för varje år. 

Det läkemedlet som används främst för att behandla giardiasis är met-
ronidazol. Metronidazol är en prodrug som först måste aktiveras innan den 
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kan verka. Detta sker igenom reducering till en radikal när molekylen har ta-
gits upp i cellen. Processen är katalyserad av ett fåtal oxidoreduktaser. Om det 
finns syre så oxideras radikalen direkt tillbaka till den ursprungliga formen 
och det är på detta sätt våra celler inte skadas av metronidazol. I den anaeroba 
giardiacellen däremot skadar radikalen makromolekyler såsom DNA:t och 
proteiner vilket leder så småningom till celldöden. Trots att metronidazol an-
vänds sedan 60-talet mot giardiasis har metronidazolresistens inte varit ett 
stort problem fram till för cirka 20 år sen. Nu pågår det mycket forskning för 
att hitta alternativ, i synnerlighet då de alternativen som finns idag antingen är 
metronidazolderivat eller, såsom albendazol och nitazoxanid, har ett liknande 
sätt att skada cellerna vilket leder till korsresistens. Korsresistens är ett feno-
men då celler som blir resistenta mot en substans samtidigt blir resistenta mot 
en annan molekyl som har ett liknande eller identiskt cellulärt mål. I artikel 2 
(Paper II) studerade vi två parasit cellinjer som är resistenta mot metronidazol 
och en parasitcellinje som har varit det, som är alltså en revertant, för att utöka 
det som vi kan om metronidazolresistensmekanismer i G. intestinalis. Vi jäm-
förde dessa parasitcellinjer på fenotypisk, genexpressions- och proteinex-
pressionnivå och använde oss även av liknande resultat som var framtagna i 
andra laboratorier från andra metronidazolresistenta parasitcellinjer för att ve-
rifiera våran data. Tre förändringar var vanliga och ofta kombinerade: För det 
första var membranen ofta förändrade vilket kan leda till minskat upptagning 
av läkemedlet, för det andra såg vi en minskad aktivering av metronidazol och 
den sista vanliga förändringen vi såg var en uppreglering av de cellulära för-
svarsmekanismerna mot oxidativ stress. Denna uppregleringen kan i sin tur 
tyda på två saker; antingen så är den intracellulära syrenivån höjd vilket leder 
till inaktivering av metronidazolradikalen eller så är det ett svar på den ox-
idativa stressen orsakat av själva radikalen. Vi såg även att de resistenta cel-
lerna var betydligt sämre på att växa och att encystera. Båda förändringar kan 
ha bidragit till den långsamma resistensutvecklingen mot metronidazol i G. 
intestinalis.  

Tredje artikeln (Paper III) handlar om ett potentiellt alternativ till met-
ronidazol. Tidigare studier hade visat att parasiten är fullständig beroende på 
nukleosidimport till cellen. Nukleosider behövs för att kunna ta fram ny DNA 
och RNA och till skillnad från andra eukaryoter kan G. intestinalis inte bygga 
om nukleosider de emellan utan behöver alltid importera färdiga molekyl istäl-
let. Därför har nukleosidanaloger, vilka är en grupp av läkemedel som idag 
används för behandling av cancer och virussjukdomar (t.ex. HIV), en stor pot-
ential för att hitta en ny molekyl som kan användas inom giardiasisbehandling. 
Nukleosidanaloger liknar de nukleosider som finns inom DNA och blir därför 
använd istället när DNA:t amplifieras. Detta leder till ett stop av amplifie-
ringen och därmed populationstillväxten. I längden kommer även de cellerna 
som inte växer skadas och behöver reparera sin arvsmassa, som inte går att 
genomföra på ett korrekt sätt med nukleosidanalogerna. Vi kunde visa att en 
analog till tymidin, azidotymidin (AZT; Zidovudine), som idag används inom 
vård mot HIV, dödar både trofozoiter i laboratoriet men även i en djurmodell 
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i den mongoliska ökenråttan (Meriones unguiculatus) och kan även förhindra 
överföring till nästa värd effektivt. Då AZT redan används har det genomgått 
alla nödvändiga säkerhetsstudier och även produktions- och distributionsked-
jorna är redan på plats, vilket säkerställer både ett lägre pris och lätt tillgång. 
Azidotymidin kan alltså anses som ett nytt möjligt läkemedel mot giardiasis. 

