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A B S T R A C T   

Benzimidazole-2-carbamate (BZ) compounds, including Albendazole (Alb), are one of just two drug classes 
approved to treat the gastrointestinal protist Giardia duodenalis. Benzimidazoles bind to the tubulin dimer 
interface overlapping the colchicine binding site (CBS) of β-tubulin, thereby inhibiting microtubule polymeri-
sation and disrupting microtubule networks. These BZ compounds are widely used as anthelmintic, anti-fungal 
and anti-giardial drugs. However, in helminths and fungi, BZ-resistance is widespread and caused by specific 
point mutations primarily occurring at F167, E198 and F200 in β-tubulin isoform 1. BZ-resistance in Giardia is 
reported clinically and readily generated in vitro, with significant implications for Giardia control. In Giardia, BZ 
mode of action (MOA) and resistance mechanisms are presumed but not proven, and no mutations in β-tubulin 
have been reported in association with Alb resistance (AlbR). Herein, we undertook detailed in vitro drug- 
susceptibility screens of 13 BZ compounds and 7 Alb structural analogues in isogenic G. duodenalis isolates 
selected for AlbR and podophyllotoxin, another β-tubulin inhibitor, as well as explored cross-resistance to 
structurally unrelated, metronidazole (Mtz). AlbR lines exhibited co-resistance to many structural variants in the 
BZ-pharmacophore, and cross-resistance to podophyllotoxin. AlbR lines were not cross-resistant to Mtz, but MtzR 
lines had enhanced survival in Alb. Lastly, Alb analogues with longer thioether substituents had decreased po-
tency against our AlbR lines. In silico modelling indicated the Alb-β-tubulin interaction in Giardia partially 
overlaps the CBS and corresponds to residues associated with BZ-resistance in helminths and fungi (F167, E198, 
F200). Sequencing of Giardia β-tubulin identified a single nucleotide polymorphism resulting in a mutation from 
glutamic acid to lysine at amino acid 198 (E198K). To our knowledge, this is the first β-tubulin mutation reported 
for protistan BZ-resistance. This study provides insight into BZ mode of action and resistance in Giardia, and 
presents a potential avenue for a genetic test for clinically resistance isolates.   

1. Introduction 

Giardia duodenalis (syn. G. lamblia, G. intestinalis) is a gastrointestinal 
protist causing ~180 million symptomatic infections (Lane and Lloyd, 
2002) and a major cause of diarrheal diseases linked to significant 
mortality and malnutrition in child under 5 years of age (Kotloff et al., 
2013). Giardia infection may cause chronic, post-infectious 

gastrointestinal diseases (PI-GID), most notably irritable bowel syn-
drome and chronic fatigue syndrome (Hanevik et al., 2014; Hunskar 
et al., 2016; Litleskare et al., 2018). Treatment of giardiasis is limited to 
nitroheterocyclics (e.g. metronidazole, Mtz) and 
benzimidazole-2-carbamate derivatives (BZs) (e.g. albendazole (Alb) or 
mebendazole) (Meloni et al., 1990; Gardner and Hill, 2001; Sol-
aymani-Mohammadi et al., 2010). Resistance to both classes has been 
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demonstrated to develop in vitro (Ansell et al., 2015) and these obser-
vations have increasingly been reflected in clinical failures for both Mtz 
(Nabarro et al., 2015; Lalle and Hanevik, 2018) and Alb (Farbey et al., 
1995; Lemee et al., 2000). Considering the limited treatment options 
(Ansell et al., 2015; Carter et al., 2017; Lalle and Hanevik, 2018), 
drug-resistance poses a significant risk to reducing disease burdens 
associated with G. duodenalis infection. 

In nematodes, BZs are predicted to selectively bind near the colchi-
cine binding site (CBS) of β-tubulin (Russell et al., 1992; Keeling and 
Doolittle, 1996; Chatterji et al., 2011; Wang et al., 2016). The 
anti-fungal carbendazim, the parent BZ carbamate, binds β-tubulin at a 
site overlapping the CBS in Botrytis cinerea and related fungi (Lacey 
et al., 1987; Yarden and Katan, 1993; Leroux et al., 1999; Cai et al., 
2015; Liu et al., 2019). The colchicine binding site (CBS) occurs at the 
interface between α and β-tubulin, and is shared by many natural and 
synthetic compound classes including colchicine, podophyllotoxin, and 
BZs, and is also distinct from the vinblastine binding site, itself shared by 
maytansines and phomopsin (Lacey, 1988; Wang et al., 2016; 
McLoughlin and O’Boyle, 2020). Based on their site of action, CBS in-
hibitors prevent the soluble tubulin dimers adding to the growing 
insoluble microtubule to cause destabilisation of the mitotic cytoskel-
eton and failure of cell division, so-called metaphase arrest (McLoughlin 
and O’Boyle, 2020). BZ-resistance in helminths is clearly associated with 
three primary mutations in β-tubulin, including F167Y, E198A, F200Y 
(Lacey and Prichard, 1986; Lubega and Prichard, 1991; Elard and 
Humbert, 1999; Ghisi et al., 2007; Rufener et al., 2009; Beech et al., 
2011), whereas several mutational variants of E198 (E198A, E198K, 
E198V) confer anti-fungal BZ-resistance (Yarden and Katan, 1993; 
Banno et al., 2008; Cai et al., 2015; Liu et al., 2019). 

Tubulin is also implicated as the conserved target of BZ compounds 
in Giardia. BZ compounds bind to Giardia’s β-tubulin dense cytoskeletal 
structures (Chavez et al., 1992), and cause dramatic and deleterious 
effects on its microtubule-based cytoskeleton (Morgan et al., 1993; 
Upcroft et al., 1996; Mariante et al., 2005). MacDonald et al. (2004) also 
demonstrated BZ compounds bound with high affinity to recombinant 
Giardia β-tubulin and arrested microtubule (MT) polymerisation. 
Together, these data support a conserved BZ-β-tubulin binding model 
and mode of action blocking MT polymerisation, which would corre-
spond to anthelmintic mechanisms (Lacey, 1988; Aguayo-Ortiz et al., 
2013a, 2013b). Despite this, mechanisms of Alb resistance have not been 
robustly demonstrated in Giardia, and it remains unclear if BZ resistance 
mechanisms in this parasite are consistent with those described for 
helminths or fungi. Notably, despite having conserved orthology with 
the specific β-tubulin residues correlated with BZ-anthelmintic resis-
tance (Katiyar et al., 1994), no BZ-resistance association mutations have 
been reported for Giardia to date (Upcroft et al., 1996; Arguello-Garcia 
et al., 2009). Furthermore, several transcriptome and proteome studies 
have highlighted tubulin-independent responses in Alb resistant (AlbR) 
Giardia within in vitro culture (Arguello-Garcia et al., 2009; Paz-Mal-
donado et al., 2013; Argüello-García et al., 2015), while others have 
hypothesised tubulin-independent BZ-targets among cytoskeletal Giar-
dia-specific gene families (e.g. NEKs, Protein 21.1, giardins) (Manning 
et al., 2011; Hagen et al., 2020; Hennessey et al., 2020). 

