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G. duodenalis interacting with HT-29 intestinal epithelial cells (2015) 

 

“All the particles aforesaid lay in a clear transparent medium, 

wherein I have sometimes also seen animalcules a-moving very 

prettily; some of ’em a bit bigger, others a bit less, than a blood 

globule, but all of one and the same make. Their bodies were 

somewhat longer than broad, and their belly was flatlike, furnisht 

with sundry little paws, where with they made such a stir in the 

clear medium and among the globules that you might e’en fancy 

you saw a pissabed [dandelion] running up against a wall; and 

albeit they made a quick motion with their paws, yet for all that 

they made but slow progress.” 
 

- Antony van Leeuwenhoek, description of Giardia in 1681 
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Thesis Abstract 

Giardia duodenalis is a parasitic protozoan with a global human infection burden of 250 

million, and is therefore the largest parasitic cause of diarrheal disease worldwide. Though 

some cases are asymptomatic, giardiasis can be acute and chronic, with post-infection 

sequellae including irritable bowel syndrome, chronic fatigue, obesity and type II diabetes. 

Importantly, Giardia is problematic in children under the age of five, causing ill-thrift and 

failure-to-thrive. In addition, diarrheal diseases including Giardia constitute the second-

leading cause of mortality for this age category. Giardia has a direct life cycle, where 

infective, tetranucleated cysts are transmitted via the faeco-oral route, and then excyst in 

the duodenum into virulent, flagellated trophozoites. The prevalence of the parasite is also 

due to its wide host range, with zoonotic transfer from wild, livestock and domestic animal 

species to humans. Efforts continue to define the mechanisms of virulence and 

pathophysiology, as more research is needed to elucidate the relationship between host and 

parasite factors. 

Advances in genetic epidemiology have defined clear assemblages that segregate 

phylogenetically according to host range, and multiple assemblage and subassemblage 

genome sequences are now available. These genome sequences have provided the 

databases necessary for bottom-up, or shotgun, proteomics, and as such have expanded 

possibilities for quantitative analyses in this parasite. This thesis aimed to provide a 

thorough quantitative proteomic foundation to enhance the Giardia research field both 

biologically and technically. To achieve this, the thesis consists of four experimental 

investigations into aspects of parasite variation and virulence, all of which have generated 

quantitative proteomic data.  

Firstly, two different protein sample preparation and fractionation methods were compared 

for label-free quantitative proteomics. These were applied to two G. duodenalis assemblage 

A1 isolates with different phenotypes, in order to investigate possible sources of isolate 
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variation. The optimised protocol generated from this initial investigation was applied in 

later studies, which are also contained within this thesis. In addition, phenotypes associated 

with pathogenicity correlated with up-regulation of known virulence factors in Giardia. 

Following this initial investigation, quantitative data was generated using the same label-

free approach for eight assemblage A isolates, which constituted the first comprehensive 

proteomic baseline for this taxonomic group. Isolates of diverse host, geographic and 

subassemblage origins were analysed using mass spectrometry to characterise their 

common proteomes and isolate-specific variations. In addition, both the A1 and A2 

subassemblage genome databases were evaluated for peptide to spectrum matching, which 

demonstrated the importance of subassemblage databases to improve identifications from 

the Giardia variable genome.  

The third study investigated isolate variation in the biological context of the process of 

differentiation in G. duodenalis. Label-free quantitative proteomics was used to analyse the 

proteomes of cysts and trophozoites from two genome-alternate subassemblage A1 

isolates. This is the first post-genomic analysis of the life cycle beyond the genome isolate, 

WB. A range of isolate-independent, universal encystation markers were identified, as well 

as several indications of isolate-specific life-cycle adaptations which may impact 

reinfection success in subsequent generations. 

Finally, the last experiment in this thesis investigated disease induction using in vitro host-

parasite interaction models between intestinal epithelial cell (IEC) lines and trophozoites. 

We used isobaric Tandem Mass Tags (TMT) to sensitively quantitate changes in 

trophozoites which were either allowed to attach to host-cell monolayers, or were exposed 

to host-cell secretions alone. This is the first use of TMT label technologies for quantitative 

proteomics in Giardia. This has demonstrated that distinct protein cascades are induced by 

both levels of host-signals, and also that induction of virulence factors is not dependent on 

parasite attachment to host cells. 
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Through these experiments, this thesis demonstrates that a range of quantitative proteomic 

approaches are suitable for G. duodenalis, all of which are capable of providing important 

insight into key aspects of parasite biology. These studies provide an important proteomic 

complement for genomic and transcriptomic data currently available in the literature, which 

is necessary for undertaking a systems biology approach to understanding Giardia.  
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A comprehensive literature review of the 
proteomic studies currently available in 

Giardia duodenalis.  This review details the 
biological outcomes of proteomic analyses 

in Giardia, as well as evaluates the 
quantitative technologies utilised for these 

studies.  
  

CHAPTER 1 
1: 
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1. Quantitative proteomics in Giardia duodenalis –achievements and 
challenges. 

Each experimental chapter of this thesis contains an individual introduction detailing the 

contents and relevant literature associated with the chapter. In Chapter 1 a broader view 

of proteomics in Giardia is presented, with a particular focus on post-genomic studies and 

quantitative technologies.  

Chapter 1 has been accepted as a review manuscript for submission to Molecular and 

Biochemical Parasitology. The full reference list for Chapter 1 can be found in the 

bibliography at the end of this thesis.  

In terms of contributions, I was responsible for writing the manuscript, with assistance in 

editing by Professor Paul Haynes and Dr Ernest Lacey. 
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1.1 Abstract 

Giardia duodenalis is a protozoan parasite of vertebrates and a major contributor to the 

global burden of diarrheal diseases and gastroenteritis.  The publication of multiple genome 

sequences in the G. duodenalis species complex has provided important insights into 

parasite biology, and hence made post-genomic technologies, including proteomics, 

significantly more accessible. The aims of proteomics are to identify and quantify proteins 

present in a cell, and assign functions to them within the context of dynamic biological 

systems. In Giardia, proteomics in the post-genomic era has transitioned from reliance on 

gel-based systems to utilisation of a diverse array of techniques based on LC-MS/MS 

technologies. Together, these have generated crucial foundations for subcellular proteomes, 

elucidated intra- and inter-assemblage isolate variation, and identified pathways and 

markers in differentiation, host-parasite interactions and drug resistance.  However, 

proteomics in Giardia is an emerging field, with considerable shortcomings evident from 

the published research. These include a bias towards assemblage A, a lack of emphasis on 

quantitative analytical techniques, and limited information on post-translational protein 

modifications. Additionally, there are multiple areas of research for which proteomic data 

is not available to add value to published transcriptomic data. The challenge of 

amalgamating data in the systems biology paradigm necessitates the further generation of 

large, high-quality and quantitative datasets to accurately model parasite biology. 

Furthermore, the next generation of quantitative proteomics will continue to provide data 

of enormous relevance to the understanding of Giardia and giardiasis, but only if the 

experiments involved are well-designed and targeted. This review surveys the current 

proteomic research available for Giardia and evaluates their technical and quantitative 

approaches, while contextualising their biological insights for parasite pathology, isolate 

variation and eukaryotic evolution. Finally, we propose areas of priority for future 

proteomic research to explore fundamental questions in Giardia, including the analysis of 
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post-translational modifications, and the design of MS-based assays for validation of 

differentially expressed proteins in these large datasets. 
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1.2 Introduction 

Giardia duodenalis is an anaerobic gastrointestinal protozoan, and is the most common 

cause of parasitic diarrheal disease in humans. G. duodenalis transmission occurs via 

faecal-oral direct contact, and posseses a simple, direct lifecycle of environmentally 

resistant cysts and flagellated trophozoites which colonise the small intestine after ingestion 

[1]. It is estimated that G. duodenalis afflicts 250 million people worldwide at any one time, 

with high prevalence in a variety of wild, domestic and livestock animals [2]. Such 

estimates likely underestimate rates of G. duodenalis infection, with up to half of infections 

presenting as asymptomatic. Though clinical giardiasis is often self-limiting, infections can 

be chronic with long-term clinical sequellae, including failure-to-thrive in children, 

induction of irritable bowel syndrome (IBS), arthritis and chronic fatigue [3-5]. Though our 

understanding of how G. duodenalis causes disease has improved, it remains problematic 

to define pathophysiology between parasite, commensal bacteria and host [6, 7]. There are 

also significant gaps in defining the scale of variation in G. duodenalis. These include 

differences in virulence [8], infectivity [9], and host range [2], and additional difficulties in 

relating these back to variations observed at the genome level. 

Research into G. duodenalis has utilised an array of post-genomic technologies as they 

have improved in availability, precision and resolution. These tools explore parasite 

biology and disease pathogenesis on a global scale, using quantitative techniques to identify 

and characterise pathways, biomarkers and virulence factors. This has been facilitated by 

the publication of multiple genome sequences for G. duodenalis, which have provided the 

scaffold to underpin large datasets from genetic, transcriptomic and proteomic experiments. 

The ultimate approach involves systems biology; compiling large, high quality datasets 

from DNA, RNA and proteins to enable systems modelling for understanding Giardia 

biology globally [10, 11]. While quantitative proteomics is indispensable for systems 

biology, it also remains unparalleled in identifying, exploring and placing functional 

relevance in biological scenarios. 
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A previous review by Steuart [12] focused on the emerging shift between pre- and post-

genomic proteomics in Giardia, and also captured the concomitant transition in the wider 

proteomic field from gel-based systems, to LC-MS/MS technologies [13, 14]. Though gel-

based technologies will always play an important role in proteomics, they are now more 

commonly employed on a case-specific basis, such as absence of a sequenced genome. 

There are several common criticisms of two dimensional gel electrophoresis (2-DE) 

specifically that they are more error-prone and less reproducible in quantitative scenarios 

[15], such that liquid chromatography tandem mass spectrometry (LC-MS/MS) proteomic 

methods are now more favoured.  LC-MS/MS allows multidimensional HPLC to be 

coupled to a mass spectrometer for separation of complex samples prior to MS analysis 

[16], which is now a fundamental technique in bottom-up, or shotgun, proteomics. Shotgun 

quantitative proteomics encapsulates a diverse collection of methodologies for defining 

differences between biological states, samples and systems. Quantitative methods include 

both label-free quantitative proteomics [15] as well as labelled strategies such as stable 

isotope labels with amino acids in culture (SILAC) [17], isotope coded affinity tags (ICAT) 

[18], isobaric tags for relative and absolute quantitation (ITRAQ) [19], and tandem mass 

tags (TMT) [20], which multiplexes to 10 channels of labelling for quantitative comparison 

of multiple samples [21]. Significant inroads have also been made towards identification 

and analysis of post-translational modifications (PTMs) [22, 23], which is particularly 

relevant but under-represented in published research in both Giardia and other enteric 

protozoa [10]. A more detailed explanation of each of these proteomic technologies is 

available in an earlier review by Wastling [10], which also describes their application in 

studies within the broader field of parasitology. 

From these recent advances in proteomic technologies, as well as emphasis on the new 

paradigms surrounding research in a systems biology setting, we believe a review of G. 

duodenalis proteomics is timely. The recent availability of multiple genome sequences for 

G. duodenalis has removed the primary obstacle to LC-MS/MS quantitative proteomics. 
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Hence, new studies utilising these technologies have emerged in the literature since the 

publication of previous reviews in Giardia proteomics [12], and proteomics technologies 

more broadly in parasitology [10]. However, considerable gaps remain in both the 

technologies accessed, as well as the biology investigated, which will be evaluated 

throughout this review. We also feel it necessary to acknowledge the significant advances 

in the literature regarding Giardia transcriptomics, particularly to highlight complementary 

proteomic data where available, or notably absent. A well-designed quantitative proteomic 

experiment presents the opportunity to explore and evaluate Giardia biology, including 

epidemiology, differentiation and pathogenesis. In light of this biological resolution, this 

review will evaluate recent achievements in the field, and prioritise the next generation of 

proteomic data necessary for G. duodenalis. 

 

1.3 Genomes and Annotation 

As LC-MS/MS quantitative proteomics requires an appropriate database for peptide to 

spectrum matching, it is important to understand the difference between available genome 

sequences for G. duodenalis. Molecular epidemiology in G. duodenalis have reclassified it 

as a species complex containing eight genetically defined assemblages [24]. Each of these 

assemblages (A-H) are most commonly defined by multilocus sequencing, and segregate 

phylogenetically according to host species and host specificity [2, 25]. Assemblages A and 

B are both infective for humans, with assemblage A possessing a wide host range including 

domestic and wild animals [2]. More recently, assemblages may be more specifically 

classified into subassemblages, which are also defined genetically and correlate with more 

precise host ranges, for example A1 and A2 subassemblages [2]. 

There are currently 5 genome sequences published for G. duodenalis, all of which are 

available and consistently updated through the central database of Giardiadb.org [26]. 

Genome sequences are available for both the A1 subassemblage from the isolate WB [27] 
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and, more recently, the A2 subassemblage from isolate DH [28]. Importantly, the A1 

genome from isolate WB has also been physically and optically mapped [29, 30]. Two 

genome sequences are available for assemblage B, firstly the draft sequence originally 

produced for the GS isolate [31], and then the recent re-published GS genome sequence 

with greater coverage and depth [28]. There is also a genome sequence available for the 

artiodactyl-specific assemblage E from isolate P15 [32]. A summary of the genomes and 

their protein-coding features can be found in Table 1, and a detailed analysis of genome 

characteristics is available in Adam et al. [28]. In addition to these, two new isolates of 

assemblage A2 have been very recently sequenced and comparatively analysed [33], and 

previously the WB and Portland A1 isolates have been sequenced [34], although both these 

studies are yet to result in curated databases for use for –omics technologies. 

Several comparative analyses for the G. duodenalis genomes outline the variation in 

support of their classifications as separate subspecies [28, 32, 33]. This is especially 

relevant in the context of their treatment as distinct databases for proteomics. Between the 

four available genome sequences (A1, A2, B and E) there are a total of 4 097 common 

ORFs that represent core orthologs of shared functions for essential roles for G. duodenalis 

biology [28]. However, G. duodenalis also possesses several multigene families that 

comprise what is termed the ‘variable genome’, consisting of the variant-specific surface 

proteins (VSPs), high cysteine membrane proteins (HCMPs), ankyrin-repeat proteins 

(formerly 21.1 proteins) and the NIMA related kinases (NEK) [32]. Many of the genes 

from the variable genome families, especially the VSPs, show diversification between the 

assemblages and subassemblages, as well as isolates in some assemblages [28, 33]. Overall, 

the two subassemblage A genomes sequences are more similar in ORF comparison, synteny 

and phylogeny to assemblage E than assemblage B genome sequences [28]. This supports 

the hypothesis that assemblages A and B represent two species, despite both being infective 

for humans [31]. 
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Table 1: Comparative summary of protein coding and annotation information of the five sequenced genomes available as databases for G. duodenalis. The presence of mass 
spectrometry evidence for each of the assemblage or subassemblage genomes since publication is listed, as well as whether any RNA transcript data has also been produced. 

Genome Assemblage Protein Coding ORFs  Protein Coding ORFs Proteomic Analysis* Transcript Data 

Assigned Function No Function MS Evidence Quantitative 

WB A1 [27]  5901 2905 (49.2%) 2996 (50.8%) Y Y Y 

DH A2 [28] 6724 2900 (43.1%) 3824 (56.9%) Y Y Y 

GS  B [31] 4470 2842 (63.6%) 1648 (36.4%) N  Y 

GS B [28] 7477 3946 (52.8%) 3531 (47.2%) N  Y 

P15 E [32] 5008 2752 (55.0%) 2253 (45.0%) N  Y 

   
*  This takes into account post-genomic proteomic analyses of G. duodenalis specifically utilising the genomes as databases. 
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Although the WB genome was originally used as representative for the entirety of 

assemblage A, multilocus sequencing showed divergence between A1 and A2 

subassemblages [2], and multiple genomes from A1 and A2 isolates indicate 

subassemblages also may represent cryptic species [33]. Epidemiological evidence also 

highlighted that human infections were largely caused by the A2 subassemblage, while the 

A1 subassemblage possessed wide host range and transmission between humans and 

animals [2].  Increasing evidence of intra-assemblage genome variation is also available, 

from the currently two A1 [34] and three A2 isolates [33] that have been sequenced. From 

these analyses, the A1 subassemblage appears to be more conserved than the A2 sub-

assemblage, with 7.5 single nucleotide polymorphisms (SNPs) per 100 000 between A1 

genomes [34], compared to 350 SNPs per 100 000 between the two recently sequences A2 

genomes [33]. For the A2 isolates, the most significant genes of variation were cysteine 

rich membrane proteins of the VSP and HCMP families. 

Currently, there is mass spectrometry data available mainly from studies of the proteome 

for Assemblage A, predominantly the A1 subassemblage. This is largely attributable to the 

assemblage A genome as the first published [27], but also due to the historical precedence 

and prevalence of the WB isolate (ATCC 30957, 1979) and its clonally-derived WB C6 

(ATCC 50803, 1983). However, there is a lack of mass spectrometry data available for the 

other assemblages B and E. There are early protein studies covering different assemblages 

prior to reclassification the G. duodenalis complex [35], and 2-DE analyses which pre-date 

the genome sequence for assemblage B [36], therefore no post-genomic, quantitative 

proteomics data are available for either assemblage B or E. A single quantitative proteomic 

study has been performed on Assemblage D trophozoites and cysts, but there is no 

assemblage-specific genome sequence available as a database [37]. By comparison, all 

published genome sequences have transcriptomic data available, at the very least for 

support of ORF assignment during genome annotation [38]. This highlights a significant 
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gap in the proteomic data for assemblages other than assemblage A, with no mass 

spectrometry based evidence available for ORF verification in the other G. duodenalis 

genome sequences. Importantly, with the demonstration of considerable inter-assemblage 

genetic divergence [28], there is a necessity to analyse proteomes of all assemblages to 

ensure understanding of G. duodenalis is not biologically biased for assemblage A. 

Another significant issue, for post-genomic Giardia proteomics as well as other disciplines 

in systems biology, remains the functional annotation of genomes. As indicated in Table 1, 

there are significant numbers of protein coding ORFs without function, or ‘hypothetical 

proteins’, in all available genomes sequences for G. duodenalis. This includes specifically 

half of all proteins for WB C6, which is has been utilised the most in published Giardia 

proteomic studies. Proteomics analyses of G. duodenalis have already confirmed that many 

of these are indeed functional proteins expressed in the parasite, but no annotations are 

available to further analyse their biological role, nor additional functional information such 

as localisation, or protein-protein interaction data. For those proteins for which functional 

data is available, these are also spread across multiple annotation databases. Many proteins, 

such as members of the Protein 21.1/Ankyrin repeat and VSPs families, lack GO 

annotations but contain Interpro protein domain or fold information. Therefore functional 

analysis tools which include multiple annotation databases are preferred over GO analyses 

alone [39, 40]. There is also promise in using structural homology tools for inferring protein 

function including software such as I-TASSER [41, 42], RaptorX [43], Phyre2 [44] and 

HHPred [45], which offer an alternative route to traditional methods of sequence homology 

tools such as BLAST. The functional annotation of Giardia genomes, as in most genomes, 

is an ongoing effort; more comprehensive annotations will significantly improve the 

biological insights of proteomic analysis in this parasite.  
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1.4 Quantitative Proteomics 

G. duodenalis is suitable for analyses using quantitative proteomics to study its biology, 

pathophysiology and unique evolutionary origins for a variety of reasons, including that it 

possesses a range of laboratory and in vitro systems for its biological processes, which can 

be explored using proteomics technologies. Giardia can be axenised into culture as 

trophozoites reproducing by binary fission, and thus its differentiation processes can be 

modelled in vitro [46]. It has also been demonstrated that Giardia can be co-incubated with 

human cell lines as in vitro models of host-cell attachment and disease induction [47, 48]. 

Once in culture, G. duodenalis isolates can be exposed to sub-lethal concentrations of 

therapeutic drugs to generate resistant isolates for metronidazole [49], quinacrine [50] and 

benzimidazoles [51] for the study of drug discovery, mode of action and resistance. Aside 

from the ability to model important biological process in vitro, there is also a considerable 

amount of information regarding Giardia biology, including metabolism and pathology 

studies, as well analyses of structure and cellular organisation [52]. Finally, the 

evolutionary and phylogenetic origins of Giardia mean it can be utilised as a model species 

for processes and structures within other eukaryotes [53]. By merit of its biology as well as 

versatility in vitro, G. duodenalis is a logical candidate for quantitative proteomic analyses 

to address biological or clinical questions. 

An important resource for Giardia proteomics is its central database, Giardiadb.org [26]. 

Giardiadb.org is an integrated tool which combines DNA, RNA and protein level 

information, and is an essential step for systems biology in this parasite [10]. Proteomics 

datasets can be submitted to Giardiadb.org, which links back to functional databases such 

as UniProt and NCBI, as well as annotation tools including Gene Ontology (GO) and 

Interpro. Further, genes are available to search with integrated information including 

genomic position, functional annotation, and protein information, as well as experimental, 

quantitative evidence of expression. This centralised, combined and comprehensive 
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database allows wider dissemination of proteomics data in context to similar –omics data 

generated in Giardia research. 

The following sections will review key areas of G. duodenalis biology, in particular post-

genomic contributions which utilise shotgun proteomics. A summary of currently 

published proteomic studies in G. duodenalis is presented in Table 2. It is important to note 

that some of the following sections may feature limited, or even no, available proteomics 

data. These significant gaps will be examined and evaluated to highlight those crucial areas 

where the next generation of proteomic data must be generated. Complementary data, in 

particularly quantitative transcriptomics, will be provided where applicable
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Table 2: Summary of post-genomic, proteomic studies in G. duodenalis; for a summary of earlier pre-genomic studies refer to Steuart, [12]. Isolate and assemblage and source of 
protein are indicated, along with proteomic sample method used and whether results utilised any method for quantitation of proteins identified. The last column indicates the database 
used to search results. 

