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Abstract 

Single-celled organisms represent the majority of eukaryotic diversity. Recent advances 

in sequencing technologies have been critical for understanding the evolutionary biology and cell 

biology of microbial eukaryotes. Comparative genomic analyses have shown that many genes 

that underlie fundamental eukaryotic features (e.g. membrane trafficking, cytoskeleton) are 

conserved across the diversity of eukaryotes, suggesting that they have also maintained a similar 

function. However, many microbial eukaryotes have specialized lifestyles or behaviours, the 

evolutionary pressures of which may be observed in changes to gene content in a lineage; in 

either gene family expansion, divergence, or loss. Building on analyses of gene presence and 

absence, gene expression changes in relation to a specific cellular behaviour gives even more 

insight into the underlying cell biology of that process.  

The focus of this thesis is the membrane trafficking system, specifically the cellular 

machinery that underlies intracellular transport, endocytosis, and exocytosis. In the first Results 

chapter, comparative genomics is used to identify membrane trafficking components in three 

related organisms, one of which is free-living, while the other two are gut-associated endobionts 

and/or parasites. The purpose was to determine whether host-association contributes to sculpting 

of the trafficking system, as is the case in other eukaryotic parasites. In the second Results 

chapter, comparative genomics and transcriptomics are used to study how membrane trafficking 

underlies the process of encystation in the gut pathogens Entamoeba invadens and E. histolytica, 

which is critical for pathogenesis. The third results chapter looks at the biology of a unique 

behaviour in the haptophyte lineage: the secretion of large organic or calcium carbonate scales. 

Again, both comparative genomics and transcriptomics are used to understand how the 

membrane trafficking system contributes to this extensive secretory process.  
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The last Results chapter takes a whole-genome approach to understanding pathogenesis 

in the free-living neuropathogenic amoeba Naegleria fowleri, as compared with its harmless 

relative, Naegleria gruberi. The purpose of comparative genomics and transcriptomics of N. 

fowleri and N. gruberi was primarily to identify pathogenicity factors. Although no single factor 

was identified that fully explains the difference in pathogenicity between the two Naegleria spp., 

two major outcomes were achieved. First, this analysis has generated a comprehensive look at 

the cell biology of N. fowleri during host infection. Secondly, it has produced a list of dozens of 

potential pathogenicity factors that can now be experimentally tested. An example of how in 

silico analyses can support functional work concludes this chapter, where evidence of a Golgi 

body in N. gruberi is shown for the first time. 

These –omics analyses have contributed significantly to understanding the biology of 

these lineages. They highlight patterns of retention, loss, and expansion of membrane trafficking 

machinery that may be related to unusual trafficking pathways or even novel organelles. They 

also allowed for comparisons of gene complement and expression between different lineages that 

have similar lifestyles, for example gut-associated parasites or endobionts (Entamoeba spp. and 

Blastocystis sp., Proteromonas lacertae), or organisms with a heavy secretory load (haptophytes 

and Entamoeba sp.). Common to all three transcriptomic analyses is the finding that 

transcriptional responses are complex, often involving differential regulation of paralogous 

genes.  

The data presented here have paved the way for future functional work in microbial 

eukaryotes, improving our depth of knowledge of membrane trafficking function in eukaryotes, 

and allowing us to fully appreciate unique cell biology in ecologically and medically relevant 

organisms.  
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Preface 

(Mandatory due to collaborative work) 

The works presented in this thesis are the products of several research collaborations.  

Comparative genomics of the membrane trafficking system of three Blastocystis strains, 

found in Chapter 3 of this thesis, is the result of a collaboration with Andrew Roger and his lab at 

Dalhousie University. It has been published in Gentekaki E, Curtis BA, Stairs CW, Klimeš V, 

Eliáš M, et al. (2017) Extreme genome diversity in the hyper-prevalent parasitic eukaryote 

Blastocystis. PLOS Biology 15(9): e2003769. E. Gentekaki, B. Curtis, C. G. Clark, and A. Roger 

were responsible for conceptualization and administration of the Blastocystis sp. genome project. 

The membrane trafficking system complement was analysed and described for the genome paper 

by Emily Herman and Alexander Schlacht, under the supervision of Joel Dacks. Other authors 

were responsible for other aspects of the genome project. The Proteromonas lacertae and 

Cafeteria roenbergensis data presented in Chapter 3 are the result of an ongoing collaboration 

with Andrew Jackson and his lab at the University of Liverpool. E. Herman performed all 

comparative genomic analyses of membrane trafficking and autophagy machinery in the 

genomes of P. lacertae and C. roenbergensis. 

The work performed in Chapter 4 is the result of a collaboration with Mark van der 

Giezen and his lab at the University of Exeter. It has been published as Herman E, Siegesmund 

MA, Bottery MJ, van Aerle R, Shather MM, Caler E, Dacks JB, and van der Giezen M. (2017). 

Membrane trafficking modulation during Entamoeba encystation. Scientific Reports 7:12854. M. 

van der Giezen and J. Dacks designed and supervised experiments; Maria Siegesmund and 

Mohammed Shather performed laboratory experiments; E. Herman, M. Siegesmund, Michael 

Bottery, Ronny van Aerle, and Elisabet Caler contributed to data analysis; E. Herman, M. 

Siegesmund, and M. Bottery organized, designed, and wrote the paper; and E. Herman, J. Dacks, 

and M. van der Giezen critically revised the manuscript. Specifically, E. Herman analysed the 

membrane trafficking system complement in E. invadens and E. histolytica, interpreted gene 

expression patterns for the trafficking complement, and helped write and revise the manuscript.  
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Analysis of the membrane trafficking system of the haptophytes in Chapter 5 is part of a 

long-standing collaboration with Betsy Read and her lab at California State University San 

Marcos. The original analysis of the membrane trafficking machinery in Emiliania huxleyi was 

published as part of a genome project: Read BA, Kegel J, Klute MJ, Kuo A, Lefebvre SC, 

Maumus F, Mayer C, Miller J, Monier A, Salamov A, Young J, Aguilar M, Claverie JM, 

Frickenhaus S, Gonzalez K, Herman EK, Lin YC, Napier J, Ogata H, Sarno AF, Shmutz J, 

Schroeder D, de Vargas C, Verret F, von Dassow P, Valentin K, Van de Peer Y, Wheeler G; 

Emiliania huxleyi Annotation Consortium, Dacks JB, Delwiche CF, Dyhrman ST, Glöckner G, 

John U, Richards T, Worden AZ, Zhang X, Grigoriev IV. (2013) Pan genome of the 

phytoplankton Emiliania underpins its global distribution. Nature 499:209-213. B. Read 

coordinated the genome project and I. Grigoriev coordinated genome sequencing and analysis at 

the US DOE Joint Genome Institute. E. Herman and Mary Klute analysed the membrane 

trafficking system machinery and described the results of this analysis for the genome paper, 

under the supervision of J. Dacks. Other authors were responsible for other aspects of the 

genome project.  

