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A B S T R A C T   

Benzimidazole-2-carbamates (BZ, e.g., albendazole; ALB), which bind β-tubulin to disrupt microtubule poly
merization, are one of two primary compound classes used to treat giardiasis. In most parasitic nematodes and 
fungi, BZ-resistance is caused by β-tubulin mutations and its molecular mode of action (MOA) is well studied. In 
contrast, in Giardia duodenalis BZ MOA or resistance is less well understood, may involve target-specific and 
broader impacts including cellular damage and oxidative stress, and its underlying cause is not clearly deter
mined. Previously, we identified acquisition of a single nucleotide polymorphism, E198K, in β-tubulin in ALB- 
resistant (ALB-R) G. duodenalis WB-1B relative to ALB-sensitive (ALB-S) parental controls. E198K is linked to 
BZ-resistance in fungi and its allelic frequency correlated with the magnitude of BZ-resistance in G. duodenalis 
WB-1B. Here, we undertook detailed transcriptomic comparisons of these ALB-S and ALB-R G. duodenalis WB-1B 
cultures. The primary transcriptional changes with ALB-R in G. duodenalis WB-1B indicated increased protein 
degradation and turnover, and up-regulation of tubulin, and related genes, associated with the adhesive disc and 
basal bodies. These findings are consistent with previous observations noting focused disintegration of the disc 
and associated structures in Giardia duodenalis upon ALB exposure. We also saw transcriptional changes with 
ALB-R in G. duodenalis WB-1B consistent with prior observations of a shift from glycolysis to arginine metabolism 
for ATP production and possible changes to aspects of the vesicular trafficking system that require further 
investigation. Finally, we saw mixed transcriptional changes associated with DNA repair and oxidative stress 
responses in the G. duodenalis WB-1B line. These changes may be indicative of a role for H2O2 degradation in 
ALB-R, as has been observed in other G. duodenalis cell cultures. However, they were below the transcriptional 
fold-change threshold (log2FC > 1) typically employed in transcriptomic analyses and appear to be contradicted 
in ALB-R G. duodenalis WB-1B by down-regulation of the NAD scavenging and conversion pathways required to 
support these stress pathways and up-regulation of many highly oxidation sensitive iron-sulphur (FeS) cluster 
based metabolic enzymes.   

1. Introduction 

Giardia duodenalis is a gastrointestinal parasite causing ~1 billion 
infections and ~280 million symptomatic cases (Giardiasis) each year 

(Lane and Lloyd, 2002), making it the fourth most common cause of 
foodborne illness worldwide (Torgerson et al., 2015). Resilient 
G. duodenalis cysts and their zoonotic/anthroponotic transmission 
through food, water, or direct contact make Giardia a common parasite 
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in most countries, irrespective of socioeconomic wealth (Furness et al., 
2000). Giardiasis is a significant contributor to the global diarrhoeal 
disease burden, a major cause of malabsorption syndrome and failure to 
thrive (Robertson et al., 2010), and is associated with post-infectious 
gastrointestinal disorders, including irritable bowel syndrome and 
chronic enteropathy (Guerrant et al., 2013). Treatment of giardiasis is 
limited to nitroheterocyclic drugs (e.g., metronidazole; MTZ) and 
benzimidazoles (BZs, e.g., albendazole (ALB) and mebendazole) (Esco
bedo and Cimerman, 2007; Solaymani-Mohammadi et al., 2010). Clin
ical resistance has been reported for G. duodenalis against each drug class 
and is readily generated in vitro (Argüello-García et al., 2020). However, 
although mechanisms of MTZ-resistance are well studied in Giardia 
(Ansell et al., 2015b), those underpinning BZ-resistance are less 
understood. 

BZs bind tubulin subunits to inhibit microtubule polymerization and 
are broadly used to treat a range of parasites (Lacey, 1988). BZs are well 
tolerated and safe for children, low cost, and often effective with one or a 
few doses. However, BZ-resistance is widespread in many multicellular 
parasites, of growing concern in treating human helminthiases (James 
et al., 2009), and is a potential risk for controlling gastrointestinal 
protists, including G. duodenalis (Leitsch, 2015; Furtado et al., 2016). In 
nematodes and fungi, BZ-resistance appears primarily caused by coding 
mutations in β-tubulin isoform 1 (TUB1), most notably at F167, E198, 
and F200 (Lubega and Prichard, 1991; Yarden and Katan, 1993; Elard 
and Humbert, 1999; Ghisi et al., 2007; Banno et al., 2008; Rufener et al., 
2009; Beech et al., 2011; Cai et al., 2015; Liu et al., 2019). These mu
tations disrupt the binding of BZs (specifically ALB and mebendazole) in 
the colchicine binding site (CBS) formed between the α- and β-tubulin 
interface during microtubule polymerization (Lacey, 1988; Keeling and 
Doolittle, 1996; Chatterji et al., 2011; Wang et al., 2016). In nematodes 
and fungi, BZs likely kill by inhibiting the microtubule network of 
transport vesicles required for glucose uptake (Allen Paris and Gottlieb, 
1970; Lacey, 1988; Khan et al., 2019), leading to starvation (Jasra et al., 
1990) although these drugs also induce more systemic effects (Borgers 
et al., 1975). 