Overall, our limited understanding of protistan BZ-resistance is a 
concerning impediment for deployment of effective clinical surveil-
lance. Herein, we have robustly explored BZ resistance in Giardia from 
the view of clarifying unresolved hypotheses regarding β-tubulin as the 
target of BZs and mechanism of resistance. We have performed the most 
extensive BZ compound screen in Giardia to date, including dissecting 
relationships between AlbR and MtzR cross-resistance, and used this to 
guide computational modelling linking the molecular mode of action 
between β-tubulin, BZs, and BZ resistance. We have performed both 
capillary and amplicon sequencing of β-tubulin, and note we are only the 
third study to do so in Giardia (Upcroft et al., 1996; Arguello-Garcia 
et al., 2009). By taking this targeted approach, this study consolidates 
our understanding of the mode of action of BZs in Giardia with 

nematodes and fungi, and lays the platform for overcoming the most 
significant risk to their continued use, drug-resistance. 

2. Materials and methods 

2.1. Trophozoite in vitro culture and induction of Albendazole resistance 

Giardia duodenalis trophozoites from the WB-1B isolate (Capon et al., 
1989) were generously provided by Professor Jacqueline Upcroft and 
Professor Peter Upcroft. Alb-sensitive trophozoites were maintained in 
flat-sided 10 mL tubes (Nunclon delta) filled with TYI-S33 medium 
modified for Giardia (Davids and Gillin, 2011), containing 0.5 g/L 
bovine bile (Sigma Aldrich) and bovine serum (10%), capped and 
sub-cultured twice weekly. AlbR induction in WB-1B were attempted via 
pulse and continuous sublethal exposures, with pulse-based inductions 
ceased after multiple unsuccessful attempts. 

AlbR was promoted through pulse selection (Lindquist, 1996), with 
trophozoite cultures exposed to Alb at the approximated IC90 of 0.16 μM 
over 24 h (‘pulse’), following by replacing cultures with fresh media 
containing lower, sublethal levels of Alb (0.1 μM). Pulse cultures were 
allowed to recover and grow, and then subjected to higher pulse con-
centrations and increased Alb during subculturing with successive pulse 
rounds. Pulse-based inductions were ceased after multiple unsuccessful 
attempts. AlbR induction via continuous sublethal exposure was per-
formed over a period of approximately 400 days. An Alb stock (Sigma 
Aldrich; 1 mM stock dissolved in dimethyl sulfoxide (DMSO)) was added 
to the WB-1B line at a starting concentration of half the compound IC50 
in the susceptible line at 0.1 μM (Upcroft et al., 1996), with continuous 
exposure maintained and drug concentration incrementally increased 
between 0.1 and 0.5 μM, allowing for parasite survival and growth to 
stabilise at each concentration. After induction to 0.5 μM was 
completed, cultures were maintained at 0.5 μM to ensure stable growth 
over several months. For the AlbS line, the WB-1B line was maintained 
alongside the AblR line in complete media with equivalent DMSO 
vehicle. 

2.2. Drug-sensitivity testing in AlbR and AlbS isogenic lines 

All synthetic BZ compounds including the commercially available 
drugs nocodazole, flubendazole, mebendazole, albendazole, parbenda-
zole, fenbendazole, ciclobendazole, oxibendazole, ricobendazole, 
oxfendazole and thiabendazole were sourced from the in-house com-
pound library at Microbial Screening Technologies. The BZs were dis-
solved in DMSO to a stock concentration of 1 mM while Mtz (Sigma 
Aldrich) was dissolved as a 100 mM stock dissolved in DMSO. 

Drug-screening in isogenic lines was performed as previously 
described (Ansell et al., 2017). Briefly, growth and cell viability were 
assessed using CellTiter-Glo (Promega) reagent to measure ATP-based 
luminescence (corresponding to live cells/well). 10-point dilutions of 
BZ compounds were performed between 10 and 0.02 μM, and 100–0.2 
μM for Mtz in 96-well clear-bottom plate (Corning #3610) with a well 
volume of 50 μL, and 2000 trophozoites/well used for AlbS and 
4000/well used for AlbR lines. Screening was performed in triplicate 
plates. The baseline for 100% inhibition (‘kill’ well) was subtracted and 
data transformed to a proportion of the value for control (DMSO-only, 
‘uninhibited’) wells. Prism software (Graphpad) was used to plot 
dose-response curves and calculate IC50 values for AlbS and AlbR, via 
the “log(inhibitor) vs. normalized response—variable slope (four pa-
rameters)” module, with the top constrained to 100 and the bottom 
constraint to < 0. 

2.3. Molecular modelling of Albendazole with Giardia β-tubulin 

2.3.1. Template and binding-site identification and homology modelling 
The protein sequence of Giardia β-tubulin (GL50803_101291) was 

retrieved from the Predictein web-server (http://www.predictein.org/) 
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(Ansell et al., 2019). The Giardia β-tubulin protein structure was sub-
mitted to the COACH meta-server (https://zhanglab.ccmb.med.umich. 
edu/COACH/) to predict the protein-ligand binding sites and tem-
plates (Yang et al., 2013b, a). Templates were selected based on 
ligand-binding sites which overlapped with CBS, as well as proximal 
residues reported as mutated in BZ anthelmintic resistance (i.e. F167, 
E198, F200) (Aguayo-Ortiz et al., 2013a). The Protein DataBank (PDB) 
structures 1SA0_B, 3N2G_D and 5C8Y_D were identified as potential 
templates, and were used to perform template based homology model-
ling to predict Giardia β-tubulin monomer using SWISS-MODEL 
(Waterhouse et al., 2018). 

2.3.2. Molecular docking between Albendazole compounds and β-tubulin 
The structure of Alb molecule was downloaded from DRUGBANK 

(https://go.drugbank.com), whereas the structures of the Alb analogues 
for the 5-hexylthio- and 5-octylthio- analogues were prepared using 
Chemdraw v19.1. The albendazole molecule was subjected to molecular 
docking with the homology model of the Giardia β-tubulin monomer by 
using AutoDock Vina (Trott and Olson, 2010). Autodock Tools v.1.5.6 
(Morris et al., 2009) was used to add polar hydrogen atoms to the 
Giardia β-tubulin model and to detect root and choose torsions in the Alb 
molecule to allow it to rotate freely. Finally, a grid-box was defined in 
Autodock Tools, surrounding to residues F167, E198 and F200 in the 
receptor molecule (Giardia β-tubulin) for site specific docking in Auto-
Dock Vina. 

2.3.3. Molecular docking between Albendazole compounds and β-tubulin 
with the E198K mutation 

Mutagenesis in Giardia β-tubulin monomer was performed by using 
PyMOL v2.3.0. Giardia β-tubulin monomer with E198K mutation was 
then further docked with Alb, and the 5-hexylthio- and 5-octylthio- 
analogues as described above. 