Part of the comparative work in Chapter 5 with the haptophytes Gephyrocapsa oceanica 

and Isochrysis galbana specifically regarding adaptor protein evolution is published as Lee LJY, 

Klute MK, Herman EK, Read B, and Dacks JB. (2015) Losses, Expansions, and Novel Subunit 

Discovery of Adaptor Protein Complexes in Haptophyte Algae. Protist 166:585-597. L. Lee and 

M. Klute performed comparative genomic analyses, B. Read generated sequence data and 

performed qPCR experiments. J. Dacks and B. Read supervised the project. E. Herman 

supervised Laura Lee and aided in data analysis and interpretation. As the corresponding author, 

E. Herman was heavily involved in manuscript writing and editing along with J. Dacks and B. 

Read, and corresponded with the journal during the manuscript review and publication process.  

Additional analysis of the membrane trafficking machinery of the haptophytes (including 

Chrysochromulina tobin), and gene expression under biomineralizing conditions, is part of an 

ongoing collaboration with B. Read and Xiaoyu Zhang. B. Read and X. Zhang produced 

genomic and transcriptomic data associated with E. huxleyi, G. oceanica and I. galbana. 

Analysis of membrane trafficking complement was performed by L. Lee and E. Herman, and 

analysis of biomineralization transcriptomic data specific to the membrane trafficking system 
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was performed by E. Herman. Elisabeth Richardson and E. Herman performed a comparative 

genomic analysis of membrane trafficking machinery in the publicly available genome of C. 

tobin. 

The data presented in Chapter 6 is the result of several collaborations. The N. fowleri 

V212 genome sequence and transcriptomic analysis was the result of a collaboration between our 

lab, Charles Chiu and his lab at the University of California San Francisco, Francine Marciano-

Cabral and her lab at Virginia Commonwealth University, and Govinda Visvesvara at the 

Centers for Disease Control and Prevention. Part of the work from this collaboration has been 

published as Herman EK, Greninger AL, Visvesvara, GS, Marciano-Cabral F, Dacks JB, and 

Chiu CY. (2013) The mitochondrial genome and a 60-kb nuclear DNA segment from Naegleria 

fowleri, the causative agent of primary amoebic meningoencephalitis. Journal of Eukaryotic 

Microbiology 60:179-91. F. Marciano-Cabral, C. Chiu, and Alex Greninger were involved in 

organism culturing and genome data generation. J. Dacks, C. Chiu, F. Marciano-Cabral, and G. 

Visvesvara supervised the project. A. Greninger performed genome assembly and PCR. E. 

Herman analysed the resulting mitochondrial sequence and a nuclear fragment, and wrote and 

revised the manuscript with the help of the other authors. 

The data in Chapter 6 that includes analysis of the two additional N. fowleri strains, 

ATCC 30863 and 986, are the result of ongoing collaborations with Norbert Mueller, Matthias 

Wittwer, and Denise Zysset-Burri (sequenced and assembled the genome of strain 30863) at the 

Labor Spiez and University of Bern; and with Geoffrey Puzon and Tom Walsh (sequenced and 

assembled the genome of strain 986) at the Commonwealth Scientific and Industrial Research 

Organisation. All bioinformatic analysis of the three N. fowleri genomes and the genome of N. 

gruberi presented in this thesis was performed by E. Herman, with the exception of part of the 

protease family analysis, which was performed by Inmaculada Ramírez-Macías. 

The data in Chapter 6 regarding the visualization of the Golgi body in Naegleria gruberi 

is part of an ongoing collaboration with Anastasios Tsaousis and his lab at the University of 

Kent. Lyto Yiangou and Diego Cantoni optimized the Western blots and microscopy 

experiments, and therefore some of their work is included alongside the initial work of E. 

Herman.  
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1.1 Introduction 

Microbial eukaryotes are diverse and abundant, capable of occupying nearly every 

environment on earth. Genomic complexity is often associated with multicellularity, but with 

ever-increasing genome and gene expression data from diverse microbial eukaryotes, it is clear 

that they are no less complex or sophisticated than multicellular organisms. In silico analysis of 

high-throughput genomic and transcriptomic data is critical in understanding the evolutionary 

biology and cell biology of protists for three major reasons. First, –omics approaches allow 

predictions to be made about the function of a cellular system without relying on genetic 

techniques that are currently not developed in many eukaryotes. Second, studying the evolution 

of gene content and expression across a lineage that has evolved a certain trait (e.g. parasitism) is 

a discovery-based approach that enables a thorough understanding of cellular system function 

and trait evolution. Finally, it allows for the evolution of a cellular system to be studied across 

the diversity of eukaryotes, both giving context to results of functional work performed in a 

handful of model systems, and giving a more accurate view of the general biology of the system 

in eukaryotes. Therefore, this thesis explores the biology of a selection of microbial eukaryotes 

across the eukaryotic tree through genomic and transcriptomic analysis. The particular cellular 

system of interest is the membrane trafficking system, which underpins endomembrane organelle 

function, a defining feature of all eukaryotic cells. This chapter begins with an introduction to 

eukaryotic diversity and the membrane trafficking system, followed by a discussion of how 

comparative genomics and transcriptomics can inform evolutionary protistology, and 

specifically, how these techniques have been used in this thesis to understand membrane 

trafficking system function in microbial eukaryotes with specialized lifestyles and cellular 

processes. 
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1.2 Eukaryotic Diversity 

 All extant eukaryotes have evolved from a last eukaryotic common ancestor, or LECA. 