BZ MOA and resistance mechanisms are less defined in single-celled 
parasitic eukaryotes, such as G. duodenalis. The cellular biology of 
G. duodenalis is heavily dependent on microtubules, with the parasite 
having lost the myosin II gene and lacking canonical actin binding and 
actin-related proteins (Morrison et al., 2007; Steele-Ogus Melissa et al., 
2021). Microtubules are critical in Giardia’s cytoskeletal structure, ad
hesive disc, flagellar motor proteins, vesicular trafficking, and the cell 
cycle (Dawson and House, 2010; Hagen et al., 2020). In addition to 
having at least five tubulin isoforms (Campanati et al., 2003), 
G. duodenalis encodes a novel family of annexin-like proteins, the 
alpha-giardins (Weiland et al., 2005), that associate with tubulin in 
microtubules (Vahrmann et al., 2008). G. duodenalis has also undergone 
a significant expansion of the NEK kinases (Manning et al., 2011), which 
regulate tubulin polymerization across the Eukaryota (Westermann and 
Weber, 2003). BZs have major impacts in G. duodenalis on cell 
morphology and structure (Chavez et al., 1992), particularly leading to 
morphological defects and disintegration of the adhesive disc and 
flagella, and interruption of the cell cycle, most notably the transition 
from G2/M to G1 phase (Sandhu et al., 2004; Martinez-Espinosa et al., 
2015). As seen with metazoans, BZs directly interact with microtubules 
in Giardia and cause a depolymerizing effect (MacDonald et al., 2004; 
Aguayo-Ortiz et al., 2013). BZ exposure is associated with changes in the 
expression of giardins, NEK kinases, and other essential players in 
microtubule composition and regulation in this parasite 
(Jiménez-Cardoso et al., 2009). Early studies of BZ-resistant 
G. duodenalis (reviewed by (Leitsch, 2015)) did not find evidence for 
mutations in beta-tubulin (Upcroft et al., 1996; Argüello-García et al., 
2009). Several studies have implicated oxidative stress and metabolic 
changes with BZ exposure and in vitro selected resistance in Giardia 
(Paz-Maldonado et al., 2013; Argüello-Garcia et al., 2015; Pech-Santiago 
et al., 2022) and other organisms (Locatelli et al., 2004; 

Martinez-Espinosa et al., 2015; Wen et al., 2020; Kim et al., 2021; Xu 
et al., 2022). In addition, in vitro cultured G. duodenalis isolates and 
clones have demonstrated variable susceptibility to BZs (Argüello-
García et al., 2004) and may indicate multiple, independent, molecular 
mechanisms could lead to BZ-resistance (Argüello-García et al., 2009). 

In a recent analysis of in vitro selected ALB-resistant line (ALB-R) of 
the G. duodenalis WB-1B isolate (Emery-Corbin et al., 2021b), we iden
tified a substitution in codon position 198 of TUB1 (GL_136020), leading 
to a mutation from arginine (E) to lysine (K). This E198K mutation was 
only identified using sensitive amplicon sequencing, and, its allelic 
frequency in culture correlated with the level of ALB tolerance during in 
vitro selection. This mutation has been described as causing ALB-R in 
fungi (Banno et al., 2008; Cai et al., 2015) and in this work, we predicted 
that the E198K mutation reduced the accessibility of the 
colchicine-binding site (CBS) of TUB1 in G. duodenalis. This prediction 
was further supported by observations of cross-resistance with BZ ana
logs consistent with a reshaped CBS (Emery-Corbin et al., 2021b). Here, 
we employ strand-specific RNA-sequencing to characterize tran
scriptomic changes associated with ALB-R in this same culture lineage, 
comparing isogenic ALB-S and ALB-R states. We examine how functional 
trends in these data may inform on ALB MOA and mechanisms of 
resistance and compare the results with prior studies on ALB-R in 
G. duodenalis. 

2. Materials and methods 

2.1. Axenic in vitro culture of G. duodenalis and selection for ALB-R 

All G. duodenalis WB subclone 1B (WB–1B) (Capon et al., 1989) 
trophozoites were grown at 37 ◦C in flat-sided 10 mL tubes (Thermo 
Fisher Nunc Delta #156758) filled with 10 mL of complete TYI-S33 
media (Keister, 1983; Davids and Gillin, 2011) containing 10% 
heat-inactivated bovine serum (Invitrogen #16170–078) and reduced 6 
mM glucose (Ansell et al., 2017), and sub-cultured twice weekly. ALB-R 
was selected as per (Emery-Corbin et al., 2021b) by continuously 
exposing G. duodenalis trophozoites to ALB (Sigma Aldrich CAS 
54965-21-8; 1 mM stock in dimethyl sulfoxide, DMSO, Cell Signaling 
#12611P) under sublethal concentration, starting at half the IC50 of 
ALB susceptible line (ALB-S) at 0.1 μM (Upcroft et al., 1996), followed 
by incremental increases of 0.01–0.05 μM over time until the cultured 
trophozoites were able to grow to confluence in 0.5 μM ALB (2.5x the 
susceptible IC50). After selection, ALB-R cultures were maintained at 
0.5 μM ALB to ensure stable growth. ALB-S controls were maintained 
alongside the ALB-R line in complete media spiked with the equivalent 
DMSO vehicle. 

2.2. Drug sensitivity testing 

Giardia duodenalis WB-1B trophozoites from confluent tubes were 
detached in fresh TYI media by cooling on wet ice for 20 min and seeded 
into 96-well clear-bottom plate (Corning #3610) in 2000 trophozoites 
per well, resulting in a final 50 μL volume with ALB (2.5–20 μM) samples 
and 1% DMSO controls. Plates were sealed within GasPak EZ anaerobe 
pouches (BD #260685) with fresh anaerobic sachets and incubated at 
37 ◦C for 48 h. 50 μL CellTiter-Glo reagent (Promega #G7571) was 
added to each well at room temperature (r.t.) for ATP-based lumines
cence screening (BioTek). Prism software (GraphPad) was used to fit Hill 
plots to dose-response data and to calculate IC50 values via the “log 
(inhibitor) vs normalized response-variable slope” module. 

2.3. Sample generation and mRNA sequencing 

All sample replicates used for mRNA sequencing were grown in a 
single culture batch. This included three replicates of the ALB-S (DMSO) 
control, and because higher ALB-R cultures showed reduced growth 
rate, eight replicates of the ALB-R isolate. All cultures were grown in 
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Falcon t25 flasks in 56 mL of fresh TYI medium and incubated at 37 ◦C 
for ~60 h. ALB-S cultures were seeded with 105 trophozoites and 
reached confluence at harvesting. ALB-R required an initial seeding of 
1.5–3 × 106 trophozoites, which were grown in ALB at a final concen
tration of 0.5 μM and harvested at 60 h regardless of whether they 
achieved full confluence. After incubation, flasks were inverted, and 
supernatant and suspended trophozoites (likely to contain dead/dying 
and dividing cells, which could confound the mRNA integrity and 
comparative transcription analyses, respectively) were decanted to 
waste; 50 mL of ice-cold complete TYI medium were added, and flasks 
were incubated on ice-water for 10 min to detach trophozoites. The 
suspended cells were transferred to 50 mL falcon tubes and pelleted 
(680×g, 5 min, 4 ◦C). The supernatant was removed, and pellets were re- 
suspended, transferred to UV-irradiated 1.5 mL microfuge tubes, and 
pelleted (720×g, 2 min, RT). Samples from ALB-R lines were consoli
dated into three microfuge tubes to form the requisite replicates for 
sequencing. The supernatant was removed, and the pellets dissolved in 
1 mL of TriPure reagent (Roche), incubated at RT for 5 min, and stored 
at − 80 ◦C. 