2.4. Sequencing of β-tubulin in WB AlbR and AlbS isogenic lines 

2.4.1. Capillary sequencing 
gDNA was isolated from both AlbS and AlbR cell pellets using 

DNeasy PowerBiofilm kit (Qiagen) and quantified by Qubit dsDNA HS 
kit. The β-tubulin (GL50803_136020) amplicon was generated using 
primers from Arguello-Garcia et al. (2009) which spanned nucleotides 
125-682. PCR reactions were standardized in 21 μL containing 10 μL 
GoTaq Green enzyme mix, 1 μL gDNA (~100 ng), 1 μL 10 μM5′ overhang 
primer, 1 μL 10 μM3′ overhang primer and 8 μL nuclease-free water. PCR 
cycling conditions were performed as: a) 95 ◦C 2 min, b) [95 ◦C 15 s, 
60 ◦C 30 s, 72 ◦C 30 s] × 18 cycles, c) 72 ◦C 7 min and d) 4 ◦C hold. PCR 
amplicons were then purified using 1.0 × Ampure Beads (Beckman 
Coulter) and amplicon size distribution was evaluated using 1% agarose 
gel electrophoresis. Conventional sanger sequencing was then per-
formed by Australian Genome Research Facility (AGRF, Melbourne) and 
sequences were analysed using 4peaks version 1.8. 

2.4.2. Amplicon sequencing 
CRISPR overhang sequencing libraries (Aubrey et al., 2015) was 

prepared including primary amplification of Cas9-induced InDels, and 
secondary index incorporation. As the larger size of the amplicon 

(~500bp) and the exceeded the sequencing range of the Illumina MiSeq 
platform is 200–300 bp, three primer sets of overhang-primers were 
used to cover the entire amplicon, including pairs which covered 210 bp 
at 5′ end, 3′ end, and middle part of β-tubulin amplicon respectively 
(Table 1). For primary amplification, PCR reactions were standardized 
in 20 μL containing 10 μL GoTaq Green enzyme mix, 1 μL gDNA (~100 
ng), 0.5 μL 10 μM5′ overhang primer, 0.5 μL 10 μM3′ overhang primer 
and 8 μL nuclease-free water. PCR cycling conditions were performed as 
above for capillary sequencing. PCR amplicons were purified using 1.0 
× Ampure Beads (Beckman Coulter) and amplicon size and distribution 
evaluated using 1% agarose gel electrophoresis. 

Secondary amplification was performed to incorporate index primer 
required for sequencing derived from the Illumina Nextera design as 
sample barcodes. The 12 forward index primers and 8 reverse index 
primers were designed as: SRT1_OH1 5′- CAAGCAGAAGACGGCA-
TACGAGATCCGGTCTCGGCATTCCTGCTGAACCGCTCTTC. 

2.5. CGATCTNNNNNNNNGTGACCTATGAACTCAGGAGTC-2′; SRT2- 
OH2: 5′ - AATGATACGGCGACCACCGAGATCT 

ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNNNCTGA-
GACTTGCACATCGCAGC-3′. where sequence NNNNNNNN indicates 
where individual indexes are placed in the oligo design. PCR reaction 
were standardized in 21 μL containing 10 μL GoTaq Green enzyme mix, 
10 μL PRC1 product, 0.5 μL 10 μMforward index primer and 0.5 μL 
10 μMreverse index primer. PCR cycling conditions were performed as: 
a) 95 ◦C 3 min, b) [95 ◦C 15 s, 60 ◦C 30 s, 72 ◦C 30 s] × 24 cycles, c) 72 ◦C 
7 min and d) 4 ◦C hold. PCR amplicons were then purified using 1.0 ×
Ampure Beads (Beckman Coulter) and amplicon size distribution was 
ascertained using 1% agarose gel electrophoresis. Amplicon sequencing 
of the final pooled library was performed at the Genomics Hub located 
within the Walter and Eliza Hall Institute of Medical Research (Mel-
bourne, Australia). 

Variant calling was performed on three technical in vitro culture 
replicates of AlbR and AlbS samples to determine the frequency of wild 
type and resistant allele associated with the β-tubulin structure of 
Giardia. The raw reads were filtered based on a quality score of 30, and 
then were mapped to nucleotide sequence of β-tubulin protein of Giardia 
by using BWA v.0.7 (Li and Durbin, 2009) with default parameters. 
Next, we used Genome Analysis Toolkit’s (GATK v3.7.0) (McKenna 
et al., 2010) to identify SNPs using GATK best practices pipeline (Van 
der Auwera et al., 2013). 

2.6. Drug-sensitivity testing in MtzR and MtzS isogenic lines 

Isogenic MtzR lines from Ansell et al. (2017); Emery et al. (2018) 
were maintained as previously described in 30 μM Mtz and sub cultured 
as above (Section 2.1). Mtz-sensitive lines included WB-1B isolate 
(WB-MtzS), BRIS/83/HEPU/106 (106-MtzS) and BRIS/87/HEPU/713 
(713-MtzS) along with their Mtz-resistant progeny lines WB-M3 
(WB-MtzR), BRIS/83/HEPU/106-2ID10 (106-MtzR) and 
BRIS/83/HEPU/713-M3 (713-MtzR) (Boreham et al., 1984, 1988; 
Capon et al., 1989; Townson et al., 1992). Drug-sensitivity testing was 
performed as above for 10-point dilutions for Alb (2–0.0039 μM), and 
for Mtz (100–0.2 μM), with data transformation, normalisation and 

Table 1 
Primer sets used for amplicon sequencing of Giardia β-tubulin (GL50803_136020). Overhang sequencing is underlined.  

Name Direction Primer sequence Amplicon length (bp) Sequence length (bp) 

F-OH 5′ → 3′ GTGACCTATGAACTCAGGAGTCTCCAGATCGAGAGGATCAACGT 5’-[1-557]-3′ 5’-[1-200]-3′

R-OH CTGAGACTTGCACATCGCAGCGGTGGTTGAGGTCTCCGTAGGT 
F2A 5′ → 3′ GTGACCTATGAACTCAGGAGTCCGAAGGGCCACTACACGGAG 5’-[200-557]-3′ 5’-[201-400]-3′

R-OH CTGAGACTTGCACATCGCAGCGGTGGTTGAGGTCTCCGTAGGT 
flipF-OH 3′ → 5′ GTGACCTATGAACTCAGGAGTCGGTGGTTGAGGTCTCCGTAGGT 5’-[1-557]-3′ 5’-[400-557]-3′

flipR-OH CTGAGACTTGCACATCGCAGCTCCAGATCGAGAGGATCAACGT  
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analysis performed as described above. (Methods 2.4). 

3. Results 

3.1. Induction of a new AlbR line from the WB genetic background 

We selected isogenic albendazole-resistant (AlbR) from a susceptible 
(AlbS) line of the WB-1B isolate (Capon et al., 1989) via continuous 
sublethal exposure to 0.5 μM. Trophozoite cultures were subjected to 
continuous, exposures from 0.1 μM, with concentrations increased after 
periods of adaptation and tolerance based on parameters of parasite 
confluence, adherence and growth rate. Induction occurred over ~400 
days (Fig. 1A), with increasing selection to 0.5 μM Alb between 0 and 
315 days, after which the isolate was maintained stably over ~100 days. 
Continuous selection resulted in an increase in Alb IC50, from 0.16 μM in 
AlbS to 1.94 μM in AlbR lines, representing a resistance factor (RF) of 
12.1 (Fig. 1B). This is consistent with previous observations where 
G. duodenalis Alb IC50 was higher than its tolerance levels under 
continuous exposure (Upcroft et al., 1996; Arguello-Garcia et al., 2009). 
Prior attempts at the induction of AlbR via continuous sublethal expo-
sure has been met with variable success for this parasite. Upcroft et al. 
(1996) were unable to generate AlbR isolates from WB-1B isolate 
through this approach. Arguello-Garcia et al. (2009) were able to adapt 

a WB clone to 0.18 μM Alb through continuous sublethal exposure, 
however this took over 86 weeks, compared to 15 weeks in our AlbR 
line. In contrast, our attempts at AlbR induction using pulse selection for 
the same WB-1B lines were unsuccessful, despite previously described 
successes (Lindquist, 1996), with no WB-1B cultures surviving beyond a 
maximum of 6 rounds of pulse exposure. 