By using genomic data, it is possible to reconstruct the cellular systems present in the LECA. 

However, the LECA can be thought of as an ‘event horizon’, as earlier evolutionary events are 

much more difficult to infer (by definition, there can be no extant eukaryotes that diverged prior 

to the LECA). Pre-LECA evolution is essentially the process of eukaryogenesis, which describes 

changes in the first eukaryotic common ancestor (FECA, with one or more eukaryotic features) 

that led to the LECA. Eukaryogenesis involved the acquisition of a membrane-bounded nucleus, 

a basic phagocytosis-like mechanism and internal membranes, and the engulfment and retention 

of a α-proteobacterial endosymbiont as the mitochondrion. Several models have been proposed 

to explain the order of these events, and are hotly debated in the field of early eukaryotic 

evolution.1–7 Regardless, these features were well in place by the time of the LECA.1,5,6 

It is now accepted that the LECA was complex and resembled a modern eukaryotic cell, 

with a fixed mitochondrion, and a complex nucleus, endomembrane system, cytoskeleton, and 

intracellular signaling system, among others.8 Evidence for this is discussed below. Fossil and 

molecular clock phylogenetic analysis has estimated the age of the LECA to range widely from 

approximately 1-2 billion years ago, but the supergroups that descended from the LECA 

diverged from it within only 300 million years.9 In other words, extant eukaryotes are the result 

of a ‘Big Bang’ of rapid diversification.10 The work in this thesis is chiefly concerned with 

reconstructing membrane trafficking system evolution from this point onward; how diverse 

eukaryotic lineages have evolved and what more this can tell us about general membrane 

trafficking, and the evolvability of membrane trafficking components.  



 4 

Evolutionary analysis is necessarily comparative, and it relies on knowledge of the 

taxonomic relationships and cell biological features of the lineages of interest. This section of the 

introduction provides an overview of our current understanding of the eukaryotic supergroups, 

including general cell biology and the taxonomic relationships of the organisms studied herein, 

and genomes available for comparative analysis. A tree summarizing our current knowledge of 

eukaryotic supergroup phylogeny is shown in Figure 1.1. Supergroup identity and characteristic 

features are defined here as in Adl et al. (2012), the most recent classification of eukaryotes, put 

forth by the Committee on Systematics and Evolution of The International Society of 

Protistologists.11 There are currently five eukaryotic supergroups: the Opisthokonta, Amoebozoa, 

Excavata, Archaeplastida, and the SAR clade. The CCTH clade was a sixth supergroup 

previously thought to exist, but more recent work has shown that this clade is not monophyletic, 

effectively dissolving it. Furthermore, since the Adl et al. (2012) publication, additional 

phylogenomic evidence has clarified intra-supergroup relationships, notably within the Fungi, 

Radek et al. (2017); the former CCTH clade, Burki et al. (2012); the Amoebozoa, Kang et al. 

(2017); the Rhizaria, Krabberød et al. (2017); and the Stramenopiles, Derelle et al. (2016).12–16 

In the following sub-sections, the general features of the five eukaryotic supergroups are 

described, and included are examples of high quality sequenced genomes for sampling in 

comparative genomic analyses. 

 

1.2.1 Opisthokonta 

 The Opisthokonta is comprised of two major lineages, which are the most studied in cell 

biology: the Holozoa (animals and their unicellular relatives) and the Fungi.17 Multicellularity   
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Figure 1.1. Phylogeny of eukaryotes.  

Cartoon schematic of evolutionary diversity within the five eukaryotic supergroups and their 

relative relationships. It is based on a version published in Walker et al. (2011),19 which was the 

result of numerous large-scale genomic and phylogenetic analyses and comparative 

ultrastructural data. This figure has been updated with more current phylogenetic and 

phylogenomic data, specifically from Kang et al. (2017),14 Radek et al. (2017),12 Burki et al. 

(2012),13 Krabberød et al. (2017),15 and Derelle et al. (2016).16 The two current rooting 

hypotheses (Derelle et al. 2015 and He et al. 2014)20,21 are indicated by a dashed line. Line 

lengths are arbitrary. Well-studied model organisms are shown in bold, as are the organisms that 

are of focus in this thesis. In the SAR clade, two large Stramenopile lineages are further 

dissected; the Bigyra includes Labyrinthulea and Opalozoa, while the Gyrista includes 

Pelagophyceae, Diatomeae, Bolidophyceae, Dictyochophyceae, Chyrista, and Oomycota. 
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has arisen independently in this lineage at least four times: once at the base of animals, in the 

fonticulid slime molds, and in the ascomycete and basidiomycete Fungi.18 Both Homo sapiens 

and Saccharomyces cerevisiae are found in this supergroup – representing roughly one sixth of 

the diversity of eukaryotes – implying that the phrase “conserved from yeast to man” does not 

actually describe a particularly ancient or well-conserved eukaryotic feature. Numerous 

vertebrate and invertebrate genomes are available, as model systems abound in these groups: 

Mus musculus, Ciona intestinalis, Danio rerio, Drosophila melanogaster, Caenorhabditis 

elegans, et cetera. Genome sequencing efforts have also focused on major transition points, such 

as the origin of multicellularity in animals and fungi,22 the origin of the bilateral body plan,23 and 

the origin of the vertebrates.24 Basal taxa, diverging prior to the Metazoa (multicellular animals), 

include the filasterian Capsaspora owczarzakii, Sphaeroforma arctica (Ichthyosporea), and the 

choanoflagellate Monosiga brevicollis. Collectively, the Metazoa and their unicellular relatives 

are termed the Holozoa. 

 The other major branch of the Opisthokonta is the Fungi. Listed here by taxonomic 

relationship are organisms representing different fungal clades with publicly available 

genomes.25 Beginning with the most widely used fungal model organism, S. cerevisiae is a 

member of the Ascomycota. The Ascomycota, together with the Basidiomycota (e.g. Ustilago 

maydis), form the Dikarya: unicellular or filamentous Fungi. Diverging prior to this clade are 

organisms that tend to be saprotrophic, parasitic, or symbiotic, including the glomeromycete 

Rhizophagus irregularis and Phycomyces blakesleeanus (Mucormycotina). Other parasitic Fungi 

include members of the Chytridiomycotina, such as Batrachochytrium dendrobatidis and 

Spizellomyces punctatus. The most basal Fungi are the Microsporidia; intracellular parasites 

whose genomes are notable for their incredible reduction.26–28 As in the Holozoa, there are 
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several taxa that are basal to the Fungi, such as Rozella allomycis and Fonticula alba. Together, 

they and the Fungi form the Nucletmycea.  