Reference Isolate and Assemblage Protein Source Category Method Quantitation  Databases 

[81] Ringvist et al, 2008 WB C6 (A1) Media Fraction Host-Parasite 
Interactions 

2DE Gel Protein IDs* www.mbl.edu/Giardia 

[36] Steuart et al, 2008 BAH 2c2, 26c11, 40c9 (A) 
BAH 34c8, 12c14, 15c1 
(B) 

Trophozoites Strain Variation 2DE Gel Protein IDs* NCBInr Eukaryotic 

[158] Ratner et al, 2008 WB (A1) 
MR4 

Trophozoites 
Cysts 

Differentiation 
PTM (Glycosylation) 

WGA Affinity 
LC-MS/MS 

Protein IDs 
Peak Area 

GiardiaDB N/A (WB C6) 

[106] Kim et al, 2009 WB (A1) Trophozoites 
Cysts 

Differentiation 2DE Gel Spot Density GiardiaDB N/A (WB C6) 

[138] Alvarado & Wasserman, 2010 WB C6 (A1) Trophozoites 
Cysts 

Differentiation 
PTM (Phosphorylation) 

2DE Gel 
 

Protein IDs NCBInr Eukaryotic 

[60] Hagen et al, 2011 WB C6 (A1) Ventral Disc  Cytoskeleton/Organelle LC-MS/MS Protein IDs GenBank (G. duodenalis) 

[19] Jedelsky et al, 2011 WB (A1) Mitosomes Cytoskeleton/Organelle LC-MS/MS ITRAQ GiardiaDB-1.3 (WB C6) 

[61] Lauwaet et al, 2011 WB C6 (A1) Basal Bodies Cytoskeleton/Organelle LC-MS/MS Protein IDs GiardiaDB-1.4 (WB C6) 

[59] Jerlstrom-Hultqvist et al, 2012 WB C6 (A1) Proteasome Cytoskeleton/Organelle Protein-tagging 
LC-MS/MS 

Protein IDs NCBInr Eukaryotic 

[37] Lingdan et al, 2012 Changchun (D) 
 

Soluble Fraction 
Trophozoite 

Differentiation  LC-MS/MS ITRAQ GiardiaDB/Uniprot 

[69] Lourenco et al, 2012 WB (A1) Ventral Disc Cytoskeleton/Organelle 1DE & 2DE 
Gel 

Protein IDs NCBInr Eukaryotic 

[140] Lalle et al, 2012 WB C6 14-3-3 Protein-
Binding 

Differentiation 
PTM (Phosphorylation) 

Protein-tagging 
LC-MS/MS 

EmPAI GiardiaDB-1.2 (WB C6) 

[124]Paz-Maldonado et al, 2013 WB C6 (A1) 
WB C6, Abz Resistant 
(A1) 

Trophozoites Drug Resistance 1DE & 2DE 
Gel 

Spot Density NCBInr Eukaryotic 

[166] Nino et al, 2013 WB/9B10 Trophozoites PTM (Ubiquitination) Protein-tagging 
LC-MS/MS 

Protein IDs GiardiaDB-2.5 (WB C6) 
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Table 2 (cont.): Summary of post-genomic, proteomic studies in G. duodenalis; for a summary of earlier pre-genomic studies refer to Steuart, [12]. Isolate and assemblage and source 
of protein are indicated, along with proteomic sample method used and whether results utilised any method for quantitation of proteins identified. The last column indicates the 
database used to search results. 

* Quantitation was performed using operator-based qualitative assessment, not software or statistical methods

[39] Faso et al, 2013 WB C6 (A1) Trophozoites Differentiation LC-MS/MS Spectral Counting GiardiaDB-1.2 (WB C6) 

[58] Wampfler et al, 2013 WB C6 (A1) PV & ESV Cytoskeleton/Organelle LC-MS/MS Protein IDs GiardiaDB-2.2 (WB C6) 

[75] Paredez et al, 2014 WB C6 (A1) Actin-Binding Cytoskeleton/Organelle Protein-tagging 
LC-MS/MS 

Protein IDs GiardiaDB N/A (WB C6) 

[101] Emery et al, 2014 BRIS/95/HEPU/2041 (A1) 
BRIS/82/HEPU/106 (A1) 

Trophozoites Strain Variation LC-MS/MS Spectral Counting GiardiaDB-2.5 (WB C6) 

[100] Emery et al, 2015 BRIS/83/HEPU 106 (A1) 
BRIS87/HEPU/713 (A1) 
OAS1 (A1) 
Bac2 (A1) 
BRIS/95/HEPU/2041 (A1) 
BRIS/89/HEPU/1065 (A1) 
WB (A1) 
BRIS/89/HEPU/1003 (A2) 

Trophozoites Strain Variation LC-MS/MS Spectral Counting GiardiaDB-4.0 (WB C6) 
GiardiaDB-4.0 (DH) 

[40] Emery et al, 2015 BRIS/95/HEPU/2041 (A1) 
BRIS/82/HEPU/106 (A1) 

Trophozoites 
Cysts 

Differentiation 
Strain Variation 

LC-MS/MS Spectral Counting GiardiaDB-4.0 (WB C6) 

[57] Martincova et al, 2015 WB (A1) Mitosomes Cytoskeleton/Organelle LC-MS/MS Protein IDs NCBInr  

 [114] Emery et al, 2015  BRIS/95/HEPU/2041 (A1) Trophozoites Host-Parasite 
Interactions 

LC-MS/MS TMT GiardiaDB-5.0 (WB C6) 
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1.4.1 Subcellular Proteomics 

Subcellular proteomics allows greater resolution of a targeted cell fraction and analyses of 

protein function in relation to cell localisation [54, 55]. Subcellular proteomics involves a 

combination of biochemical techniques for fractionation of protein or organelle complexes, 

coupled to high resolution mass spectrometry technologies [55]. Since the release of the 

Giardia genome sequence, there have been eight proteomic analyses of cytoskeletal or 

organelle fractions (Figure 1). These subcellular proteomic analyses have consistently 

provided protein identifications which greatly expanded the known organelle proteome at 

the time, often doubling or tripling the number of proteins assigned. These higher-

resolution, organelle proteomes have improved mapping of signalling pathways, protein 

trafficking, sub-localisation and models for cytoskeletal assembly/disassembly during the 

life cycle. Furthermore, they are an important comparative resource for understanding 

divergence in organelles and metabolism throughout eukaryotic evolution [56].  

Significantly, many of the identifications from proteomics data in several of the studies 

were excluded, or failed to be identified by, sequence-based predictive bioinformatics [19, 

57, 58]. Besides utilising a range of fractionation techniques, these studies also cover 

multiple strategies for achieving high-stringency datasets, in particular eliminating 

contamination by non-target proteins or accessory structures. These include in silico 

filtering [58], iTRAQ isobaric ratios [19], homology searching [19, 59], and large-scale 

immunolocalisation of candidate proteins for confirmation [57, 58, 60, 61]. 

 

1.4.2 Cytoskeletal Proteomics 

The cytoskeleton of Giardia is a predominately microtubule structure, comprised of the 

ventral disc, median bodies, basal bodies and flagella. The ventral or adhesive disc is a 

Giardia-specific structure responsible for attachment of trophozoites to the intestinal 

lining, to avoid peristalsis and clearance from the gastrointestinal tract [1, 56]. Previous  
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Figure 1: Summary of subcellular proteomics in G. duodenalis. Upper panel shows the cell and organelle 
structure of trophozoites. Flagella pairs are labelled according to anterior (AF), posterior-lateral (PLF), 
caudal (CF) and ventral (VF). Table below indicates references for proteomic analysis and which 
cytoskeleton or organelle enriched fraction was analysed. The number of proteins listed in the last column 
considers those identifications indicated by authors as high-stringent and organelle-specific following 
confirmatory tests, in silico enrichment and contaminant exclusion. 
 

studies of the ventral disc have identified proteins including annexins [62], giardins [63-

65], striated fiber-assemblin-like protein (SALP-1) [66], median body protein (MBP) [67], 

and several kinases, including NEK kinases [68]. Two proteomic analyses of the ventral 

disc have been performed to date [60, 69]. Moreover, of the 58 putative ventral disc or 

lateral crest proteins identified by Hagen et al.  [60], 18 novel disc-associated proteins were 

confirmed by GFP-tagging and localisation, doubling the known ventral disc proteome, and 

a total of 33 ventral disc and lateral crest associated proteins were compiled. Furthermore, 

Hagen et al. [60] also provided complementary insight into disc assembly/disassembly 
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during cell division, encystation and excystation, which had previously been analysed at 

the transcriptomic level [66].  

Basal bodies also contribute to the cytoskeletal structure in Giardia, consisting of 

conserved nine microtubule triplet structures forming a helicoidal structure with a diameter 

of 250nm [61]. In Giardia, there are eight basal bodies corresponding to the four pairs of 

flagella, though basal bodies also localise to the spindle during mitosis, playing a role 

during replication [70, 71]. Lauwaet et al. [72] utilised subcellular proteomics to analyse 

the composition of the basal bodies, which previously had only a dozen proteins assigned 

including tubulins, centrins, and several signalling proteins including an aurora kinase 

which regulated mitosis [71, 73, 74]. The study combined a bioinformatics approach, to 

predict homologues in G. duodenalis assemblage A, with a proteomic analysis of basal 

body enriched fractions from interphase trophozoites. This approach identified 75 proteins, 

of which 65 were novel, and 13 were successfully immunolocalised [61]. Importantly, both 

novel homologues excluded by bioinformatics analysis were identified by proteomics and 

localised, while conserved homologues identified by bioinformatics failed to localise to the 

basal bodies. This emphasises the capability of proteomics to identify unique, novel 

homologues that may be excluded by sequence-based, predictive bioinformatics.   

The other cytoskeletal proteomic analysis currently available in Giardia analysed actin-

binding proteins in trophozoites, where similarly a lack of canonical actin-binding proteins 

in Giardia limited the use of predictive analyses [75]. Combining affinity purification with 

LC-MS/MS, a total of 57 actin-binding proteins were identified, covering a range of 

functions in the cytoskeleton, particularly for the flagella, protein folding and trafficking, 

as well as nuclear and signalling proteins [75]. Of these, 23 proteins were Giardia-specific 

with unknown functional information, suggesting a novel actin-interacting protein subset 

[75]. It was also demonstrated that actin is part of the Giardial nucleoskeleton, with the 
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identification of other nuclear proteins suggesting the presence of actin-based chromatin 

remodelling in Giardia.  

 

1.4.3 Organelle Proteomics 

There have been several proteomic analyses reported for organelles in Giardia, including 

the mitosomes, secretory vesicles and proteasome. In Giardia, mitosomes are highly 

reduced and adapted forms of mitochondria, having lost their genomes and been largely 

reduced to iron sulphur (FeS) cluster synthesis and protein import and folding [76-78]. 

Jedelsky, et al. [19] enriched mitosomes via subcellular fractionation, labelled the peptides 

isobarically and analysed them via LC-MS/MS, after which they used the iTRAQ 

quantification tags to filter contaminants from the dataset. A total of 139 putative 

mitosomal proteins were identified, of which 20 out of 44 were localised to the mitosomes. 

None of these 20 proteins had been identified previously using bioinformatic predictions 

[19]. Proteins identified were linked to FeS cluster assembly, molecular chaperones and 

membrane protein import machinery, indicating a greatly reduced proteome, which the 

authors predicted to be approximately 50-100 proteins [19]. A further 13 proteins were 

recently identified in the mitosomes by Martincova et al. [57] using in vivo enzymatic 

tagging. Five proteins were specific to the outer mitosomal membrane, including the 

identification of a novel highly diverged TIM homologue. Furthermore, Martincova et al. 

[57] identified several Giardia-specific proteins indicative of additional, novel metabolic 

processes in mitosomes beyond FeS cluster biogenesis. These studies reinforce the utility 

of proteomics as an exploratory tool for analysing organelles, especially where 

evolutionary, lineage-specific alterations occur that limit bioinformatics predictions for 

highly diverged homologues.  

The biases in homology-based bioinformatics meant proteomics was also preferred for 

analysing the secretory vesicles in Giardia. Wampfler et al. [58] analysed the peripheral 
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vesicles (PV) and encystation specific vesicles (ESV) in order to identify novel factors that 

might elucidate their functional range in context of the ecological niche occupied by 

Giardia. PV and ESV were enriched by flow cytometry and analysed by LC-MS/MS, and 

a total of 72 ESV- and 82 PV-specific proteins were identified, many of which were novel. 

Interestingly, localisation of ESV proteins, including localisation and co-localisations to 

the endoplasmic reticulum (ER), supported the hypothesis that ESV and the ER in Giardia 

are closely physically and functionally linked [58].  

The proteasome in Giardia is responsible for ubiquitin-mediated protein degradation and 

sorting of cyst-wall material during encystation [79]. The proteasome of Giardia 

trophozoites was tagged and purified using affinity chromatography, and a total of 30 

proteins were identified, 28 of which possesses homologous components in the 

Saccharomyces cerevisiae proteasome [59]. This was the first analysis of subunit 

composition of the proteasome, and encompassed the identification of proteasome-

associated proteins including dynamin, the ER chaperone BiP, and an ubiquitin-specific 

protease [59]. 

 

1.4.4 Secreted Proteins and Extracellular Vesicles  

Despite considerable progress in characterising organelles and cytoskeletal fractions, a gap 

still remains in available data for quantitative proteomics of both secreted proteins and 

extracellular vesicles in Giardia. This is particularly relevant considering increasing 

evidence of host immunomodulation by several known secreted Giardia proteins [80]. 

Currently, several metabolic enzymes have been identified in the media fraction during co-

incubation with host cell lines [81], for which there are strong implications for their role in 

repression of reactive nitrogen species (RNS) to avoid of clearance from the gastrointestinal 

tract [82, 83]. Moreover, the secreted cysteine protease cathepsin B is a known virulence 

factor which degrades interleukin-8 and reduces pro-inflammatory cell chemotaxis [84]. 
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Cysteine proteases are secreted virulence factors in a range of parasites, and multiple 

uncharacterised cysteine proteases are detected in Giardia media through activity assays 

[85, 86], although the majority of these lack defined roles in pathogenesis. Overall, further 

work is required to specifically identify in the secreted fraction any of the 23 other 

cathepsins present in the G. duodenalis genome [26], as well the possibility of identifying 

other secreted protease classes.  

There is also considerable merit in the identification of and subsequent analysis of 

extracellular vesicles (EV) in G. duodenalis. EV can be microvesicles, exosomes or 

apoptotic bodies, and are well-characterised in higher eukaryote and mammals, but only 

recently identified in a range of protozoan parasites including Plasmodium [87], 

Trichomonas [88], Leishmania [89-92] and Trypanosomes [93-95]. These extracellular 

vesicles contribute to a range of cell processes, many of which underpin processes during 

pathogenesis and key mechanisms of virulence, including immunomodulation, 

pathophysiology and cell adhesion [87, 96]. Currently, intracellular ESV and PV are known 

to play important roles within the Giardia trophozoite, particularly during differentiation, 

where empty or ‘ghost’ vesicles are hypothesised to be released into the media [58, 97]. 

The isolation of EV in Giardia, the identification of the types of EV, and their analysis both 

at the proteomic and transcriptomic level, are an untapped research area which may provide 

important insights into host-parasite and parasite-parasite interactions. Considering the key 

roles in virulence and pathogenesis performed by secreted proteins currently known, further 

research in this area is likely to provide significant insight in the biology of disease and 

pathophysiology of giardiasis. 

 

1.5 Isolate Variation 

The biological relevance and pathophysiological effects of genetic variation between 

assemblages, aside from host specificity and zoonotic trends, remain elusive and poorly 

understood. Only a few studies correlate inter-assemblage variation to clinical syndromes 
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[32, 98]. Differences in cyst infectivity have been demonstrated in Mongolian gerbils [9], 

as well as significant differences in virulence, pathophysiology and infection intensity 

between isolates within the A1 subassemblage in mouse models [8, 99]. In addition, inter-

assemblage variation exists between genomes [32], as well as inter-subassemblage 

variation between A1 and A2 genomes [28], and, recently, considerable variation between 

A2 isolates was demonstrated [33]. 

There are several quantitative proteomics studies which analyse isolate variation, 

specifically within assemblage A. These studies predominately compared isolates from the 

A1 subassemblage, but also analysed trophozoites from the A2 subassemblage for the first 

time [100]. They also supported the recent reclassification of A1 and A2 genomes, as 

searching isolates against their correct subassemblage genome increased the number of 

high confidence peptide matches and protein identifications reported [100]. In addition, 

quantitative proteomics also revealed VSP variant numbers and variant subpopulation 

distribution differed between A1 isolates [100, 101]. Furthermore, the zoonotic, virulent, 

avian isolate BRIS/95/HEPU/2041 [102, 103] displayed increased abundance of key 

virulence factors, including cathepsin B, and greater VSP diversity [104]. Up-regulation of 

virulence factors is consistent with phenotypic data from mouse models, where 

BRIS/95/HEPU/2041, when compared to BRIS/82/HEPU/106, showed a 3-fold higher 

parasite load and caused a 20% weight reduction in in neonatal mice [105], as well as higher 

rates of villous atrophy, goblet cell hyperplasia and cell vacuolation, [8]. 

Quantitative proteomic data of differentiation in G. duodenalis is available for three A1 

isolates including WB C6 [39], BRIS/95/HEPU/2041 and BRIS/82/HEPU/106 [40]. 

Universal encystation-regulated markers and pathways were identified between these three 

isolates, relating to consistent changes in cell structure and metabolism. However, a distinct 

pattern of VSP variant loss between trophozoites to cysts was documented in the human-

derived BRIS/82/HEPU/106, and previously observed in WB C6, while 
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BRIS/95/HEPU/2041 retained near-complete VSP variant diversity [39, 40]. If VSP 

variants possess differing host specificity, it is hypothesised this retention of variants may 

contribute to the wide host range of the highly zoonotic BRIS/95/HEPU/2041, which is 

avian derived and infective for neonatal and adult mice [99], lambs and kittens [103]. 

Comparative proteomics also demonstrated a significant variation in up-regulation of 

ankyrin-repeat/protein 21.1 proteins in cysts, with 27 of higher abundance in 

BRIS/95/HEPU/2041 cysts compared to only one in cysts from BRIS/82/HEPU/106 [40].  

As previously outlined in section 1.3, there is a lack of post-genomic mass spectrometry 

data for G. duodenalis outside of assemblage A, specifically subassemblage A1. Even 

within assemblage A1, the majority of studies use isolate WB C6 (ATCC 50803) as it is 

well-characterised and the source material for the available A1 genome sequence [27]. 

While there is merit to the idea of a concerted effort to identify reproducible markers at the 

proteomic level by utilising WB C6 exclusively, it precludes the existence of isolate 

variation at the proteome level which may impact on important phenotypes. The available 

proteomic analyses of the A subassemblage highlight that isolate variation exists outside 

core proteomes. It is therefore necessary to document whether these divergences also occur 

in other assemblages, and examine their impact on phenotype and pathology. 

 

1.6 Differentiation 

The faeco-oral life cycle of G. duodenalis consists of two life-cycle stages of trophozoites 

and environmentally resilient cysts. Differentiation involves the processes of excystation 

of cysts after ingestion by a host, from which excyzoites develop into trophozoites that 

colonise the small intestine, followed by encystation of trophozoites to cysts in the jejunum, 

which are shed in the faeces. The differentiation process is the biological process best 

characterised in G. duodenalis in terms of the systems biology approach, with multiple 

transcriptomic and proteomic data sets available in the literature. Currently, there are three 
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proteomic analyses of encystation reported, including comparative 2DE of cysts and 

trophozoites from WB [106], label-free quantitative proteomics of WB C6 trophozoites 

throughout the first 14 hours of encystation [39] and label-free quantitative proteomics of 

two genome-alternate A1 isolate trophozoites and cysts [40]. These proteomic data are 

complemented by transcript-level data from serial analysis of gene expression (SAGE) data 

throughout the G. duodenalis life cycle of encystation and excystation [107], and 

microarray data from cysts [108, 109]. Together, these studies have identified a set of 

reproducible encystation markers at the proteomic level [39, 40]; the consistent biological 

processes and markers reported between studies and isolates have been summarised and 

presented in Table 3. 

The process of differentiation in Giardia involves extensive cytoskeletal remodelling, 

changes in genome ploidy and restructuring of parasite metabolism. Encystation results in 

tear-shaped, binucleate and flagellated trophozoites becoming round, tetranucleated cysts. 

These cysts possess a characteristic cyst wall (CW) comprised of three cyst wall proteins 

(CWP), CWP1-3, complexed with β(1-3)-N-acetyl-d-galactosamine (GalNAc) polymer 

[72, 110]. These CW components are synthesised, concentrated and transported in the ESV, 

and appear in the first 8-10 hours of induction of differentiation in a highly regulated 

trafficking process [111]. Proteins associated with the CW structure, including GalNAc 

polymer synthesis, are highly reproducible markers throughout proteomic analyses of 

encystation [39, 40, 106], with candidates also identified in transcriptomic studies. 

Similarly, multiple proteins have also been identified by label-free quantitative proteomics 

as being up-regulated in protein trafficking involving secretory vesicles and fusion with the 

plasma membrane or ER [39, 40]. It also appears from proteomic data that, possibly as a 

result of increased pressure on protein trafficking for the CW, VSP diversity is affected, 

especially during early encystation [39]. This may also affect the differences in VSP 

subpopulation composition in cysts between isolates observed at the end of differentiation 

[40]
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Table 3: Functional clusters associated with up-regulation during differentiation from trophozoites to cysts. Giardia ORF’s are considered an encystation marker if they have been 
consistently identified in at least two studies from either transcriptome [107-109] or proteome [39, 40, 106] analyses of encystation in G. duodenalis. All markers have been detected 
in isolate WB/WB C6 and at least one other G. duodenalis isolate, indicating they are not isolate-specific. 