RNA was extracted according to the TriPure (Sigma-Aldrich) man
ufacturer’s protocol within 4 weeks of sample preparation. The dried 
RNA pellet was re-suspended in reverse-osmosis deionized water (H2O) 
and treated with Turbo DNAse (Ambion) according to the manufac
turer’s instructions. RNA concentration was estimated by fluorometry 
(Qubit), and quality control was performed using a BioAnalyzer (Agi
lent). Polyadenylated RNA was purified from 10 μg of total RNA using 
Sera-mag oligo (dT) beads, fragmented to a length of 100–500 bases, and 
reverse transcribed using random hexamers. Strands were labelled using 
the dUTP second-strand synthesis method, end-repaired and adaptor- 
ligated, and then treated with uracil-specific excision reagent (USER; 
NEB) before amplification by PCR. Products were purified over a 
MinElute column (Qiagen), and single-end sequencing was performed 
using an Illumina HiSeq 2500 (YourGene Biosciences, Taiwan). 

2.4. Data processing and analysis 

Raw reads for each replicate (mean of 31 million reads) were 
assessed for quality by FastQC (Andrews, 2010). Trimmomatic (Bolger 
et al., 2014) was used to trim the adapters and low-quality bases (sliding 
window: 4 nt; minimum average PHRED quality: 20; leading and trail
ing: 3 nt; minimum read length: 40 nt). Filtered reads were mapped as 
single-ended reads to the non-deprecated coding genes described for the 
G. duodenalis WB genome GiardiaDB release 47 (Morrison et al., 2007; 
Aurrecoechea et al., 2009) using Rsubread (Liao et al., 2019) with 
“subread-align” (minimum fragment length of 10; maximum 4 mis
matched bases; hit report consensus threshold by 1; maximal 2 
equally-best mapping locations). Sense strand mapped read counts were 
generated for each gene by “featureCounts” -s 2. The mapped reads were 
then submitted to edgeR (Robinson et al., 2010) for further analysis. 
Low-abundance transcripts were removed to reduce false discovery 
during differential transcriptional analysis, using the edgeR function’ 
filterByExpr’, which retained genes with counts per million (CPM) more 
than 0.37 across the smallest group sample size (equating to at least 10 
counts per median library size) (Supplementary Fig. 1A). Libraries were 
normalized by Trimmed Mean of M-values (TMM) normalization (Sup
plementary Fig. 1B), followed by unsupervised clustering by limma 
(Ritchie et al., 2015) according to leading log2 fold change (log2-FC) 
dimensions (Supplementary Fig. 1C). Normalized counts were further 
adjusted by voom to remove identifiable technical variation (Supple
mentary Fig. 1D; Table S2). Differentially transcribed genes (DTGs) 
between the ALB-S and ALB-R conditions were identified using the 
emBayes test module at a false discovery rate (FDR) of 0.05 and a 
minimum absolute log2-FC of more than 1. SNP calling of TUB1 was 
performed by “exactSNP” in Rsubread by default threshold (base quality 
score at 13; q-value at 12). 

Hypothetical proteins identified among the DTGs that were less than 

750 amino acids were queried for functional annotations based on 
structural homology modelling for G. duodenalis (Ansell et al., 2019). 
Larger hypothetical proteins not included in this previous study (Ansell 
et al., 2019) were analyzed by Phyre2. DAVID (Huang et al., 2009) was 
used for domain and molecular function enrichment analysis for DTGs. 
Romer (Wu et al., 2010) was used to test the enrichment of Gene 
Ontology (GO) terms and KEGG pathways throughout the whole tran
scriptome (here termed as “functional trend analysis”) in susceptible and 
resistant lines (significance threshold: adjusted P value less than 0.05, 
minimum cluster size more than 5 genes). The raw RNA-sequence reads 
relating to this study are available at https://www.ncbi.nlm.nih.gov/bio 
project/PRJNA951805. 

3. Results and discussion 

Selection for ALB-R G. duodenalis WB-1B trophozoites required six 
incremental increases in continuous, sublethal ALB concentration from 
0.1 to 0.5 μM over 315 days, followed by stabilization at 0.5 μM (Sup
plementary Fig. 2A). Following this stabilization period, we measured a 
12-fold increase in the ALB IC50 for the ALB-R compared to the WB ALB- 
S (DMSO) control (Supplementary Fig. 2B). In a previous study (Emer
y-Corbin et al., 2021b), we identified a statistically significant increase 
in the frequency of a TUB1 SNP, E198K, in this ALB-R isolate relative to 
its ALB-S parental line. We also demonstrated that this SNP frequency 
was positively correlated with increasing resistance factor at 3 discrete 
points of stabilization during sublethal ALB selection. This SNP has been 
linked to ALB-R acquisition in some fungal species (Yarden and Katan, 
1993; Banno et al., 2008; Cai et al., 2015). Extending this work here, we 
explored the transcriptomic differences between these isolates to better 
understand the ALB-R mechanism. To do this, we generated 30.7–31.3 
M strand-specific RNA-seq reads per replicate (three ALB-S DMSO con
trols and three ALB-R), with 81.8–84.3% of these representing sense 
strand transcripts from the annotated coding domains of the 
G. duodenalis WB reference genome (GiardiaDB release 47) (Table S1). 
In total, 5599 genes were identified as transcribed at more than 0.37 
counts per million (CPM) in all replicates following normalization 
(Table S2). Notably, the E198K SNP in TUB1 was detected at an allelic 
frequency ~45% in the transcripts of the ALB-R replicates and absent 
from all ALB-S replicates (Supplementary Fig. 3). 