 There are also organisms basal to the Opisthokonts, such as the apusomonads 

(Thecamonas trahens). Basal to the apusomonads are the Breviates, which include Breviata 

anathema and Pygsuia biforma,29 although they do not have publically available genomes. 

Together, these extra-supergroup taxa and the opisthokonts make up the Obazoa group, a 

strongly supported major group that is sister to the Amoebozoa.29  

 

1.2.2 Amoebozoa 

 The Amoebozoa includes cells that have an amoeboid life stage, although not all 

amoebae are members of the Amoebozoa. A detailed understanding of the taxonomic 

relationships within the Amoebozoa has largely remained elusive until a recent phylogenomic 

analysis by Kang and colleagues (2017).14 This supergroup is comprised of two major clades, the 

Discosea and the Tubulinea+Evosea (Tevosa). Within the Discosea are the groups Flabellinia 

and Centramoebia; the latter contains the organism Acanthamoeba castellanii, which was the 

first free-living, solitary (non-social) amoebozoan organism to be sequenced.30 A. castellanii is 

also a human pathogen, as it causes amoebic keratitis and granulomatous amoebic encephalitis, 

and is an opportunistic pathogen in immunocompromised patients.31–34 The Evosea contains 

several of the most well-known amoebozoans. One is the slime mold Dictyostelium discoideum, 

a social amoeba, which under conditions of nutrient scarcity, aggregates to form a multicellular 

fruiting body that disperses a bolus of spores.35 Because of this, multicellularity, cell motility, 

signaling, and cell-cell interaction have been studied in depth in Dictyostelium, as well as 

numerous other cellular systems.36 While Dictyostelium is a non-pathogenic soil organism, 
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another member of the Evosea is the human gut parasite Entamoeba histolytica (Archamoebae). 

Entamoeba is often asymptomatic, although roughly 40,000-100,000 people die annually from 

amoebic dysentery and its complications, including amoebic colitis and perforation of the bowel, 

and extra-intestinal infections of the liver, lungs, and brain.37,38 E. histolytica and its relative 

Entamoeba invadens, a reptile gut pathogen, are of special focus in this thesis.  

  

1.2.3 Archaeplastida 

 The Archaeplastida is a highly diverse supergroup including glaucophytes, green and red 

algae, and multicellular plants. It is defined by an ancestral primary endosymbiosis with a 

cyanobacterium. Within this lineage, multicellularity has arisen several times.39,40 

 The three basal algal groups of the Archaeplastida are the glaucophytes, rhodophytes and 

chloroplastida. The glaucophytes and rhodophytes both contain only chlorophyll a, while the 

chloroplastida contain chlorophylls a and b. Unlike other algae, the glaucophytes have retained 

the prokaryotic peptidoglycan wall between the outer plastid membrane and the host 

encapsulating membrane; one such example of this taxon is Cyanophora paradoxa.41 Within the 

rhodophytes are the Cyanidiales, which live in high temperature and acidic environments, and 

include the taxa Galdieria42 and Cyanidioschyzon.43 While genome reduction and streamlining is 

typically associated with parasitism, the harsh environments in which these organisms live have 

had a similar effect on their genomes. There are several lineages of multicellular red algae, 

which include organisms such as Chondrus crispus and Porphyra umbilicalis.  

 The earliest branching Chloroplastida are the Trebouxiophyceae and Chlorophyceae. The 

lineages Prasinophyceae, Charophyta, Bryophyta, Angiosperms, and Gymnosperms branch off in 
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that order. Single-celled algae dominate until the bryophytes, which include mosses, and land 

plants in the angiosperms and gymnosperms. Genomes commonly used for comparative 

genomics are Chlorella in the trebouxiophytes; and Volvox carteri and Chlamydomonas 

reinhardtii in the chlorophyceae.44 V. carteri is a multicellular colony organism. Because of their 

central importance to agriculture and ecology, the cell biology and membrane trafficking of 

plants have been studied extensively, and the clade contains well-developed model organisms. 

However, because the experimental focus has historically been in the context of multicellular 

developmental processes (e.g. leaf growth) or responses to plant-specific stresses (e.g. abscisic 

acid stress response-related protein), it can be difficult to extrapolate gene function in other 

eukaryotes. Nonetheless, plant model systems have provided a wealth of functional knowledge to 

complement the work done in human and yeast on the other ‘side’ of the tree.  

The most closely related outgroup to the Archaeplastida contains the cryptomonads and 

katablepharids. The cryptomonads include the organism Guillardia theta, which contains a 

secondary red algal endosymbiont, including the remnant nucleus of the alga, termed a 

nucleomorph.45 Along with the rhizarian Bigelowiella natans, these were the first nucleomorph-

containing organisms to have their nuclear genomes sequenced.46 

 

1.2.4 The SAR(H) Assemblage 

 SAR is a major clade composed of the Stramenopiles, Alveolates, and Rhizaria, and more 

recently, the Haptophyta. The Alveolates and Rhizaria are sister taxa. Rhizaria are divided into 

the Cercozoa and the Retaria. Rhizaria are extremely diverse, making it difficult to make 

generalizations about this group. They can be amoebae, often with filose pseudopodia, while 

others are covered by silica scales. Some are parasites, such as the potato parasite 
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Plasmodiophora brassicae.47 Two publicly available rhizarian genomes are those of the 

chlorarachniophyte alga Bigelowiella natans and the foraminiferan Reticulomyxa filosa.46,48  

 The Alveolates contain many important parasites of humans and animals. The most 

famous is the apicomplexan Plasmodium falciparum, the causative agent of malaria. The 

apicomplexan group is almost entirely comprised of parasites; some examples are Toxoplasma 

gondii (toxoplasmosis), Theileria parva (theileriosis), Babesia bovis (babesiosis), and 

Cryptosporidium parvum (cryptosporidiosis). The single non-parasitic apicomplexan lineage is 