Functional Cluster Identified Encystation Markers  Differential expression & functional role during 
encystation: 

 Transcript Protein 

GalNac Biosynthesis 4-alpha-glucanotransferase, amylo-alpha-1,6-glucosidase (GL50803_10885) 

UDP-glucose 4-epimerase (GL50803_7982)  

Glucosamine-6-phosphate deaminase (GL50803_8245) 

UDP-N-acetylglucosamine pyrophosphorylase (GL50803_16217) 

 

Y 

Y 

 

Y 

Y 

Y 

Y 

 

β(1-3)-N-acetyl-d-galactosamine (GalNAc) polymer  is 
complexed with three CWP proteins (CWP1-3). 
Approximately ~60 of the CW are comprised from GalNAc 
polymer along with the CWP. Production of the CW is a 
hallmark pathway for encystation, and therefore very 
reproducible across encystation studies. Cyst Wall  Cyst Wall Protein 1 (GL50803_5638) 

Cyst Wall Protein 2 (GL50803_5435) 

Y 

Y 

Y 

Y 

Protein Trafficking Clatherin heavy-chain (GL50803_102108)  

Coatomer beta subunit (GL50803_88082) 

Sec61 alpha (GL50803_5744) 

Alpha-SNAP (putative) (GL50803_17224) 

Dynamin (GL50803_14373) 

 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

Encystation involves major protein export for the trafficking 
of proteins for generating the thick, extracellular matrix of 
the cell wall. Multiple proteins of the eukaryotic secretory 
system are expressed, including vescicular membrane 
components and proteins responsible for membrane fusion. 

Heat Shock Proteins Cytosolic HSP70 (GL50803_88765) 

Heat shock protein HSP 90-alpha (GL50803_98054) 

 Y 

Y 

HSP have been reproducibly identified in all proteomic 
analyses of encystation, but not in any transcript analyses. 

Cytoskeleton Alpha tubulin (GL50803_103676) 

Beta tubulin  (GL50803_136021) 

 Y 

Y 

Extensive cytoskeletal disassembly and remodelling occurs 
during encystation. 

Giardins are a multigene family associated with the 
cytoskeleton and related structures. Multiple members are 
differentially expressed at the transcript and protein during 
the life cycle. 

Giardins Gamma giardin (GL50803_17230) 

Beta giardin (GL50803_4812) 

Alpha-3 giardin (GL50803_11683) 

Y 

Y 

Y 

Y 

Y 

Y 

Kinases NEK 2 (GL50803_5375) 

Nek kinase (GL50803_101534) 

Nek kinase (GL50803_11311) 

Nek kinase (GL50803_95593) 

 

 

Y 

Y 

Y 

Y 

Y 

Multiple NEK kinases are up-regulated during 
differentiation, with NEK2 specifically associated with cell 
cycle. NEK kinases constitute about 70% of kinases in 
Giardia though the majority lack catalytic residues. Multiple 
NEK kinases are detected as differentially expressed across 
studies, though few are reproducibly identified. 
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During the encystation process the cytoskeleton is drastically remodelled, with multiple 

structures disassembled including the flagella and the median disc [66]. This is reflected in 

the reproducible observation of differential expression of tubulin proteins at the protein 

level, as well as giardin proteins. Giardins are a multi-gene family of annexin-related 

proteins associated with the cytoskeleton, particularly the membrane and flagella, and are 

involved in important processes including host-attachment [62, 69]. Both transcriptomic 

and proteomic experiments indicate there are fluctuations in expression in multiple giardins 

during differentiation, most likely as a result of cytoskeletal remodelling of associated 

structures. In concordance, multiple members of the basal bodies and adhesive disc are also 

differentially expressed, especially early in encystation [39]. Furthermore, both of the 

published studies on label-free quantitative proteomics of encystation report differential 

expression in ankyrin repeat proteins (protein 21.1), which may vary between isolates [39, 

40], and also contain a subset of members with coiled-coil domains that associate with 

flagella and axonemes [112]. 

Another hallmark feature of encystation is the distinct down-regulation of the glycolytic 

pathway. This down-regulation of glycolysis during encystation has also been observed 

during encystation in Entamoeba histolytica, and also correlates with the up-regulation of 

cyst wall production in particular in correlation with up-regulated chitin synthesis [113, 

114]. Microarray analysis in Giardia indicates that in terms of gene transcription, cysts are 

largely metabolically dormant [109]. In support of this, label-free quantitative proteomics 

studies have shown that the majority of the enzymes in the glycolysis pathway are down-

regulated. Kinase up-regulation is also observed in proteomic analyses, particularly for the 

NEK kinases. NEK kinases dominate kinase-related genes in Giardia, though 70% lack the 

catalytic residues for phosphorylation, and may in fact be better classed as pseudokinases 

[68]. Both NEK 1 (GL50803_92498) and NEK 2 (GL50803_5375) are specifically 

involved in the cell cycle, and NEK 2 has been reported to be up-regulated in encystation 

and cysts [39, 40]. It is interesting that subsets of NEK kinases are consistently up-regulated 
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in proteomic analyses, as well as transcriptomic studies, which indicates this gene family 

may be involved in encystation. However, there is a lack of reproducibility in the specific 

NEK kinase ORFs identified as differentially expressed, and this variation makes it difficult 

to confirm specific functions. 

While proteomics and transcriptomics have captured some of the biological processes 

occurring at the molecular level during encystation, there are also several encystation 

markers for which further functional data are needed. In particular, a furin precursor 

putative serine protease (GL50803_4653). This Giardial serpin 1 homologue is 

consistently overexpressed at transcript and protein levels in late encystation, although 

whether it is a pseudo-enzyme or regulates proteolytic events in encystation remain to be 

explored. In addition, another reductase (GL50803_88581) associated with lipid 

metabolism has been consistently reported in multiple transcriptomic studies [107, 108], as 

well as between multiple isolates in label-free proteomics [40]. In addition, both HSP70 

and HSP90 are reproducibly identified in all proteomic analyses of encystation as 

differentially expressed, which is not the case in transcriptomic equivalents. There are also 

several other consistently identified proteins considered as putative encystation markers for 

which no functional data is available. 

There is a considerable baseline data at both the proteomic and transcript level 

characterising the encystation process. There are several pathways that are consistently 

reported, though several gene families, including NEK kinases, ankyrin repeat and giardins, 

require further analysis. In addition, there is also evidence that isolates may emerge from 

the encystation process differently [40], and that in vitro encystation protocols may impact 

differential expression results [108]. A significant gap exists in the absence of proteomic 

data for the excystation stage of the life cycle in Giardia, though transcript data is available 

from SAGE analyses [107]. 
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1.7 Host-Parasite Interactions 
There are significant gaps in our understanding of early stages of pathogenesis in Giardia, 

including the molecular mechanisms and signals behind disease induction [6, 80]. In 

particular, identifying biochemical factors produced by trophozoites, and relating these to 

downstream symptomology requires further investigation [80]. In vitro host-parasite 

models utilising intestinal epithelial cells (IECs) and Giardia trophozoites are effective in 

simulating disease processes. The application of post-genomic technologies to analyse 

these models on a global scale has allowed exploration of disease induction in the parasite, 

as well as building our understanding of host immune responses to infection. Most 

importantly, it has been demonstrated that exposing Giardia to host signals, such as co-

incubation with IECs, induces gene expression that is otherwise constitutive or basal during 

axenic culture [81, 115]. So far, the majority of these studies have analysed changes in gene 

expression at the transcript level, with significantly more data required at the protein level. 

There have been expression studies of transcriptional changes in Giardia trophozoites co-

incubated with IECs Caco-2 and HCT-8 [115], as well as HT-29 cells [116]. There are also 

complementary studies of transcripts from IECs exposed to Giardia trophozoites [117, 

118]. In proteomics, there have been analyses of secreted proteomes of Giardia 

trophozoites co-incubated with IECs [78], as well as a recent proteomic analysis comparing 

Giardia trophozoites co-incubated with HT-29 IECs with trophozoites incubated with HT-

29 secreted products [119]. 

Transcriptomics of IECs co-incubated with trophozoites demonstrate induction of host 

immune defences, but also immunomodulation in suppression of host innate immune 

mechanisms. Co-incubation of differentiated Caco-2 cells with trophozoites prompted 

considerable up-regulation of transcripts for chemokine genes [117], which were associated 

with recruitment of host immune cells, rather than being pro-inflammatory. In addition, 

Giardia trophozoites suppress expression of genes involved in nitric oxide (NO) production 

[118]. As production of NO reduces Giardia viability and growth, and negatively impacts 
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on differentiation [82], Giardia has been demonstrated to mitigate NO production by 

consuming arginine to deprive host cells of substrates [82], and suppressing expression of 

host genes for NO production [118]. There is no complementary proteomics data yet 

published for IECs interacting with trophozoites. Considering the intensity and immediacy 

of fold changes observed at the transcript level in host cells, especially in cytokines [115], 

such data would confirm the magnitude of transcript up-regulation at the level of protein 

production. 

G. duodenalis trophozoites co-incubated with IECs displayed increased levels of secreted 

proteins in the media fraction, including enolase and two enzymes involved in arginine 

metabolism: arginine deiminase (ADI) and ornithine carbamoyl transferase (OCT) [81]. 

Given that competitive arginine consumption by Giardia blocks NO production, these 

secreted enzymes have obvious implications for pathogenesis and virulence [82]. Previous 

transcriptomic analyses of trophozoites interacted with IEC monolayers have demonstrated 

co-incubation induces expression of oxygen defence genes for cellular redox homeostasis 

[115, 116]. Reactive oxygen species (ROS) are a known mechanism for parasite clearance 

by the host [120], so the up-regulation of antioxidant systems in Giardia is consistent with 

anticipation of ROS by host cells. Coinciding with previous transcript data, quantitative 

proteomics of trophozoites co-incubated with HT-29 cells up-regulated a diverse range of 

oxidoreductases [119]. Interestingly, up-regulation of oxygen defence genes were 

exclusive to trophozoites co-incubated with IEC monolayers rather than through exposure 

to host secretions, suggesting specific interactions between host-attached parasites are 

responsible for induction [119]. This study also reported that trophozoites exposed to host 

secretory products switched from an attaching to a motile population phenotype, while 

proteomics of these trophozoites revealed host secretions are sufficient for induction of 

virulence factors in the absence of trophozoite-host attachment. Host secretory products 

from HT-29 cells up-regulated multiple secreted and membrane associated proteins, 

including tenascins, cystatin, cathepsin B precursor and numerous VSP variants, the last 
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two of which are confirmed virulence factors in the parasite [84, 121]. Both tenascins and 

the cathepsin B cysteine proteases have been previously identified at the transcript level 

[115], including specifically with HT-29 cells [116]. The induction of virulence factors in 

the presence of host secretions supports the hypothesis of two independent levels of 

Giardia-host interactions – cell-to-cell interactions mediated by host attachment, and 

secretory-based interactions [119]. The presence of a soluble messenger based interaction 

also coincides with the results of Roxstrom-Lindquist, et al. [117], where upregulation of 

the cytokine CCL20 was not reliant on trophozoite attachment, but rather occurred in the 

presence of a secreted parasite factor.  

The current consolidation of datasets from transcript and proteomic data has highlighted 

several important processes during early pathogenesis. Those molecular mechanisms and 

pathways, common between transcript and protein expression, indicate multiple level of 

crosstalk between host and parasite in the context of virulence biology in the parasite, and 

immunology of the host. However, more proteomics studies are required, especially in the 

analysis of the host response to Giardia invasion, and the analysis of host-parasite 

interactions outside Assemblage A. The latter of these, in particular, will explore the 

possibility of induction of assemblage- and isolate-specific disease factors. Furthermore, 

with strong indications of soluble signals and secreted protein interactions occurring 

between Giardia and the host [81, 119], there is a clear necessity to further explore and 

characterise the identity and nature of soluble factors. 

 

1.8 Drug Resistance 
Treatment of giardiasis is predominately through nitroheterocyclics (e.g. metronidazole, 

nitazoxanide and furazolidone), though benzimidazoles (albendazole and mebendazole) are 

also used. However, it is estimated the effectiveness of the frontline drug metronidazole is 

in the range of 73–100%, while for albendazole the effectiveness is reported to be in the 
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range of 77–97% [122], meaning that treatment failure is routinely encountered in both 

classes. Drug resistance to both compounds has been demonstrated in clinical isolates using 

mouse models [123], and drug resistant isolates have also been raised in the laboratory [49, 

50]. Between the two drug classes, nitroheterocyclic resistance remains the best 

characterised [120], despite the fact that post-genomic transcript and proteomic analyses of 

drug-resistant isolates are limited or unavailable. Currently, the only reported proteomic 

analysis of drug resistance concerns albendazole resistance in the A1 genome isolate WB 

C6 and a derived resistant strain [124], utilising a 2DE-gel based approach. However, there 

is currently no quantitative proteomics study available in the literature concerning genome-

wide protein expression of drug resistant isolates and strains. 

The mode of action of nitroheterocyclics is believed to be through activation by parasite 

oxidoreductases, which induces oxidative damage to DNA and protein [125]. Importantly, 

metronidazole resistance seems to occur through regulation of the oxidoreductases and 

associated genes involved in the activation and detoxification of the drug [49, 126-130]. 

This has been recently reviewed by Ansell et al [120], who suggest that multiple 

mechanisms of metronidazole resistance can occur in G. duodenalis, including the 

possibility of epigenetic mechanisms that direct differential expression of proteins 

implicated in drug resistance. Drug- resistant isolates also show varying phenotypes related 

to fitness as well as  infectivity and host adherence in mouse models [131], reinforcing the 

possibility of multiple modes of resistance. Quantitative proteomics, in conjunction with 

genomic, transcriptomic and metabolomic technologies, is ideal to profile protein 

expression globally, and explore interactions implicated in the antioxidant and epigenetic 

networks. 

 

1.9 Protein Modifications 
There are approximately 300 post-translation modifications (PTMs) currently known, 

which play pivotal roles in diversifying the proteome for a range of regulatory functions.  
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Unfortunately, there are limited studies available that analyse the status, function and 

dynamics of PTMs in Giardia, and these only utilise a fraction of the MS technologies 

available. The study of PTMs remains a challenge at both the technical and functional level, 

especially given the differing stability of PTMs and the dynamics nature of such 

modifications. PTMs occur in specific molecular and cellular contexts, and hence multiple 

spatio-temporal PTM variants of proteins exist which are particular to the specific biotic 

and abiotic circumstances. Conventional techniques of analysis by radio-isotope labelling, 

western blotting, and protein or peptide array, suffer from limitations in sensitivity and 

efficiency [132, 133]. Consequently, new MS strategies for the characterisation of the 

PTMs of specific proteins at the whole proteome level are gaining favour [23, 132].  Table 

4 shows a range of amino acid residues, their known PTMs, and references which indicate 

their occurrence in Giardia. Several specific PTMs and their roles in Giardia biology and 

its evolutionary lineage will be discussed in detail in the following sections. 

 
Table 4: A summary of common PTMs of proteins and their amino acid substrates, with references that 
demonstrate the occurrence of these modifications on Giardia proteins. 

 

 

1.9.1 Phosphorylation 

The core kinome of Giardia is highly reduced, with the Giardia-specific NEK kinases 

comprising 198 of the total 278 kinases, many of which lack enzymatic residues and are 

likely to be catalytically inert [68]. Despite this, many NEK kinases are expressed at the 

protein level [100], and are also up-regulated during differentiation [39, 40]. To date, few 

PTM Amino Acid Substrates Evidence in Giardia 

Phosphorylation Asp, Ser, Thr, Tyr, His [68, 138, 139] 
Acetylation Lys (Ser, Thr) [148-151] 
Glycosylation Ser, Thr (O-linked), Asn (N-linked) [157, 158, 161] 
S-Palmitoylation Cys [157, 164, 181] 
N-Myristoylation  Gly [137, 182] 
Ubiquitination Lys [165, 166, 183, 184] 
Methylation Lys  
Prenylation Cys [185, 186] 
Disulfide Bonds Cys [161, 163, 187] 
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NEK kinases have been localised, and few have defined functions, although NEK1 and 

NEK2 are known to be associated with regulation of the life cycle [68]. There are multiple 

studies that suggest a range of kinases are essential during the differentiation process 

between cysts and trophozoites in Giardia [71, 134-137]. Localisation of these kinases to 

cytoskeletal structures also suggests that these enzymes may be specific to discrete 

cytoskeletal structure in Giardia [68].   

Immunolocalisation and western blotting of trophozoite lysates clearly indicates that serine, 

threonine and tyrosine phosphorylation all occur in Giardia [68]. However, analyses of 

phosphorylation substrates at the proteome level remains limited. Investigations of proteins 

during encystation using 2DE and phosphorylation-specific staining identified both HSP70 

and the 14-3-3 proteins as phosphorylated during the differentiation process [138]. The 14-

3-3 homologue in Giardia is of particular interest, as it is a dimeric protein conserved in 

eukaryotes, which specifically binds to serine/threonine phosphorylated sites. In Giardia, 

14-3-3 is both phosphorylated and polyglycylated, with a fluctuating cell localisation 

dependent on life cycle stage [139]. The protein interaction network of the Giardia 14-3-3 

protein has been analysed using LC-MS/MS [140], which identified a diverse range of 314 

putative interaction partners in both trophozoites and encysting trophozoites. It is clear that 

phosphorylation plays an important regulatory role during encystation, however, more 

investigations are needed to fully understand the biological context. Recently, the 14-3-3 

homologue was demonstrated as up-regulated during host-parasite interactions [119], 

which suggests this protein may regulate phosphorylation events occurring during 

pathogenesis and disease induction.  

The methodology of Lalle et al [140] also demonstrates the particular strengths of using 

affinity chromatography coupled to LC-MS/MS to characterise protein-protein interactions 

and their networks [132]. While the targeted analysis of phosphorylation protein networks 

with 14-3-3 has been analysed in Giardia, global analysis of the phosphoproteome are 
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required to identify the range and diversity of substrates. Proteomic methods that facilitate 

this shotgun approach involve immobilized metal ion affinity chromatography (IMAC) 

[141] or titanium dioxide enrichment [142, 143], or the combined titanium-IMAC (Ti4+-

IMAC)-based enrichment [144-146]. The application of these technologies will allow the 

mass identification of phosphorylation sites in Giardia, as well as quantitatively monitoring 

protein phosphorylation at a depth not currently explored in this parasite. 

 

1.9.2 Acetylation 

Acetylation is a common modification of lysine amino acid residues, which neutralises its 

positive charge [147]. The acetylation of proteins is most widely studied in the context of 

epigenetic gene regulation, whereby covalent histone acetylation affects chromatin 

condensation and decondensation, and therefore the availability of DNA for transcription 

[133]. The N-acetyl lysine group is also recognised by bromodomains found in transcription 

factors, and thus can also regulate gene expression by recruitment of proteins that initiate 

transcription [133]. The process of acetylation of histones is regulated by enzymes known 

as histone acetylases (HATs) and histone deacetylases (HDACs), both of which are found 

in the G. duodenalis genome [148]. In addition, α- tubulin is also known to be acetylated 

in Giardia, which is a conserved PTM of the cytoskeleton involved with the stability of 

microtubules [149, 150]. 

Epigenetic regulation of gene transcription by histone acetylation has already been 

demonstrated in Giardia, and is implicated in differentiation in the life cycle [148] as well 

as in antigenic switching between VSPs [151]. Recently, it has also been suggested that 

such epigenetic mechanisms may also play a role in drug resistance to metronidazole [120]. 

However, acetylation is not always confined to histone proteins [152], and in some 

organisms also occurs on serine and threonine residues [153]. Acetylated peptides can be 

enriched using immunoaffinity purification using an anti-acetyllysine antibody, which is 
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then coupled to LC-MS/MS for the identification of acetylated proteins and their sites [23, 

152]. In addition, a combination of protein pull-down assays using immobilized 

biotinylated histone peptides with SILAC allows the quantitative MS analysis of histones 

and their modifications, as well as their interaction partners [154, 155]. There are, to date, 

no published global MS based analyses of acetylation in Giardia. The application of 

proteome-wide and targeted MS analyses would offer valuable information for identifying 

where this PTM occurs outside histone proteins in Giardia, and defining the nature and 

network of lysine acetylation in epigenetic regulation. 

 

1.9.3 Glycosylation 

Glycosylation is the most extensive PTM of proteins, involving the linking of linear or 

branched sugars as N-linked or O-linked glycans to specific amino acids. In Giardia, the 

GalNAc polymer is a truncated N-linked glycan which forms a large portion of the CW 

during the encystation process [156]. In addition, specific VSPs are also known to be 

glycosylated [157]. Glycosylation in Giardia is unique for a variety of reasons, particularly 

in that the Giardia lipid-linked precursor contains only two sugars (GlcNAc2) [158]. This 

occur as a result of the secondary loss of glycosyltransferases for adding mannose and 

glucose to N-glycans in Giardia, which has also occurred to varying degrees in other 

parasitic protists including Plasmodium, Entamoeba, Theilieria and Trichomonas  [158, 

159].  

Glycosylation during the differentiation process has been analysed using wheat germ 

agglutinin (WGA) affinity chromatography of trophozoites and cysts [158]. A total of 91 

glycopeptides were detected along with 194 secreted and membrane proteins in 

trophozoites, and 157 secreted and membrane proteins in cysts, of which 42 and 20 proteins 

were unique, respectively. Ratner et al. [158] also demonstrated the most abundant 

glycoproteins in trophozoites were associated with enzymes associated with lysosomes, N-
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glycan independent quality control of protein folding in the ER, and membrane proteins 

lysine rich repeat or cysteine-rich membrane proteins (including VSPs). This was 

contrasted to the N-glycome of cysts, where glycine-rich repeat transmembrane proteins 

dominated the dataset. As the majority of the glycoproteins are membrane-associated or 

secreted, they are attractive targets for treatments and vaccines. It is already known that 

WGA arrests the cell cycle in trophozoites [160], and that it also causes trophozoite 

agglutination that significantly impacts attachment rates [48]. Moreover, several Giardia 

glycoproteins are known to be immunogenic [157, 161], and therefore play an important 

role in host immunology for parasite clearance. Therefore, further studies of glycosylation 

in Giardia have the potential to elucidate host immune and parasite interactions, as well as 

possible targets for chemotherapy. 

 

1.9.4 Other Modifications 

There is evidence of a range of other PTMs that occur on proteins in Giardia (Table 4). 

Disulfide bonds are known to be an important modification to the cysteine-rich VSP and 

HCMP families [162, 163], which are known to confer trypsin resistance and are 

hypothesised to alleviate oxidative stress caused by host immune molecules [115]. VSPs, 

aside from disulfide bonds and glycosylations, are also known to have palmitoyl lipid 

modifications that affect segregation into lipid rafts and antigen switching [157, 164]. In 

addition, members of the giardin family, which are associated with the cytoskeleton and 

plasma membrane, also have both myristoyl and palmitoyl lipid modifications [65].  

