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Abstract 

Giardia intestinalis is a two-staged flagellated protozoan parasite which infects the lumen of 

the small intestine causing the gastrointestinal disease called giardiasis. This disease infects 

millions of people per year, commonly caused by inadequate water treatment and proximity to 

livestock. The main line of treatment against this disease has been metronidazole, a member 

of the nitroimidazole family of prodrugs, which when activated cause non-specific damage to 

the proteins and genetic material within anaerobic cells. Until recently, G. intestinalis has 

shown little resistance to metronidazole, but as resistance climbs it has become clear that 

genetic regulation is key. This study attempts to investigate a select number of key genes 

through the use of modified transfected plasmids for overexpression and with knockdown 

using morpholino oligos. Wild type (WB) G. intestinalis cells, transfected with plasmids 

modified to both overexpress specific genes and incorporate the human influenza 

hemagglutinin tag (HA-tag) were seen to change in survival rate when exposed to 

metronidazole. Localization of a select group of these genes was also found using the HA-tag. 

Two of these genes (quinone oxidoreductase and nitroreductase 1) had protein folding 

simulations run in order to be visualizee and compare their structures to closely matching 

equivalents. Finally, morpholino oligo nucleotides were used to knockdown expression in 

these two genes, leading to a significant decrease in survival for those targeted against 

quinone oxidoreductase when exposed to metronidazole. 
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List of abbreviations 

AmpR – Ampicillin Resistance 

DMSO - Dimethyl Sulfoxide  

EtOH- Ethanol  

FAD – Flavin adenine Dinucleotide 

FeS – Iron-sulfur 

FMN – Flavin Mononucleotide 

HA-tag – Human influenza hemagglutinin tag 

Mtz – Metronidazole 

McAb – Monoclonal Antibody 

NADP/NADPH – Nicotinamide Adenine Dinucleotide Phosphate 

NR – Nitroreductase 

PCR - Polymerase Chain Reaction 

PDB – Protein Data Bank 

RNase - Ribonuclease 

VSP - Variable Surface Protein 

3HA-tag - Triple repeat of the Human influenza hemagglutinin tag 
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1. Introduction 

1.1 Giardia 

Giardia spp. are a group of flagellated protozoan parasites which colonize and inhabit the 

small intestines of various vertebrate species, causing the disease giardiasis. Currently the 

genus of Giardia is split into about 40 individual species (Meyer & Radulescu 1979). Out of 

these 40 species, Giardia intestinalis (also known as G. duodenalis and G. lamblia) is known 

to infect mammals, and is further broken down into eight assemblages with A and B known to 

infect humans (Heyworth 2016). These assemblages exhibit high diversity; indeed if another 

species were under discussion, each assemblage could be classified similar to individual 

species (Heyworth 2016). Since this thesis consists of research around G. intestinalis, the 

terms Giardia and G. intestinalis will be used interchangeably from this point onwards. 

1.1.2 Giardia life cycle 

G. intestinalis have a two-stage life cycle, a resistant, infectious cyst phase, and a 

proliferating, pathogenic, and mobile trophozoite phase. When in the cyst phase, Giardia can 

survive aquatically in excess of 12 weeks in winter conditions (deRegnier et al. 1989). This 

makes the Giardia cysts quite dangerous as even months old, contaminated water can 

continue to infect populations. When ingested, the cysts are activated into excystation first by 

the presence of stomach acid and later the bile and trypsin in the duodenum (Ankarklev et al. 

2010). Emerging from the cyst, the trophozoite stage of Giardia has a number of adaptations 

for life within the gut, including four pairs of flagella for effective movement and a 

cytoskeletal derived suction cup, termed the ventral disc, which is used to adhere to the lumen 

wall (Dawson 2010). The combination of these two features allows the trophozoite to freely 

move throughout the lumen, as the ventral disk gives the necessary adhesion to resist the 

movement within the gut, while the flagella provide the movement. G. intestinalis also has a 

number of interesting morphological characteristics. Among which, a duplicated genome (4N 

during trophozoite, 8N while replicating, and 16N during the cyst phase), VSPs (Variable 

Surface Proteins) which are regulated by the trophozoite to evade host immunity, and 

mitosomes (a reduced form of the mitochondria which lacks mitochondrial DNA -- retaining 

only the FeS-cluster assembly, and has been heavily adapted for the anaerobic environment to 

which G. intestinalis prefers) (Ankarklev et al. 2010). 

https://www.zotero.org/google-docs/?KSt9W1
https://www.zotero.org/google-docs/?6GL7NC
https://www.zotero.org/google-docs/?zKIkL4
https://www.zotero.org/google-docs/?zKIkL4
https://www.zotero.org/google-docs/?zKIkL4
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1.2 Giardiasis  