Nephromyces, a beneficial symbiont of animals (tunicates).49 Outside the Apicomplexa are free-

living or symbiotic groups such as the chromerids, including Chromera velia and Vitrella 

brassicaformis, and the perkinsid Perkinsus marinus. These taxa have been critical to 

understanding the gradual evolution of parasitism in the apicomplexa.50 Basal to the Chromerids 

are the Dinoflagellates, which often have symbiotic relationships with coral. One such example 

is Symbiodinium.51  

 The third taxon in SAR is the Stramenopiles; another group with an independent 

development of multicellularity in the brown algae (e.g. Ectocarpus siliculosus).52 Internal 

relationships of the Stramenopile clade have historically been difficult to resolve.53–56 However, 

a recent phylogenomic analysis by Derelle and colleagues (2016) has shown that the 

stramenopiles can be split into two major clades, the Bigyra and the Gyrista.16 The Bigyra 

contain the labyrinthulomycetes (e.g. Aurantiochytrium limacinum),57 and relevant to this thesis, 

the Opalozoa, which includes Blastocystis sp., Proteromonas lacertae, and Cafeteria 

roenbergensis.58 Blastocystis is a gut endobiont found in anywhere between 5-60% of a 

country’s population, with some populations reaching 100%.59,60 It is an enigmatic parasite of 

humans and animals, causing intestinal symptoms and dysbiota, although it is also found in 
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healthy individuals. Proteromonas is also a gut endobiont of animals, although its status as a 

pathogen is unclear, while Cafeteria is a free-living marine organism. In this thesis, comparative 

genomics is used to study the evolution of the membrane trafficking system during the transition 

from free-living to parasite/endobiont. The other major clade of stramenopiles is the Gyrista, 

which includes the oomycetes (e.g. Phytophthora infestans, the causative agent of potato blight) 

and the ochrophytes (diatoms and the multicellular Ectocarpus). Photosynthesis has likely been 

acquired in the ochrophytes by a tertiary endosymbiosis of a red algae-containing cryptophyte.61 

 Branching basal to the SAR is the Haptophyta, a clade that contains several algae that 

extrude calcium carbonate scales. As the algae die, the scales sink to the seabed and become part 

of natural cliff formations such as the White Cliffs of Dover. As such, they play a major role in 

carbon cycling. Due to the secretory burden involved in scale generation, part of this Thesis 

explores the membrane trafficking system in the haptophytes Emiliania huxleyi,62 Gephyrocapsa 

oceanica, Isochrysis galbana, and Chrysochromulina tobin. E. huxleyi and G. oceanica are the 

most closely related of these haptophytes, with I. galbana as a sister group. Together, these 

represent the Isochrysidales clade. Sister to this grouping is C. tobin, which is a member of the 

Prymnesiales. All four organisms secrete scales, however, C. tobin and I. galbana are only able 

to make organic scales, while scale calcification occurs in E. huxleyi and G. oceanica. The 

membrane trafficking system complements of the scale-forming haptophytes are assessed, as are 

the trafficking genes that are differentially expressed in response to growth under 

biomineralizing conditions of calcium and bicarbonate. 

 

 1.2.5 Excavata 
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 The Excavata occupy an enigmatic position in the eukaryotic tree. As discussed further 

below, the Excavata are either paraphyletic with the root of eukaryotes, or they are the earliest 

diverging branch from the LECA.21 The Excavata can be split into the Metamonada and the 

Discoba,63 and both groups contain an array of symbiotic, parasitic, pathogenic – and 

occasionally free-living – organisms. All metamonads are anaerobic or microaerophilic, and as 

such, have degenerated mitochondria.64,65 One metamonad with a recently sequenced genome is 

Monocercomonoides sp., which was shown to have completely lost all remnants of a 

mitochondrion.66 Metamonads typically reside in animal guts, or other low-oxygen 

environments; however, one free-living relative of Monocercomonoides sp. has been described 

(Paratrimastix sp.).67 Also within the metamonada is the parasite Giardia intestinalis, and 

analysis of its genome has shown reductive streamlining, likely in relation to its parasitic 

lifestyle.68 However, another metamonad parasite has a vastly expanded genome. Trichomonas 

vaginalis is a sexually transmitted pathogen with over 100,000 new cases annually.69 Genome 

sequencing revealed that it has a ~160Mbp genome, comprised of both repetitive regions and 

massively expanded gene families;70 evidence that parasitism is not de facto reductive. 

 The other major group of excavates is the Discoba, which include the Discicristata and 

the Jakobida. Discicristates can further be split into the Heterolobosea and the Euglenozoa. The 

neuropathogenic free-living amoeba Naegleria fowleri is a heterolobosean; organisms in this 

taxon often have eruptive pseudopodia, as well as an amoeboflagellate stage. N. fowleri causes 

amoebic meningoencephalitis in humans, which, despite being relatively uncommon, kills 

roughly 98% of patients, and does so in ~2 weeks.71 In the Euglenozoa, the most infamous 

members are the trypanosomatids: Trypanosoma brucei, Trypanosoma cruzi, and Leishmania 

major. Responsible for African Sleeping Sickness, Chagas Disease, and leishmaniasis, 
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respectively, these hemoflagellates parasitize humans and many other animals, causing major 

health, social and economic impact around the world. The Jakobida, which include Jakoba libera 

and Andalucia godoyi, are more enigmatic. Despite sitting near the likely root of eukaryotes, 

these organisms have no publicly available genomes.  

 

1.2.6 Rooting the Tree of Eukaryotes 

 Identifying the root of the eukaryotic tree – the deepest split that bifurcates two 

monophyletic groups that include all extant eukaryotes – is critical for understanding the 

evolution of any biological character. Because of the rapid diversification of extant lineages at 

the LECA, defining supergroups and their relationships, as well as pinpointing this root, has been 

a daunting task.72–75 Previous efforts have been hampered by phylogenetic artifact and lack of 

sequence data. However, increases in computational power have enabled sophisticated tree-

building methods, models of sequence evolution, and topology testing algorithms to be 

developed. In addition to this is the vast increase in available genome sequence from many 

diverse eukaryotes.76 While the question of the root is not fully resolved, there are two main 

hypotheses for its placement, outlined in Derelle and Lang 201277 (updated in Derelle et al. 