We used two major approaches to explore changes in the 
G. duodenalis WB-1B transcriptome associated with in vitro selected ALB- 
R. Firstly, using conventional gene-based analyses with pairwise statis
tical analysis, we identified 290 differentially transcribed genes (DTGs: 
FDR <0.05 and absolute log2-FC > 1) between ALB-S and ALB-R repli
cates, with 155 of these up- and 135 down-regulated in ALB-R (Fig. 1A; 
Tables S3–S4). Next, we explored functional trends among these statis
tically significant DTGs using conserved protein domain and Gene 
Ontology (GO) enrichment analysis (Fig. 1B–C, Table S7). 

Secondly, we undertook a broader, functional trend analysis of the 
overall transcriptome (Fig. 2A–B; Tables S9–S51), independent of the 
statistical status of individual genes as determined in the first analysis. 
This approach grouped the transcripts into functional clusters based on 
their GO terms or KEGG pathway classification. We then tested which, if 
any, of these transcript clusters were statistically significantly more 
highly (‘up’), lowly (‘down’) or bimodally (‘mixed’) transcribed relative 
to the overall transcriptome in ALB-R vs ALB-S replicates 
(Tables S10–S11). A detailed account of all transcriptional changes, 
along with the corresponding heatmaps of each functional cluster in the 
trend analysis, can be found in Tables S9–S51. Using our gene-focused 
and trend-focused analyses, we have then explored how these may 
provide mechanistic context for ALB MOA and the resistance 
mechanism. 

3.1. Major VSPs turnover with ALB-R 

Variant-specific surface proteins (VSPs) featured prominently among 
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up- and down-regulated transcripts. Nine of the ten most differentially 
transcribed genes (five up- and four down-regulated) are VSPs (Fig. 1A). 
Functional enrichment analyses identified VSPs and VSP-associated 
conserved protein domains (IPR009030, IPR6212 and IPR000742) as 
statistically significantly enriched among up- and down-regulated genes 
(Fig. 1B). Gene-set enrichment analysis also revealed a bimodal tran
scriptional pattern among G. duodenalis WB-1B’s VSPs (Fig. 1C). These 
data appear consistent with a major switching (some genes up- and 
others down-regulated) of transcribed VSPs within ALB-R, as has been 
observed previously (Argüello-García et al., 2009). Such switching 

events have been described previously in G. duodenalis in various con
texts, including MTZ-R, response to various external stress stimuli, and 
encystation (Ansell et al., 2016, 2017; Einarsson et al., 2016; Balan et al., 
2021). These may have functional relevance to ALB-R specifically but 
more likely reflect some aspect of a common mechanism through which 
G. duodenalis mounts major transcriptomic changes. Many high cysteine 
membrane proteins (HCMPs) up-regulated during host-parasite in
teractions are also up-regulated here (GL_101589, GL_114470, 
GL_112135, GL_7715, GL_137727, GL_114930, GL_115066) (Peirasmaki 
et al., 2020). Notably, VSP expression is heavily regulated through 

Fig. 1. Differentially expressed genes between ALB-S and ALB-R lines. (A) 155 up- and 135 down-regulated genes under FDR <0.05 and absolute log2-FC > 1. 
The top/bottom five genes are labelled. (B) Significantly enriched gene sets of molecular and domain function in DTGs under a P value less than 0.01. Gene numbers 
over the whole genome are shown in bars. Gene sets containing overlapped genes or related functions have been shaded into different clusters. (C) Log2 fold change 
distribution of varying gene sets clusters and representative gene sets. 
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post-transcriptional RNA interference (Prucca et al., 2008). Possibly 
consistent with major changes in genetic regulation, we noted histone 
genes, including two copies of H2A and H2B, one H3 and three copies of 
H4, are up-regulated with ALB-R (Fig. 1; Table S3). We also see signif
icant switching in G. duodenalis WB-1B’s histone modifiers (Emer
y-Corbin et al., 2021a) and major transcription regulators (Einarsson 
et al., 2016) in our functional trend analyses (Table S14). 

3.2. Changes in microtubule-associated transcription primarily focused on 
disc and basal bodies 

ALB-exposure results in significant ultrastructural changes in the 
G. duodenalis trophozoite (Chavez et al., 1992; Oxberry et al., 1994). 
These changes include enlargement or rounding of the cell and aberrant 
localization of the basal bodies and flagella. However, the most pro
nounced of these changes is the fragmentation and disintegration of the 
adhesive disc. Consistent with TUB1 being the primary target of ALB in 
various eukaryotes (Chatterji et al., 2011), microtubule 
cytoskeleton-related genes are the second largest group among the DTGs 
in G. duodenalis WB-1B and include 20 up- and five down-regulated 
transcripts (Tables S3–S5). Eleven of the 25 cytoskeletal proteins 
differentially transcribed in G. duodenalis WB-1B with ALB-R have been 
localized in the trophozoite (Dawson and House, 2010; Hagen et al., 
2020). Six of these are specific to the adhesive disc, including β, δ and 
γ-giardin, SALP-1, a protein 21.1 (GL_17551) and a hypothetical protein 
(GL_15499). The remainder included two ⍺-tubulins distributed 
throughout the cell (Woessner and Dawson, 2012), and proteins local
izing to the basal body (protein 21.1 GL_17053 and GL_24412) or 
axoneme (GL_24412 and dynein GL_17243). Microtubule-associated 
DTGs lacking a known cellular localization in Giardia included six pro
tein 21.1s, three dynein heavy chains, two Mec-17 ⍺-tubulin N-acetyl
transferases (GL_117391, GL_117392), dynamin, radial spoke protein, a 
putative gamma-tubulin complex component 4 (GL_42368), and a 
calmodulin that binds ⍺-tubulin during encystation and is up-regulated 
at the G2 phase of wild type G. duodenalis (Alvarado and Wasserman, 
2012; Kim and Park, 2019). Notably, β-giardin, δ-giardin and SALP-1 
comprise the SF-assembling complex (Holberton et al., 1988; Nosala 
et al., 2020), which in G. duodenalis is primarily involved in the for
mation of microtubule-based microribbons at the margins of the adhe
sive disc (Nosala et al., 2018). Fragmentation of the microribbons is one 
of the earliest structural artefacts associated with ALB exposure in this 
parasite (Oxberry et al., 1994). Indeed, mutations in β-giardin have been 
linked to ALB-R (Jiménez-Cardoso et al., 2009). This pattern was also 
reflected in the cytoskeletal microtubule heatmap overview (Table S20). 