3.2. AlbR line is broadly resistant to benzimidazole-2-carbamates 

In total we investigated 13 BZ compounds (Supplementary Fig. S1), 
of which 12 were benzimidazole-2-carbamates with differing 5-position 
substituents via a single spacer (e.g. oxygen, suphur, sulphoxide, 
carbonyl). All BZs had a sub-micromolar IC50 in the WB-1B line (AlbS), 
except for those that are active only as in vivo BZ metabolites, consistent 
with observations from nematode testing (Dayan, 2003). The single 
non-carbamate BZ, thiabendazole, was not inhibitory at the highest 
doses tested (10 μM), consistent with previous reported bioassays 
(Edlind et al., 1990). 

The relative sensitivity of G. duodenalis to active BZ compounds were 
nocodazole < flubendazole < mebendazole < albendazole < parben-
dazole < fenbendazole < ciclobendazole < oxibendazole < ric-
obendazole < oxfendazole over a 0.02–10 μM concentration range. The 
relevant order of potency was consistent between the AlbS and AlbR 

Fig. 1. Generation of an AlbR line and BZ compound screens: A) Time in culture and induction of AlbR in a WB-1B line starting at 0.1 μM and finishing at 0.5 μM 
over 400 days. B) IC50 dose response curves for albendazole, podophyllotoxin and metronidazole in AlbS and AlbR isogenic lines, demonstrating a substantial shift in 
IC50 in the AlbR for albendazole and podophyllotoxin but not for metronidazole. C) Bar chart of IC50 values for AlbS and AlbR isogenic lines (left axis) as well as the 
calculated RF for the AlbR (right axis) for BZ compounds. Compounds are listed from left to right in order of potency. The full dose response curves of all BZ 
compounds are in Supplementary Fig. S1. Thiabendazole, albendazole sulfone and reduced mebendazole were not sufficiently active in both lines at 10 μM to 
calculate an IC50, and therefore has not been shown. 
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lines. Sulfoxide metabolites, including ricobendazole (albendazole 
sulphoxide; AlbS IC50 2.71 μM) and oxfendazole (febendazole sulph-
oxide; AlbS IC50 = 2.39 μM), were least potent, which is consist with 
previous reports (Morgan et al., 1993). Similarly, the oxidised sulfone 
metabolites were nearly inactive at 10 μM, including albendazole sul-
fone, and the in vivo metabolite of mebendazole formed by the reduction 
of the 5-benzoyl moiety to the 5-benzylhydrol (reduced mebendazole). 
Overall, our observations were consistent with binding affinity experi-
ments using recombinant Giardia β-tubulin (MacDonald et al., 2004), 
which classified BZ-compounds as high-affinity (Alb, fenbendazole, 
mebendazole), medium- (albendazole-sulphoxide, oxibendazole, par-
bendazole), and low-affinity (thiabendazole). These sensitivities are also 
similar to gastrointestinal nematodes, where high potency BZ com-
pounds have carbonyl (C=O; nocodozole, flubendazole, mebendazole, 
ciclobendazole) or sulfur (Alb, fenbendazole) bridges to 5-position ar-
omatic or alkyl or cycloalkyl moieties that undergo metabolic conver-
sion leading to more polar analogues which are less potent (Lacey, 1988; 
Agarwal et al., 1993). 

For all BZ compounds, we noted the AlbS line never reached com-
plete inhibition at the highest BZ screening concentrations (Supple-
mentary Fig. 1), which are consistent with reversible drug-target 
binding which have static, not cidal, effects (Edlind et al., 1990; 
Upcroft et al., 1996). Nonetheless, increased IC50 and RFs were observed 
across all BZ compounds tested in the AlbR line (Fig. 1C), with highest 
differences in potency observed for the most active inhibitors, thus 
albendazole (RF = 12.3), mebendazole (RF = 11.0) and oxibendazole 
(RF = 12.4). This demonstrated Alb selection conferred resistance across 
the BZ class, regardless of the structural variation in the 5-position 
substituent of twelve BZs tested (Fig. 1C). The AlbR line was also 
cross-resistant to podophyllotoxin, a structurally independent CBS in-
hibitor, with an IC50 shift from 1.42 μM to 13.19 μM, a RF = 9.3 
(Fig. 1B). The shared cross-resistance of two chemicals classes of 
CBS-binding MT inhibitors (Cortese et al., 1977; Schonbrunn et al., 
1999; Wang et al., 2016), provided compelling evidence for a β-tubulin 
dependent resistance mechanism in the AlbR line that overlapped and 
excluded other CBS inhibitors. 

3.3. Exploring AlbR derived from MtzR backgrounds 

Our AlbR line was equally sensitive to Mtz as its AlbS parent 
(Fig. 1B), which indicated no cross-resistance to nitroheterocyclics. In 

contrast, when Upcroft et al. (1996) attempted AlbR induction in five 
G. duodenalis isolates, only the MtzR isolate WB-M3 acquired AlbR and 
tolerated high concentrations of 2 μM Alb. Of the remaining Giardia 
isolates in Upcroft et al. (1996), two failed to display a stable or highly 
resistant phenotype at > 0.2 μM Alb, while another two isolates did not 
survive repeated Alb exposures. Interestingly, WB-1B was one of these 
failed isolates, which was the parent isolate of WB-M3 (Townson et al., 
1992) as well as our AlbR line selected herein. 

Based on this, we hypothesised cross-resistance phenotypes were 
one-directional: that MtzR could confer AlbR, but AlbR could not confer 
MtzR. To explore this we investigated Alb drug sensitivity in three 
isogenic MtzR lines derived from BRIS/83/HEPU/106, BRIS/87/HEPU/ 
713 and WB-1B (Fig. 2), noting the latter’s MtzR line is WB-M3 
(Townson et al., 1992). Our independently derived Mtz IC50 values 
and RF for MtzR lines were consistent with previous reports (Ansell 
et al., 2017). However, Alb dose-response curves in MtzR lines demon-
strated increased survival of parasites at drug concentrations of 2–0.25 
μM. In particular, levels of ATP-based luminescence in the AlbR line (i.e. 
metabolically active trophozoites) were approximately half of uninhib-
ited controls (Fig. 2), although no shift in the dose-response curves was 
observed, neither were differences observed in the Alb IC50 between 
MtzS and MtzR lines. This suggested MtzR isolates had increased toler-
ance or enhanced survivability for Alb, including in the WB-M3 line 
which had previously achieved high levels of AlbR in Upcroft et al. 
(1996). This may also explain why Upcroft et al. (1996) did not report 
β-tubulin mutations in the WB-M3-Alb line, as its AlbR mechanisms may 
have been derived from pre-existing mechanisms in its Mtz-resistant 
background. Based on similarity of the dose response curves but the 
differing viability at high concentration, we propose the survival of 
Giardia in MtzR lines exposed to Alb is a tolerance that is unrelated to 
Alb-selected resistance. Therefore, we hypothesised two broad AlbR 
phenotypes which accounted for observed directionality of 
cross-resistance: AlbR derived from MtzR (i.e., Mtz-dependent) and 
AlbR derived through BZ compounds (i.e., Alb-dependent and 
Mtz-independent). We proposed the latter of these was derived from a 
tubulin dependent mechanism with structural specificity consistent with 
known classes of CBS binding compounds. 