2015),77 and He et al. 2014.21 Both place the root within or near the Excavata supergroup. He et 

al. (2014)21 propose that the root of eukaryotes lies between the monophyletic clade of Excavata 

and the rest of eukaryotes, which then branch into two clades: Opisthokonta + Amoebozoa and 

SAR(H) + Archaeplastida. On the other hand, Derelle and Lang (2012)77 suggest that the 

Excavata groups with SAR(H) + Archaeplastida, and the root lies between this clade and the 

Opisthokonta + Amoebozoa. Using an updated dataset, Derelle et al. (2015)20 show the same 

relationship as in the 2012 paper, but with the excavate-like Malawimonas grouping on the 
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Opisthokonta + Amoebozoa side instead, effectively making the Excavata paraphyletic. This 

Thesis remains agnostic about the root; when interpreting the results of comparative genomic 

analyses, genes proposed to be present in the LECA must be found in at least one member of the 

Opisthokonta + Amoeobozoa, Archaeplastida + SAR(H), and the Excavata.  

 

1.2.7 Eukaryotic symbiosis and pathogenesis 

Defining the terms by which eukaryotes live in association with other eukaryotes is 

increasingly challenging, due to conceptual shifts brought forth by large-scale sequencing of 

host-associated organisms and metagenomics of their environment within the host. For the 

purpose of this thesis, terms describing these relationships are defined as follows. Symbiosis is 

the close physical association of two organisms, and can be mutualistic (both parties benefit), 

commensal (one party benefits while the other neither benefits nor is harmed), and parasitic (one 

party benefits at the expense of the other). Often the line between commensalism and parasitism 

is very fine, as a commensal organism in one context can be parasitic in another (e.g. certain 

individuals or populations being asymptomatic). Another criterion of parasitism is that it is an 

obligatory relationship; a parasite requires on a host for at least one stage of its life cycle. 

However, this is not necessarily a requirement of commensalism. This is also the criterion by 

which parasites are distinguished from free-living pathogens, as this latter category includes 

organisms that infect a host, but do not require a host for any lifestyle stage. Free-living 

pathogens are often (but not always) opportunistic, which means that they take advantage of an 

opportunity to infect a host. Some examples are a compromised immune system, altered 

microbiota, or breached integumentary barriers.  
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Eukaryote-eukaryote symbioses are found between organisms across the tree of 

eukaryotes, and represent lifestyles of three of the four lineages explored in this thesis. The most 

well-studied type of symbiotic relationship is parasitism; parasites are found in all supergroups 

and infect humans, animals, plants, and even other protists.19,78 Recently, the idea has been raised 

that some eukaryotes found in human intestines, which were typically thought of as parasites, are 

simply commensal organisms, or are even beneficial. Two such examples of these are the 

excavates Enteromonas hominis and Dientamoeba fragilis.79 While these are occasionally 

associated with disease, they are also found in healthy persons, blurring the line between 

parasitism and other types of symbioses. In some cases, such as Blastocystis sp. – which will be 

studied in detail in this thesis – there is much debate about its lifestyle, as some strains are 

statistically associated with diarrhea in some populations, but can be mostly asymptomatic in 

others. It is further complicated by the fact that the mechanism of Blastocystis sp. virulence is not 

well understood, and symptoms are not necessarily acute. The relationships of endobiotic 

organisms with their host are clearly complex, and likely depend on other factors, such as the gut 

environment or differences in host genetics. One explanation that has been proposed is that 

eukaryotic gut organisms are not specifically destructive to further their own survival, but that 

they secondarily induce dysbiosis, for example, by causing a shift in the lumen microbiota, or 

perturbing the gut epithelia.80 

On the other hand, an organism like Entamoeba histolytica is a true parasite, as it 

destroys host tissue and can invade other parts of the body. The earliest work in parasite 

genomics was aimed at uncovering how close association with a host has sculpted their genomes. 

Host dependency suggests that the endobiont has lost some cellular function(s), which can be 

elucidated through comparative genomic analysis. Its ability to survive in the host also requires 
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factors for host colonization and immune system modulation, and thus parasite-specific gene 

family expansions are also common. These changes show that host-parasite co-evolution is the 

major contributor to parasite genome evolution.  

  Free-living pathogens are another category of infectious eukaryotes. Instead of 

association with a host, they are found in the environment and only infect under favourable 

conditions. Two examples of free-living pathogens are Acanthamoeba castellanii and Naegleria 

fowleri (a topic of this thesis). While A. castellanii is considered an opportunistic pathogen, N. 

fowleri is not; it infects the eyes and brain of healthy, immuno-competent individuals. Because 

co-evolution with a host does not drive genomic change in free-living pathogens to the same 

extent as in a parasite reliant on a host, analyses focus instead on identifying pathogenicity 

factors.81 

 Genomic analyses of both parasitic/endobiotic organisms and free-living pathogens 

benefit from comparison with the genomes of closely related organisms that are free-living 

and/or non-pathogenic. This is because of the lineage-specific expansions and losses in cellular 

machinery that are unrelated to a parasitic or pathogenic lifestyle. With more sampling points 

and closely related taxa, our view of endobiont/pathogen evolution becomes better informed. The 

detailed understanding of genomic evolution that this type of comparison generates is only now 

being adequately appreciated due to the breadth and depth of eukaryotic taxa that have been 

sequenced. In addition to parasitism and pathogenesis, any other heritable cellular behavior or 

lifestyle can be treated this way. 

 In this thesis, evolution of four diverse eukaryotic lineages is assessed by comparative 

genomic analysis of the membrane trafficking system. The following section is an overview of 

membrane trafficking in eukaryotes.  
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1.3 Overview of Membrane Trafficking 

Membrane trafficking is a key cellular process that contributes to organellar homeostasis 

and renewal, nutrient acquisition, waste disposal, and cell-environment interaction, among other 

processes. Generally, membrane trafficking is the vesicular transport of protein and other 

macromolecules between intracellular compartments, and by which cells take up and release 

materials into the extracellular environment. Generally, membrane trafficking can be roughly 

broken down into the phases of cargo selection and coat recruitment, vesicle formation and 

scission, transport from donor to acceptor compartment, and tethering and fusion with the target 

membrane.82 The next subsection will give an overview of the endomembrane organelles, 

followed by the vesicle formation and vesicle fusion machinery responsible for trafficking 

between them. 