Consistent with the transcriptional changes among G. duodenalis WB- 
1B’s tubulins, we observed a notable switching with ALB-R in the 
transcription of several NEK kinases, which phosphorylate tubulins and 
regulate microtubule stability (Westermann and Weber, 2003; Fry et al., 
2012). Six G. duodenalis NEKs were up- (two active NEK and four dead 
NEK) and 11 down-regulated (five active NEK and six dead NEK) with 
ALB-R (Table S3-S4, S6). The observation of differential transcription 
among so-called ‘dead’ NEK kinases with ALB-R is intriguing. Dead NEKs 

lack critical catalytic residues in their putative, kinase-binding domain, 
suggesting they do not engage in phosphorylation (Manning et al., 
2011). Their function in G. duodenalis is unknown, although it is notable 
that this family has radiated to a similar degree as the active NEKs in the 
G. duodenalis genome (Manning et al., 2011). Some pseudokinases, 
including protist NEKs (Westermann and Weber, 2002, 2003), are glu
tamyltransferases that glutamylate tubulins to regulate microtubule 
diversity and function (Kann et al., 2003; Black et al., 2019). However, 
although G. duodenalis glutamylates its tubulins (Boggild et al., 2002), 
the enzymes regulating this process have not been identified. Whether 
there is a role for pseudoNEK mediated post-translational modification 
of tubulins in G. duodenalis WB-1B’s development of ALB-R is not known 
but is worthy of further exploration. 

3.3. ALB-R correlates with markers of major protein turnover 

We note the up-regulation of key pathways associated with protein 
degradation and turnover and elevated protein expression with ALB-R 
(Figs. 1 and 2). This includes statistically significant increases in 
(Tables S9 and S13) genes associated with the proteasome, protein 
catabolism, threonine endopeptidase activity and hydrolases. We also 
note the up-regulation of cathepsin B (GL_10217, GL_16779 and 
GL_14019), Xaa-Pro peptidase and dipeptidyl peptidase, which are 
major activities of secreted proteases that are involved in amino acid 
metabolism. In addition, we find significant enrichment of GO terms 
associated with the ribosome and statistically significant upward trends 
in functional terms related to the ribosome, translation, translational 
initiation and RNA-binding (Tables S3, S4, S9, S12), noting that the 
majority of ribosomal proteins have RNA-binding domains allowing 
their interaction with the rRNAs (Gerstberger et al., 2014). Although it is 
impossible to infer which specific proteins may be affected in our data, it 
seems likely that at least some of these changes are linked to the sub
stantial changes in the transcription of major structural proteins asso
ciated with the G. duodenalis cytoskeletal system noted above. 

3.4. Altered transcription of membrane and vesicle transport with ALB-R 

Many GO terms trending upward in ALB-R included calcium ion 
binding, calcium-dependent phospholipid binding, and pyridoxal 
phosphate binding (Fig. 2; Tables S9 and S19). The genes associated 
with this function included several α-giardins and calcium binding- 
related genes (calmodulin, centrin, calcineurin and caltractin) (Fried
berg, 2006). Indeed, all but one (α5-giardin) of G. duodenalis’ 21 
α-giardins trended upward in ALB-R (Table S19). Alpha-giardins are 
annexin-homologs and major components of the G. duodenalis cyto
skeleton (Weiland et al., 2005; Kim and Park, 2019). Annexins bind 
phospholipids in the presence of calcium ions, interact with actin and 
are associated with membrane turnover, repair, and mem
brane/vesicular trafficking (Rescher and Gerke, 2004; Futter and White, 
2007; Mirsaeidi et al., 2016; Koerdt et al., 2019). Calmodulin is a highly 
conserved primary sensor of calcium (Alvarado and Wasserman, 2012). 
In G. duodenalis, calmodulin GL_5333 localizes to the basal bodies and is 

Fig. 2. Unbiased global gene sets enrichment analysis summarized in chord plot. (A) Twenty-five gene ontology terms and 6 KEGG metabolism pathways are 
significantly enriched in ALBR lines, according to Romer. Directed enrichment p-value of all 31 gene sets are plotted in the upper grid where the positive value 
represents up-regulated gene sets, and the negative value represents down-regulated gene sets. More absolute log10 p-value represents more significance. Terms have 
further been classified into translation (translational initiation GO:0006413, translation GO:0006412, ribosome GO:0005840, small ribosomal subunit GO:0015935, 
intracellular GO:0043229. Translation initiation factor activity GO:0003743. RNA binding GO:0003723, structural constituent of ribosome GO:0003735), protein 
degradation (proteolysis involved in cellular protein catabolic process GO:0051603, proteasome core complex, alpha-subunit complex GO:0019773, proteasome core 
complex GO:0005839, threonine-type endopeptidase activity GO:0004298, endopeptidase activity GO:0004175, hydrolase activity GO:0016787), genomic regula
tion (nucleosome GO:0000786), carbohydrate metabolism (Amino sugar and nucleotide sugar metabolism PATH:gla00520, Glycerolipid metabolism PATH: 
gla00010, Pentose phosphate pathway PATH:gla00030, Starch and sucrose metabolism PATH:gla00500, Pyruvate metabolism PATH:gla00620), oxidation-reduction 
(oxidation-reduction process GO:1990204, oxidoreductase activity GO:0016491, Nicotinate and nicotinamide metabolism PATH:gla00760), GTPase related (GTP 
binding GO:0005525, GTPase activity GO:0003924, protein transport GO:0015031), cytoskeleton and calcium (calcium ion binding GO:0005509, calcium-dependent 
phospholipid binding GO:0005544, pyridoxal phosphate binding GO:0030170), and nucleoside metabolism (nucleoside metabolic process GO:0009116, DNA repair 
GO:0006281). (B) Barcode plot of t-statistics for representative GO terms. 