Giardia is also considered the earliest branching eukaryote, and as such it features a 

reduced ubiquitination system, including a single gene which encodes the ubiquitin moiety 

[165, 166]. Nino et al [166] analysed ubiquitinated proteins during differentiation in 

Giardia using affinity enrichment by 6His-ubiquitin protein tagging [167] followed by LC-

MS/MS, and identified 211 ubiquitin-protein conjugates. These ubiquitinated proteins 
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occurred in a wide range of functional categories including participation in the GalNAc 

biosynthesis pathway during CW production. Several histones and several NEK kinases 

were also detected as ubiquitinated. Nino et al [166] hypothesised that ubiquitination may 

play several biological roles in Giardia, and is not limited to proteasome-dependent protein 

turnover. Indeed, ubiquitin and several ubiquitin E1 enzymes were identified as up-

regulated during host-parasite in vitro interactions [119]. These data suggest further 

investigation of ubiquitin-conjugates may uncover important information relevant to the 

pathogenesis process in Giardia. 

 

1.10 Future Directions 
Proteomic analyses in Giardia have provided biological insights into key processes and 

structures in this parasite, both standalone and in complement to other available genomic 

and transcriptomic data. However, quantitative proteomics remains an emergent field, and 

there are several areas identified where primary data is still required. Moreover, of those 

proteomic studies identified and available for Giardia (Table 1), less than half provide 

quantitative information, with the remainder reporting on protein identifications alone. As 

the field transitions to the larger, more complex proteomic datasets associated with shotgun 

proteomics, there is also an increasing importance in the data analysis of differential 

expression [168, 169]. The reporting of false discovery rates (FDR) at both identification 

and quantitation levels is necessary, as is the use of robust statistical validation of 

differential expression [170]. However, with accumulating genome sequence data and 

functional annotation resources for Giardia, a major barrier to potential quantitative 

proteomics studies has now been removed.  

We believe that the utilisation of new and emerging proteomic technologies is the next 

frontier in Giardia proteomics. As previously discussed, MS-based analyses of all PTMs 

remain limited, with more understanding of PTMs and their interaction networks required. 
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For quantitative proteomics, TMT isobaric labelling currently permits the multiplexing of 

up to 10 channels [21], and has been shown to be applicable to sensitive quantitation of 

differential protein expression in Giardia [119]. These TMT isobaric labels have significant 

potential for improving protein quantitation, especially since triple-stage MS (MS3) has 

been shown to enhance quantitation accuracy by reducing ion fragment interference in 

these multiplexed tags [171]. In addition, the field of proteomics has, in recent years, 

embraced the idea of orthogonal validation of protein expression data generated in 

quantitative shotgun proteomics experiments. One such validation technique, which allows 

the analysis of specific peptides in particular proteins, is known as Selective Reaction 

Monitoring (SRM), or Multiple Reaction Monitoring (MRM). This approach allows the 

targeted quantification of selected peptides [172], and the experiments are typically 

designed using data acquired in previous quantitative shotgun proteomics experiments 

[173].  These are particularly relevant for Giardia, as there are a lack of commercially 

available antibodies for western blotting, which is the commonly used approach for 

orthogonal validation at the protein level. The design of MRM assays in Giardia will 

become increasingly important in future, as it will address current limitations on validation 

of differentially expressed proteins in large proteomics datasets.  

Lastly, there have also been significant improvements to data-independent acquisition 

(DIA), using the sequential window acquisition of all theoretical mass spectra (SWATH) 

method [174]. The SWATH method essentially uses a shotgun proteomics approach for the 

DIA exploration of the total population of precursor ions present in a given sample to 

generate a peptide spectrum library for large scale MRM of the sample [174, 175]. SWATH 

combines an untargeted shotgun proteomic approach with the targeted MRM quantification 

of peptides in a simultaneous analysis. These new approaches to quantitative proteomics 

will underpin the next generation of methods in the field, and it is important step these 

technologies are developed for, and applied to, Giardia. 
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Systems biology has shown considerable promise in helping to provide a global expression 

network to navigate complex biological phenomena. For Giardia these include host-

parasite interactions, life cycle transitions and the interactions between the whole parasite 

and its smaller, subcellular components. In terms of analysing the proteomic complement 

involved in these complex phenomena, many successful achievements have occurred, but 

far more data is still required. Quantitative information is essential, and increasing, but 

analyses of protein turnover, protein-protein interactions and PTMs are all lacking in 

Giardia.  Moreover, as complementary RNA and protein abundance data emerges in the 

literature, more work is needed to define the nature of the relationship between expression 

at the RNA and the protein level. In Giardia there are instances of post-transcriptional 

regulation of genes [176], regulation by small non-coding RNA [177], epigenetic 

regulation though histone modification [148, 151, 178], and unique transcriptional features 

such as abundant production of anti-sense transcripts [179, 180]. In order to combine both 

transcript and protein expression data, it is important to first understand the depth of their 

overlap. It is likely combined analyses, rather than the independent analyses currently in 

the literature, will be required to evaluate this. 

The dynamic changes, fluctuations and modifications that occur within the cell can be 

captured by quantitative proteomics. There are multiple elegant examples of this for 

Giardia in the literature, where molecular analysis demonstrates the individual components 

that, when combined, effect a biological process.  Improvements in genome databases, 

particularly functional annotation, will concomitantly expand these insights into parasite 

pathology, virulence and diversity. Hopefully, the gaps that remain in the foundations of 

Giardia proteomics will reduce in the coming years, especially as improved technologies 

and multiplexed methods increase both proteome coverage and accuracy in quantitation. 

 



 
57 

 

1.11 Acknowledgements 
SJE acknowledges funding from the Australian Government in the form of an APA 

scholarship, as well as financial support from Macquarie University. SJE also 

acknowledges ongoing support received from colleagues at Microbial Screening 

Technologies. PAH wishes to thank Wayne Dutschke for continued support and 

encouragement.  

  



 
58 

 

1.12 Overview of Experimental Chapters 

The objectives of the experimental chapters in this thesis were to provide both (1) a 

quantitative proteomics method for analysing G. duodenalis, and (2) additional primary 

data which would complement the data already available. Bottom-up or shotgun proteomic 

techniques were utilised to achieve these objectives, and both label-free and labelled 

quantitative approaches have been applied. In conjunction with the data presented in each 

experiment we have provided robust statistical analyses of differential expression. As such, 

this thesis contains a variety of proteome-wide analysis of protein expression and 

abundance across multiple biological scenarios in Giardia. Multiple experimental chapters 

of this thesis have also been peer-reviewed and published in the literature, and where this 

has occurred the published versions of these experiments have been incorporated in their 

respective chapters. 

Chapter 2 of this thesis details the optimised sample preparation and fractionation of whole 

trophozoite protein extracts for label-free quantitation via spectral counting. Two different 

sample preparations, a gel-based and an in-solution method, were applied to the evaluation 

of isolate diversity in two A1 subassemblage isolates. This experimental chapter aimed to 

explore which methodology would provide the most identifications in conjunction with 

accurate quantification, especially for Giardia-specific genes and gene-families. This 

chapter is presented as a research article (Publication II).  

Chapter 3 of this thesis used the preferred sample preparation and fractionation 

methodology from the prior experimental chapter, and applied it to the analysis of seven 

A1 and one A2 G. duodenalis isolates. These eight isolates were analysed as whole 

trophozoite fractions and protein abundance was quantified using spectral counting. In 

addition, database searching was carried out against both the A1 and A2 subassemblage 

genomes. This was used to investigate database dependent losses based on new 

comparative genome evidence that supported reclassifications of A1 and A2 as cryptic 

species. This experiment aimed to collect and amalgamate a quantitative proteomic 
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baseline of assemblage A isolates. This chapter is presented as two research articles 

(Publication III and Publication IV).  

Chapter 4 of this thesis applied label-free spectral counting to quantify differential 

abundances between proteins of G. duodenalis trophozoites and cysts. This was performed 

in two alternate genome isolates to complement quantitative proteomic data in the genome 

isolate WB C6. This allowed the identification of universal, isolate-independent markers 

of encystation, as well as identification of isolate-specific adaptations in the differentiation 

process, which may impact reinfection success and life cycle completion in subsequent 

hosts. This chapter is presented as a research article (Publication V).  

Chapter 5 of this thesis employs a TMT labelling approach to quantify induction of protein 

expression during an in vitro host-parasite interaction model. This constitutes the first 

quantitative proteomic analyses of a trophozoite-IEC in vitro model, as well as the first 

application of TMT labels for protein quantitation in this parasite. This experiment aimed 

to evaluate the effects of host soluble products on trophozoites in a cell-free media, as well 

as trophozoites co-incubated with HT-29 IECs. This experiment also identified proteins 

specifically induced by interaction with IECs or their products, to evaluate if induction was 

independent and separate between G. duodenalis trophozoites exposed to host soluble 

signals alone, and trophozoites co-incubated with IECs. Although this chapter has been 

accepted in Scientific Reports  (Publication VI), it has been reformatted it as a thesis chapter 

for ease of understanding, with all figures, tables and supplementary material integrated. 

Experimental chapters have individual reference lists at the end of each chapter, while 

references for the introduction (Chapter 1) and general discussion (Chapter 6) are 

contained in a separate bibliography at the end of this thesis. All supplementary material 

for experimental chapters are available as an electronic copy on the DVD provided with 

this thesis.  
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A comparative proteomic experiment 
assessing two sample preparation and 

fractionation methods, as applied to the 
characterisation of two A1 Giardia 

duodenalis isolates. 
  

CHAPTER 2 
2: 
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2. Proteomic analysis in Giardia duodenalis yields insights into strain 
virulence and antigenic variation 

2.1 Context 

Post-genomic proteomics technologies remain a largely unexplored tool for examining 

Giardia duodenalis cell biology, strain variation and disease mechanisms. This experiment 

utilises a comparative proteomics approach between two strains with well documented 

phenotypes in the literature, and which are closely related according to genetic taxonomy 

(A1 subassemblage). An avian and zoonotic virulent strain, BRIS/95/HEPU/2041, was 

compared to a control strain, BRIS/83/HEPU/106, to investigate protein expression 

differences that may be responsible for phenotypical differences in virulence and 

pathology. This constituted the first modern proteomic analysis of strain variation in 

Giardia. This experiment was also used to evaluate both a gel-based as well as in-solution 

based fractionation and digestion methodology, in order to assess their complementarities 

and their merits in the design of future proteomics experiments for G. duodenalis. 

2.2 Contributions and Permissions 

I performed 100% of all work pertaining to growing and collecting Giardia samples for 

proteomic analysis, and 90% of all lab work with assistance and guidance provided by 

Steve Van Sluyter. I wrote 80% of the manuscript with assistance and editing provided by 

Professor Paul Haynes. The paper (Publication II) is reprinted with the permission of John 

Wiley and Sons.  
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2.3 Publication II 

 

  



 
63 

 

  



 
64 

 

 

 	



 
65 

 

  



 
66 

 

 	



 
67 

 

 	



 
68 

 

  



 
69 

 

  



 
70 

 

  



 
71 

 

	 	



 
72 

 

	 	



 
73 

 

	

 	



 
74 

 

2.4 Supplementary Data 

 

The following supplementary information is available for this manuscript. 

Supplementary Table S1. Biological classification of differentially expressed proteins (up 

regulated, down regulated and unchanged) obtained from t-test analysis of 

BRIS/95/HEPU/2041 vs. BRIS/82/HEPU/106 in the gas phase fractionation dataset. 

Proteins which are differentially expressed in BRIS/95/HEPU/2041 and 

BRIS/82/HEPU/106 are filled in green and red respectively on the first tab. All proteins 

from the GPF dataset are shown in the first tab (GPF), while the 110 proteins of greater 

abundance in BRIS/82/HEPU/106 are shown in the second tab (H-106) and the 82 proteins 

of greater abundance from BRIS/95/HEPU/2041 are shown in the third tab (B-2041). 

(Supplementary DVD) 

Supplementary Table S2. Biological classification of differentially expressed proteins (up 

regulated, down regulated and unchanged) obtained from t-test analysis of 

BRIS/95/HEPU/2041 vs. BRIS/82/HEPU/106 in the gel LC-MS/MS dataset. Proteins 

which are differentially expressed in BRIS/95/HEPU/2041 and BRIS/82/HEPU/106 are 

filled in green and red respectively on the first tab. All proteins from the GPF dataset are 

shown in the first tab (GPF), while the 37 proteins of greater abundance in 

BRIS/82/HEPU/106 are shown in the second tab (H-106) and the 29 proteins of greater 

abundance from BRIS/95/HEPU/2041 are shown in the third tab (B-2041). 

(Supplementary DVD) 
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A comprehensive quantitative proteomic 
experiment analysing eight assemblage A 

Giardia duodenalis isolates. 

 

  

CHAPTER 3 
3: 
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3. Quantitative proteomics analysis of Giardia duodenalis Assemblage A 

– a baseline for host, assemblage and isolate variation. 

3.1 Context 

Giardia duodenalis is considered a species complex, and its taxonomy has been recently 

reclassified into eight assemblages, of which some are further classified into 

subassemblages. With considerable genetic data and genomes already available, this 

experiment was designed to provide a comprehensive dataset for a variety of isolates from 

the A assemblage. Eight isolates (seven A1 and one A2) with diverse origins previously 

characterised in the literature according to karotype, assemblage, virulence, geographic 

variation and drug resistance, were examined using the optimised workflow established in 

Chapter 2. Proteomic data was also searched against recently reclassified A1 and A2 

subassemblage genomes to examine database dependent gains and losses of information. 

This provided a comprehensive dataset for a baseline of isolate variation, and also an 

evaluation of the utility of employing assemblage A genome sequence data for peptide to 

spectra matching in experiments involving a variety of isolates. 

3.2 Contributions and Permissions 

I performed 100% of all work pertaining to growing and collecting Giardia samples for 

proteomic analysis, and 100% of all lab work. I wrote 80% of the manuscript with 

assistance and editing provided by Professor Paul Haynes and Dr Ernest Lacey. 

Publication III is reprinted with the permission of John Wiley and Sons, while Publication 

IV is reprinted with the permission of Elsevier.    
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Publication III was published in the literature originally in the journal Proteomics as a 

continuous communication format known as a ‘Dataset Brief’. Following this publication, 

we were invited to share our dataset with a potentially wider audience through publication 

of the data in a new journal called Data in Brief, which provides a platform to describe, 

share and reuse large –omics datasets.  

As the Data in Brief publication (Publication IV) is focused mainly on the methods and 

data, while the Proteomics publication (Publication III) contains a general discussion of 

the results and some consideration of their biological implications, we have chosen to 

include the Data in Brief article first, followed by the Proteomics article in this thesis.  
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3.5 Publication IV  
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3.3 Publication III  
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3.4 Publication III Supplementary Data 

 

The following supplementary information is available for this manuscript. 

Giardia Axenic Culture, Sample Preparation and Mass Spectrometry Analysis 

G. duodenalis strains were cultured in triplicate axenically in TYI-S33 media supplemented 

with 10% newborn calf serum and 1% bile as previously described [1] and harvested from 

confluent cultures in late log-phase. Trophozoites were harvested by centrifugation, washed 

twice in ice-cold PBS to remove media traces [2] and pellets of 108 trophozoites were 

extracted into 1mL ice-cold SDS sample buffer containing 1mM EDTA and 5% beta-

mercaptoethanol, then reduced at 75°C for 10 min. Trophozoite protein extracts were 

centrifuged at 0°C at 13 000 x g for 10 min to remove debris, and protein concentration 

was measured by BCA assay (Pierce).  A 500 µg protein pellet was extracted using 

methanol-chloroform precipitation [3] and in-solution digestion was performed using a 

modified filter aided sample preparation (FASP) [4]. After peptide extraction all samples 

were dried using a vacuum centrifuge and reconstituted to 60 µL with 2% formic acid, 2% 

2,2,2-trifluorethanol (TFE) . 

 

Optimised GPF mass ranges were calculated using the 2.5 release of the G. duodenalis WB 

genome for Assemblage A from giardiaDB.org [5]. Charge states +2 and +3 were 

considered as well as carbamidomethyl as a cysteine modification, and 4 mass ranges were 

calculated over 400-2000amu. The mass ranges were as following: the low mass range was 

400-518amu, the low-medium mass range was 518-691amu, the medium-high mass range 

was 691-988amu and the high mass range was 988-2000amu. Each FASP protein digest 

for the triplicates of each strain were analysed by nanoLC-MS/MS on an LTQ-XL linear 

ion trap mass spectrometer (Thermo, San Jose CA). Peptides were separated on a 150 x 

0.2mm I.D fused-silica column packed with Magic C18AQ (200Å, 5µm diameter, 
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Michrom Bioresources, California) connected to an Advance CaptiveSpray Source 

(Michrom Bioresources, California). Each FASP protein digest was analysed as 4 repeat 

injections, with the mass spectrometer scanning for 180 minute runs for each of the four 

calculated mass ranges. Samples were injected onto the column using a Surveyor 

autosampler, followed by an initial wash step with buffer A (0.1% v/v formic acid, 1mM 

ammonium formate, 0.2% v/v methanol) for 4 minutes followed by 150µL/min for 2 

minutes. Peptides were eluted from the column with 0-80% buffer B (100% v/v ACN, 0.1% 

v/v formic acid) at 150µL/min for 167 minutes finished by a wash step with buffer A for 6 

minutes at 150µL/min. Spectra in the positive ion mode were scanned over the respective 

GPF ranges and, using Xcalibur software (Version 2.06, Thermo), automated peak 

recognition, dynamic exclusion and MS/MS of the top six most-intense ions at 35% 

normalisation collision energy were performed. 

 

The LTQ-XL raw output files were converted into MzMXL files and searched against the 

Giardiadb.org 4.0  release of G. duodenalis strain Assemblage A1 and A2 genome using 

the global proteome machine (GPM) software (version 2.1.1) and the X!Tandem algorithm. 

The 4 fractions for the GPF of each replicate were processed sequentially with output files 

generated for each individual fraction, and a merged, non-redundant output file for protein 

identifications with log(e) values < – 1. Peptide identification was determined using a MS 

and MS/MS tolerances of +4 Da and +0.4 Da. Carbamidomethyl was considered a complete 

modification, and partial modifications considered included oxidation of methionine and 

tryptophan.  
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Supplementary Tables and Figures: 

Supplementary Table S1. Classification information for the eight G. duodenalis strains 

used in this study including subassemblage, geographic origin, and the host species the 

strain was isolated from. Names of strains coincide with those previously published in the 

literature.  

Supplementary Table S2. Complete summary of peptide and protein identification data of 

G. duodenalis proteins across the eight strains analysed for both the subassemblage A1 and 

A2 reference genome. For the two tables A) shows the protein and peptide summary when 

searched against the subassemblage A1 genome sequence while B) shows the protein and 

peptide summary against the subassemblage A2 genome sequence. 

Supplementary Table S3. Numbers of reproducibly identified proteins by family in each 

strain from the G. duodenalis variable genome. Final column shows the total, both by 

number and as a percentage of all reproducibly identified proteins for the strain. For the 

two tables A) shows the numbers of reproducibly identified proteins by family when 

searched against the subassemblage A1 genome sequence while B) shows the numbers of 

reproducibly identified proteins by family when searched against the subassemblage A2 

genome sequence. The A2 strain BRIS/89/HEPU/1003 is distinguished with a ‘*’ next to 

its identifier. 

Supplementary Table S4. Excel spreadsheet showing the biological classification of 

proteins reproducibly identified (found in all three replicates with SpC ≥ 5) for the Giardia 

strains in this study when searched against the A1 subassemblage reference genome. The 

first sheet shows the 1197 non-redundant proteins identified across the seven A1 G. 

duodenalis strains in this study, including the spectral counts in each triplicate in each 

strain. For a protein to be included in the non-redundant total it had to meet the criteria 

above for reproducibly identified proteins in at least one strain. The second tab shows the 

895 reproducibly identified proteins and their replicate SpC & NSAF in 

BRIS/82/HEPU/106. The third tab shows the 836 reproducibly identified proteins and their 
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replicate SpC & NSAF in BRIS/95/HEPU/2041. The fourth tab shows the 798 reproducibly 

identified and their replicate SpC & NSAF proteins in BRIS/87/HEPU/713. The fifth tab 

shows the 701 reproducibly identified proteins and their replicate SpC & NSAF proteins in 

Bac2. The sixth tab shows the 716 reproducibly identified proteins and their replicate SpC 

& NSAF in OAS1. The seventh tab shows the 728 reproducibly identified proteins and 

their replicate SpC & NSAF proteins in BRIS/89/HEPU/1065. The eighth tab shows the 

769 reproducibly identified and their replicate SpC & NSAF proteins proteins in WB. The 

ninth tab shows the 668 reproducibly identified proteins and their replicate SpC & NSAF 

in BRIS/89/HEPU/1003, which is the single A2 subassemblage strain. (Supplementary 

DVD) 

Supplementary Table S5. Excel spreadsheet showing the biological classification of 

proteins reproducibly identified (found in all three replicates with SpC ≥ 5) for the Giardia 

strains in this study when searched against the A2 subassemblage reference genome. For a 

protein to be included in the non-redundant total it had to meet the criteria above for 

reproducibly identified proteins in at least one strain. The first tab shows the 719 

reproducibly identified proteins and their replicate SpC & NSAF in BRIS/89/HEPU/1003 

which is the single A2 subassemblage strain. The second tab shows the 864 reproducibly 

identified proteins and their replicate SpC & NSAF in BRIS/82/HEPU/106. The third tab 

shows the 795 reproducibly identified proteins and their replicate SpC & NSAF in 

BRIS/95/HEPU/2041. The fourth tab shows the 775 reproducibly identified and their 

replicate SpC & NSAF proteins in BRIS/87/HEPU/713. The fifth tab shows the 658 

reproducibly identified proteins and their replicate SpC & NSAF proteins in Bac2. The 

sixth tab shows the 681 reproducibly identified proteins and their replicate SpC & NSAF 

in OAS1. The seventh tab shows the 677 reproducibly identified proteins and their replicate 

SpC & NSAF proteins in BRIS/89/HEPU/1065. The eighth tab shows the 769 reproducibly 

identified and their replicate SpC & NSAF proteins in WB. (Supplementary DVD) 
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Supplementary Figure S1. Pie chart showing the distribution of shared and unique proteins 

of the 1197 non-redundant proteins identified across the seven subassemblage A1 G. 

duodenalis strains. The elevated segment representing the 149 proteins identified in 1 strain 

is further broken down in the upper box which shows the distribution of proteins identified 

uniquely to each strain. 
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Supplementary Table S1 
 

 
Strain 

 
Assemblage 

 
Origin 

 
Host Source 

BRIS/83/HEPU 106 A1 Brisbane, Australia Human 
BRIS87/HEPU/713 A1 Brisbane, Australia Human 

OAS1 A1 Canada Sheep (Ovis aries) 
Bac2 A1 Australia Cat (Felis catus) 

BRIS/95/HEPU/2041 A1 Victoria, Australia Cockatoo (Cacatua galerita) 
BRIS/89/HEPU/1065 A1 Brisbane, Australia Human 

WB* A1 Afghanistan Human 
BRIS/89/HEPU/1003 A2 Brisbane, Australia Human 

 
*WB is the Assemblage A1 genome strain 
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Supplementary Table S2 
A) A1 Genome  

B) A2 Genome  

Sample & 
Subassemblage 

 Low Stringency Peptide Count 

Average No. Peptide 
(±%RSD) 

No. R.I.� 
Proteins  

Common to 3 
Replicates 

R.I.� 
Protein 

FDR (%) 

 
 

R.I.� 
Peptide 
FDR(%) 

 

Replicate 1 Replicate 2 Replicate 3 
BRIS/83/HEPU 106 A1 21772 21111 23043 21975 ± 4.47% 864 0.81 0.17 
BRIS87/HEPU/713 A1 19487 18916 18168 18857 ± 3.51% 775 0.90 0.19 

OAS1 A1 19135 19476 17052 18554 ± 7.07% 681 0.29 0.05 
Bac2 A1 18906 18127 18278 18437 ± 2.24% 658 0.61 0.14 

BRIS/95/HEPU/2041 A1 20364 19511 20208 20028 ± 2.27% 795 0.50 0.12 
BRIS/89/HEPU/1065 A1 18708 20812 20647 20055 ± 5.83% 677 0.74 0.13 

WB A1 20227 19844 19804 19958 ± 1.17% 724 0.39 0.09 
BRIS/89/HEPU/1003 A2 19126 21036 21189 20450± 5.62% 713 0.42 0.08 
*R.I. stands for ‘Reproducibly Identified’. 