Giardiasis is the disease caused by the trophozoite form of G. intestinalis. Before examining 

the disease, it behooves us to look upon its distribution. Globally there are at least 280 million 

giardiasis cases reported per year (Escobedo et al. 2014). The distribution of this disease 

remains surprisingly high in human populations, reaching approximately 50% in rural India 

and 67% in rural Australia (Laishram et al. 2012, Asher et al. 2014). Indeed, surprisingly high 

distributions are observed in more metropolitan areas, including 10% of tested water samples 

in Romania and Russia (Karanis et al. 2006). These distributions do not even consider the 

levels to which G. intestinalis infect other mammalian life, with the largest contributing 

factors to higher rates generally being the proximity of livestock to water sources and the 

effectiveness of water treatment (Odoi et al. 2004). 

1.2.2 Giardiasis infection 

In humans, faecally contaminated food or water containing just 10-100 cysts can result in 

infection, thus explaining the wide distribution and persistence of giardiasis in communities 

(Einarsson et al. 2016). Post ingestion there is an incubation period of 7-14 days before 

symptoms occur, with symptoms normally manifesting as nausea, abdominal cramps, 

bloating, vomiting, and explosive diarrhea, generally continuing for a week in normal cases 

but has been seen in persistence cases to last upwards of several months (Watkins & Eckmann 

2014). Symptoms occur after the trophozoite emerges from the cyst and attaches to the lumen 

via the ventral disk. Once attached, the trophozoite then expresses a large number of proteins 

in order to feed off of the host lumen, causing water loss through the increased permeability 

of the membrane, resulting in potentially bloody diarrhea (Buret 2008). Further effects 

include a shortening of the epithelia microvilli, loss of proper transportation, and a loss of 

functionality due to the sheer number of trophozoites crowding the lumen layer, resulting in 

weight loss due to improper functioning of the digestive system (Buret 2008). After 

replicating, some of trophozoites will then detach from the lumen, encyst, and pass through 

the remainder of the GI tract entering the environment in their resistant, infectious cyst form 

in highly contagious fecal matter (Einarsson et al. 2016). The underdeveloped sewer systems 

of developing nations and even highly developed ones hit by natural or manmade disasters 

can see significant spikes in cases in very short times (Weniger et al. 1983). Certain cases, 

such as the 2004 Bergen outbreak show that even well developed water treatment systems are 
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not immune, with 1,300 confirmed cases and almost 48,000 people being exposed in a matter 

of weeks (Nygård et al. 2006). 

1.2.3 Long term effects of Giardiasis   

Most patients will recover from a case of giardiasis with modern medical intervention. While 

the disease can present severe symptoms, deaths are uncommon, given access to modern 

medical treatment (Einarsson et al. 2016). But even minor symptomatic cases can result in 

long term adverse effects, with irritable bowel disease being common (Fink & Singer 2017). 

While the weight loss and physical pain should not be ignored in both short and long-term 

cases, cases in children are typically more drastic than adults, as weight lost due to diarrheal 

diseases has a knock-on effect in terms of development (Al-Mekhlafi et al. 2013). Weight loss 

during the first few critical years slows development permanently, and some of the sick 

children never regain lost developmental ground. The weakening of their physical bodies and 

immune systems from chromic cases during development also puts them at higher risk from 

secondary infections (Al-Mekhlafi et al. 2005). 

1.3 Metronidazole  

Metronidazole (Mtz) is a member of the nitroimidazole drug class. It is a widely prescribed 

antimicrobial drug with strong effects on both bacterial and parasitic organisms and is 

classified as an important drug on the WHO’s list of Essential Medicines (WHO 2021). 

Metronidazole has been prescribed for the last 60 years and until recently, resistance has been 

rare. As metronidazole resistant Giardia strains developed due to the widespread prescription 

of this drug, research is crucial as there are few alternative drugs as effective (Dingsdag & 

Hunter 2018). Metronidazole is a prodrug, meaning the drug only becomes activated once it 

has both entered the cell and been modified. Transportation of the prodrug is still not fully 

understood, with both passive and active transportation being seen (Narikawa 1986, Dingsdag 

& Hunter 2018). Drug activation is brought about after the metronidazole enters the cell when 

the nitro-group is reduced by certain proteins present in the cell, turning the nitro group into 

highly toxic nitroso radicals which non-specifically attack the internal contents of the cell, 

including other proteins and DNA (Mital 2009). The proteins which can activate 

metronidazole include the ferredoxin-linked electron transport chain, nitroreductases, 

oxidoreductases and hydrogenase enzymes that, as stated, reduce the nitro-groups, causing the 

widespread damage (Freeman et al. 1997). Oxygen is known to neutralize the radical nitro-

groups, acting as an electron sink. When oxygen is present in concentrations high enough, a 
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system called futile cycling beings. The process of futile cycling being that of activated 

metronidazole reoxidising into the prodrug form due to the presence of oxygen, temporarily 

neutralizing the drug (Freeman et al. 1997, Dingsdag & Hunter 2018). 