Q. Su et al.                                                                                                                                                                                                                                       



International Journal for Parasitology: Drugs and Drug Resistance 22 (2023) 9–19

15

essential for motility, metabolism, and cytoskeleton activities (Lauwaet 
et al., 2011; Alvarado and Wasserman, 2012). 

Consistent with this trend analysis, several vesicular and membrane- 
associated protein-coding genes are differentially transcribed between 
ALB-S and ALB-R. Eleven of these are up-regulated and include three 
cathepsin B precursors, two tenascin precursors, mucin-like protein, 
bet5-like protein, TM efflux protein, Xaa-Pro dipeptidase, permeability- 
increasing protein (GL_112630), and a putative cholesterol transport 
protein (GL_5800) (Ma’ayeh et al., 2017) (Table S3). Conversely, seven 
are down-regulated, including two ABC transporters, two cathepsin L 
precursors, permeability-increasing protein (GL_102575), sodium/bile 
acid symporter (GL_86933), and proprotein convertase subtilisin/kexin 
type 5 precursor (PCSK5, GL_114625) (Table S4). Further to this, 
cluster-based analyses identified GTPase activity (GO:0003924) as 
enriched among the DTGs up-regulated with ALB-R (Fig. 1C), and 
functional trend analysis found that Giardia duodenalis WB-1B’s GTPases 
trended up with ALB-R (Table S18). Most of these upwardly trending 

GTPases are Rab GTPases, which regulate the direction and specificity of 
vesicle trafficking (Stenmark, 2009). 

Altered transcription of genes involved in membrane trafficking and 
repair could be consistent with observations that oxidative ALB or its 
metabolites cause damage to macromolecules, including the lipid bi
layers (Martinez-Espinosa et al., 2015) and may support the involve
ment of the oxidative stress response in ALB-R in G. duodenalis 
(Argüello-Garcia et al., 2015). However, they may also indicate 
disruption of vesicular trafficking, consistent with the suspected MOA of 
ALB in multicellular parasites, such as parasitic nematodes, in which it is 
thought to cause starvation through a disruption of the vesicular 
transport of glucose (Jasra et al., 1990). We explore changes in tran
scription associated with metabolism and oxidative stress responses in 
more detail below. 

Fig. 3. Mapping transcript variations on glycolysis, PPP, pyruvate, and arginine metabolic pathway. 6PGL, 6-phosphogluconolactonase, NO homolog; ACYP, 
acylyphosphatase, GL_5359, GL_7871; ADI, arginine deiminase, GL_112103; ARG-S, arginyl-tRNA synthetase, GL_10521; CK, carbamate kinase, GL_16453; DERA, 
deoxyribose-phosphate aldolase, GL_15127; ENO, enolase, GL_11118; FBA, fructose-bisphosphate aldolase, GL_11043; G6PD, glucose-6-phosphate dehydrogenase, 
GL_8682; GAPDH, glyceraldehyde-3-phosphate dehydrogenase, GL_17043, GL_ 6687; GCK, glucokinase, GL_8826; GNPDA, glucosamine-6-phosphate deaminase, 
GL_10829, GL_8245; GNPNAT, glucosamine 6-phosphate N-acetyltransferase, GL_14651; GPI, glucose-6-phosphate isomerase, GL_9115; NOS, nitric oxide synthase, 
GL_91252; OCD, ornithine cyclodeaminase, GL_2452; OCT, ornithine carbamoyltransferase, GL_10311; ODC, ornithine decarboxylase, GL_94582; PFK, phospho
fructokinase (pyrophosphate-based), GL_14993; PGAM, phosphoglycerate mutase, GL_8822; PGD, phosphogluconate dehydrogenase, GL_14759; PGK, phospho
glycerate kinase, GL_90872; PGM, phosphoglucomutase, GL_16069, GL_17254; PGM3, phosphoacetylglucosamine mutase, GL_16069; PK, pyruvatekinase, GL_3206, 
GL_17143; PRO-S, prolyl-tRNAsynthetase, GL_15983; PRPPS, phosphoribosylpyrophosphate synthetase, GL_21750; RBKS, ribokinase, GL_15297; RPE, ribulose- 
phosphate 3 epimerase, GL_ 10324; RPI, ribose-5-phosphate isomerase, GL_27614; TKT, transketolase, GL_9704; TPI, triose phosphate isomerase, GL_93938; UAE, 
UDP-N-acetylglucosamine 4-epimerase, 5.1.3.7; UAP, UDP-N-acetylglucosamine diphosphorylase, GL_16217; PFOR, pyruvate:ferredoxin oxidoreductase (Pyruvate- 
flavodoxin oxidoreductase), GL_17063, GL_114609; GDH, NADP-specific glutamate dehydrogenase, GL_21942; MAL, malic enzyme, GL_14285; HYD, hydrogenase, 
GL_6304; ACoAS, acetyl-CoA synthetase, GL_16667, GL_13608; AAT, alanine aminotransferase, GL_12150, GL_16353. 
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3.5. A potential shift from glycolysis to arginine metabolism for ATP 
production with ALB-R 

Giardia duodenalis is an obligate microaerophile (Morrison et al., 
2007; Ankarklev et al., 2010) that lacks conventional mitochondria 
(Tovar et al., 2003). The primary mode of ATP generation is through 
fermentative glycolysis driven by a small suite of enzymes, such as 
PFOR, that contain an iron-sulphur (Fe–S) core (Ansell et al., 2015b). 
Ironically, the metabolic adaptations that allow G. duodenalis to exploit a 
low-oxygen environment also make it highly susceptible to oxidative 
stress. Fe–S clusters, in particular, are susceptible to oxidation. Many 
core players in G. duodenalis’ central carbon metabolism also play key 
roles in its stress responses (Ansell et al., 2016). This is intriguing 
biology but is also highly relevant when considering that the ALB MOA 
may include starvation through the inhibition of the vesicular glucose 
transport (Jasra et al., 1990) or the induction of oxidative stress (Mar
tinez-Espinosa et al., 2015). 