Fig. 2. Albendazole susceptibility in MtzR lines: IC50 dose response curves for albendazole and metronidazole in MtzR isogenic lines (Ansell et al., 2017) derived 
from WB-1B, BRIS/83/HEPU/106 and BRIS/87/HEPU/713. These demonstrate the expected shift in dose response for Mtz in all 3 isolates (above), and an enhanced 
survival in MtzR lines in Alb between substantial shift 2–0.25 μM, but no change in IC50 or shift in the dose response, indicative of enhanced survival at higher Alb 
concentration. 
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3.4. Albendazole structural modifications affect AlbR inhibitory activity 
and resistance factor 

The insensitivity of the AlbR line to all BZ compounds, as well as 
another β-tubulin inhibitor, podophyllotoxin, proposed to share the 
same binding site, implicated a change in binding site conformation. We 
explored this in more detail using a range of Alb analogues to assess 
structural modifications of the Alb parent molecule for altered efficacy 
specific to the AlbR line (Supplementary Fig. 2). We calculated changed 
potency for analogues in AlbS and AlbR lines based on the Alb IC50 (0.16 
μM) (Fig. 3A). This analysis included thioether substituents from 5- 
methylthio- (CH3S-) to 5-octylthio- (C8H17S-) both shorter and longer 
than Alb, which is the propylthio- (C3H7S-) (Fig. 3B). Overall, changes in 
potency were minimal in the AlbS line, where decreased potency ranged 
from only 0.05–2.9 μM (1.24 ± 1.02 μM, mean ± SD). However, in the 
AlbR line, increasing the size to C5H11S- to C8H17S- dramatically 
reduced potency, with RF exceeding those observed for Alb by at least 
two-fold (Fig. 3C). Decreased potency in these longer thioethers in the 
AlbR line, but not the AlbS, highlighted that the resistance mechanisms 
were dependent on the length or shape of the alkyl chains, which further 
credited a change in the AlbR binding site. 

3.5. Molecular modelling of Alb and β-tubulin drug interactions overlaps 
with the CBS 

Our results from detailed drug-susceptibility screens implicated 

conserved β-tubulin mechanisms of BZs (Fig. 1), and a change in the Alb 
binding site in our AlbR line (Fig. 3). We contextualised these results 
through computational modelling which explored the BZ ligand binding 
site in Giardia β-tubulin, and how this site overlapped with the CBS 
together with mutations demonstrated in anthelmintic and anti-fungal 
resistance. Using the Giardia β-tubulin (GL50803_101291) protein 
sequence we identified β-tubulin templates through the COACH meta- 
server which (1) had ligand binding sites of interest (i.e. CBS), and (2) 
could be used to generate homology models of Giardia β-tubulin through 
SWISS-MODEL (Supplementary Table 1). Of the three templates the 
highest GMQE score (Global Model Quality Estimation) for accuracy of 
the tertiary structure was the β-tubulin template 5C8Y_D, a crystal 
structure of tubulin complexed with another CBS inhibitor, Plinabulin 
(Wang et al., 2016). 

Based on the 5C8Y_D template, COACH predicted the binding site 
residues in the model of Giardia β-tubulin. These included Y50, Q134, 
C165, F167, E198, F200, C236, T237, C239, L240, L246, L250, L253, 
L257, A314, A315, M316, K350, V351, S352, I368. Many of these res-
idues were highly conserved across Giardia, helminths and fungal spe-
cies; all of which are susceptible to BZ compounds or related classes 
(Supplementary Fig. 3). We noted in our model, and similar to a pre-
vious Giardia homology model (Aguayo-Ortiz et al., 2013b), multiple 
cysteines in the predicted binding site (which can act as hydrogen bond 
donors). More specifically, three cysteines (C165, C236, C239) occur in 
the predicted Giardia β-tubulin binding site, of which only C239 is 
conserved in other BZ-susceptible organisms (Supplementary Fig. 3). All 

Fig. 3. Screening of BZ analogues and Albendazole thioesters: A) Change in potency for BZ analogues based on the Alb IC50 (0.16 μM). Compounds include 
albendazole and 7 additional albendazole thioethers. B) Structures of albendazole carbamate thioethers (methylthio-to octylthio-) C) Table of IC50 in WB AlbS and 
AlbR lines and their respective resistance factors. albendazole (*) corresponds to the R group -SC3H7 in the thiolether series. 
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residues in the predicted binding site in the 3D structure of Giardia 
β-tubulin occurred at the tubulin heterodimer interface and overlapped 
the conserved CBS (Wang et al., 2016). They also overlapped the of 
single nucleotide polymorphisms (SNPs) in anthelmintic and anti-fungal 
BZ resistance (F167, E198, F200) (Lubega and Prichard, 1991; Elard and 
Humbert, 1999; Rufener et al., 2009; Beech et al., 2011), as well as 
residues predicted in both molecular models of BZ-binding in helminths 
(Robinson et al., 2004; Aguayo-Ortiz et al., 2013a) and BZ binding in 
fungal species (Cai et al., 2015; Vela-Corcía et al., 2018). 

We docked Alb to the Giardia β-tubulin model using AutoDock Vina. 
The binding mode of the Alb was selected based on lowest energy 
conformation and preferable hydrogen-bond formation, noting that 
there is no experimental binding affinity that can be used for direct 
comparison with the calculated binding energy. The best docked pose of 
Alb had a binding affinity − 5.6 kcal/mol and formed a hydrogen bond 
with the Giardia-specific C236 residue (Fig. 4A; Supplementary Fig. 3). 
This bond occurred between the carbamate and C236 in Giardia, 
whereas in helminths species the similar bonds between C239 occurred 
with the BZ 5-substituents (Aguayo-Ortiz et al., 2013a, 2013b), resulting 
in differences in BZ position and orientation between these 
BZ-susceptible organisms. We compared our model of Alb docked to 
Giardia β-tubulin with an experimentally derived crystal structure of 
αβ-tubulin heterodimers complexed with nocodazole (PDB ID: 
4O2B_C/D) (Wang et al., 2016), as well as colchicine (PDB ID: 
4O2B_C/D) (Prota et al., 2014) (Fig. 4B), which highlighted that docked 
Alb occurred at the αβ-tubulin interface, where it would disrupt proto-
filament formation and favour depolymerisation. Furthermore, Alb in 
our Giardia models occurred in similar orientation and position as 
nocodazole derived from crystal structures, and partially overlapped 
with the binding position of colchicine. These predictions are consistent 
with crystal structures (Wang et al., 2016), and molecular models 
(Aguayo-Ortiz et al., 2013a), which highlight the BZ binding site as 
separate, but in close proximity to, the CBS. 