 

1.3.2 Resistance to metronidazole 

Resistance to metronidazole, like so many fields relevant to Giardia research, is not fully 

understood. In other species, a number of resistance pathways have been identified, including 

pumping, selective transport, and neutralization of the drug (Lacey et al. 1993).  For Giardia, 

the main mode of resistance appears to be down regulation of the key genes that activate 

metronidazole. Thioredoxin reductase, pyruvate ferredoxin oxidoreductase, and nitro-

reductase are some of the major players in metronidazole activation and have been shown to 

be reduced in expression levels in some of the resistant lines (Upcroft & Upcroft 1993, 

Leitsch et al. 2016, Müller & Müller 2019). Down regulation of oxidoreductases has been 

shown in resistant lines, limiting the damage that metronidazole has on the cell (Ansell et al. 

2015). 

1.4 Overview of key genes 

As previously stated, nitroreductase are key in metronidazole resistance. In addition to the two 

well-known and key nitro-reductases present in G. intestinalis (NR1 -GL50803_22677 and 

NR2 - GL50803_6175), a third nitroreductase, NR3 - GL50803_15307 has been recently 

described. (Müller & Müller 2019). When studied independently, NR1 and NR3 appear to 

make G. intestinalis more susceptible to damage from metronidazole, by activating the 

metronidazole prodrug, whereas NR2 appears to impart resistance by elimination of toxic 

intermediates during activation (Müller et al. 2015, Müller et al. 2019, Müller & Müller 

2019). The combination of these nitroreductases forms a multienzyme complex with a wide 

scale of positive effects while having an unclear effect on overall resistance (Müller et al. 

2015, Müller et al. 2019). Due to the complex interactions, NR1 and NR2 are some of the key 

genes for this research project. The final nitroreductase was GL50803_8377, a largely 

uncharacterized protein (Krakovka et al. 2022).  G. intestinalis has several quinone 

reductases, including quinone reductases GL50803_17150 and GL50803_17151, diaphorase 

(GL50803_15004), and FAD/FMN dependent oxidoreductase (GL50803_9719), all of which 

help to mediate oxidative stress by reducing quinones and other molecules with NADP and 

NADPH (Sánchez et al. 2001, Ansell et al. 2017, Müller et al. 2021). The final major protein 
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studied in this giardial metronidazole resistance research was flavodiironprotein 

(GL50803_10358). Flavodiironprotein appears to be an alleviator of oxidative stress 

potentially by providing electrons for the process of oxygen scavenging (Di Matteo et al. 

2008).  

1.5 Morpholino oligomer 

Morpholino oligomers are a non-invasive tool used to modify gene expression. Instead of 

relying on excision or the destruction of genetic material, morpholinos sterically bind with 

either DNA or RNA thereby blocking proper gene expression (Summerton 1999). 

Morpholinos work by having a methylene morpholine back bone linked by 

phosphonodiamidite groups attached to standard DNA bases (Summerton & Weller 1997). 

This combination allows for normal binding to DNA or RNA but stops further protein 

interactions leading to a blocking of translation, transcription, and/or mistakes in splicing. 

Morpholinos have been used in Giardia research before, with knockdown efficiencies ranging 

between 60 and 80% (Carpenter & Cande 2009, Krtková & Paredez 2017). The use of 

morpholinos to knockdown/knockout metronidazole resistance genes in G. intestinalis does 

not appear to have been studied heretofore and provides an opportunity to develop a novel 

approach. 

1.6 Aim of the study 

The aim of the study was to look at the effect of specific individual genes on overall 

metronidazole resistance. The combination of results from overexpression experiments and 

knockdown/knockout experiments gives both a positive and negative indication of how these 

select genes may affect resistance. As some of these genes impart resistance, while others 

hinder it, and in combination allows for whole spectrum interactions to be observed and 

quantified for the selected genes. A continuation of these studies may result in better 

treatment for resistant giardiasis cases, as finding specific targets results in specific 

treatments. 
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2 Materials and Methods 

2.1 Protein Overexpression 

2.1.2 Designing of vector 

For protein overexpression, nine genes of interest were selected from Sascha Karkovka’s 

research, genes that see different levels of expression in G. intestinalis strains which are 

resistant to metronidazole (Krakovka et al. 2022). These genes and their net expression in 

resistant G. intestinalis can be seen in Table 1. The vector in use for this experiment was the 

PPAC-C 3HA MCS plasmid grown in E. coli Figure 1. Restriction sites within the 3HA MCS 

plasmid were picked after searching Giardia DB to exclude repeating restriction sites within 

the G. intestinalis genome and can be seen in Table 1. The gene specific primers were then 

designed to start roughly 200 base pairs before the start codon, to ensure proper transcription 

Table 1: Table of genes selected for overexpression, including names, gene length, selected restriction sites, and the specific 

gene’s net expression in metronidazole resistant lines. 