Sample & 
Subassemblage 

 Low Stringency Peptide Count 

Average No. Peptide 
(±%RSD) 

No. R.I.� 
Proteins  

Common to 3 
Replicates 

R.I.� 
Protein 

FDR (%) 

 
 

R.I.� Peptide 
FDR(%) 

 

Replicate 1 Replicate 2 Replicate 3 
BRIS/83/HEPU 106 A1 23016 21198 22837 22350 ± 4.48% 895 0.45 0.08 
BRIS87/HEPU/713 A1 20558 19945 18893 19799 ± 4.25% 798 0.50 0.12 

OAS1 A1 21111 21209 18288 20203 ± 8.21% 716 0.42 0.06 
Bac2 A1 20097 19285 19629 19670 ± 1.99% 701 0.29 0.06 

BRIS/95/HEPU/2041 A1 21724 20807 21635 21389 ± 2.36% 836 0.72 0.15 
BRIS/89/HEPU/1065 A1 18635 20740 20547 19974 ± 5.83% 728 0.27 0.04 

WB A1 21227 20699 21003 20976 ± 1.26% 769 0.39 0.90 
BRIS/89/HEPU/1003 A2 18296 20103 20179 19526 ± 5.46% 668 0.30 0.07 
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Supplementary Table S3 

A) A1 Genome 

 

B) A2 Genome 

 
Strain 

 
VSP 

 
HCMP 

 
Nek Kinase 

 
Protein 21.1 

 
TOTAL: 

BRIS/83/HEPU 106 15 0 11 65 91 (10.5%) 
BRIS87/HEPU/713 2 0 8 53 63 (8.1%) 

OAS1 7 1 7 47 62 (9.1%) 
Bac2 13 0 7 38 58 (8.8%) 

BRIS/95/HEPU/2041 25 0 2 63 90 (11.3%) 
BRIS/89/HEPU/1065 29 1 7 40 77 (11.4%) 

WB 11 0 8 48 67 (9.3%) 
BRIS/89/HEPU/1003* 38 0 5 52 95 (13.3%) 

    
Genome Total: 121 2 32 340 

 
Strain 

 
VSP 

 
HCMP 

 
Nek Kinase 

 
Protein 21.1 

 
TOTAL: 

BRIS/83/HEPU 106 13 4 39 53 109 (12.2%) 
BRIS87/HEPU/713 1 2 35 44 82 (10.3%) 

OAS1 7 5 29 39 80 (11.2%) 
Bac2 23 4 28 36 91 (13.0%) 

BRIS/95/HEPU/2041 33 2 38 52 125 (15.0%) 
BRIS/89/HEPU/1065 37 7 33 40 117 (16.1%) 

WB 9 7 31 47 94 (12.2%) 
BRIS/89/HEPU/1003* 15 7 27 40 89 (13.3%) 

    
Genome Total: 186 59 179 243 
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Supplementary Figure S1 
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Quantitative and comparative proteomics of 
G. duodenalis trophozoites and cysts from two 

genome-alternate A1 isolates. 
 	

CHAPTER 4 
4: 
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4. The generation gap: proteome changes and strain variation during 

encystation in Giardia duodenalis  

4.1 Context 

The prevalence of Giardia is partially attributed to its direct lifecycle, where cysts accumulate 

and remain infective in the environment. The formation of this environmentally resistant 

infective form (ERIF) is a complex process, which has been comprehensively studied using 

transcriptomics but requires further data for understanding the proteomic complement. In 

addition, the majority of current information is based around isolate WB C6 (ATCC 50803), 

and does not account for isolate differences in the encystation process that may affect infection 

outcome in the next generation. In this study we compared the cyst and trophozoite stages of 

two, genome-alternate isolates, BRIS/95/HEPU/2041 and BRIS/83/HEPU/106, to verify the 

presence of encystation protein markers that are isolate- and method- independent. In addition, 

we also assessed differences between isolates that might influence completion of the life cycle 

in a new host. This study provided further insight into isolate variation established in the 

previous chapters by extending the investigations into biological processes central to the 

reproductive and infective success of Giardia.  

4.2 Contributions and Permissions 

I performed 100% of all work pertaining to growing and collecting Giardia samples for 

proteomic analysis, and 100% of all lab work. I wrote 80% of the manuscript with data 

analysis assisted by Dana Pascovici and editing provided by Professor Paul Haynes and Dr 

Ernest Lacey. The paper (Publication V) is reprinted with the permission of Elsevier.  
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4.3 Publication V  
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4.4 Supplementary Data 

The following supporting information is available for this manuscript. 

Supplementary Table S1. Excel spreadsheet showing the biological classification of proteins 

reproducibly identified (found in all three replicates with SpC ≥ 5) for the two Giardia strains 

in this study for each of their life cycle stages. The first tab shows the 586 reproducibly 

identified proteins from H-106 Trophozoites and their replicate SpC & NSAF. The second tab 

shows the 488 reproducibly identified proteins from H-106 Cysts and their replicate SpC & 

NSAF. The third tab shows the 816 reproducibly identified proteins from B-2041 Trophozoites 

and their replicate SpC & NSAF. The fourth tab shows the 688 reproducibly identified proteins 

from B-2041 Cysts and their replicate SpC & NSAF. (Supplementary DVD) 

Supplementary Table S2. Excel spreadsheet showing the biological classification of 

differentially expressed proteins (up regulated, down regulated and unchanged) obtained from 

t-test analysis between Giardia life cycle stages. Proteins which are differentially expressed 

between H-106 Cysts and H-106 Trophozoites are filled in green and red respectively on the 

first tab. Proteins which are differentially expressed between B-2041 Cysts and B-2041 

Trophozoites are filled in green and red respectively on the second tab.  Proteins which are 

differentially expressed between B-2041 Cysts and H-106 Trophozoites are filled in green and 

red respectively on the third tab. (Supplementary DVD) 

Supplementary Table S3. Excel spreadsheet showing the functional annotation clustering 

analysis using DAVID for statistically significant differentially expressed proteins in H-106 

Cysts and B-2041 Cysts. Only functional annotation clusters with an enrichment score of ≥ 1 

were considered in the paper, and these are shown in the spreadsheet. The spreadsheet shows 

the name of the cluster in one column, and the GO annotations and Interpro annotations in the 

following columns that were grouped under the name of the cluster. The final columns contain 

the multiple Giardiadb.orf ORF numbers of the genes assigned to each cluster. 

(Supplementary DVD)
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Quantitative proteomics of G. duodenalis 
during in vitro host-parasite interactions 

between host-cell attached, and host-secretion 
exposed trophozoites.   

 

  

CHAPTER 5 
5: 
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5. Differential stimulation of Giardia duodenalis trophozoites between host 

soluble signals and host cell attachment during in vitro interactions  

5.1 Context 

 Giardiasis is a multi-factorial disease, where symptoms are caused by both parasite factors and 

the host immune response. Giardia duodenalis induces disease in the absence of cell invasion, 

with no known secreted toxins and with relatively little inflammation. Recent research also 

indicates several mechanisms of host immunomodulation by Giardia also occur. Host-parasite 

models utilising intestinal epithelial cells (IEC) have been used to investigate disease induction 

in Giardia, which until now has only been characterised using transcriptomics. This 

investigation is the first to adopt a proteomic approach to investigate changes in parasite 

expression, as well as the first to use tandem mass tag (TMT) labelling for protein quantitation. 

Trophozoites were separately exposed to IEC host monolayers or host soluble factors (HSF) to 

observe differential induction of virulence driven by host signals, as compared to parasite 

attachment to IECs. This study provides insight into key process and signals regulating 

virulence and disease induction in Giardia.  

5.2 Contributions and Permissions 

I performed 80% of all work pertaining to growth of Giardia and IEC cells, with assistance 

provided by Daniel Vuong for growth and maintenance of HT-29 cells. I performed 80% of all 

lab work for processing protein extracts and analysis of peptides, with guidance for 

methodology for TMT labelling and experimental design provided by Mehdi Mirzaei. I wrote 

80% of the manuscript with assistance in data analysis provided by Dana Pascovi and editing 

provided by Professor Paul Haynes, Mehdi Mirzaei and Dr Ernest Lacey. 
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This paper was submitted to Nature: Scientific Reports on 29/7/15 (SREP-15-21979-T) and 

accepted for publication on 04/01/16. We have chosen to reformat the journal submission of 

this paper (Publication VI) as a thesis chapter for ease of understanding. This consists of two 

major changes to the format: firstly, the methods have been moved from the end of the 

manuscript to in between the introduction and results; and, secondly, we have incorporated the 

substantial supplementary information into the chapter. The supplementary methods, 

supplementary tables and supplementary figures, as well as the main figures and tables 

associated with the data, have been embedded in the text near where they are first referred to.  

 	



 
114 

 

5.3 Manuscript Information 

 

Induction of virulence factors in Giardia duodenalis independent of host attachment 

Samantha J. Emery1, Mehdi Mirzaei1, Daniel Vuong2, Dana Pascovici3, Joel M. Chick4, Ernest 

Lacey2, Paul A. Haynes1* 

 

1 Department of Chemistry and Biomolecular Sciences, Macquarie University, North Ryde, 

NSW 2109, Australia 

2 Microbial Screening Technologies, Pty, Ltd, Smithfield, NSW 2165, Australia 

3 Australian Proteome Analysis Facility (APAF), Macquarie University, North Ryde, NSW, 

2109, Australia 

4 Department of Cell Biology, Harvard Medical School, Boston, Massachusetts, USA 

* To whom correspondence should be addressed 

 

Reviewer login details for PRIDE data submission: 

http://www.ebi.ac.uk/pride/archive/login 

Email: reviewer72542@ebi.ac.uk 

Password: HxIK9rtW 

 (This data remains confidential during the review process, and will be deposited into 

ProteomeXchange upon acceptance) 

 

Submitted to Nature: Scientific Reports 

1. 29/7/15: SREP-15-21979-T (Original) 

2. 16/11/15: SREP-15-21979A (Resubmission) 

3. 11/12/15: SREP-15-21979B (Resubmission) 

4. 04/01/16: Accepted for Publication 



 
115 

 

5.4 Abstract 

Giardia duodenalis is responsible for the majority of parasitic gastroenteritis in humans 

worldwide. Host-parasite interaction models in vitro provide insights into disease and virulence 

and help us to understand pathogenesis. Using HT-29 intestinal epithelial cells (IEC) as a model 

we have demonstrated that initial sensitisation by host secretions reduce proclivity for 

trophozoite attachment, while inducing virulence factors. Host soluble factors triggered up-

regulation of membrane and secreted proteins, including Tenascins, Cathepsin-B precursor, 

cystatin, and numerous Variant-specific Surface Proteins (VSPs). By comparison, host-cell 

attached trophozoites up-regulated intracellular pathways for ubiquitination, reactive oxygen 

species (ROS) detoxification and pyridoxal phosphate (PLP). We reason that these results 

demonstrate early pathogenesis in Giardia involves two independent host-parasite interactions. 

Motile trophozoites respond to soluble secreted signals, which deter attachment and induce 

expression of virulence factors. Trophozoites attached to host cells, in contrast, respond by up-

regulating intracellular pathways involved in clearance of ROS, thus anticipating the host 

defence response. 
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5.5 Introduction 

Our understanding of how Giardia causes disease is incomplete, particularly concerning the 

early stages of trophozoite pathogenesis 1. Giardia trophozoites attach strongly to the intestinal 

epithelial cells via a ventral adhesive disc and cause significant damage and disruption to 

gastroepithelial cells in the absence of cell invasion, secreted toxins and overt inflammation 2. 

The interplay between the host and the parasite on establishment is a gap in our knowledge. 

Recently, host-parasite interaction models with human intestinal epithelial cells (IEC) in vitro 

have provided a foundation for understanding disease induction by Giardia trophozoites. 

Results indicate that these interaction models are stimulatory, inducing expression of parasite 

factors which have limited or no expression in axenic culture alone 3. Additional studies have 

addressed gene expression and transcriptional changes in Giardia trophozoites co-incubated 

with Caco-2 and HCT-8 cells4, and HT-29 cells5, and analysed the secreted proteomes 3. There 

have also been complementary studies of transcripts from IECs exposed to Giardia 

trophozoites 6, 7. Together, these studies indicate the efficacy of in vitro models to explore the 

induction of giardiasis. 

Proteomics is one of the few exploratory tools available to understand parasite biology at a 

physiological level 8. Currently there are a limited number of proteomic studies performed on 

Giardia 9, 10, 11, 12, 13, 14, 15, but these do not focus on the host-parasite interplay at key events in 

pathogenesis. The present study addresses the dynamics of the origin of the infective cycle of 

attachment during the early stages of pathogenesis. This was achieved using tandem mass tag 

(TMT) labelling of trophozoite proteins after in vitro exposure to host cells during co-

incubation (CI) and host secretions (host soluble factors (HSF)) (Figure 1, Part A). TMT 

labelling is a quantitative proteomics technique that uses multiplexed isobaric tags which allow 

greater parallelisation without increasing analysis complexity 16 (Figure 1, Part B). This is the 

first instance of TMT labelling in Giardia and demonstrates its sensitivity for protein 
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quantitation for parasite proteomics, even for the subtle changes in protein expression which 

can occur during short incubation periods.  

In this study we have utilised a cell-free incubation, with only soluble products from host target 

cells, which has facilitated discovery of the very early, attachment independent, stage of 

Giardial pathogenesis. Using HT-29 cells as an in vitro model, we have demonstrated that 

preceding host attachment, trophozoites are actively responding to secreted soluble host 

signals, and activating manifestly different mechanisms to those involved with attaching to the 

host. Our data supports the hypothesis that the early stages of Giardial pathogenesis involve a 

distinctive biphasic process which involves induction of virulence factors in the trophozoites, 

independent of attachment to the host cells. 
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Figure 1: Experimental design and TMT labelling workflow for the experiment. (A) Summary of the experiment 
conditions of the control, host soluble factor and co-incubation treatments. (B) Explanation of the TMT-labelling 
strategy utilised in the experiments, peptides from the triplicates of the 3 conditions and a pooled control were 
labelled with one of each the TMT 10plex reagents. These reagents are observed as a monoisotopic complex in 
the first round of MS analysis on a high resolution mass spectrometer. During MS/MS and HCD based 
fragmentation, the TMT labels are fragmented to produce 10 reporter ions with distinguishable masses in the low 
m/z range, which allow relative protein quantitation (C) Overarching experimental design and workflow. 
Biological triplicates of BRIS/95/HEPU/2041 were grown to confluence in parasite culture in TYI-S-33 medium, 
before replicates were split into a replicate of each control for cell culture conditions (Con), co-incubation with 
IEC monolayers (CI IEC) and incubation in host soluble factors generated by IECs (HSF). Proteins were extracted 
from the 9 replicates, and a pooled control was generated from equal aliquots of protein from the control 
triplicates. After proteolytic digestion, samples were labelled in a 10 plex TMT reaction and then pooled. The 
combined sample was fractionated by SCX chromatography and desalted using a C18 ZipTip prior to LC-MS/MS 
on a Q-Exactive Orbitrap. 
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5.6 Methods 

5.6.1 Cell and Giardia cultures	

Human intestinal epithelial cell line HT-29 were grown in high glucose DMEM containing 

GlutaMAX™ (Gibco, Life  Technologies) supplemented with 10% Foetal Bovine Serum 

(FBS) (Gibco, Life Technologies) and 1% Penicillin/Streptomycin (5000 U/mL) (Gibco, Life 

Techologies). HT-29 cells were maintained in 75cm2 flasks (Corning Incorporated, New York) 

and sub-cultured 3 times a week in an incubator at 5% CO2 at 37°C. Giardia trophozoites of 

BRIS/95/HEPU/2041 were grown in TYI-S-33 medium supplemented with 10% newborn calf 

serum and 1% unfractionated bovine bile 17. Parasites were subcultured at end-log phase into 

fresh media and interaction studies were carried within 5 passages from recovery from 

cryopreservation. Absence of bacterial and fungal contamination was verified using serial 

dilutions and nutrient agar Petri plates to ensure no colony forming units were detected in either 

human or parasite cultures prior to interaction and protein extraction. 

 

5.6.2 In vitro interaction and co-incubation 

HT-29 cells were grown in 75cm2 flasks to confluence prior to interaction studies, and washed 

twice with 37°C PBS to remove media and serum traces. In order to generate the HSF fraction 

for interaction, confluent monolayers of HT-29 were incubated for 20 hours in serum-free, 

DMEM media. Cell viability and monolayer integrity was monitored throughout the 20 hour 

incubation and final cell viability measured through trypan blue dye exclusion (Sigma Aldrich). 

Co-incubated media was decanted from the monolayer, centrifuged to remove any whole cells 

or cellular debris and filtered through a 0.22µm pore filter (Merck Millipore). To normalise the 

HSF fraction for flask variation, all DMEM generated from confluent monolayers was pooled. 

Figure 1 shows the experimental design and workflow of the TMT experiment. Giardia 

trophozoites were grown to mid-log phase in triplicate in ‘inside-out’ custom roller bottles 18. 
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Trophozoites were washed twice with 37°C PBS to remove media and serum traces. 

Trophozoites were both motile and viable at the beginning of host-parasite interactions, and 

twice the volume of serum-free DMEM used in normal cell culture was used to reduce oxygen 

tension in all treatments as previously described 4. HT-29 monolayers, grown in 175cm2 flasks 

to 100% confluence, were washed with PBS prior to interaction to remove HSF to minimise 

overlap between interaction studies. For co-incubation with the HT-29 monolayer, cells were 

incubated in a 3:1 ratio in serum-free DMEM. For incubation with HSF, trophozoites were 

incubated in the filtered media from confluent HT-29 cells and for the control Giardia 

trophozoites were incubated in serum-free DMEM. Incubation and interactions were 

performed in triplicate for 6 hours at 5% CO2 at 37°C. Cell and parasite viability was monitored 

throughout the 6 hours as well as the viability of the HT-29 monolayer and final cell viability 

quantified through exclusion dye assay using erythrosin B (Sigma Aldrich) and trypan blue for 

trophozoite and HT-29 cells, respectively, with viability >95% considered acceptable. 

Trophozoite adherence was also monitored in co-incubation replicates, as was trophozoite 

motility monitored throughout all treatments. The integrity of the HT-20 monolayer was also 

observed throughout the co-incubation period. 

 

5.6.3 In vitro attachment assays 

To measure rates of Giardia-host cell attachment, HT-29 cells were grown in 75cm2 flasks to 

confluence, and Giardia trophozoites were grown to mid-log phase. Co-incubation of 

trophozoites and HT-29 cells were performed in triplicate as in in vitro interaction studies, with 

serum-free DMEM at twice normal volume with a 3:1 trophozoite to cell ratio. A control for 

adherence consisted of trophozoites incubated in triplicate in 75cm2 flasks, in serum free 

DMEM. The assay was performed over 6 hours at 5% CO2 at 37°C, with attachment monitored 

at hourly time points from T0
 to T360

 minutes. Media was sub-sampled and total number of free, 
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unattached trophozoites in the flask counted by haemocytometer in both co-incubation and 

control triplicate flasks. The total number of free trophozoites was expressed as a percentage 

of trophozoites at T0. Difference in rates of attachment was assessed for statistical significance 

using an unpaired t-test at each hourly time point, with a p-value ≥ 0.05 considered significant. 

A second assay was performed to measure the impact of host soluble factors on both 

trophozoite adherence to flasks, as well as trophozoite host-cell attachment. The assay 

conditions were run in triplicate with the same volumes, ratios and media as previously 

specified. HSF fractions were generated as before. The assay was run over 12 hours, with the 

first incubation in flasks without cells from T0
 to T360, followed by a second round of co-

incubation with HT-29 cells from T360
 to T720. The experimental design of the attachment assay 

using HSF-exposed trophozoites is shown in Figure 2. A total of 3 treatments were analysed; 

trophozoites in serum-free DMEM in the first round and then co-incubated with HT-29 cells 

in the second round (Con/CI), trophozoites exposed to HSF in serum-free DMEM in the first 

round and then co-incubated with HT-29 in the presence of HSF in the second round (HSF/CI). 