Sammanfattningsvis har vi undersökt G. intestinalis, som är en tarmparasit 
som idag bara kan behandlas med kemoterapi. Läkemedlet som används 
främst, metronidazol, var effektiv under en lång period, även om man kunde 
framkalla resistenta linjer utan problem, men nu börjar resistensnivåerna stiga 
även i patienterna. Vi karakteriserade å ena sidan hur resistensen sker på den 
molekylära nivån och undersökte å andra sidan ett alternativt läkemedel och 
dess mål. Vidare fördjupade vi våran kunskap av den fundamentala cellbiolo-
gin av denna parasit.  Vi hoppas på att våran forskning kan bidra till att förstå 
resistensutvecklingen mot radikalbaserade läkemedel i Giardia och andra in-
fektionssjukdomar och att hitta nya, billiga och bra behandlingsalternativ mot 
giardiasis. 
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Deutsche Zusammenfassung 

Giardia intestinalis (Synonyme sind G. duodenalis und G. lamblia) ist ein 
einzelliger Parasit des oberen Dünndarmes der Menschen und andere Säuge-
tiere befällt. Jedes Jahr verursacht dieses Pathogen über 170 Millionen symp-
tomatische Fälle der zugehörigen Krankheit Giardiasis, auch bekannt als 
Lamblienruhr. Giardiasis in der akuten Phase zeichnet sich durch schwere und 
langanhaltende Durchfälle, Mangelernährung und Gewichtsverlust aus. Lang-
zeitsymptome beinhalten die Entwicklung von Nahrungsmittelallergien, chro-
nischer Müdigkeit und Reizdarmsyndrom. Insbesondere in Entwicklungslän-
dern trägt G. intestinalis zu verringertem Wachstum und verzögerter geistli-
cher Entwicklung von mangelernährten Kindern bei. Die Übertragung erfolgt 
durch das infektiöse Lebensstadium des Parasiten, die Cyste. Die Cyste wird 
in einem hochkoordinierten und regulierten Prozess, der Encystierung, gebil-
det. Jegliche Störung dieses Prozesses führt zu einer Bildung von unfertigen 
oder weniger infektiösen Cysten was dann wiederum eine Verringerung der 
Übertragungsraten zur Folge hat, da ausschließlich vollständig gereifte Cysten 
außerhalb des Körpers überleben können. In dem ersten Artikel dieser Arbeit 
(Paper I) haben wir deshalb die Genexpressionsveränderungen während der 
Encystierung untersucht, um besser verstehen zu können, wie Encystierung 
auf der molekularen Ebene vonstatten geht. Dieses neue Wissen kann dann 
angewandt werden, um die Encystierung und damit die Übertragung gezielt 
zu unterbrechen. 

Es gibt derzeit keine Impfung, die vor einer Infektion durch G. intestinalis 
schützt. Die einzige Behandlungsmethode ist folglich antimikrobielle Chemo-
therapie, welche nach erfolgter Diagnose begonnen wird. Da wie eingangs be-
schrieben Entwicklungsländer in besonderem Maße betroffen sind, dürfen 
Medikamente gegen Giardiasis nicht zu teuer sein.  

Die moderne Medizin wie wir sie kennen ist ohne antimikrobielle Medika-
mente undenkbar. Nicht nur in der Behandlung diverser Infektionen, insbe-
sondere in Patienten mit geschwächtem Immunsystem, sondern auch in der 
Krebsmedizin, auf Neugeborenenstationen und in der Nachsorge nach Opera-
tionen sind Antiinfektiva unersetzlich. Deswegen ist die Entwicklung von Re-
sistenzen gegen diese Medikamente eines der dringendsten Probleme, welche 
in der Medizin aktuell existieren. Schon heute gibt es mehr und mehr Erreger, 
die gegen jegliches zugelassene Antiinfektivum resistent und damit de facto 
unbehandelbar sind.  
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Metronidazol ist seit vielen Jahren das Medikament der Wahl zur Behand-
lung von Giardiasis. Es kommt als Prodrug in die Zelle und wird dann von 
bestimmten Oxidoreduktasen reduziert und damit aktiviert. Wenn Sauerstoff 
vorhanden ist, wird das entstehende Radikal direkt reoxidiert und damit inak-
tiviert. Auf diese Weise ist Metronidazol nur unter anaeroben Bedingungen 
aktiv, wie sie zum Beispiel im Darm und in Giardiazellen herrschen. Einmal 
aktiviert schädigt das Radikal unterschiedliche Makromoleküle wie das Erb-
gut (DNA) und Proteine. Diese Schäden führen in ihrer Gesamtheit nach eini-
gen Tagen zum Absterben der Zelle. Metronidazol wurde in den 1960er Jah-
ren als Therapieoption gegen G. intestinalis eingeführt und Metronidazolre-
sistenz waren bis vor ungefähr 20 Jahren ein vergleichsweise kleines Problem. 
Seit einigen Jahren werden jedoch Resistenzen in bis zu 40% der Fälle festge-
stellt und die Suche nach alternativen Antiinfektiva ist in vollem Gange. Ein 
besonderes Problem besteht darin, dass die beiden Medikamente, welche häu-
fig als Alternative vorgehalten werden, Albendazol und Nitazoxanid, einen 
ähnlichen Wirkmechanismus wie Metronidazol aufweisen, weswegen Kreuz-
resistenzen auftreten können. Kreuzresistenz beschreibt das Phänomen, dass 
eine Zellline, die gegen ein Medikament resistent geworden ist, gleichzeitig 
eine Resistenz gegen ein anderes Medikament mit ähnlichem Wirkprofil er-
worben hat. Um unser Verständnis der der Metronidazolresistenz zugrundlie-
genden Mechanismen in G. intestinalis zu verbessern, haben wir in der zwei-
ten Studie dieser Arbeit (Paper II) zwei metronidazolresistente Zelllinien und 
eine Zellline, die diese Resistenz wieder verloren hat, miteinander verglichen 
indem wir Genexpression, Proteinexpression und Phänotypveränderungen un-
tersucht haben. Als externe Kontrolle haben wir auch Daten andere Laborato-
rien über andere Giardiazelllinien mit Metronidazolresistenz in unsere Ana-
lyse mit einfließen lassen. Wir konnten drei allgemeine Resistenzmechanis-
men erkennen: Auf der einen Seite scheint die Membranstruktur verändert zu 
sein, wodurch die Aufnahme des Medikamentes verlangsamt werden kann, 
auf der anderen Seite konnten wir eine Verringerung der Aktivierungsraten 
von Metronidazol nachweisen. Schließlich sind die zellulären Schutzsysteme 
gegen oxidativen Stress in höherem Maße exprimiert. Eine solche höhere Ex-
pression kann entweder darauf beruhen, dass der intrazellulären Sauerstoff-
gehalt erhöht ist, welches zu einer Inaktivierung des Metronidazolradikals 
führen würde, oder als direkte Antwort auf die von diesem Radikal verursach-
ten Schäden erfolgen. Weiterhin konnten wir ein deutlich langsameres Wachs-
tum und eine Verschlechterung der Encystierungseffizienz feststellen. Beides 
könnte zu der ungewöhnlich langsamen Resistenzentwicklung beigetragen ha-
ben. 