9 
 

by inclusion of the native promoter.  The primers were also designed with deactivated stop 

codons, thereby allowing in frame translation of the 3’, 3HA-tag to allow for localization via 

the immunofluorescence assay. These primer sequences were then sent off to Eurofins 

Genomics for production. Amplification of the genes was achieved by PCR amplification 

using Thermo Scientific Phusion High-fidelity DNA Polymerase Kit (See manufacture 

protocol. Thermo Scientific Cat. F530S) after whole genome extraction of WB G. intestinalis 

by Circulomics Nanobind CBB Big DNA kit (See manufacture protocol. PacBio Cat. NB-

900-001-01), followed by PCR purification by Thermo Scientific GeneJET PCR purification 

(See manufacture protocol. Thermo Scientific Cat. K0701). Extraction of the 3HA MCS 

plasmid was achieved via the Thermo Scientific GeneJET Plasmid Miniprep kit (See 

manufacture protocol. Thermo Scientific Cat. K0502). This was then followed by digestion of 

the restriction sites using the specific Thermo Scientific FastDigest kit for the gene -- NotI, 

Figure 1: Plasmid layout of 3HA-MCS plasmid, including the ampicillin resistance gene (AmpR), 

giardia 3’ UTR, 3xHA-tag, and various restriction sites 
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HindIII, PacI -- (See manufacture protocol. Thermo Scientific Cat. FD0593, FD0504, 

FD2204) for both the plasmid and PCR amplified material, followed by the 

dephosphorylation of the plasmid product via Thermo Scientific FastAP Thermosensitive 

Alkaline Phosphatase (See manufacture protocol. Thermo Scientific Cat. EF0654), and 

ligation for the fragment and the vector via Thermo Scientific T4 DNA Ligase (See 

manufacture protocol. Thermo Scientific Cat. EL0016). 

2.1.3 Transformation 

Transformation was achieved by introducing the modified plasmid first to TOP10 competent 

E. coli cells, with 5µl of ligated plasmid added to 50µl of thawed cells for 30-minutes on ice, 

followed by 42ºC heat shock for 45-seconds, and a final 5-minute incubation on ice before 

being plated on LA plates with 50µg/ml AP. This was done for the all-early attempts at 

cloning (including the successful cloning of 10358), but later the competent cells were 

switched over to NEB 5-alpha (See manufacture protocol. NEB Cat. C2987H) competent E. 

coli cells due to supply issues. 

2.1.4 Extraction 

Presence of the inserted DNA fragment within the E. coli transformed clones was confirmed 

both by selective media (overnight 37ºC, LA agar plates with 50µg/ml ampicillin) and by 

colony PCR using Thermo Scientific PCR Master Mix (2X) (See manufacture protocol. 

Thermo Scientific Cat. K0171), using the same primers from amplification. Positive colonies 

were then cultured (overnight 37ºC, LB broth with 50µg/ml ampicillin), and their plasmids 

were purified with the Thermo Scientific GeneJET Plasmid Miniprep kit before sequencing 

via Eurofins Mix2Seq kit (See manufacture protocol. Eurofins). After genetic screening using 

Benchling to compare sequences, the colonies were once again expanded (over-night 37ºC, 

LB broth with 50µg/ml ampicillin), and their plasmid was extracted via MiraPrep as well as a 

cell stock being frozen down (final glycerol volume of frozen cells 33%). 

2.1.5 MiraPrep 

The MiraPrep procedure is a large volume optimized version of the Thermo Scientific 

GeneJET Plasmid Miniprep kit, using its components with the addition of 96% EtOH. 50ml 

of bacterial culture was grown overnight at 37ºC (LB broth with 50µg/ml ampicillin), 

followed by a spin down of 4000 x g for 10-minutes at 4ºC. The pellet was then resuspended 

with 2ml of fresh resuspension buffer with 50µg/ml of RNase. 2ml of lysis buffer was then 
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added, before being inverted 4-times and incubated at room temperature for 5-minutes. 2ml of 

neutralization buffer was then added and was quickly poured into 1.5ml tubes before being 

spun at 13,200 x g for 10-minutes at room temperature. The supernatant was then collected in 

a 15ml Falcon tube, before 5ml of 96% EtOH was added. Said mixture was then added to spin 

columns in a sequential manner, spun at 13,200 x g for 30-seconds, after each stage the 

flowthrough being discarded. Once finished, the columns were washed twice with 500µl of 

wash buffer (spinning for 30-seconds at 13,200 x g), followed by a 90-second spin to remove 

any residual wash buffer. Finally, the spin columns were placed in a new 1.5ml tube and 30µl 

of elution buffer was added to each spin column before incubating for 2-minutes at room 

temperature. One final spin down of 13,200 x g for 2-minutes after incubation, before 

collation of the product into a single tube. 