Lastly, a control was run in serum free DMEM without HT-29 monolayers in both rounds of 

the assay (Con/Con). The same trophozoites were used in both rounds of the assay. 

Trophozoites were detached from the flask after the first round incubation, and transferred with 

the media into flasks containing HT-29 for subsequent host-cell co-incubation. The control 

triplicates from the first round were detached and transferred into fresh flasks for the second 

round of the assay. Trophozoites were counted every 2 hours in the first round, and then hourly 

during co-incubations with IEC monolayers. As before, the total number of free trophozoites 

was expressed as a percentage of trophozoites at T0. Difference in rates of attachment was 

assessed for statistical significance using an unpaired t-test at each hourly time point, with a p-

value ≥ 0.05 considered significant. 
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Figure 2: Design of host-soluble factor exposed non-specific adherence and specific host-cell attachment assay 
across 2 rounds of treatments. Trophozoites were raised in a single axenic culture and split between triplicates in 
three treatments. The first were trophozoites incubated in serum-free DMEM for 6 hours in the first round, and 
then co-incubated in the second round with confluent HT-29 (Con/CI). The second treatment exposed trophozoites 
to host soluble factors in serum-free DMEM for the 6 hours in the first round, and then co-incubated in the second 
round with confluent HT-29 also in the presence of host soluble factors (HSF/CI). The last treatment was a control 
for both rounds, and trophozoites were incubated in serum-free DMEM in both rounds of the assay (Con/Con). 
Non-specific adherence was measured in three timepoints (120 min, 240 min and 360 min) and specific host-cell 
attachment was measured hourly from 0-6 hours. Trophozoites were detached from the flasks used in the first 
round of the assay for non-specific adherence, and the same population was used to measure specific host-cell 
attachment. 

 

5.6.4 Protein extraction and digestion 

Trophozoites were detached from the HT-29 monolayer or flasks by briefly chilling the culture 

flask, collected by centrifugation and washed once with ice-cold PBS. Microscopy of detached 

trophozoites post host-cell interaction was performed to ensure absence of IEC contamination. 

Trophozoites were extracted in ice-cold SDS sample buffer containing 1mM EDTA and 5% 
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beta-mercaptoethanol, and then reduced at 75°C for 10 min. Protein extracts were centrifuged 

at 0°C at 13 000 x g for 10 min to remove debris, and stored at -20°C.    

Protein extracts were reduced with 5mM dithiothreitol and then alkylated with 10mM 

iodoacetamide. Alkylation was quenched with 5mM dithiothreitol. Protein extracts were 

precipitated using methanol/chloroform 19, followed by resuspension in 8M Urea in 50mM Tris 

(pH 8.8). The concentration of protein in each triplicate sample was measured by BCA assay 

(Pierce) before fractionation and digestion, initially with Lys-C overnight at 30°C at 

concentrations of 1µg enzyme to 100µg protein. Lys-C digestion was followed with a 

sequential digestion with Trypsin at 37°C with 1µg enzyme for 100µg protein. Digestion with 

trypsin was performed at 37°C for 6 hours. Samples were acidified with trifluoroacetic acid, 

and then desalted on a 200mg C18 SepPak (Waters, Massachusetts). Protein extracts were dried 

down using a vacuum centrifuge, resuspended and peptide concentration determined using 

micro BCA (Pierce). 

 

5.6.5 TMT labelling 

Samples for TMT labelling were resuspended in 200mM HEPES (pH 8) and a total of 70mg 

from each triplicate for each of the 3 treatments, as well as a pooled control, were labelled in a 

10plex TMT reaction (Thermo, San Jose, CA) using 0.14mg  of each reagent. Labelling was 

performed for 1 hour at room temperature and then quenched with 5% hydroxylamine. Each 

of the 10 samples were then combined, dried down using a vacuum centrifuge, reconstituted in 

1% formic acid, and desalted on a 200mg C18 SepPak (Waters, Massachusetts). The combined 

sample of TMT labelled peptides were dried down again and reconstituted in 1% formic acid 

prior to fractionation by strong cation exchange (SCX) high pressure liquid chromotography 

(HPLC) using a PolyLC PolySulfoethyl A (200 mm × 2.1 mm × 5 µm, 200 Å) column and UV 

detection at 210nm. Samples were resuspended and initially loaded with buffer A (5mM 



 
124 

 

KH2PO4, pH 2.7, 25%  ACN), and fractionated with a linear gradient of 10-45% buffer B (5mM 

KH2PO4, pH 2.72, 350mM KCl, 25% ACN) for 70 minutes, which was rapidly increased from 

45-100% buffer B for 10 minutes at a flow rate of 300µl/min. A total of 36 fractions of varying 

volumes were collected and dried down by vacuum centrifugation, before being combined to 

12 fractions based on peptide content. These 12 fractions were desalted using C18 OMIX® 

tips (Agilent), dried down using a vacuum centrifuge and reconstituted in 1% formic acid in 

preparation for nanoflow liquid chromatography tandem mass spectrometry (NanoLC-

MS/MS). 

 

5.6.6 Nanoflow LC-MS/MS for TMT labelling 

Samples were analysed on a Q Exactive Orbitrap mass spectrometer (Thermo Scientific) 

coupled to an EASY-nLC1000 (Thermo Scientific). Reversed-phase chromatographic 

separation was carried out on a 75 µm id. × 100 mm, C18 HALO column, 2.7 µm bead size, 

160 Å pore size. A linear gradient of 1-30% solvent B (99.9% ACN/0.1% FA) was run over 

170 minutes. The mass spectrometer was operated in the data-dependent mode to automatically 

switch between Orbitrap MS and ion trap MS/MS acquisition. Survey full scan MS spectra 

(from m/z 350 to 1850) were acquired with a resolution of 70,000 at m/z 400 and an AGC 

(Automatic Gain Control) target value of 1 × 106 ions.  For identification of TMT labelled 

peptides, the ten most abundant ions were selected for higher energy collisional dissociation 

(HCD) fragmentation. HCD normalised collision energy was set to 35% and fragmentation 

ions were detected in the Orbitrap at a resolution of 70.000. Target ions that had been selected 

for MS/MS were dynamically excluded for 90 sec. For accurate mass measurement, the lock 

mass option was enabled using the polydimethylcyclosiloxane ion (m/z 445.12003) as an 

internal calibrant. 
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5.6.7 Database searching for protein/peptide identification 

For peptide identification, raw data files produced in Xcalibur software (Thermo Scientific) 

were processed in Proteome Discoverer V1.3 (Thermo Scientific) prior to Mascot searching 

against the Giardiadb.org 5.0 release for Assemblage A1, isolate WB (ATCC 50803). For 

searching, the MS tolerance was set to ±10 ppm and the MS/MS tolerance to 0.1 Da. One 

missed cleavage was allowed and carbamidomethylation of cysteines was set as a static 

modification. TMT 10plex modification of peptide N-termini and lysine residues, methionine 

oxidation, and deamidation of asparagine and glutamine were set as variable modifications. 

Search result filters were selected as follows; only peptides with a score >15 and below the 

Mascot significance threshold filter of p = 0.05 were included and single peptide identifications 

required a score equal to or above the Mascot identity threshold. Protein grouping was enabled 

such that when a set of peptides in one protein were equal to, or completely contained, within 

the set of peptides of another protein, the two proteins were contained together in a protein 

group. Quantitative information calculated from reporter ion intensities was only accepted for 

peptides with scores equal to or above the Mascot homology score, and the median value was 

taken to compare protein ratios. 

 

5.6.7 Analysis of differentially expressed proteins 

The relative quantitation for host-cell interactions were derived by the ratio of TMT labels for 

each of the treatments over their respective replicate control (i.e. HSF R1 against Con R1 and 

CI IEC R1 against Con R1). A total of three expression ratios were derived for both HSF and 

CI IEC biological replicates, and an average fold change was calculated for each protein 

identified. In addition to TMT ratios for differential expression, proteins were analysed 

statistically via one-sample t-test to evaluate significance of observed protein expression 

changes. Proteins were only considered differentially expressed if they met both fold change 
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criteria as well as ≥ 0.05 p-value significance. Functional annotation of proteins was performed 

using Uniprot to assign GO function, subcellular localisation, Interpro protein domains and 

structure annotations where available.  

Prediction of secreted proteins was analysed using a series of bioinformatics tools to assess 

subcellular localisation 20, presence of signal peptides 21, transmembrane helices 22 and nuclear 

localisation 23. Proteins were submitted to TargetP v1.1 using the default settings for the 

algorithm for non-plant sequences, with a reliability score ≤ 3 selected for cutoff (with 1 being 

the highest reliability score). For analysis of signal peptides, proteins were submitted to SignalP 

v4.01, with the default settings for eukaryotic sequences. The presence of transmembrane 

helices was predicted using THMHH Server v2.0. Finally, as an exclusionary tool, proteins 

were submitted to NucPred to assess nuclear localisation signals with proteins above a 

prediction reliability score of ≥ 0.90 considered significant. 

The mass spectrometry raw data files, database search results and TMT labelling protein 

quantitation results have all been deposited to the ProteomeXchange Consortium 24 via the 

PRIDE partner repository with the dataset identifier PXD002398. 

 

5.6.7 Statistical analysis of dataset 

Several additional statistical analyses of the TMT dataset were performed to evaluate the 

variability of the dataset, and establish the presence of an underlying biological difference 

between HSF and CI treatments compared to control. These include an assessment of sample 

variability based on control/control ratios, an unsupervised multivariate principal component 

analysis (PCA), and an analysis of the p-value distribution using paired t-tests between 

triplicates of HSF/Control and CI/Control ratios. 
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Estimates of the variability were generated of the control replicates using the log2-transformed 

ratios to the pooled control sample available from the TMT labelling experiment as in Song et 

al 25 (specifically Figure 2 in Song et al). Meanwhile, the unsupervised multivariate PCA 

analysis was performed using the log-transformed ratios of all samples to the control pooled 

sample (label channel 131), to visualise the treatment replicate samples for the whole dataset.  

Finally, p-value histograms of the two treatments (HSF vs Con and CI vs Con) were generated 

according to Pounds et al 26 to investigate the distribution of p-values to demonstrate whether 

the null hypothesis registered a true effect of differential expression 
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5.7 Results 

5.7.1 In vitro co-incubation is an active model for trophozoite-host attachment 

Comparisons of the rates of adherence of trophozoites to either empty flasks or HT-29 cell 

monolayers can be viewed in Figure 3, and the complete dataset can be found in Supplementary 

Data S1. High rates of adherence occur in the first two hours, with no significant difference in 

the number of free trophozoites occurring between monolayer co-incubation and control flasks. 

In the first hour, 78.2% and 72.4% of trophozoites remain free in the media in co-incubation 

and control flasks, respectively, and this decreases to 56.7% and 61.7% free trophozoites by 

the second hour (Figure 3A). After 2 hours adherence plateaus, with only 10% more 

trophozoites adhering to the flasks in the control between 2-6 hours. However, during co-

incubation with HT-29 IEC, attachment increases significantly after 2 hours, with 70% of 

trophozoites attached after 6 hours. Differences between free and attached trophozoites 

between co-incubation and control flasks are statistically significant (p<0.05) beyond 2 hours 

to assay completion at 6 hours (Figure 3A). This highlights the viability of in vitro host-parasite 

models, which prompt active attachment that is distinct and separate from adherence. 

Further evidence of active interaction during in vitro co-incubation is exemplified by changes 

induced in HT-29 cell morphology over the 6 hour co-incubation. Figure 3B shows that HT-

29 cells become enlarged and amorphous by 2 hours, and at later time points detachment from 

the monolayer has begun to occur (denoted by arrows). Over the 6 hours, increased cellular 

debris from damaged host cells also accumulated, providing further evidence of pathogenic 

effects from the interaction with trophozoites. 
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Figure 3: Results of the in vitro host-cell attachment versus non-specific adherence. (A) Rates of attachment 
between Giardia trophozoites incubated with HT-29 cells over 6 hours against a control for adherence (T75 flasks 
with media only). A ‘*’ indicates a significant difference in %  attached trophozoites compared to control 
(designated by p-value ≥ 0.05). (B) Changes in HT-29 cell morphology induced during co-incubation with Giardia 
trophozoites. The arrows (▲) highlight 2 regions of affected cells throughout the 6 hour co-incubation. 

 

 

5.7.2 Host secretions trigger a non-attaching trophozoite phenotype 

The complete results for rates of adherence and host-cell attachment between control and HSF-

exposed trophozoites are shown in Figure 4, with the full dataset in Supplementary Data S1. 

Trophozoites exposed to HSF showed remarkably reduced rates of both adherence to T75cm2 
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flasks (Figure 4A), as well as attachment to HT-29 cells during co-incubation (Figure 4C).  The 

differences in the numbers of adhered/attached trophozoites were significantly lower (p<0.05) 

at every time point for both conditions, indicating the switch in phenotype was immediate and 

sustained. Trophozoites exposed to HSF during conditions for adherence had a consistent 

average reduction of 45.7% (standard deviation ± 1.4%) compared to controls across all hourly 

timepoints. Trophozoites in control flasks had an average adherence of 49.7% at 6 hours 

compared to 26.6% in HSF-exposed trophozoites, meaning 46.5% less trophozoites had 

adhered. During the second round of co-incubation, trophozoites in control flasks of only 

DMEM had reduced viability, likely due to oxygen tension on parasites in the absence of IECs 

4. This manifested as a 7.6% decrease in adherence between 5 and 6 hours in controls (Figure 

4C). Regardless, differences between adhered controls and host-cell attached trophozoites 

exposed to HSF also peaked at an average of 20.3% between 3-5 hours in the second round. 

HSF-exposed and unexposed trophozoites co-incubated with HT-29 showed similar trends of 

increasing attachment, with similar linear slopes distinct from the trend of exponential plateau 

observed in the control flasks (Figure 4C). This suggests HSF-exposed trophozoites are still 

capable of host-cell attachment, albeit at lower rates. Co-incubations in the presence of HSF 

reduced host-cell attachment between 9.0% and 24.4% after 1 to 6 hours respectively, with 

47.2% less trophozoites attached in co-incubations with HSF after 6 hours. This indicates that 

HSF produce similar reductions in both adherent and host-attaching populations. 

Reduction in the rate of adherence in the first 6 hours was readily observed microscopically 

(Figure 4B). The trophozoites that adhered in the presence of HSF were also semi-motile on 

the flask wall compared to trophozoites in controls, which maintained their position after 

settling and adhering (Supplementary Media 1). 
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Figure 4: Results for the effects of HSF on adherence and host-cell attachment during co-incubation. The 3 
treatments are as follows: trophozoites in serum-free DMEM in the first round followed by co-incubation with 
HT-29 (Con/CI), trophozoites exposed to HSF in serum-free DMEM and then co-incubated with HT-29 in the 
presence of HSF in the second round (HSF/CI) and a control of serum free DMEM in both rounds of the assay 
(Con/Con). Trophozoites were transferred from the first round of adherence to the second round of co-incubation. 
(A) Rates for adherence during the first 6 hours between trophozoites co-incubated in T75 flasks containing 
serum-free DMEM (Con/CI, Con/Con) and trophozoites incubated in the presence of HSF (HSF/CI). A ‘*’ 
indicates a significant difference in % attached trophozoites (designated by p-value ≥ 0.05). Rates of adherence 
in HSF-exposed trophozoites were statistically significantly lower at all 3 timepoints compared to unexposed 
trophozoites. (B) Images depicting the differences in density of adhered trophozoites in HSF-exposed and HSF-
free flasks after 6 hours of incubation. Flasks shown were seeded with the same number of trophozoites. (C) Rates 
of host-cell attachment in the second 6 hours of the assay. Rates of host-cell attachment between trophozoites 
exposed to HT-29 monolayers (Con/CI) are compared to  trophozoites incubated with HT-29 monolayers in the 
presence of HSF (HSF/CI). A control for adherence was also performed in triplicate in serum DMEM without 
HT-29 cells. A ‘*’ indicates a significant difference in %  attached trophozoites compared to control (cont).  
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(cont.) (designated by p-value ≥ 5). Rates of attachment in HSF-exposed cells was significantly lower at all time 
points between both the control for adherence, and the rate for host-cell attachment in unexposed trophozoites. 
The number of attached trophozoites co-incubated with HT-29 monolayers without HSF was statistically 
significantly higher compared to the control for trophozoite adherence in flasks only after 6 hours incubation. 

 

This indicates a reduced proclivity for adherence, further supported by observations during 

detachment from flasks, with controls containing only DMEM requiring twice the chilling time 

on ice as well as additional vortexing to liberate trophozoites before the second round of the 

assay. Trophozoites exposed to HSF showed no reduction in viability and remained motile 

throughout the entire assay.   

 

5.7.3 Quantitative proteomics  

The complete TMT dataset, including protein identifications, label ratios and peptide 

information can be viewed in Supplementary Data S2. A non-redundant total of 1664 proteins 

from G. duodenalis isolate BRIS/95/HEPU/2041 were identified from a non-redundant total of 

13 465 peptides (Figure 5A). Peptide to spectrum matching was performed using the 

Assemblage A1 genome sequence of isolate WB C6 (ATCC 50803). Previous quantitative 

proteomic analyses have demonstrated no significant difference in peptide numbers identified 

in subassemblage A1 isolates when using the WB C6 genome sequence as a database 27. 

Similarly, recent comparative genomics analysis demonstrated that the A1 subassemblage is 

more conserved than the A2 subassemblage, with approximately 7.5 single nucleotide 

polymorphisms (SNPs) per 100 000 between genome sequences of two A1 isolates 28, 

compared to 350 SNPs per 100 000 between two newly sequenced A2 isolates 29. Both genomic 

and proteomic data therefore indicates the A1 subassemblage is sufficiently conserved for the 

WB C6 genome sequence to provide a reference database for quantitative proteomics 

experiments within this taxonomic group.   
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Figure 5: Protein identification and protein quantitation summary from TMT labelling of trophozoites co-
incubated with the IEC monolayer (CI IEC) and with host soluble factors alone (HSF). (A) Outline of protein 
identification, differentially expressed proteins and protein quantitation FDR for the dataset. (B) Volcano plots 
illustrating the dual criteria for differentially expressed proteins. The x-axis represents log fold change with the 
vertical blue lines indicating  1.2 and 0.8 ratio, while the log p-value is plotted on the y-axis with proteins above 
the red horizontal line indicating significance ≤ 0.05. Each data point represents a single identified protein. 
Proteins within the upper and outer quadrants meet both the fold change and p-value cut-off, and are therefore 
considered as differentially expressed. (C) Proportional venn diagrams showing overlap between up-regulated 
and down-regulated proteins in trophozoites between CI IEC and HSF treatments. 
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Quantitation ratios were calculated as biological triplicate values from host-parasite interaction 

replicates relative to their respective control replicates (Figure 1C). Proteins were considered 

differentially expressed above a fold change of 1.2 and below a fold change of 0.8 in addition 

to a significant p-value of ≥ 0.05 30 (Figure 5B). Using a two-stage criterion for differentially 

expressed proteins greatly improved the statistical confidence, as single-paired t-tests 

eliminated proteins with high ratio variability between replicates.  

Statistical evaluation of the dataset by comparing individual control replicates against the 

pooled control indicated that levels of variability in the entire dataset were very low (Figure 6), 

which is consistent of labelled experiments such as iTRAQ and TMT 31. Approximately 95% 

of the proteins have a standard deviation below 0.2, consequently in such cases a fold change 

of 1.2 (log2(1.2) = 0.26) would correspond to a z-score greater than 1 (Figure 6).  The standard 

deviations are, naturally, considerably lower than those determined in the evaluation of Song 

et al 25, since the experiments fits into a single TMT 10-plex labelling experiment.  

The Principal Component Analysis (PCA) also indicated that the control replicates were both 

clustered together, and were clearly discriminated from HSF and CI treatments along the first 

principal component (Figure 7).  When considering the top 5% proteins with the highest 

loadings for PC1, we find amongst them several of the differentially expressed proteins 

identified in the paired analyses of HSF vs Con and CI vs Con (GL50803_3910, 

GL50803_27918, GL50803_13390, GL50803_10358, GL50803_6430, GL50803_14567, 

GL50803_9779, GL50803_17163, GL50803_42357). The principal component scores and 

loadings from this analysis can be found in Supplementary Data S3.  
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Figure 6: Histogram of standard deviations generated from triplicate ratios of log2(Control/PooledControl), based 
on all quantitated proteins in the dataset.  Overlayed are the cumulative percentages of ratios with standard 
deviations lower than the respective bin.  Approximately 95% of quantitated proteins have standard deviations 
less than 0.2.  

Figure 7: Principal component scores plot in the space of the first three principal components generated for the 
whole dataset of log2 ratios of all samples with respect to the pooled control (label 131).  The plot shows the 
control ratios well separated from the rest along the first principal component. 
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Figure 8: Histograms showing the distribution of p-values resulting from the paired t-tests comparing the 
Control samples respectively to the CI and HSF samples, underneath the volcano plots showing the p-values and 
fold changes.  The p-value histograms have a peak corresponding to a larger number of low p-values, which is 
indicative of a real underlying effect; a random or noisy dataset is expected to generate a uniform distribution of 
p-values and hence a flat histogram. 

 

In addition, the distribution of the p-values indicates an underlying signal of differential protein 

expression when comparing the HSF and CI treatments to the control replicates (Figure 8). 

Pounds et al 26 shows that understanding the distribution of p-values is crucial to understanding 

whether the null hypothesis holds – in the case of a repeated test undertaken on an essentially 
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random distribution, the p-value histogram is expected to be essentially flat, and the p-values 

are expected to be uniformly distributed; in contrast, where a real effect exists, the histogram 

will show a peak at the low end corresponding to lower p-values arising from real effects. In 

the case of this experiment, the p-value histograms obtained when comparing the two 

experimental states against the control are consistent with the existence of an underlying real 

effect. 