In der dritten Studie (Paper III) haben wir schließlich an einer Alternative 
zu Metronidazol geforscht. Aufgrund früherer Untersuchungen ist bekannt, 
dass G. intestinalis vollständig von Nukleosidimport abhängig ist. Nukleoside 
sind ein wichtiger Baustein der DNA und im Gegensatz zu anderen Eukaryo-
ten hat G. intestinalis die Fähigkeit verloren ein Nukleosid in ein anderes um-
zubauen und muss die bereits fertigen Moleküle importieren. 
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Nukleosidanaloge bieten sich deswegen als ideale Startpunkte für ein neues 
antigiardiales Medikament an. Nukleosidanaloge werden in vielen Fällen be-
reits als Medikamente gegen virale (HIV) und Krebserkrankungen genutzt, 
woraus resultiert, dass wir einen großen Fundus an Nukleosidanalogen mit 
vollständigen Sicherheitsstudien und etablierten Produktionsketten zur Verfü-
gung haben. Ihr Wirkpinzip beruht auf ihrer Ähnlichkeit zu den natürlichen 
Nukleosiden – sie werden anstatt dieser in die DNA eingebaut und führen zu 
einem Stopp der Replikation oder Doppelstrangbrüchen der DNA. In allen 
Zellen kommt es außerdem laufend zu Schädigungen der DNA, die anschlie-
ßend repariert werden müssen. Wenn genügend Schäden in der DNA ange-
sammelt wurden führen beide Effekte zusammen zu einer Wachstumsunter-
brechung und schließlich zum Zelltod, Wir konnten zeigen, dass Azidothymi-
dine (AZT; Zidovudine), ein kostengünstiges Nukleosidanalog aus der HIV-
Behandlung, ein effektives Medikament gegen G. intestinalis sowohl im Re-
agenzglas als auch in einem Tiermodell in der mongolischen Rennratte (Me-
riones unguiculatus) ist. Weiterhin konnten wir zeigen, dass der Anteil an in-
fektiösen Cysten reduziert und damit die Übertragung zum nächsten Wirt er-
heblich gestört wird, wenn mit AZT behandelt wird. AZT ist also ein guter 
Kandidat für ein neuartiges antigiardiales Medikament mit einem von Metro-
nidazol unabhängigen Wirkmechanismus. 

Wir haben uns in dieser Arbeit mit dem Darmparasiten G. intestinalis be-
schäftigt, für den uns zurzeit als einzige Vorsorge- und Behandlungsmöglich-
keit Chemotherapie zur Verfügung steht. Das wichtigste Medikament ist Met-
ronidazol. Mehrere Jahrzehnte lang wurde kaum eine Resistenzentwicklung 
beobachtet, obwohl Resistenz im Labor erzeugt werden konnte. In den letzten 
zwanzig Jahren hat die Resistenzentwicklung allerdings an Fahrt aufgenom-
men, sodass inzwischen bis zu 40% der klinischen Isolate metronidazolresis-
tent sind. Wir haben einerseits näher charakterisiert auf welchen molekularen 
Mechanismen diese Resistenz beruht und andererseits auch eine Alternative 
in der Giardiabehandlung aufgezeigt. Weiterhin haben wir unser Verständnis 
der zellbiologischen Vorgänge in diesem Parasiten vertieft und hoffen, dass 
wir insgesamt dazu beitragen konnten, die aktuelle Abhängigkeit von einer 
Gruppe von Medikamenten mit sehr ähnlichen Wirkmechanismen in der Gi-
ardiabehandlung, sowie einen Ausweg aus dieser Abhängigkeit, aufzuzeigen. 
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