Besides C326, no additional hydrogen bonds were observed in our 

docked Alb models. Although all residues linked to anthelmintic and 
anti-fungal BZ resistance were in close proximity to Alb in our models, 
we only observed an additional non-bonded interaction with F200. 
Despite a different docked pose of Alb (binding energy − 5.3 kcal/mol) 
predicted non-bonded interactions with F167, E198 and F200, none 
formed hydrogen bond interactions (Supplementary Fig. 4). However, 
when we modelled binding modes of two Alb thioether analogues 
(Fig. 3), a single hydrogen bond was formed between thioethers and 
E198 with the carbamate (Fig. 4C). These docked hexyl- and octyl- 
thioethers, both which had decreased potency in the AlbR line 
(Fig. 4C), had similar binding affinities to Alb, calculated at − 5.1 kcal/ 
mol and − 5.2 kcal/mol, respectively. The position and orientation of 
these analogues were the same as Alb (Fig. 4D), although the hydrogen 
bond with C236 shifted to the benzimidazole (Fig. 4A). Overall, these 
models highlighted residues associated with SNPs in BZ resistance were 
located within the binding site, and that some Alb analogues interacted 
with E198. Bonded interactions with E198 and BZ compounds have been 
reported in experimental and modelled structures (Robinson et al., 
2004; Aguayo-Ortiz et al., 2013a; Wang et al., 2016), and E198 muta-
tions are common in both anthelmintic resistance (Rufener et al., 2009) 
and anti-fungal resistance (Cai et al., 2015; Liu et al., 2019). 

3.6. Identification of E198K mutation in β-tubulin sequences from the 
AlbR line 

Our bioassay and molecular models support the hypothesis that the 
AlbR line had undergone a mutation in its β-tubulin sequence. To 
investigate this, we performed capillary and amplicon sequencing of a 
600 bp region of Giardia β-tubulin as based on Arguello-Garcia et al. 
(2009). Firstly, chromatograms from capillary sequencing of Giardia 
β-tubulin were inspected, including nucleotides corresponding to amino 
acids 50, 134, 165, 167, 198 and 200, which are residues reported in BZ 
resistance in other species. From this we identified a clear heterozygous 
SNP at position 440 of G/A in each AlbR replicate, whereas only G 

Fig. 4. Molecular modelling of Alb with Giardia β-tubulin A) Illustrations of the binding mode of albendazole with Giardia β-tubulin. Surface view to represent 
binding pocket for Alb (left) and with the ribbon structure demonstrating polar contact (middle), with C236 and its hydrogen bond interaction indicated with an 
arror. The predicted binding modes of Alb inside the proposed binding site with the amino acid residues involved in hydrogen bond formation and non-bonded 
interaction are shown on the right. B) Overlapped binding sites of the experimentally derived crystal structure of T2R-TTL-nocodazole complex (PDB ID: 
5CA1_C/D) shown in grey and our model of G. duodenalis β-tubulin shown in green. A close-up inserted image in the top right compared the orientation of nocodazole 
(blue) from the crystal structure (5CA1_D) and the docked Alb (green) structure from our molecular modelling of Giardia, and demonstrates that nocodozole and Alb 
share the same binding position and direction. In contrast, the inserted structure on the bottom left of the experimentally derived crystal structure of the tubulin- 
colchicine complex (PDB ID: 4O2B_C/D) in grey shows that the colchicine (yellow) molecule partially overlaps with docked Alb (green) in our structure from Giardia. 
C) Ribbon structures demonstrating polar contact between Giardia β-tubulin and heptylthioether (BI-63-8; left) and octyl-thiol (BI-63-14; right) analogues associated 
with decreased potency in the AlbR line. Orientation of the molecular is the same as in Alb, but feature an additional hydrogen bond with E198 for both molecules as 
indicated by the arrow. 
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occurred in DMSO replicates. This altered the sequence from GAG to 
AAG, and resulted in a E198K mutation (Fig. 5A). No other SNPs were 
observed (Supplementary Fig. 5). We performed variant calling analyses 
of amplicon sequences to confirm these SNPs, and detected the G592A 
SNP which encoded the E198K mutation in the nucleotide sequence of 
all three AlbR samples, but not the AlbS samples (Fig. 5B). 

To our knowledge, this is the first report of a β-tubulin mutation in 
protistan BZ-resistance. To understand the molecular impacts of muta-
tion at E198K for BZ-binding, we performed additional modelling for 
Alb and Giardia β-tubulin with the E198K mutation (Fig. 5C). We noted 
the longer side chain of lysine and pronounced increased basicity 
compared to shorter and acidic glutamate would have impacted both the 
size and ionisation balance within the binding pocket, and we observed 
Alb docked in a shallower position with a different orientation in our 
K198 model. Both E198 and K198 models of docked Alb favoured the 
hydrogen bond between C236 and the Alb carbamoyl moiety (Figs. 3A 
and 5C), although we observed a new hydrogen bond between K198 and 
the carbamate in the K198 docked albendazole (Fig. 5D). The presence 
of two hydrogen bonds resulted in a slightly higher binding affinity 
− 6.0 kcal/mol as compared to our E198 models (− 5.6 kcal/mol), where 
only a single hydrogen bond was observed with C236 and docked Alb. 

Given our first models of Alb binding Giardia β-tubulin did not favour 
two E198 hydrogen bonds with BZ compounds, similar binding affinities 
between E198 and K198 models were expected. In contrast, molecular 
models which reported two E198 hydrogen bonds with BZ compounds 
also reported lower binding affinities in models with E198 mutations. In 
particular, the E198A mutation in helminths resulted in loss of two E198 
hydrogen bonds in the A198 mutant (Aguayo-Ortiz et al., 2013a, 
2013b), whereas fungi with E198K mutations reported reduction to only 
one, less favourable, hydrogen bond with the K198 mutant (Cai et al., 
2015). Although our hydrogen bond interactions were dissimilar to 
these previous models, the E198K mutation altered the binding 

orientation, position and affinity of Alb in our models, indicative of 
changes to interactions between key residues which bind and orientate 
the BZ within the β-tubulin site (Aguayo-Ortiz et al., 2013a, 2013b) 
(Fig. 6). 

4. Discussion 

BZs have been widely successful as antiparasitic and antifungal drugs 
in medical, veterinary and agrochemical fields for several decades. 
These compounds are well-tolerated, highly effective, often in single 
doses, and extremely low-cost. For Giardia, BZs are one of the few al-
ternatives to frontline nitroheterocyclics, including Mtz or tinidazole. As 
Mtz-resistance increases in frequency (Nabarro et al., 2015; Lalle and 
Hanevik, 2018) the reports of clinical Alb resistance (Farbey et al., 1995; 
Lemee et al., 2000) are a pressing concern. Yet, our understanding of the 
underlying mechanisms of BZ-resistance in Giardia are poorly under-
stood. Most importantly, while the evidence favours a conserved 
BZ-tubulin mechanism of action in Giardia (Chavez et al., 1992; Mac-
Donald et al., 2004), the link between BZ-resistance and tubulin in 
Giardia has received little attention compared to our understanding of 
β-tubulin mutations in BZ-resistant strains of nematodes and fungi. 