To better understand if these changes reflected altered metabolic 
activity, stress responses or both, we first undertook a more detailed 
characterization of broader trends within G. duodenalis WB-1B’s core 
carbon metabolism. Functional trend analysis identified significant up
ward trends with ALB-R in the transcription of essential genes driving 
glucose and arginine metabolism (Fig. 3; Tables S3, S4, S15, S17). Next, 
we mapped these overall trends to the G. duodenalis glucose metabolism 
pathways (Fig. 3) to better understand their implications. Notably, all 
genes within the pentose phosphate pathway (PPP) trended upward 
with ALB R. Each of these was statistically significant (FDR <0.01) and 
up-regulated in our DTG analysis. However, only glucose-6-phosphate 1- 
dehydrogenase (G6PD, GL_8682 or 6-phosphogluconolactonase, 6GPL 
as per (Xu et al., 2020)) and 6-phosphogluconate dehydrogenase 
decarboxylating (PGD, GL_ 14759) reached the minimum absolute 
fold-change cut-off (log2FC > 1). In contrast, the trend behaviour of 
genes involved in core glycolysis is mixed and includes the notable but 
subtle down-regulation (FDR <0.05 but log2FC < 1) of phosphoglyc
erate kinase (PGK), as one of the key producers of ATP in core glycolysis. 
Notably, ALB-R is marked by a significant up-regulation of arginine 
deiminase (ADI, GL_112103) and subtle but statistically significant 
up-regulation (FDR <0.01 but log2FC < 1) of ornithine-carbamyl 
transferase (OCT, GL_10311) and carbamate kinase (CK, GL_16453). In 
G. duodenalis, these enzymes provide a critical, alternative source of ATP 
production (Morrison et al., 2007) (Fig. 3). This result is consistent with 
previous work identify the down-regulation of triosephosphate isom
erase in Giardia duodenalis with ALB-R coinciding with the up-regulation 
of ornithine carbamoyl transferase and phosphoglycerate kinase (Paz-
Maldonado et al., 2013). 

These changes are consistent with a shift in the primary source of 
ATP production with ALB-R in G. duodenalis WB-1B. However, the cause 
of this shift is not immediately apparent and requires further consider
ation. On the one hand, among helminths, ALB primarily functions by 
disrupting microtubules associated with glucose transport vesicles 
(Borgers and De Nollin, 1975). As noted above, we observe changes in 
transcriptional trends associated with the vesicular trafficking systems 
within the ALB-R G. duodenalis WB-1B line, which may be consistent 
with these observations in helminths. However, it is unclear how much a 
single-celled organism, such as G. duodenalis, might rely on vesicle 
trafficking for glucose uptake. Therefore, we thought to look at the 
behaviour of glucose and other sugar transporters in our dataset. 
However, these transporters are not well annotated in G. duodenalis. To 
overcome this, we used homolog-based matching against a panel of 
prokaryotic and eukaryotic sugar transporters (Landfear, 2010; Holman, 
2020; Jeckelmann and Erni, 2020) to better annotate these genes in 
G. duodenalis. We identified two glucose transporter (GLUT) orthologs in 
G. duodenalis WB-1B (GL_5164 and GL_11540) alongside 22 additional 
genes with putative orthology to sugar transporters of various bacteria 
(Table S8). None of these was identified as statistically significantly 
up-regulated with ALB-R. However, GL_21411 and GL_112692 were 

among the down-regulated DTGs. Both are putative homologs of bac
terial galactose/methyl-galactose import ATP-binding proteins 
(Table S4). Overall functional trend analysis indicated a potential 
switching in the transcriptional behaviour of G. duodenalis WB-1B’s 
putative sugar transport repertoire. However, the trend was mixed, and 
it is unclear how to interpret these results (Table S17). 

3.6. Does ALB-R involve the oxidative stress response in G. duodenalis? 

Aside from glucose starvation, an alternative explanation for the 
down-regulation of core glycolytic enzymes and increased reliance on 
arginine metabolism for ATP in G. duodenalis WB-1B with ALB-R could 
be a response to oxidative stress. Oxidative stress due to BZs has been 
implicated previously as a part of ALB’s MOA against G. duodenalis 
(Argüello-Garcia et al., 2015). Therefore, we looked at several aspects of 
the changes in the G. duodenalis WB-1B transcriptome with ALB-R to 
further investigate this possibility. 

First, we looked at changes in the transcription of G. duodenalis WB- 
1B’s oxidoreductases and other enzymes involved in its oxidative stress 
response. Our gene-based analyses identified enriched oxidoreductase 
activity (GO:0016491) among ALB-R up-regulated DTGs (Fig. 1). These 
up-regulated oxidoreductases were nitroreductase 1 (GL_22677) and 2 
(GL_6175), an a-type flavoprotein lateral transfer candidate (GL_10358), 
a putative FMN binding protein (GL_5810), and a glutamate synthase 
(GL_7195). NR1 and 2 play critical roles in G. duodenalis’ oxidative stress 
response (Ansell et al., 2015b) and are essential in metronidazole 
metabolism (Muller et al., 2013) and resistance (Ansell et al., 2015b). 
However, their transcriptional behaviour with ALB-R differs from that 
seen in metronidazole resistance (MtzR), in which NR2 is up- and NR1 
down-regulated (Ansell et al., 2015a, 2017, 2019; Ibrahim et al., 2016). 
Overall trend-based analyses showed a bimodal transcriptional behav
iour with ALB-R among G. duodenalis WB-1B’s oxidoreductases 
(Table S16). ALB-R included the elevated transcription of thioredoxin, 
FMN-dependent, Fe–S-dependent and H2O2 detox-type enzymes. These 
appear to centre around the detoxification of H2O2 to NH3 via NO, which 
has been implicated in BZ MOA in Giardia duodenalis in prior studies 
(Argüello-García et al., 2020). Notably, these transcriptional changes 
were subtle, and although many of the genes involved in H2O2-de
gradation met the cut-off for statistical significance (FDR <0.05) they 
did not meet the absolute fold-change cut-off (log2FC > 1). Interestingly, 
the enzymes required for H2O2 degradation requires NADH as a source 
of reducing power, which must be generated from the oxidized pool of 
NAD (Ansell et al., 2015b; Xie et al., 2020). However, we observed a 
downward trend in the transcription of enzymes that regulate salvage 
and conversion of NAD to NADH (Supplementary Fig. 4A, Table S17). 