A total of 68 differentially expressed proteins were identified in Giardia trophozoites during 

host-parasite interactions (Figure 5A), with 45 proteins differentially expressed in trophozoites 

co-incubated with IECs (Table 1), and 38 proteins in HSF-exposed trophozoites (Table 2). 

These included several up-regulated proteins previously identified the transcript level during 

co-incubation of Giardia trophozoites with IECs 4, 5, including tenascin proteins, cathepsin B 

precursor, uridine phosphorylase 1 (UPL-1) and thioredoxin. A total of 30 variant-specific 

surface proteins (VSPs) were also identified in the whole dataset, with eight and four variants 

up-regulated in HSF and CI treatments, respectively (Table 3). This up-regulation of a large 

number of VSP variants in HSF-exposed trophozoites has not been previously reported for in 

vitro host-parasite models in Giardia. The G. duodenalis VSP gene family contains both 

conserved, homologous regions of gene sequence as well as unique regions 32. Of the eight 

differentially expressed VSP variants in HSF-exposed trophozoites, five of the protein-level 

identifications are from non-homologous peptides. Though the remaining three VSP variants 

have homologous peptides associated with the identification, multiple peptides have been 

detected for these identifications, and protein-level identification was assigned based on the 

most likely candidate given the total and composition of peptides matched. 
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Table 1: Differentially expressed proteins in G. duodenalis trophozoites co-incubated with HT-29 cells (IEC CI) 
for 6hr in serum-free media. Up-regulated proteins are designated by a ratio ≥ 1.2 also accompanied by a p-value 
≤ 0.05. Down-regulated proteins are indicated with grey shading, and were designated based on a ratio of ≤ 0.8 
which was accompanied by a p-value ≤ 0.05. Gene identifiers marked with a ‘*’ indicate a protein that was 
common between trophozoites co-incubated with the IEC monolayer and trophozoites incubated with HSF. 

Gene ID Description Fold Change 
GL50803_16693 *  hypothetical protein  1.55 
GL50803_113415  hypothetical protein  1.51 
GL50803_27918 *  Cystatin homologue  1.45 
GL50803_16188  SMC1 beta-like protein  1.45 
GL50803_96264  hypothetical protein  1.44 
GL50803_10529  Bardet-Biedl syndrome 4 protein-like protein  1.42 
GL50803_3345  hypothetical protein  1.39 
GL50803_13390 * Variant-Specific Surface Protein 127 (VSP-127)  1.33 
GL50803_480 * Translation initiation inhibitor  1.31 
GL50803_14045  hypothetical protein  1.29 
GL50803_5810  hypothetical protein  1.28 
GL50803_40630  Variant-Specific Surface Protein 70 (VSP-70)  1.26 
GL50803_3171  UBCE14  1.26 
GL50803_2267  hypothetical protein  1.26 
GL50803_8329 * hypothetical protein (VPS25(EAP20))  1.26 
GL50803_14567  hypothetical protein  1.25 
GL50803_3042  Hybrid cluster protein lateral transfer candidate  1.25 
GL50803_9506  hypothetical protein  1.25 
GL50803_9779  UPL-1  1.25 
GL50803_114609  Pyruvate-flavodoxin oxidoreductase  1.24 
GL50803_13194  Variant-Specific Surface Protein 38 (VSP-38)  1.24 
GL50803_15039  hypothetical protein  1.23 
GL50803_7110 * Ubiquitin  1.23 
GL50803_10358  A-type flavoprotein lateral transfer candidate  1.23 
GL50803_29078  hypothetical protein  1.23 
GL50803_114674  Hypothetical protein  1.23 
GL50803_12941  hypothetical protein  1.22 
GL50803_6430 * 14-3-3 protein  1.22 
GL50803_15252  Ubiquitin-conjugating enzyme E2-17 kDa 3  1.22 
GL50803_17163  Peptidyl-prolyl cis-trans isomerase B precursor  1.22 
GL50803_4946  Peptide methionine sulfoxide reductase msrA  1.21 
GL50803_15089  hypothetical protein  1.21 
GL50803_11043  Fructose-bisphosphate aldolase  1.20 
GL50803_14392  Metallo-beta-lactamase superfamily protein  1.20 

GL50803_17062  hypothetical protein  0.79 
GL50803_7593  hypothetical protein  0.79 
GL50803_17375  hypothetical protein  0.77 
GL50803_10875  hypothetical protein  0.78 
GL50803_15137  hypothetical protein  0.68 
GL50803_14457  Ripening regulated protein DDTFR19  0.79 
GL50803_11311 * Kinase, NEK  0.78 
GL50803_12229 * hypothetical protein  0.74 
GL50803_5785  Qb-SNARE 4  0.75 
GL50803_10522 * hypothetical protein  0.71 
GL50803_5881  Protein 21.1  0.63 



 
139 

 

 

Table 2: Differentially expressed proteins in G. duodenalis trophozoites incubated with host soluble factors 
generated from HT-29 cells for 6hr in serum-free media. Up-regulated proteins are designated by a ratio ≥ 1.2 
also accompanied by a p-value ≤ 0.05. Down-regulated proteins are indicated with grey shading, and were 
designated based on a ratio of ≤ 0.8 which was accompanied by a p-value ≤ 0.05. Gene identifiers marked with a 
‘*’ indicate a protein that was common between trophozoites co-incubated with the IEC monolayer and 
trophozoites incubated with HSF. 

 

 

  

Gene ID Description Fold Change 
GL50803_16693 * hypothetical protein  1.90 
GL50803_137618  Variant-Specific Surface Protein 8 (VSP-8)  1.83 
GL50803_14069  hypothetical protein  1.79 
GL50803_41472  Variant-Specific Surface Protein 49 (VSP-49)  1.65 
GL50803_8687  Tenascin precursor  1.64 
GL50803_16779  Cathepsin B precursor  1.58 
GL50803_3910  hypothetical protein  1.57 
GL50803_14573  Tenascin-X  1.45 
GL50803_3581  hypothetical protein  1.43 
GL50803_101832  High cysteine protein  1.41 
GL50803_27918 * Cystatin homologue  1.37 
GL50803_115830  Variant-Specific Surface Protein 1.1 (VSP-1.1)  1.36 
GL50803_98861  Surface protein  1.34 
GL50803_112208  Variant-Specific Surface Protein 98.1 (VSP-98.1)  1.29 
GL50803_13390 * Variant-Specific Surface Protein 127 (VSP-127)  1.29 
GL50803_112867  Variant-Specific Surface Protein 16 (VSP-16)  1.29 
GL50803_14278  hypothetical protein  1.27 
GL50803_17340  hypothetical protein  1.26 
GL50803_6430 * 14-3-3 protein  1.24 
GL50803_7110 * Ubiquitin  1.23 
GL50803_480 * Translation initiation inhibitor  1.22 
GL50803_8329 * hypothetical protein (VPS25(EAP20))  1.22 
GL50803_3755  hypothetical protein  1.21 
GL50803_2012  hypothetical protein  1.20 
GL50803_32890  Variant-Specific Surface Protein 10 (VSP-10)  1.20 

GL50803_16070  hypothetical protein  0.79 
GL50803_113876  ABC transporter, ATP-binding protein, putative  0.79 
GL50803_42357  hypothetical protein  0.78 
GL50803_14539  Protein 21.1  0.78 
GL50803_11311 * Kinase, NEK  0.78 
GL50803_14569  hypothetical protein  0.78 
GL50803_7513  hypothetical protein  0.76 
GL50803_12229 * hypothetical protein  0.75 
GL50803_22291  hypothetical protein  0.71 
GL50803_10522 * hypothetical protein  0.68 
GL50803_12109  hypothetical protein  0.62 
GL50803_17404  hypothetical protein  0.61 
GL50803_16587  Kinase  0.54 
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Table 3: Variant surface proteins (VSPs) identified across the TMT experiment, including their gene identifier, 
descriptor and fold change. TMT ratios above the 1.2 threshold have been bolded, while a shaded cell indicates a 
p-value ≥ 0.05. Only VSPs that were above the threshold for ratio and below the p-value for significance were 
considered differentially expressed. Interpro domains other than the 4 consistent VSP protein domains (Giardia 
variant-specific surface protein (IPR005127), Insulin-like growth factor binding protein, n-terminal (IPR009030), 
EGF-like (IPR000742) and Furin-like repeat (IPR006212) domains) were considered for additional functional 
protein information, and listed where appropriate. 

  

Gene 
ORF 

 
Description 

 

Fold Change 
Addition Protein Domains 

 6hr IEC CI 6hr HSF 
     

137618 VSP 8 1.65 1.83  
13194 VSP 38 1.24 1.78  
41472 VSP 49 1.53 1.65  
16472 VSP 52 0.91 1.53  
136003 VSP 7.1 0.77 1.51  
113163 VSP 29 1.18 1.50  
115830 VSP 1.1 1.21 1.36  
112208 VSP 98.1 1.22 1.29  
13390 VSP 127 1.33 1.29  
112867 VSP 16 1.02 1.29 BmKX domain (IPR015215) 
115742 VSP 31 1.41 1.26  
34196 VSP 193 1.07 1.21  
32890 VSP 10 1.31 1.20 Peptidase M8, leishmanolysin (IPR001577) 
40630 VSP 70 1.26 1.19 Peptidase M8, leishmanolysin (IPR001577) 
37093 VSP 25 1.19 1.16  
13727 VSP 183 1.13 1.15  
113439 VSP 45 1.13 1.13  
101074 VSP 88 1.11 1.10  
11521 VSP 126.1 1.16 1.10  
113450 VSP 44 1.01 1.10  
98861 Surface protein 1.13 1.34 Peptidase M8, leishmanolysin (IPR001577) 
119706 VSP 168.2 1.14 1.04  
16158 VSP, putative 1.04 1.01  
137723 VSP 26.1 1.25 1.01  
137714 VSP 53.2 0.99 0.97  
115797 VSP 54 0.99 0.95  
101765 VSP 116 1.00 0.90  
33279 VSP 100 0.92 0.85  
113357 VSP 122 0.94 0.84  
114674 Hypothetical protein 1.23 1.18  
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Overall, a non-redundant total of 47 proteins were up-regulated, while 21 were down-regulated 

during in vitro host-parasite interactions. This smaller down-regulated protein response 

suggests the response of Giardia trophozoites to host signals in vitro may be inductive rather 

than repressive. The dataset size of differentially expressed proteins is similar to those seen 

previously with HT-29 cells over 6 hours incubation in RNA studies 5. Although some common 

differentially expressed proteins were observed, the majority of proteins were expressed 

uniquely between trophozoites stimulated by host secretions compared to attachment (Figure 

5C). The process of washing IEC-monolayers prior to co-incubation, as well as introducing 

Giardia trophozoites to fresh, serum-free interaction media, ensured secreted factors from host 

IECs were removed at the beginning of co-incubation, and did not establish to sufficient levels 

during the 6 hour time course. Therefore, there was not the same induction of responses 

observed in trophozoites incubated solely in the presence of pre-established levels of HSF, and 

only minimal overlap between the treatments. Expression intensity also varied, with HSF 

driving a higher fold change than those in trophozoites interacting with the IEC monolayer 

(Figure 5B). Lower fold changes in co-incubation are likely due to the few hours delay in host-

attachment by trophozoites, as evidenced during the co-incubation attachment assay (Figure 

3A).  These results indicate during in vitro interactions Giardia trophozoites respond at the 

very early stages to host secretions prior to attachment. These soluble signals from the host 

stimulate distinct and independent pathways for establishing disease. 

 

5.7.4 Host secretions induce virulence factors in a motile population 

Trophozoites incubated in HSF up-regulated production of 25 proteins (Table 2), the majority 

of which were membrane-associated or secreted. A total of 11 up-regulated proteins contained 

evidence of secretion or transmembrane helices in one or more predictive algorithms (Figure 

9). These 11 proteins consisted of VSP variants, tenascins, cathepsin B and a high cysteine  
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Figure 9: Bioinformatic predictions of membrane and secreted protein analysis for up-regulated proteins. 
Distribution of secreted proteins in trophozoites incubated in HSF and trophozoites co-incubated with HT-29 
IECs. Proteins were considered exported to the membrane and/or secreted if they were positive for 1 of the 3 
bioinformatics tools (TargetP, THMHH, SignalP) and negative for nuclear localisation (NucPred). The breakdown 
of the 11 proteins in HSF incubated trophozoites is further broken down in the column graph insert in the right. 
Complete summary of the predictive bioinformatics analysis can be viewed in Supplementary Data S4. 
 

membrane protein (HCMP) (Supplementary Data S5). A total of 8 VSPs were up-regulated in 

the 6 hours, which constitute 32% of all up-regulated proteins in trophozoites incubated in 

HSF, and 26.7% of all VSP variants identified. While multiple HCMP variants have been 

previously reported during in vitro host-parasite interactions at the transcript level 4, 5, the up-

regulation of multiple VSPs has not been previously observed in RNA studies. There were 4 

VSP variants identified in trophozoites co-incubated with IECs, but lower fold changes in these 

VSPs suggest that this is likely due to partial re-establishment of host-soluble signals 

throughout the experimental timecourse. Five of the 8 VSPs were predicted as secretory as well 

as possessing transmembrane helices, while 2 lacked prediction for secretion but contained 

transmembrane helices, and one met no predicted secreted or membrane criteria 

(GL50803_98861). Expression of both tenascin precursor (GL50803_8687) and tenascin X 

(GL50803_14573) was increased in trophozoites exposed to HSF, which is consistent with 



 
143 

 

previous observations of increased expression in tenascin gene transcripts during in vitro host-

parasite interactions 5. Tenascin proteins share similar domains to the membrane-associated 

VSPs, but lack transmembrane helices (Supplementary Data S4 and S5). Tenascin X also 

possesses an additional EGF-like extracellular domain (IPR013111). In light of functional and 

predictive bioinformatics, it is highly likely that these proteins are secreted. Exposure of 

trophozoites to HSF also resulted in up-regulation of the cysteine protease cathepsin B 

(GL50803_16779), which is consistent with previous RNA 4, 5. The G. duodenalis cystatin 

homologue 33 was up-regulated in trophozoites exposed to HSF and during co-incubation, 

indicating sensitivity to multiple host signals. This cystatin (GL50803_27918) is currently 

unannotated, with a single ortholog in all G. duodenalis genomes, and lacks GO and Interpro 

annotations whilst displaying low sequence homology to other parasite and eukaryotic 

cystatins. However, sequence analysis indicates conserved crucial residues, including a glycine 

in the N-terminal region, and hydrophobic residues in both first and second binding loops 

which forms the wedge that inserts and deactivates the active site of cathepsin proteases 34. A 

putative thioredoxin (GL50803_3910) was also up-regulated, consistent with potential oxygen 

stress in cell culture conditions, and data from previous studies 4, 5. The single Giardia 14-3-3 

homologue (GL50803_6430) was also up-regulated, which is involved in binding to signal 

proteins involved in phosphorylation cascades 35. There were five up-regulated proteins which 

were only annotated as ‘hypothetical proteins’ (GL50803_16693, GL50803_14278, 

GL50803_17340, GL50803_3755, GL50803_2012), and for which there are no current GO 

annotations or Interpro protein structure and fold information. Interestingly, none of these 

proteins have been previously reported as differentially expressed in transcriptomic G. 

duodenalis in vitro host-parasite interaction models 
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5.7.5 Host-cell attachment prompts intracellular anticipation of host defences 

A total of 34 proteins were up-regulated in trophozoites co-incubated with the IEC monolayer 

(Table 1). In contrast to trophozoites incubated with soluble host signals, there were only four 

secreted and membrane proteins, all of which were VSPs, indicating no new secreted or 

membrane protein classes were detected (Supplementary Data S5). A single protein 

(GL50803_16188), with annotations associated with chromosome organisation, was localised 

to the nucleus, meaning 29 (85%) of the up-regulated proteins are likely to be localised to the 

cytosol (Figure 9).  Of these up-regulated proteins, five were annotated with oxidoreductase 

functions (GL50803_5810, GL50803_3042, GL50803_114609, GL50803_10358, 

GL50803_4946), which include functions for oxidative defence and reactive oxygen species 

(ROS) detoxification, as well as production of pyridoxal phosphate (PLP). These five proteins 

constitute 9.8% of all annotated oxidoreductases in the G. duodenalis A1 genome. 

GL50803_5810 is currently unannotated but is most likely to be the Giardia homolog for 

pyridoxamine-phosphate oxidase, the enzyme responsible for the rate-limiting reaction in the 

production of the active form of coenzyme vitamin B6, due to the singular presence of these 

functional protein domains in the genome. Concordantly, GL50803_480 was also upregulated, 

which has gene ontology (GO) and Interpro annotations associated with deaminase activity in 

converting reactive enamine/imine intermediates in PLP-dependent enzyme reactions. 

Furthermore, GL50803_29708 is a hypothetical protein with annotations for pyridoxal-

phosphate dependent aminotransferase. Additionally, several proteins in the ubiquination 

pathway were also up-regulated, including ubiquitin (GL50803_7110), an ubiquitin carrier 

enzyme (UBCE) (GL50803_3171) and ubiquitin-conjugating enzyme E2-17 

(GL50803_15252). The cystatin homologue (Gl50802_27918) was up-regulated, as also 

observed during exposure to host soluble factors. UPL- 1was also up-regulated, which has been 

previously been reported in trophozoites co-incubated with HT-29 cells 5. Again, the Giardia 

14-3-3 homologue (GL50803_6430) was up-regulated as seen in HSF-exposed trophozoites, 
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along with another similar tetracopeptide (TPR) containing protein (GL50803_10529). There 

were seven hypothetical proteins that lacked GO and Interpro functional and structural 

information (GL50803_16693, GL50803_113415, GL50803_3345, GL50803_2267, 

GL50803_14567, GL50803_9506, GL50803_15039), none of which have been previously 

reported in earlier transcriptomic studies of in vitro host-parasite interaction models for G. 

duodenalis. 
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5.8 Discussion  

In vitro host-parasite models in G. duodenalis are designed to replicate trophozoite attachment 

to host cells and thereby induce expression of virulence and disease factors.  Previous studies 

have demonstrated co-incubation induces secreted proteins 3 and expression of gene transcripts 

demonstrably different from constitutive expression in culture 4, 5. We have shown co-

incubation with cell monolayers permits attachment of trophozoites to host cells, which is 

significantly different from trophozoite adherence to flasks alone (Figure 10). Further, our 

results demonstrate that Giardia induces proteins upon exposure to either  host cell products, 

or upon attachment to host cells, and the proteins expressed in these responses are independent 

and distinct (Figure 10). We have also demonstrated a unique sensitivity in trophozoites to 

secreted products from host cells, and that HSF-exposed trophozoites switch to a non-attaching 

motile phenotype (Figure 10). Significantly, exposure to these host secretions was sufficient 

for induction of virulence factors in trophozoites. To our knowledge, this is the first 

demonstration of an interactive, biphasic process during early pathogenesis which shows a 

clear difference between motile trophozoites responding to host soluble signals, and 

trophozoites attached to host-cells.  

We have provided experimental evidence that exposure to HSF results in up-regulation of 

membrane and secreted proteins prior to attachment in Giardia trophozoites (Figure 10). 

Several of these induced proteins are also virulence factors, and we have demonstrated their 

sensitivity to host secretions in the absence of host cells. VSPs are a gene family and collective 

virulence factor responsible for immune evasion and antigen variation 32. A single VSP is 

expressed on the trophozoite surface at any given time, though multiple variants accumulate in 

culture in the absence of immune selection. On exposure to HSF a quarter of all expressed VSP 

variants were up-regulated, which constituted over a third of observed up-regulated proteins. 
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Figure 10: Figure depicting the biphasic model of interaction between G. duodenalis trophozoites (cont.) 
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(cont.) and host-cells proposed in our paper. Proteins trends, families and pathways induced during host-parasite 
interactions in Giardia are distinguished between HSF-induced in non-attached, motile trophozoites (above) 
separate to cascades induced in host-cell attached trophozoites (below). ‘VF’ indicates induced protein groups 
related to known or putative virulence factors in Giardia, which were induced by host secretions. The middle of 
the figure shows the two distinct stages observed in early pathogenesis, where host-soluble factors lead to a 
switch to a non-attaching, motile population phenotype. Motile trophozoites migrate further through the 
gastrointestinal tract, where in the absence of host soluble factors and more optimum conditions, Giardia 
attaches to host cells. These two stages of host-parasite interactions induce distinct and independently protein 
responses. 

 

These changes in VSP expression likely represent selection of favourable variants for host 

pathogenesis or virulence. Interestingly, four up-regulated VSPs possessed additional 

functional domains to the core VSP protein domains (Table 3). These included the 

metallopeptidase domain homologous to the virulence factor leishmanolysin from the parasite 

Leishmania 36, 37, and the BmKX domain found in scorpion toxins 38. This suggests individual 

VSP variants may act as independent virulence factors beyond their role collectively in immune 

evasion 39. The magnitude of differential expression in VSPs has not been reported previously 

in Giardia host-parasite interactions. This may be due to the absence of host secretions in 

interaction media, or possibly the virulent phenotype of BRIS/95/HEPU/2041 40, 41, which 

features diverse VSP variant repertoires in culture 12, 27. In addition to previous studies showing 

VSP switching elicited by specific monoclonal antibodies 42, 43, we present here experimental 

evidence suggesting soluble host factors may drive antigen switching events. 

Cathepsin B is a confirmed virulence factor and secreted protein which degrades IL-8 and 

inhibits neutrophil chemotaxis 44, 45. Exposure to secreted host factors up-regulated cathepsin 

B as well as cystatin, a protease inhibitor of cathepsins. When secreted, cystatins potentially 

modulate host immune response, as observed in parasitic nematodes 46, 47, but may also 

internally regulate parasite cathepsins 48. The Giardia cystatin is phylogenetically basal to 

eukaryotic cystatins and more closely related to bacterial equivalents 33, 37, which makes it 

difficult to extrapolate its internal or external targets 47.  
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Tenascins share similar ‘EGF-like’ (IPR000742) domains to VSPs, and are glycoproteins 

involved in cell-to-cell adhesion in mammals and chordates, with unknown functions in 

parasites and early eukaryotes 49, 50. Interestingly, research in mammals demonstrates that 

tenascins bind and interact with lectin domains 51, 52, which may have implications for parasite 

interactions with molecules involved in mammalian innate immunity. Significantly, both 

transcript and protein data reproducibly identify tenascins in host-Giardia interactions, and our 

bioinformatics analysis demonstrated for the first time that these are possibly secreted proteins 

during early pathogenesis. 