2.1.6 Transfection 

For the transfection, one ~90% confluent 10ml giardia tube with WB Giardia (cultured with 

complete TYDK – see Supplemental Figure 1) was used per clone (with the addition of a 

positive and a negative control). The Giardia cells were then detached, spun down, and 

resuspended in 300µl of complete TYDK media, before being placed in electroporation 

Cuvettes (Bio-Rad GenePulser Cuvette. Cat. 1652088). 30µg of the appropriate plasmid was 

then added before a 15-minute incubation on ice, followed by electroporation using a Bio-Rad 

Gene Pulser (350V, 800Ω, 960µF, 90ms). The freshly transfected cells were then allowed to 

rest on ice for 10-minutes. After the last incubation on ice and expansion to 10ml giardia 

tubes, the samples were incubated at 37ºC. After 16-hour, 50 µg/ml of puromycin was added 

as the selective drug. Once the cells had recovered (seven to ten days), cell stocks were frozen 

down, and testing could commence.  

2.1.7 Localization 

Localization of the specific individual proteins was achieved via immunofluorescence assay, 

targeting the HA tag present within the 3HA-MCS plasmid. The cells were first detached and 

resuspended in cold PBS. 20µl of diluted cells were placed on each of the wells of a warmed 

diagnostic slide and allowed to attach in a 37ºC humidity chamber for ten minutes. For 

fixation, 20µl of 4% PFA was added to each well, resulting in a final concentration of 2% 

PFA, which was then incubated for 30-minutes in the 37ºC humidity chamber. The PFA 

solution was removed, then replaced with 20µl of 0.1M Glycine in PBS for 10-minutes at 

room temperature to quench. The cells were then permeabilized with 0.1% Triton-X-100 in 
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PBS for 20-minutes at room temperature. Blocking of the cells used 20µl of 2% BSA in PBS 

with 0.05% Triton-X-100 for 1-hour in the humidity chamber at room temperature. The 

primary antibody was mouse anti-V5 McAb at 1:750 (Thermo Scientific Cat. A28175) with 

20µl being used for 1-hour at room temperature. The samples were then washed six times 

with the previously used blocking solution, before the secondary antibody, goat anti-mouse 

All017 Alexc flour 486 was added at 1:850 and incubated for 1-hour in the dark. Six further 

rounds of washing followed, concluding in drying of the wells before DAPI/vectorshield 

(Vectorlab Cat. H-1200) and a cover ship was added. To collect these results the Nikon 

Eclipse Ti Flour fluorescence microscope was used, imaging at 40X and 100X magnification 

with the 486nm light setting used. Composite images of DAPI and HA tagged proteins were 

then made. 

2.1.8 Resistance testing 

After the appropriate incubation to ensure the cells have integrated the DNA, the cells were 

detached by incubation of the giardia tubes on ice for 30 minutes, before being enumerated. 

The cells were then diluted to 1x104 cells/ml and 40µl was added to their appropriate wells, 

followed by being placed in an anaerobic jar (200µl of sterile water and 200µl TYDK were 

added to their assigned wells at this time). These cells were incubated in the anaerobic 

environment for 2-hours at 37ºC. The 96 well plate was filled according to Table 2.  

 

 

Since DMSO (Sigma Cat. D2650-100ml) was needed to dissolve the metronidazole (Sigma 

Cat. M1547-5g) and DMSO can have toxic effects on the cells, all cells that were treated with 

the drug also had a second well treated with the same concentration of DMSO as the drug 

well. The final testing concentrations were as follows: 0, 1µM, 5µM, 10µM, 20µM, 50µM, 

100µM DMSO with and without metronidazole (at the same concentration as the DMSO). 

160µl of the appropriate concentration was added to each well, resulting in a total volume of 

Table 2: Resistance testing layout of a 96-well plate for luminescence assay of four cell lines and 8 levels of DMSO and 

drug treatment in µM  
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200µl per well. The plates were returned to the anaerobic jar and incubated at 37ºC for 24-

hours. 30-minutes before testing, the plates were brought to room temperature. 50µl of 

CellTiter-Glo (Promega Cat. G7570) was then added to each well, before being placed in the 

Tecan (Infinite M200 Pro) and shaken for 10-minutes, followed by 10-minutes of resting 

incubation, and luminescence measurements.  