Upon review, the lack of data exploring BZ resistance in Giardia has 
been driven by challenges associated with its induction. Multiple studies 
report unsuccessful attempts to culture trophozoites after in vitro Alb 
exposure (i.e. pulse exposure) (Meloni et al., 1990; Chavez et al., 1992) 
and the failure to induce AlbR in vitro (Morgan et al., 1993; Upcroft et al., 
1996). While, among the successful attempts at in vitro selection of AlbR 
Giardia (Lindquist, 1996; Upcroft et al., 1996; Jimenez-Cardoso et al., 
2004; Arguello-Garcia et al., 2009) there are no consistent predictors of 
success, such as selection method (pulse vs. sublethal), along with large 
variability in the adaptation times and maximum doses tolerated. This 
variability in AlbR induction could indicate potential variation in 

Fig. 5. Identification and modelling of an E198K mutation in tha AlbR line A) Representative sequence chromatograms from capillary sequencing of Giardia 
β-tubulin from AlbS and AlbR lines highlighting nucleotides corresponding to amino acids 165, 167, 198 and 200. A double peak at nucleotide position 440 G/A is 
highlighted with a yellow arrow in the AlbR isolate is indicative of a single nucleotide polymorphism which would correspond to a E198K mutation. Chromatograms 
from the three technical replicates in each AlbR and AlbS line can be seen in Supplementary Fig. S5. B) Results of amplicon sequencing analysing the G592A SNP in 
the AlbS and AlbR lines in replicates from in vitro culture (R1, R2, R3), as well as sequencing replicates (a, b, c). The figure shows both the number of reads aligned at 
this position for the G592A SNP (a), as well as the relative frequency of the G592A SNP (b). C) Orientation of Alb in the binding pocket where E198 is present (green) 
compared to K198 (blue), the latter which binds slightly shallower and in a twisted orientation. Side chains of other key residues are also shown, including cysteines 
which can be hydrogen bond donors, and amino acids implicated in anthelmintic resistance. D) Ribbon structures demonstrating polar contact between Giardia 
β-tubulin and albendazole with the E198K mutation. An additional hydrogen bond with K198 is observed, as is the hydrogen bond with C236, which was observed 
with Alb in models with E198. 
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resistance mechanisms among lab lines, which is common in MtzR 
(Ansell et al., 2015). However in contrast to Mtz, all in vitro stable and 
highly BZ-resistant lines are from the Giardia WB line or its clones 
(Lindquist, 1996; Upcroft et al., 1996; Arguello-Garcia et al., 2009), 
whereas in vitro Mtz-resistance has been readily generated across many 
genome, lab and clinical isolates (Ansell et al., 2015). 

Overall, our data were consistent with β-tubulin dependent 

mechanism of BZ-resistance in Giardia, and our bioassay, computational 
modelling and sequencing data collectively implicated a change in the 
BZ site of action. This data included overlapping resistances across BZ 5- 
position structural variants, as well as cross-resistance to structurally 
independent CBS inhibitors. This highlighted these molecules could not 
be accommodated or correctly orientated in a shared binding site. 
Computational modelling predicted the BZ binding site as overlapping 

fig. 6. BZ-resistance phenotypes and genotypes across AlbR induction. A) IC50 dose response curves for albendazole, mebendazole, parbendazole and oxi-
bendendazole in AlbS and AlbR isogenic lines grown at 0.21 μM, 0.35 μM and 0.5 μM drug, demonstrating a shift in IC50 in all the AlbR lines relative to Alb 
concentration. B) Results of amplicon sequencing analysing the G592A SNP in the 0.21 μM and the 0.35 μM AlbR line in replicates from in vitro culture (R1, R2, R3), 
as well as sequencing replicates (a, b, c). The figure shows both the number of reads aligned at this position for the G592A SNP (a), as well as the relative allele 
frequency of the G592A SNP (b). C) Correlation between BZ-resistance phenotypes and the G592A SNP in the 0.21 μM, 0.35 μM and 0.5 μM lines. The left axis for the 
bar chart demonstrates the calculated RF for the AlbR lines, whereas the right axis for the violin plot demonstrates the allele frequency from in vitro culture as well as 
sequencing replicates, with statistical significance established via Wilcoxon signed-rank test. 
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the CBS at the αβ-tubulin interface, in agreement with by our studies of 
BZ structural activity relationships (SAR), and consistent with our 
identification of a known BZ-resistance allele in this predicted BZ- 
binding site. However, we also observed several species-specific differ-
ences in the Giardia CBS that made it difficult to resolve the exact 
orientation and position of BZ-binding in Giardia, and further affected 
our modelling of the impacts of the identified mutation. Notably, mul-
tiple cysteines which can interact with BZs occur in the predicted Giardia 
binding site, including C165 and C236, which do not occur in other BZ- 
susceptible species. In these other species, C239 is predicted to interact 
with the carbonyl, sulfur or sulfoxide groups of BZ 5-position sub-
stituents (Aguayo-Ortiz et al., 2013a; Wang et al., 2016), whereas our 
models consistently favoured C236 interactions. A previous homology 
model of Giardia β-tubulin with BZ compounds predicted these in-
teractions instead with C165, resulting in a different orientation of the 
BZ molecule (Aguayo-Ortiz et al., 2013b). The main impact between 
C236 hydrogen bonding as compared to C165 in Giardia was the for-
mation of two additional hydrogen bonds between E198 in models 
favouring C165. We further note two hydrogen bonds for E198 have 
been observed in models of helminths with BZ compounds 
(Aguayo-Ortiz et al., 2013a, 2013b), models of fungi with carbendazim 
(Cai et al., 2015), and in experimentally derived crystal structures of 
BZ-tubulin complexes (Wang et al., 2016). The absence of these bonds in 
our models affected our downstream modelling of the identified E198K 
mutation, as this mutation should reduce hydrogen bonding capacity to 
a single, less favourable bond (Cai et al., 2015). Therefore, resolving the 
Giardia-specific model of BZ-binding relative to unique amino acids in its 
CBS is required to complete our understanding of the molecular basis 
BZ-resistance based on β-tubulin mechanisms. 

Our identification of an E198K mutation is the first report of a 
β-tubulin mutation in Giardia BZ-resistance. Importantly, this mutation 
in Giardia is not a primary site of mutation associated with antihelmintic 
resistance (i.e., F167Y, E198A, F200Y) (Lubega and Prichard, 1991; Kwa 
et al., 1994; Beech et al., 2011), but a common mutational variant 
conferring anti-fungal resistance to the parent BZ, carbendazim (Yarden 
and Katan, 1993; Banno et al., 2008; Cai et al., 2015; Liu et al., 2019). In 
fungi, E198K mutations are specifically associated with higher levels of 
carbendazim resistance compared to the other E198 mutations (E198A, 
E198V), and cross-resistance to other β-tubulin inhibitors (Cai et al., 
2015). Our AlbR line also displayed high resistance factors to all BZ 
compounds tested, and cross-resistance to podophyllotoxin. Therefore, 
not only are our results the first evidence of conserved BZ-tubulin 
mechanisms in Giardia BZ-resistance, they also suggest mutations may 
not coincide with those observed in anthelmintic resistance. This could 
reflect the differences in the BZ binding pocket of Giardia β-tubulin 
compared to helminths, noted herein and previous studies 
(Aguayo-Ortiz et al., 2013b). Unfortunately, investigations of β-tubulin 
mutations are few in the context of anti-giardial resistance (Upcroft 
et al., 1996; Argüello-García et al., 2015), and therefore more 
sequencing data is required to confirm if E198K is a favoured mutation, 
or if additional mutated alleles occur at E198 or elsewhere, and in what 
proportions these occur. 