To further assess whether G. duodenalis WB-1B ALB-R responses are 
consistent with an oxidative stress response, we looked more closely at 
the behaviour of its Fe–S cluster enzymes. Under oxidative stress, these 
enzymes must be protected and are highly down-regulated at the tran
script (Ansell et al., 2016, 2017) and protein level (Emery et al., 2018). 
Giardia duodenalis encodes four genes with a two iron two sulphur 
(Fe2S2) and 11 genes with a four iron four sulphur (Fe4S4) cluster 
(Supplementary Fig. 4B). Contrary to expectation, trend analysis iden
tified a statistically significant overall elevation in the transcription of 
Fe–S cluster enzymes with ALB-R in G duodenalis WB-1B (Supplementary 
Figs. 4C–4D). Notably, we also identified the down-regulation of 
N-glycosylase/DNA lyase (GL_14544) and FEN-1 nuclease (GL_5488) 
with ALB-R. N-glycosylase/DNA lyase is a DNA repair enzyme that 
removes 8-oxoguanine, which accumulates on DNA damaged through 
oxidative stress (Machado-Silva et al., 2016) and is reported in 
G. duodenalis in a dose-dependent correlation with ALB exposure 
(Martinez-Espinosa et al., 2015). FEN-1 removes 5′ overhangs from 
single-stranded DNA during base excision repair (Liu et al., 2005) and 
should be up-regulated under H2O2 stress (Ansell et al., 2017). Collec
tively, these observations do not appear consistent with a cell under 
active oxidative or H2O2 stress. However, further transcriptomic studies 
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of ALB-R G. duodenalis isolates with and without the E198K or other 
TUB1 mutations is needed to determine whether the differences we 
observe for G. duodenalis WB-1B compared to prior ALB-R literature for 
this species reflect the isolate, the presence of E198K or another cause. 

4. Concluding summary 

Our study explored global transcriptomic changes in Giardia duode
nalis WB-1B lineage with the in vitro acquisition of ALB resistance rela
tive to its isogenic parental line. We found evidence of a transcriptional 
response incorporating many changes consistent with the broad un
derstanding of BZ MOA in eukaryotic cells and historical observation of 
the impact of these compounds on Giardia at the structural level. We 
note major changes in the transcriptional behaviour of many giardins 
and tubulins, specifically among proteins associated with basal bodies, 
the adhesive disc and microribbons, in G. duodenalis WB-1B. Targeted 
proteomic studies have shown that these cytoskeletal elements are the 
most heavily impacted by BZ treatment (Chavez et al., 1992; Oxberry 
et al., 1994; Chatterji et al., 2011). In addition, we noted changes in 
G. duodenalis WB-1B’s metabolic behaviour with ALB-R, specifically 
including a possible shift away from glucose and toward arginine 
metabolism as the primary source of ATP, which is consistent with prior 
observations (Paz-Maldonado et al., 2013). This coincided with major 
changes in the transcription of genes associated with membrane and 
vesicular trafficking, which may be consistent with the impact that BZs 
have on vesicular uptake and transport of glucose in nematodes (Lacey, 
1988). However, these mechanisms are not sufficiently well character
ized in Giardia to conclude this here. 

We explored the possibility of ALB or its oxidative metabolites 
contributing to the MOA of BZs in G. duodenalis WB-1B, and the potential 
role of an oxidative stress response in the acquisition of ALB-R, as has 
been proposed previously (Paz-Maldonado et al., 2013; Argüello-Garcia 
et al., 2015; Martinez-Espinosa et al., 2015). However, although we see 
some indication of the H2O2 neutralization pathway being up-regulated 
with ALB-R, in our opinion, the global changes do not appear consistent 
with an oxidative stress response. Our observations are consistent with 
drug activity assays we reported previously for the G. duodenalis WB 
ALB-S and ALB-R lines (Emery-Corbin et al., 2021b), with overlapping 
resistances across all BZ 5-position structural variants, including those 
which undergo metabolic conversions (Albendazole, Mebendazole) as 
well as for those which do not (Parbendazole, Oxibendazole). This does 
not discredit the metabolic Alb-R phenotype observed in other studies 
(Paz-Maldonado et al., 2013; Argüello-Garcia et al., 2015; Martine
z-Espinosa et al., 2015; Pech-Santiago et al., 2022), but may indicate 
multiple independent mechanisms of ALB-R in Giardia that merit further 
study. 

It is important to note that the ALB-R G. duodenalis WB-1B isolate 
characterized in our study has acquired an E198K mutation in the TUB1 
allele (Emery-Corbin et al., 2021b). This mutation is demonstrated to 
confer carbendazim resistance in fungi, and we have previously 
hypothesised it likely alters BZ binding to microtubules in Giardia. 
Whether this may impact the global changes we see with ALB-R in this 
lineage is unclear, but it is notable that even in the presence of this 
mutation there are clearly wider transcriptional changes to other 
cellular processes. This is not unexpected given the allele frequency of 
the E198K mutation indicated it was not yet dominant in our 0.5 μM ALB 
line (<50% allele frequency), suggesting these additional molecular 
mechanisms are also supporting the ALB-R phenotype. Future studies 
focused on additional G. duodenalis isolates, with and without the E198K 
mutation, are needed, as are functional studies artificially introducing 
the E198K SNP into ALB susceptible G duodenalis culture lines. 
Furthermore, additional studies of current Alb-R lineages using ‘omics 
based approaches and compatible functional experiments will help to 
better understand the extent to which these isolates have exploited 
alternative mechanisms to overcome BZ exposure and help to identify 
markers of BZ resistance that may be used in clinical diagnostics. 
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