2.1.9 Visualization 

For visualization, the genes of 17151 and 22677 were selected for protein structure 

simulation. First their specific sequences were retrieved from Giardia DB, then they were 

imputed into AlphaFold Collab, a highly accurate predictive protein folding application using 

AI machine learning and cloud computing in order to make the program more accessible to 

the average researcher (Jumper et al. 2021). After AlphaFold created the prediction file, it was 

then uploaded to ChimeraX, which was used to visualize the prediction (Goddard et al. 2018, 

Pettersen et al. 2021). Finally, the structures were compared using Dali and compared against 

other proteins in the full PBD category. The best fit proteins were then run through AlphaFold 

and compared. 

2.2 Morpholino Oligos  

2.2.2 Morpholinos design 

For the morpholinos experiments the genes 22677 and 17151 were selected for their high 

importance in metronidazole resistance. Morpholino oligos were designed via Gene Tools 

website, individually targeting the sequence preceding the start and stop codons. In addition, 

Antiplk (anti-protein kinase) and GiaCont (Giardia control) were also selected to act as 

controls, in addition to a negative control of WB. The sequences and their length can be seen 

in Table 3. 

 
Table 3: Table of Morpholino oligos sequences and their length used in experimentation 

 

https://www.zotero.org/google-docs/?v1E92D
https://www.zotero.org/google-docs/?v1E92D
https://www.zotero.org/google-docs/?v1E92D
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2.2.3 Transfection 

Transfection began with diluting the Morpholinos down to 1mM, before heating to 65ºC for 

5-minutes, for complete dissolving of the oligomer precipitates. The target cells were then 

placed on ice for 30-minutes after previously being grown to confluence. 30µl of 1mM 

morpholino was added to each respective pre chilled electroporation cuvette (Bio-Rad 

GenePulser Cuvette. Cat. 1652088), before being returned to the ice. Once the cells had 

incubated, they were spun down at 500g for 5-minutes at 4ºC and were then resuspended in 

1ml fresh ice cold TYDK. 300µl of the resuspended cells were added to each cuvette, gently 

mixed, then incubated on ice for 15-minutes, followed by electroporation via the Bio-Rad 

Gene Pulser (350V, 800Ω, 960µF, 90ms). The cells then rested on ice for 10-minutes before 

being transferred into their appropriate giardia tubes with prewarmed media and were then 

incubated for 24-hours at 37ºC. 

2.2.4 Resistance testing 

See above “2.1.8 Resistance testing” for the morpholinos resistance testing procedure, with 

the exception of 48-hours exposure to metronidazole in the morpholinos experiments. 

 

3 Results 

3.1 Overexpression  

 

 

 

Table 4: Table of successful genes. 10358, 8377, 22677 all were successfully transfected, localized, and 

resistance tested, 17150 saw transfection and resistance tested, 9719 saw successful transfection, but no 

further testing due to extremely slow growth rate, and 17151 saw successful insertion into the plasmid, but 

no further. 



15 
 

 

Six of the nine original clones selected were successfully cloned into the 3HA plasmid, with 

Table 4 showing to what extent they were successful. 17151 was successfully integrated into 

the 3HA plasmid but could not be successfully transfect. 9719 was successfully transfected, 

but due to extremely slow growth, was not further tested. 10358, 8377, 22677, 17150 were 

tested for resistance and 22677, 8377, and 10358 for localization. 

 

 

 

 

Figure 2 shows the best fit curves of cell survival relative to increasing metronidazole 

concentrations after 24-hours. 17150 shows increased survival relative to the other cell lines, 

with much higher survivability compared to WB especially at the higher concentrations. This 

is likely due to deactivating metronidazole. Figure 3 plots the average metronidazole IC-50 

values for the overexpressed lines after 24-hours. 8377 showed significantly lower survival 

compared to 10358, but within the range of error of WB. 

Figure 2: Metronidazole resistance for overexpression experiments at 24-hours. 22677 (IC-50 

14.4µM, standard deviation 2.99), 8377 (12.6µM, 1.51), 10358 (15.3µM, 0.898), 17150 

(14.7µM, 1.63), WB (15.9µm, 2.16), with mark showing 50% survivability. 
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3.2 Localization 

 

Three genes were successfully localized using anti-HA antibodies. These genes were 22677, 

8377, and 10358. Figure 4 shows localization photos for all three genes in FISC (488nm), 

DAPI, and dark field. All three genes express their HA-tagged protein at different levels, 

while DAPI remains constant throughout imaged cells. 

 

In Figure 5, detailed images show the range of the localization of each cell line. All three 

genes are located within the cytoplasm, with 10358 showing a distinct absence within the two 

nuclei of the cell. 