Based on observations of enhanced survivability of MtzR isolates in 
Alb, we hypothesised MtzR backgrounds may enhance acquisition of Alb 
resistance. Intriguingly, cross-resistance was directional, and AlbR could 
not confer MtzR. While the molecular basis of this cross-resistance re-
quires exploration, it is possible that complex MtzR phenotypes could 
provide metabolic routes reducing the toxicity of BZ compounds, given 
MtzR parasites have significant differential activity and expression of 
glycolytic and antioxidant enzymes (Ansell et al., 2015, 2017; Emery 
et al., 2018). Notably, Argüello-García et al. (2015) have previously 
demonstrated reductions in Alb sulfoxide and sulfone metabolites in 
AlbR lines which have elevated antioxidant responses, but lack β-tubulin 
mutations. Theoretically, similar altered Alb metabolism could occur in 
MtzR lines and enhance emergence of ‘persister’ cells (Barrett et al., 
2019), producing Alb-refractory populations that may underpin chronic 

infections and treatment failures. This hypothesis is concerning given 
clinical MtzR and AlbR correlations have been reported which could 
correspond to our observed in vitro Mtz-dependent AlbR. In particular, 
low cure rates (>20%) have been demonstrated for Alb in patients which 
failed nitroheterocyclic treatment (Meltzer et al., 2014), and 
co-occurrence of AlbR and MtzR in clinical isolates (Lemee et al., 2000). 
While β-tubulin markers for AlbR would help dissect these 
cross-resistances, we note that consistent and robust MtzR markers for 
Giardia are also required, and such markers have proven indefinable 
despite multiple dedicated explorations. 

Prior to this study, no SNPs had been identified in the β-tubulin gene 
in BZ-resistant Giardia. We propose this has been partly due to under- 
sampling, and highlighted extenuating factors regarding sequences 
from MtzR backgrounds. However, given the complex microtubule 
system in this parasite, there certainly may be alternative targets for BZ 
drugs and alternative mechanisms of resistance. Indeed, Argüello-García 
et al. (2015) have highlighted metabolic AlbR phenotypes operating in 
absence of β-tubulin mutations, and we further hypothesise the possi-
bility of non-genetic mechanisms which preceded the acquisition of the 
identified β-tubulin mutations during our Alb-selection as possible 
‘persister’ phenotypes (Barrett et al., 2019). Nonetheless, our data were 
wholly consistent with β-tubulin as both the BZ-target and BZ-resistance 
mechanism in Giardia, and note BZ-resistant Giardia share common 
mutations with anti-fungal, but not anthelmintic, BZ-resistance. 
Currently, several loop-mediated isothermal amplification (LAMP) as-
says are able to rapidly and sensitively detect mutated E198 alleles in 
fungi in the field (Fan et al., 2019; Liu et al., 2019), highlighting po-
tential that similar approaches could be optimised for clinical surveil-
lance of Giardia BZ-resistance. Based on this, we suggest efforts be 
consolidated to elucidate the frequency and diversity of mutational al-
leles in Giardia tubulin towards validating markers for clinical diagnosis 
and surveillance of drug-resistant strains. 
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Vela-Corcía, D., Romero, D., de Vicente, A., Pérez-García, A., 2018. Analysis of β-tubulin- 
carbendazim interaction reveals that binding site for MBC fungicides does not 
include residues involved in fungicide resistance. Sci. Rep. 8, 7161. 

Wang, Y., Zhang, H., Gigant, B., Yu, Y., Wu, Y., Chen, X., Lai, Q., Yang, Z., Chen, Q., 
Yang, J., 2016. Structures of a diverse set of colchicine binding site inhibitors in 
complex with tubulin provide a rationale for drug discovery. FEBS J. 283, 102–111. 

Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R., Heer, F. 
T., de Beer, T.A.P., Rempfer, C., Bordoli, L., Lepore, R., Schwede, T., 2018. SWISS- 
MODEL: homology modelling of protein structures and complexes. Nucleic Acids 
Res. 46, W296–W303. 

Yang, J., Roy, A., Zhang, Y., 2013a. BioLiP: a semi-manually curated database for 
biologically relevant ligand-protein interactions. Nucleic Acids Res. 41, 
D1096–D1103. 

Yang, J., Roy, A., Zhang, Y., 2013b. Protein-ligand binding site recognition using 
complementary binding-specific substructure comparison and sequence profile 
alignment. Bioinformatics 29, 2588–2595. 

Yarden, O., Katan, T., 1993. Mutations leading to substitutions at amino acids 198 and 
200 of beta-tubulin that correlate with benomyl-resistance phenotypes of field 
strains of Botrytis cinerea. Phytopathology 83, 1478–1483. 

S.J. Emery-Corbin et al.                                                                                                                                                                                                                       

http://refhub.elsevier.com/S2211-3207(21)00022-1/sref59
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref59
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref59
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref60
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref60
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref60
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref60
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref61
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref61
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref61
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref61
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref62
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref62
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref62
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref63
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref63
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref63
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref64
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref64
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref64
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref65
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref65
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref65
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref66
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref66
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref66
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref67
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref67
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref67
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref68
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref68
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref68
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref69
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref69
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref69
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref70
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref70
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref70
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref70
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref70
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref71
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref71
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref71
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref72
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref72
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref72
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref73
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref73
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref73
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref73
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref74
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref74
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref74
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref75
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref75
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref75
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref76
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref76
http://refhub.elsevier.com/S2211-3207(21)00022-1/sref76

	In vitro selection of Giardia duodenalis for Albendazole resistance identifies a β-tubulin mutation at amino acid E198K
	1 Introduction
	2 Materials and methods
	2.1 Trophozoite in vitro culture and induction of Albendazole resistance
	2.2 Drug-sensitivity testing in AlbR and AlbS isogenic lines
	2.3 Molecular modelling of Albendazole with Giardia β-tubulin
	2.3.1 Template and binding-site identification and homology modelling
	2.3.2 Molecular docking between Albendazole compounds and β-tubulin
	2.3.3 Molecular docking between Albendazole compounds and β-tubulin with the E198K mutation

	2.4 Sequencing of β-tubulin in WB AlbR and AlbS isogenic lines
	2.4.1 Capillary sequencing
	2.4.2 Amplicon sequencing

	2.5 CGATCTNNNNNNNNGTGACCTATGAACTCAGGAGTC-2prime; SRT2-OH2: 5′ - AATGATACGGCGACCACCGAGATCT
	2.6 Drug-sensitivity testing in MtzR and MtzS isogenic lines

	3 Results
	3.1 Induction of a new AlbR line from the WB genetic background
	3.2 AlbR line is broadly resistant to benzimidazole-2-carbamates
	3.3 Exploring AlbR derived from MtzR backgrounds
	3.4 Albendazole structural modifications affect AlbR inhibitory activity and resistance factor
	3.5 Molecular modelling of Alb and β-tubulin drug interactions overlaps with the CBS
	3.6 Identification of E198K mutation in β-tubulin sequences from the AlbR line

	4 Discussion
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Supplementary Information
	References