 

1.3.1 Endomembrane organelles of eukaryotes 

 The endomembrane organelles are the endoplasmic reticulum (ER), the Golgi body and 

trans-Golgi network (TGN), all stages and derivations of endo-lysosomal organelle (early, late, 

and recycling endosomes; lysosomes; lysosome-related organelles), and the multi-vesicular body 

(MVB). The plasma membrane, although not an organelle, is also part of the endomembrane 

system, and it is central to endo- and exocytosis. Lipid droplets, while critical ER-derived lipid 

storage organelles, do not play a role in endocytosis or secretion, and therefore are not dealt with 

in this thesis. Finally, autophagosomes and peroxisomes are at least partly endomembrane-

derived organelles,83,84 but also do not contribute to endo- or exocytosis. A generalized version 

of the eukaryotic MTS can be found in Figure 1.2. All endomembrane organelles are thought to 

have been derived by an autogenous – rather than endosymbiotic – mechanism based on  
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Figure 1.2. Overview of membrane trafficking in eukaryotic cells.  

Cartoon illustrating the general membrane trafficking pathways in eukaryotes, and where various 

proteins and complexes function. Transport is mediated by budding and fusion of vesicles and 

tubules, as well as organelle fusion and maturation. This diagram contains components thought 

to be present in the LECA. Components that are ancient, but whose only known function relies 

on an animal-specific protein, are marked with an asterisk (TBC-E, DENND1, and FLCN 

regulate animal-specific Rab35 activity). Several ancient proteins are not shown in this diagram 

as their precise cellular functions or locations are unclear: ACAP, AGAP, ADAP, and 

ArfGAPC2 (ArfGAPs), and TBC-G, TBC-H, TBC-K, TBC-L, and TBC-RootA (RabGAPs). 

Figure modified with permission from L. Barlow. 
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paralogous expansion of membrane trafficking gene families.85 This is termed the ‘Organelle 

Paralogy Hypothesis’, and will be discussed further below. 

The ER is the location of synthesis of proteins targeted to secretory and endocytic 

organelles of the membrane trafficking system, and the plasma membrane.86 These proteins can 

be inserted into the ER membrane, or translated into the lumen of the organelle. The ER is also 

the site of initial carbohydrate and lipid modifications of proteins, and synthesis of organellar 

and plasma membrane lipids.87–89 The majority of ER-synthesized material is trafficked to the 

cis-Golgi, although an ER-to-plasma membrane trafficking pathway has been discovered in 

animal cells,90 and may be more widespread, as the plant syntaxin Syp7 involved in vesicle 

transport is localized to both the plasma membrane and ER in plant cells.91 

The Golgi was originally described by Camillo Golgi as an “internal reticular apparatus,”92,93 and 

further visualized by Dalton and Felix in 1954.94 It is often described as having a ‘stack of 

pancakes’ morphology; in most eukaryotic cells, the Golgi appears as a set of stacked cisternae. 

However, independent losses of Golgi stacking throughout the tree of eukaryotes have occurred, 

most notably in Saccharomyces cerevisiae,95 but also parasites such as Entamoeba and Giardia, 

and free-living Monocercomonoides sp.19 In S. cerevisiae, the Golgi compartments are dispersed 

in the cytoplasm, appearing as punctae in immunofluorescent staining of Golgi makers.96 Other 

organisms, such as Entamoeba histolytica, have unstacked Golgi with dispersed cisternae,97 

while in Giardia intestinalis, the Golgi is a set of dynamic structures with tubular connections 

that arise during encystation.98 Golgi stacking factors have been defined in mammalian cells, but 

are not necessarily conserved in other taxa despite the widespread presence of stacked Golgi 

organelles. It has been proposed that outside of animals, a simpler mechanism exists whereby 

vesicle fusion proteins promote cisternal adhesion.99 Nonetheless, the loss of stacking does not 
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appear to hinder Golgi function, in which proteins transit through it via cisternal maturation, 

where cisternae mature by way of retrograde vesicles that traffic resident enzymes to earlier 

stacks. The model of cisternal maturation, as opposed to the model of resident Golgi stacks, is 

supported by both mathematical modeling100 and the fact that retrograde vesicular transport 

occurs in unstacked and stacked Golgi.101 The Golgi is the site of further post-translational 

modification and protein sorting, as well as lipid synthesis and polysaccharide synthesis in land 

plants.102 

 The TGN is a tubulo-vesicular network at the trans face of the Golgi, and is a highly 

dynamic sorting organelle in both endocytic and exocytic transport.103–105 Trafficking pathways 

from the TGN are numerous, including both to and from early and recycling endosomes, to the 

plasma membrane, late endosomes, lysosomes, and lysosome-related organelles. In mammalian 

cells, the TGN is organized by sub-domains,106,107 from which vesicles can bud by means of a 

coat complex, or by uncoated vesicles or tubules that fuse extend and fuse with target 

organelles.108 From here, constitutively secreted proteins are trafficked to the plasma membrane, 

while those destined for regulated secretion are trafficked to a lysosome-related secretory 

organelle. Lysosome-related organelles (LROs) are modified lysosomes, and are found 

throughout eukaryotes, with some examples being melanosomes in human cells, the rhoptry 

invasion organelle of the Apicomplexa,109,110 and acidocalcisomes in organisms across the 

eukaryotic tree.111 Another role of TGN trafficking is transport of newly synthesized proteins to 

endolysosomal organelles; particularly acid hydrolases via mannose 6-phosphate receptors.112 

 Material is trafficked into the cell by endocytosis, which can be classified as receptor-

mediated endocytosis, fluid phase endocytosis or macropinocytosis, or phagocytosis. Vesicles 

generated from receptor-mediated and fluid-phase endocytosis fuse with the early endosome, the 
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initial sorting compartment for the mixture of endogenous and exogenous material.113 The early 

endosome is sometimes called the ‘sorting endosome’ for this reason. Phagosomes, on the other 

hand, are formed when the cell membrane fuses around another cell, which is destined for 

lysosomal degradation.114 In the early endosome, receptors involved in clathrin-mediated 

endocytosis can be rapidly trafficked back to the cell surface directly.115,116 In some cell types, 

other plasma membrane proteins are recycled via the recycling endosome, a distinct tubulo-

vesicular organelle with membrane subdomains.117,118 Proteins from the early and recycling 

endosomes can both be trafficked to the TGN for eventual return to the plasma membrane.119,120 