 

 

 

 

Figure 3: IC-50 data of metronidazole resistance for overexpression experiments at 24-hours. 

22677 (IC-50 14.4µM, standard deviation 2.99), 8377 (12.6µM, 1.51), 10358 (15.3µM, 

0.898), 17150 (14.7µM, 1.63), WB (15.9µM, 2.16). 
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Figure 4: Localization data showing FISC, DAPI, and dark field microscopy at 40X 

magnification. A), B), C) showing 22677 localizations for FISC, DAPI, and dark field 

respectively. D), E), F) showing 8377 localizations respectively. G), H), I) showing 10358 

localizations respectively. All three cell lines show varied expression of their proteins 
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3.3 Visualization 

For the visualization of protein structure, two genes were selected, 17151 (quinone 

oxidoreductase) and 22677 (nitroreductase 1) due to both their role in metronidazole 

resistance and due to the lack of previously published modeling. Seen in Figure 6, their 

relative structures and relations to similar bacterial proteins was visible. 17151 scores 30% 

identical in regard to the protein structure (with a Z score of 23.4) to Streptomyces 

violaceusniger oxidoreductase. For 22677, the closest match was the nitroreductase in 

Bacteroides fragilis, being 19% identical in structure (with a Z score of 19.2). 

Figure 5: Localization data showing closeup of 

FISC at 40X magnification. A) 22677, showing 

general localization to the cytoplasm. B) 8377, 

showing general localization to the cytoplasm. C) 

10358 showing localization to the cytoplasm, 

distinct lack of presence in the two nuclei. 
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Figure 6: Composition of simulated proteins, comparing the structures of 22677 and 17151 to their closest 

related proteins. A) 17151 – G. intestinalis quinone oxidoreductase. B) S. violaceusniger NAD(P)H-FM 

oxidoreductase. C) Overlayed composite of 17151 and S. violaceusniger oxidoreductase: 30% identical, Z 

score = 23.4. D) 22677 - G. intestinalis nitro-reductase 1. E) B. fragilis nitroreductase. F) Overlayed 

composite of 22677 and B. fragilis nitroreductase: 19% identical, Z score = 19.2 
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3.4 Morpholinos 

The first result from the transfection of the Morpholinos was an effect on size and shape of 

the G. intestinalis cells 24-hours post transfection. These results can be seen in Table 5,  

  

 

with 17151 start showing the highest change, only having a 60-70% confluence, 17151 end 

showing little change, 22677 start having a change in cell shape and a 70-80% confluence, 

22677 end showing reduced growth an viability, GiaCont having a modified cell shape, and 

Antiplk showing the highest growth. 

 

 

Table 5: Table of effects witnessed on WB giardia cells 24-hours after transfection with 

morpholinos 

 

Figure 7: Metronidazole resistance at 48-hours for 17151 start (IC-50: 2.95µM, standard deviation: 

0.483) and 17151 end (3.94µM, 0.139) morpholinos, with WB (3.80µM, 0.145) as control.  
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Figure 9: Metronidazole resistance at 48-hours for GiaCont (IC-50: 3.39µM, standard 

deviation: 0.639) and Antiplk (3.26µM, 0.840) morpholinos, with WB (3.80µM, 0.145) as 

control.  

Figure 8: Metronidazole resistance at 48-hours for 22677 start (IC-50: 2.95µM, standard 

deviation: 1.13) and 22677 end (3.94µM, 0.164) morpholinos, with WB (3.80µM, 0.145) as 

control.  
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4 Discussion 

Much may be written regarding the minutiae of cloning. The biggest struggle for this research 

project has been the optimization of primers, digestion, and ligation. After only having one 

gene 10358 successfully integrated for the first half of the research project, the stepwise 

process of optimization which followed was initially difficult but ultimately enlightening. The 

final stepwise modification included the addition of three extra nucleotides onto the ends of 

each primer in order to increase accuracy with the digestion enzymes and the addition of two 

extra nucleotides between the inactivated stop codon and the beginning of the reverse 

restriction site in order to keep the 3HA-tag within the proper reading frame. This was done 

by the recommendation of another manufacturer but also to add dissimilar nucleotides in 

order to minimize the formation of self-dimers in GC rich sections. 

 

While the initial goal was to over express all nine genes, in the end only five of these genes 

were successfully grown in G. intestinalis. In Table 4 we can see the observed effect of the 

overexpression on metronidazole resistance. The main issue was creating successful 

constructs rather than issues with transfection, as the positive control was always successful. 