Trophozoites exposed to host secretions displayed a non-attaching phenotype (Figure 4) and a 

distinct protein response from co-incubated trophozoites (Figure 5). In Giardia, attachment 

occurs via its ventral disk through cytoskeletal mechanisms related to microtubules, but also 

via Giardial lectins 53. Earlier attachment assays demonstrate several factors that decrease 

attachment, including temperature, acidification, osmolality and tonicity, incubation with 

lectins, exposure to lectin-binding carbohydrates and, most prominently, interference with 

contractile filaments 53, 54, 55. None of these factors account for the reduction in attachment 

observed in HSF-exposed trophozoites during our experiments. Previous investigation of host 

factors is limited to trypsin, which produced minor reductions in attachment 53, or exogenous 

or host lectins, which are associated with trophozoite agglutination55, which did not occur 

during our assay. Our results indicate a unique factor may be responsible for non-attachment 

in trophozoites exposed to host secretions. In addition, our results also support the hypothesis 

that host secretions promote an active switch to a motile population, potentially to continue 

migration through the gut to a less ‘hostile’ environment, as has been previously observed in 

gastrointestinal nematodes which relocate in response to localised host immune responses 56. 

If one assumes that host secretions contain immune molecules involved in parasite clearance, 

such as cytokines 57, up-regulating VSPs, for immune evasion, and cathepsin B and cystatins, 
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for immunomodulation 39, are consistent with the hypothesis that host secretions induce 

proteins to counteract host immunity in a motile Giardia population seeking ideal conditions 

for attachment (Figure 10). 

In contrast, trophozoites co-incubated with IECs induced intracellular pathways in anticipation 

of non-specific immune responses to infection. The lower intensity of observed protein 

expression fold changes coincides with the delay observed between adherence to control flasks 

and adherence to host cell monolayers (Figure 2A). Co-incubation induced up-regulation of 

proteins for ubiquitination, including two E2 carrier/conjugating enzymes as well as the 

ubiquitin moiety. Though ubiquitination pathway and enzymes are simpler in Giardia 

compared to mammals 58, it has been shown to play an important role during differentiation, 

with modifications on a diverse range of proteins 59. In our results, an increase in ubiquitin-

modified proteins is likely to indicate increased proteasome activity in response to rapid 

transition from axenic culture to host-parasite interaction. 

Parasite co-incubation with host cells prompted up-regulation of a diverse range of 

oxidoreductases highlighting the importance of ROS detoxification in parasite establishment 

and survival. Trophozoites exposed to host-soluble signals up-regulated thioredoxin for 

oxidative defense in increased oxygen during cell-culture conditions, but not oxidoreductases.  

Co-incubation with host IECs in aerobic cell culture conditions provides some protection 

against oxidative stress in Giardia, but defence genes are still up-regulated at the transcriptomic 

level 4, 5. As trophozoites incubated in cell-free interactions have greater environmental oxygen 

stress, this up-regulation of oxidoreductases is likely to be a specific response to interaction 

with host cells which are known to produce exogenous ROS in response to gastroepithelial 

parasites 60. Similarly, production of reactive nitrogen species (RNS) negatively impacts 

Giardia growth, differentiation and viability.  Therefore, trophozoites inhibit RNS production 

by outcompeting host cells for substrates by rapid arginine consumption 61, highlighting the 
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importance of this pathway in pathogenicity and virulence 7, 62. Earlier transcriptomic studies 

have confirmed IECs co-incubated with Giardia up-regulate genes associated with ROS and 

RNS production 6, 7, and our results reinforce the necessity for Giardia to counteract these host 

defences. A flavo-diiron protein (GL50803_10358) with very low nitric oxide (NO) reductase 

activity but remarkably high O2 detoxification activity, which has been shown experimentally 

to promote parasite survival in the small intestine 63, was up-regulated in our experiments. This 

was accompanied by a cumulative up-regulation of three other oxidoreductases with functions 

in removal of ROS, indicating that co-incubation either prompts, or trophozoite attachment 

anticipates, ROS production in host cells 6.  

Pyruvate flavodoxin oxidoreductase (PFOR) converts pyruvate to acetyl coenzyme A during 

anaerobic energy production 64 but is also up-regulated during oxidative stress and involved in 

the antioxidant system 60, 65. Similarly, peptide methionine sulphoxide reductase (Msr) 

(GL50803_4946) is likely to alleviate oxidative stress by reversing oxidation of critical 

methionine residues which might otherwise cause protein inactivation 66. Following this trend, 

an iron-sulphur (FeS) containing hybrid cluster protein (GL50803_3042) was also up-

regulated, which is a member of a protein class implicated in defence against oxidative stress 

in bacteria, Archaea and protozoans including Trichomonas vaginalis, and Entamoeba 

histolytica 67. Collectively, these reinforce the necessity of maintaining redox homeostasis in 

the face of ROS produced by host defences, with multiple oxidoreductases induced by 

trophozoites soon after first contact with IECs. The remaining up regulated oxidoreductase is 

the Giardial pyridoxamine-phosphate oxidase homolog, which is the only protein annotated 

with this functional domain (GO:0004733) with a single orthologue in all sequenced G. 

duodenalis genomes.  

Two PLP-associated enzymes were also up-regulated, suggesting PLP-regulated enzymes and 

pathways play a role in disease induction. The production of PLP, its biological role in Giardia, 
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and its antioxidant properties are all unknown, although PLP-dependent enzymes have been 

suggested as drug candidates for multiple protozoans 68. Importantly, crucial PLP-dependent 

cysteine desulfurases in Giardia possess conserved PLP-binding residues and are involved in 

FeS cluster biosysnthesis 69. Additionally, PLP-dependent enzymes are involved in polyamine 

biosynthesis in Giardia, and it has been demonstrated that specific inhibition of ornithine 

decarboxylase results in interruption of this biosynthesis and eventuates in parasite death 70. 

PLP-dependent pathways and enzymes have been wholly unexplored in Giardia for 

therapeutics, and provide a potentially novel pathway for blocking disease induction. 

In Giardia, analysis of pathogenesis has emphasised the importance of trophozoite attachment 

to host-cells. However, we have demonstrated for the first time that trophozoites respond 

independently to host soluble signals early in pathogenesis, and initial exposure to these 

secretions prompts a switch to a motile population phenotype. We hypothesise protein 

expression induced by host secretions is aimed at counteracting host immune defences while a 

motile population migrates to an optimum environment for attachment. In this biphasic model, 

trophozoites are either initially sensitised to host soluble signals, or undergo host attachment 

and induce proteins in advance of host defences (Figure 10). Anticipating the production of 

molecules from the host cells which are designed to clear parasite infection, trophozoites 

attached to host cells produce a wide range of oxidoreductases for neutralising exogenous ROS. 

These trophozoites also up-regulate proteins associated with PLP production, while increasing 

ubiquitin/proteasome mediated protein turnover for production of disease related proteins. This 

dual combination of distinct responses to either host soluble factors, or host attachment, 

indicates early pathogenesis involves multiple and distinct levels of crosstalk between host and 

parasite. These are independently regulated and do not require attachment to host-cells for 

induction of virulence factors. Thus, these host secreted signals are sufficient to induce 



 
153 

 

virulence factor expression in Giardia cells, which occurs independent of parasite attachment 

to host cells. 
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5.10 Supplementary Data 

The following supplementary information is available as supplementary data files associated 

with this manuscript: 

Supplementary Media 1: video showing trophozoites in control flasks (DMEM-only) compared 

to HSF-exposed trophozoites during the first 6-hour incubation in T75cm2 flasks. Dark, tear-

shaped trophozoites are adhered to the flask at low density, and continue to appear semi-motile 

against the flask wall during exposure to HSF. In contrast, control trophozoites in DMEM only 

are stationary on the flask wall at high density. (Supplementary DVD) 

Supplementary Data S1: complete dataset for the attachment assay for trophozoites and HT-29 

cells, including mean, standard deviations and p-values between co-incubation and control 

triplicates. Tab one contains the data for the adherence versus host-cell attachment assay, while 

the second tab contains the data for the HSF-exposure attachment assay. (Supplementary 

DVD) 

Supplementary Data S2: Excel spreadsheet showing the complete protein identification and 

quantitation information for the TMT labelling experiment. (Supplementary DVD) 

Supplementary Data S3: spreadsheet containing principal component scores (first tab) and 

loadings (second tab) resulting from a PCA analysis of the log2 (ratios) of all samples to the 

control pool, using all available quantitated proteins.  The loadings were sorted in decreasing 

order of the first principal component, which shows a good separation of the control ratios from 

the rest; the top 5% highest loadings were highlighted. (Supplementary DVD) 

Supplementary Data S4: Excel spreadsheet showing the complete functional annotation 

information for proteins up- and down-regulated during host-cell interaction analysis. Tables 

show the Giardiadb.org ORF number, protein description, fold change as well as GO 

annotation, subcellular localisation information and interpro protein domain/fold information. 
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Up-regulated proteins in CI IEC and HSF are shown on tab 1 and 2, respectively, while the 

down-regulated proteins in CI IEC interaction are on tab 3 and down-regulated proteins in HSF 

are on tab 4. (Supplementary DVD) 

Supplementary Data S5: Excel spreadsheet showing the output from bioinformatics analysis of 

secreted proteins. Proteins were submitted to Target P for subcellular localisation, with a RI of 

≤ 3 considered. Signal P was used to assess presence of a signal peptide, with a cutoff ≥ 0.5 

considered for confident identifications and TMHMM used to detect presence of 

transmembrane helices. Finally, NucPred was used as an exclusionary tool for false positives 

in the secretory pathway, and scores ≥0.9 considered a hit for nuclear localisation. Output from 

analyses for up-regulated proteins in CI IEC and HSF are shown on tab 1 and 2, respectively, 

while the down-regulated proteins in CI IEC interaction are on tab 3 and down-regulated 

proteins in HSF are on tab 4. (Supplementary DVD)
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6. General Discussion  

6.1 Thesis Outcomes 

Chapter 1 of this thesis provided a comprehensive literature review of the proteomics field 

in G. duodenalis. Within this review it was acknowledged that there are several gaps in 

which proteomic data is incomplete or absent for multiple biological scenarios. In addition, 

the final section (Subheading 1.10 – Future Directions) provided commentary on the 

necessity of utilising newer quantitative technologies. The review in Chapter 1 also 

included the publications resulting from the experimental chapters of this thesis 

(Publications II-VI), and contextualised them in light of their technical and biological 

contributions. The overall aim of the literature review of this thesis was to craft a complete 

summary of post-genomic proteomics in Giardia, including the largely unexplored range 

of post-translational modifications of core proteins. We believe that this is an important 

step in order to direct and streamline the next generation of proteomic data, specifically 

quantitative data. Accordingly, we believe that the publication which will arise from 

Chapter 1 will provide an important resource which is currently unavailable in the 

literature. 

In Chapter 2 of this thesis, we successfully compared a gel-based and an in-solution sample 

preparation and fractionation method for quantitative proteomics in Giardia using label-

free spectral counting. We evaluated these methods by characterising two phenotypically 

distinct A1 isolates, in order to demonstrate the performance of the different methods when 

applied in biologically meaningful comparisons. This optimised protocol for profiling 

combined an improved FASP method using TFE [188, 189] with online fractionation 

during MS using GPF [190]. Our data indicated that this method improved identification 

of proteins with lipid modifications and provided increased peptide coverage for the 

proteins identified. This was compared to the 1-DE SDS-PAGE approach, which was 
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problematic due to highly abundant cytoskeletal and metabolic enzymes that could not be 

resolved to discrete regions of the gel, and as such dominated the peptide results. Overall, 

the combined FASP-GPF approach allowed more identifications with improved coverage 

and fewer peptides, which has been documented in similar studies with Vitis riparia 

(riverbank grape) [191]. 

The optimised methodology described above in Chapter 2 was then applied to several 

investigations in Chapters 2-4. In Chapter 2 the proteomes of two A1 isolates were 

compared directly, and then a similar but broader approach for investigating isolate 

diversity was carried out in Chapter 3. In Chapter 2 comparative proteomics revealed 

differences in protein abundance in known virulence factors, including immunomodulatory 

proteases such as cathepsin B [100], as well as differences in the total number and 

subpopulation diversity of VSPs between isolates [101]. Differences in VSP distribution, 

abundance and diversity were also observed between the eight isolates in Chapter 3.  In 

Chapter 3 this was shown to be independent of subassemblage, and not correlated to host, 

geographic origins, or time since introduction to culture.  

The large scale comparative proteomics of eight isolates of assemblage A in Chapter 3 also 

demonstrated that peptide tospectrum matching was improved when spectra were matched 

to genome sequence from the correct subassemblage.  Database searching of spectra 

revealed that quantitation of multi-gene families in Giardia was greatly affected by which 

genome sequence database was used in this process, which coincides with comparative 

genomic analyses between assemblages [32], between subassemblages [28] and within 

subassemblages [33]. These studies indicate diversity, expansion and recombination occurs 

at high frequency in multigene families. We believe that the data generated from this study 

provides a comprehensive proteomic foundation that will remain a useful resource in both 

parasite biology and taxonomy. 
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In Chapter 4, isolate diversity was investigated in the biological context of differentiation.  

As in Chapter 2 and Chapter 3, a label-free spectral-counting approach was applied, and 

the optimised methodology from Chapter 2 was also utilised. A sound proteomic baseline 

was available for the genome isolate WB C6 [39, 106], as well as several complementary 

transcriptomic studies [107-109]. In Chapter 4 two genome-alternate isolates was used, 

which confirmed that the metabolic and cytoskeletal restructuring during differentiation 

provides universal markers for encystation that are isolate- and method-independent. 

However, two functional clusters relating to the VSP subpopulation retention between 

trophozoites to cysts, and ankyrin-repeat/protein 21.1 up-regulation were observed, which 

may constitute isolate-specific adaptations that affect reinfection success in the next 

generation. We also believe that this experiment in Chapter 4 provided an important 

precedent to utilise multiple isolates to investigate biological processes in Giardia. With 

the demonstration of broad differences in host range and zoonoses [192], phenotypes [106] 

and cyst infectivity [9], it is likely that studies of single isolates will not illuminate those 

factors which contribute to Giardia’s inherent isolate diversity. 

The final experiment in this thesis, discussed in Chapter 5, provided several important 

technical and biological foundations in Giardia proteomics. This chapter constitutes the 

first experiment to use TMT labels for quantitative proteomics in Giardia. Two studies 

have previously utilised iTRAQ tags, though these have been for filtering of contaminants 

rather than quantitation [19], and in less complex protein samples [37]. As such, we believe 

this is an important study as we have demonstrated the feasibility of using isobaric tags for 

sensitive and dynamic quantification of complex, whole-trophozoite lysates.  

The experiment in Chapter 5 also constituted the first proteomic analysis of Giardia in an 

in vitro IEC-trophozoite interaction model, complementing transcriptomic predecessors 

[115-117]. This study, also for the first time, independently investigated disease induction 
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by soluble factors released by HT-29 IECs compared to co-incubation, the latter of which 

permits trophozoite attachment. When proteomic data was combined with results from 

attachment assays, this experiment demonstrated for the first time a biphasic model in early 

pathogenesis. The data from this experiment indicated that motile trophozoites respond 

very rapidly to soluble signals from the host, and that these are enough to induce expression 

of many secreted and membrane associated proteins, including virulence factors. In 

contrast, trophozoite attachment induced proteins associated with the anticipation of host 

defences, in particular ROS. We believe that this constitutes an exciting and novel 

observation in disease induction in Giardia, and that host-parasite interactions are 

occurring on multiple levels from the very early stages of pathogenesis. 

As acknowledged in Chapter 1 (Subheading 2 – Genomes and Annotations), the recent 

availability of multiple genomes has made quantitative proteomics possible for G. 

duodenalis.  In this vein, this thesis has presented four independent, post-genomic, 

quantitative proteomics experiments in G. duodenalis. The culmination of these studies 

provides a cohesive proteomics pipeline using both labelled and label-free proteomics 

approaches. These methodologies validate how quantifying changes in protein abundance 

correlate with isolate diversity (Chapter 2 and Chapter 3), reflect changes during 

differentiation (Chapter 4), and demonstrate induction of virulence and disease factors 

during host-parasite interactions (Chapter 5). We believe these studies validate important 

approaches and resources to functionally evaluate parasite biology, either using proteomics 

alone, or as part of a collective effort to combine protein, gene and transcript data in a 

systems biology approach [10, 193]. In addition, we believe that each of the studies in this 

thesis will provide important technical counsel for sample preparation and fractionation, 

protein identification and quantitation technologies, and data and statistical analysis. 
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6.2 Reflections and Future Research 

Although Chapter 1 covers the technical and biological shortcomings for the overall field 

of Giardia proteomics, there are a number of possible future extensions which could follow 

on from the specific research in this thesis. While we believe that the information in this 

thesis constitutes a valuable technical and molecular resource, there are several limitations 

highlighted, as well as further biological questions linked to the outcomes of experiments 

that will be discussed. 

As indicated in Chapter 1 (Subheading 1.3 – Genomes and Annotations, Table 1) there is 

still considerable work required to fully annotate the Giardia genome sequence. For the 

WB C6 genome, which was the genome predominantly used throughout this thesis, half 

the genes are still annotated at ‘hypothetical proteins’. The absence of annotations 

diminishes the primary capacity of quantitative proteomics – to relate differentially 

expressed proteins to their molecular functions and therefore bestow biological significance 

on results. Though proteins may be differentially expressed in a particular experimental 

context, the absence of functional annotation makes it impossible to extrapolate what this 

change in expression is correlated with at a functional level. This is frustrating when the 

remainder of differentially expressed proteins are functionally annotated and clearly related 

to biological outcomes, such as in Chapter 5. In the study of proteins during in-vitro host-

parasite interactions, multiple known virulence factors were induced, indicating that IEC 

soluble signals, or co-incubation, were indeed simulating disease processes. However, 

multiple hypothetical proteins without functional annotations were also detected, and 

though it is likely these also correlate to important functions in early pathogenesis, drawing 

biological conclusions for these proteins is not possible at this stage. It is therefore critical 

that researchers deposit their quantitative proteomics information in databases to await 

further annotation. In particular, submitting to the centralised Giardiadb.org [26], which 
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combines genome, transcript and protein data, may connect earlier and current proteomics 

data to future improvements in annotation. 

Another limitation of quantitative proteomics in Giardia is the validation of differentially 

expressed proteins in large datasets. Though inclusion of western blot assays is traditionally 

championed as the validation tool of shotgun proteomics, there are now several MS 

alternatives which are gaining favour as technologies improve [193, 194]. This may prove 

beneficial for Giardia in particular, as there is a paucity of commercially available 

antibodies for use, which has made western blotting significantly costly in time and money. 

Targeted MS proteomic techniques such as SRM and MRM assays therefore allow the 

routine quantification of proteins for which no affinity reagent or antibody is available. In 

future, these will continue to improve in accuracy and sensitivity, in parallel to MS 

instrumentation and software. We believe that designing such SRM assays for validation 

of shotgun proteomics experiments in Giardia will therefore be a significant and broadly 

applicable advance in quantitative proteomics, and is a natural progression of the studies in 

this thesis. 

However, there are additional measures of confidence which can be applied to proteomics 

datasets prior to validation. Protein and peptide FDR at the identification levels are applied 

in Chapters 2-4. These FDR are calculated based on reverse searching against decoy 

datasets [195] and are used to assess the quality of the datasets, specifically in conjunction 

to filtering. For label-free spectral counting in Chapters 2-4, differentially expressed 

proteins are only considered when they are reproducibly identified in all biological 

triplicates of at least one condition. This filtering is shown to greatly reduce, and in some 

case eliminate, reverse hits in the spectral counting datasets presented in this thesis. In 

addition, in Chapter 5, TMT labelling allowed the multiplexing of samples, which permits 

each peptide to be detected and relatively quantified for all 10 TMT channels in the second 
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MS scan. In addition to the fold changes calculated in TMT ratios, we also provided a 

secondary criteria of a significant p-value, which is known to improve confidence in 

quantitating differences between proteins with smaller fold changes, due to the increased 

variability that occurs at lower abundance [170]. A forward-looking approach we are 

working on relates to the analysis of control versus control experiments for label-free 

spectral counting. By comparing control technical or biological replicates an estimation of 

the ‘noise’ level in quantification can be experimentally determined. By comparing this to 

the protein fold-changes observed between control and treatments, and ensuring it exceeds 

the calculated level of ‘noise’, quantification can also be validated for label-free 

experiments. We believe that these FDR and statistical analysis methods are essential for 

all quantitative proteomics experiments, and their importance needs to be emphasised so 

such standards in data quality and analysis are a requirement in the field for Giardia.  

As covered in Chapter 1 there are still many gaps in the biology of Giardia that require 

initial proteomic data. We believe that the methods developed in this thesis should be 

applied to generate this missing data in the near future. This thesis provides comprehensive 

analyses of protein expression in multiple biological scenarios for the A assemblage, 

particularly A1. There is currently a deficit of proteomic data in Assemblage B, which is 

also infective for humans and linked to more damaging clinical symptomology [98]. 

Comparative genomics of assemblage A and B support the hypothesis that these are in fact 

two distinct species [28, 32, 196], and therefore divergent mechanisms for virulence, 

pathology and disease induction may occur, that cannot be extrapolated from studies of 

assemblage A. We believe that, given that an improved genome sequence for assemblage 

B is now available [28], generating proteomic data in this assemblage should be prioritised. 

This thesis has provided evidence that proteomics is an exquisite tool for elucidating 

alterations in protein expression in Giardia. More importantly, we feel that the changes in 



 
168 

 

protein expression described throughout the chapters in the thesis are true reflections of 

parasite diversity and biology. However, further and novel proteomic investigations are 

required, and these hopefully will utilise new quantitative technologies. Nonetheless, we 

believe that this thesis constitutes a thematically and technically cohesive foundation for 

the field, and we hope that it will support ongoing efforts for quantitative proteomics in 

Giardia. 
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