17151 was a perfect example of this. Transfection was attempted four different times, all of 

Figure 10: Average IC-50 results at 48-hours from all morpholinos resistance testing. 17151 

start (2.95 µM, standard deviation: 0.483), 17151 end (3.94µM, 0.139), 22677 start 

(2.95µM, 1.13), 22677 end (3.94µM, 0.164), GiaCont (3.39µM, 0.639), Antiplk (3.26µM, 

0.840), and WB (3.80µM, 0.145). 17151 start had significantly lower survivability than the 

control 
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which had no growth 10-days after transfection, indicating that either the construct had been 

lost post sequencing or the insert itself has a toxic effect when overexpressed. The most 

telling result is that of 17150, NAD(P)H quinone oxidoreductase. While not the highest IC-50 

value (14.7µM, 1.63), Figure 2 shows the much higher survival rate as metronidazole 

concentration increase relative to the other genes, including the control, WB. As quinone 

oxidoreductase has a role in deactivating metronidazole, this would align with previous 

research (Müller et al. 2021). The changes in survivability show that the transfections were 

successful, but more data needs to be run in order to understand their implications. 

 

We can also see the localization of each gene in Figures 4 & 5. Localization was general 

throughout 22677, 8377, and 10358. The localization of 22677 and 10358 both line up with 

past research (Di Matteo et al. 2008, Müller & Müller 2019). 8377, is still largely unclassified 

but being a nitroreductase, having the same localization within the cytoplasm as 22677 (a 

nitroreductase as well), lends credence to this data. All three clones show varied levels of 

expression. This is likely due to the nature of transfection within Giardia, as each cell is likely 

to receive a different number of copies of the plasmid (Singer et al. 1998). Further 

experiments with cell lines grown for longer in varied levels of metronidazole could lead to 

constant expressed population. 

 

In regard to the visualization data, there are structural similarities between 17151 and S. 

violaceusniger NAD(P)H-FM oxidoreductase, even though the actual amino acids are only 

30% identical. This raises some interesting questions as G. intestinalis and S. violaceusniger 

inhabit completely different environments. S. violaceusniger being a facultative aerobic, gram 

positive bacteria, which lives in the soil, roots, and leaves of many plants, with G. intestinalis 

inhabiting the anaerobic lumen of the small intestine (Trejo-Estrada et al. 1998). S. 

violaceusniger also appears to have antibacterial and antifungal properties, which may be 

used to increase plant growth in certain agricultural scenarios (Trejo-Estrada et al. 1998, 

Doumbou et al. 2005, Sahin et al. 2010). Further research may reveal whether these visual 

similarities indicate any functional equivalents. As for 22677 and B. fragilis nitroreductase, 

while the overall identicality was lower (only 19%), they are both anaerobic and prefer to 

inhabit the human gut – though B. fragilis does prefer the colon rather than the lumen 

(Kuwahara et al. 2004, Wexler 2007). 22677 does appear significantly larger than the 

equivalent protein of B. fragilis. This is due to 22677 having the addition of a pyruvate 

ferredoxin oxidoreductase domain. B. fragilis appears to lack this, but as 22677 works within 
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a complex of other nitroreductases in G. intestinalis, further research could explore if the 

similarities continue. 

 

As for morpholinos, the first interesting result was the difference in growth rates and shape. 

As seen in Table 5, we see lower growth of those cells treated with 17151 start, 22677 start, 

and 22677 end than we do in the two controls (GiaCont and Antiplk). 17151 end shows no 

change relative to the control in growth. This indicates that the morpholinos were mostly 

successful in integrating, indicating that a partial knockdown for some of the morpholinos. As 

for the IC-50 at 48-hours, the results were less telling. Seen in Figures 7, 8, 9, the 48-hour 

morpholinos treatments show no concrete results except for 17151 start. The 17151 end 

(3.94µM) and 22677 end (3.94µM) are almost identical to the WB (3.80µM), indicating that 

the end targeting morpholinos have no effect on resistance. 22677 start (3.94µM) had too 

wide of a range of data to draw any conclusions. It can also be seen that the two additional 

controls, that of GiaCont (3.39µM) and Antiplk (3.26µM), while lower than WB were not 

significantly lower. However, in Figure 9, it can be seen that 17151 start did show a trend 

towards lowered resistance compared to WB or the 17151 end treated cells. It showed the 

lowest IC-50 of 2.95µM, indicating lower survival than that of the WB control (3.80µM). 

This will be something to test further, as only three replicates were performed for each 

treatment and only at 48-hours. Having additional times points (8-hour and 24-hour) will give 

a better understanding of whether the morpholinos had a stronger effect closer to the 

transfection. If, indeed 17151 was knocked down by the morpholinos, this confirms past 

research, as 17151 has been seen to be reduced in expression for metronidazole resistant lines 

(Krakovka et al. 2022). Further tests (specifically western blots to confirm the morpholino 

induced knockdown) will be needed to confirm these findings. 
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