The endosome matures as material is removed by recycling, a loss of trafficking via tubules, a 

decrease in pH by the vacuolar ATPase, and a shift in the presence of certain organellar 

markers.121–124 Transmembrane proteins and other cargo destined for degradation are internalized 

through the formation of inward-budding vesicles, forming a multi-vesicular body (a species of 

late endosome). Late endosomes/MVBs fuse with lysosomes, a highly acidified organelle125 with 

an array of soluble acid hydrolases, including glycosidases, proteases, nucleases, lipases, 

phosphatases, and sulfatases.126 Fusion occurs first by ‘kiss-and-run’ interactions, followed by 

complete fusion.127,128 

In addition to these organelles that are generally found throughout eukaryotes, there are 

also lineage-specific or less well-conserved organelles. One such organelle has already been 

mentioned: the acidocalcisome. Acidocalcisomes are acidic phosphorus- and calcium-storage 

organelles, and although they have been suggested to be evolutionarily related to dense granules 

of platelet cells,129 they may well be functionally analogous and of independent origin. 

Acidocalcisomes are thought to be lysosome-related organelles, and are found in a diversity of 

eukaryotes, including parasites such as the trypanosomes, the alga Chlamydomonas reinhardtii, 
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and the amoeba Dictyostelium discoideum, as well as in bacteria.111,129,130 Another organelle that 

is found across eukaryotes – but not in all eukaryotes – is the contractile vacuole. The contractile 

vacuole is an osmoregulatory organelle that is found in amoebae, ciliates, trypanosomes, and 

green algae.131 Because trafficking pathways to these organelles are currently being explored, 

they are not of focus here. However, they highlight an arm of the endomembrane system that 

allows for organellar plasticity, either in terms of novelty or loss, which raises the possibility of 

additional lineage-specific organelles. 

Much of our understanding of organellar function comes from work in human and yeast 

cells. However, the functions described here fit a general model of eukaryotic cell biology, and 

the underlying molecular mechanisms are overwhelmingly conserved in other eukaryotes.85,132 

The following section introduces the vesicle formation and fusion machinery that traffics 

between these organelles. While the bulk of functional data comes from human and yeast 

models, each section will reference comparative genomic or functional work from other 

eukaryotes where possible. Not only does this generate a more generalized model of membrane 

trafficking function, but it also sets the stage for the work presented in this thesis, which 

exclusively focuses on membrane trafficking in microbial eukaryotes. 

 

1.3.2 Membrane trafficking processes 

 The basis of membrane trafficking is the formation of vesicles from donor compartments 

or the plasma membrane, shuttling to the appropriate organelle, and fusion with the acceptor 

compartment. Membrane trafficking machinery is therefore generally divided in the literature 

into that which is involved in vesicle formation versus vesicle fusion. A general overview of this 

process is shown in Figure 1.3.  
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Figure 1.3. Overview of vesicle formation and vesicle fusion in eukaryotes.  

Vesicle formation steps are initiation, budding, and scission, and vesicle fusion steps are 

tethering, docking, and fusion. These trafficking events involve various coat complexes, 

membrane deforming proteins, Rab and Arf GTPases, ArfGAPs, SNAREs, and tethers, which 

function together to transport soluble and transmembrane cargo between different subcellular 

compartments. Cartoon generated by L. Barlow; reproduced from Barlow and Dacks (2017)133 

with permission.  
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Much of the membrane trafficking machinery is paralogous, and is thought to be the result of a 

series of gene duplication events beginning with a primordial set of trafficking machinery. This 

idea is at the heart of the Organelle Paralogy Hypothesis (OPH), first laid out by Dacks and Field 

(2007).85 The OPH describes how non-endosymbiotic organelles were acquired in eukaryotes. 

Gene duplication and coevolution of at least three interacting primordial trafficking factors – an 

ancestral coat system, a syntaxin SNARE protein, and a Rab GTPase – resulted in the organellar 

complexity of the endomembrane system, as these trafficking factors together encode pathway 

specificity and organellar identity. One consequence of the OPH is that   the steps in vesicle 

formation and fusion often occur in the same way at different trafficking pathways and 

organellar locations. These trafficking steps are broken down in the following sections, as are the 

trafficking pathways mediated by other machineries that are not the result of paralogous gene 

expansion.  

 

1.3.2.1 Vesicle formation 

 Vesicle formation begins with the aggregation of protein cargo in a subdomain of the 

donor organelle. Soluble cargo is bound by cargo receptors; these, with membrane-associated 

cargo, bind adaptor or coat proteins via a linear sorting signal.82 Other subunits of the coat 

complex are recruited, inducing membrane deformation, vesicle budding, and scission. The 

energy necessary for these latter processes is provided by GTP hydrolysis.134,135 Vesicle 

uncoating occurs following scission from the membrane, although there is evidence that some 

coats remain until the fusion step, and can participate in tethering.136,137 Additionally, some 

vesicle fusion factors are incorporated into the membranes of these vesicles, which help provide 

trafficking specificity. 
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Many of the cargo adaptor and coat complexes in the eukaryotic cell belong to a single 

family, known as the hetero-tetrameric adaptor complex-containing coats, or HTAC-CCs.138 

These are the five adaptor protein (AP) complexes, the TSET complex, and COPI complex. 

These are part of a larger group of proteins in the cell that are likely related, and they share a 

similar architecture for membrane deformation: one or two beta-propeller domains followed by 

an alpha-solenoid domain.139 Proteins with this architecture are thought to derive from an 

ancestral protocoatomer complex, and as stated in the OPH, have duplicated giving rise to APs, 

TSET, COPI, COPII, clathrin, intra-flagellar transport (IFT) proteins, the SEA complex, the 

HOPS and CORVET multisubunit tethering complexes, nuclear pore complex proteins, and 

potentially also the retromer coat complex.140,141  

 Within the HTAC-CCs, homology between corresponding subunits is detectable by 

sensitive bioinformatic methods. Four core proteins make up each HTAC; these are two large 

subunits, a medium subunit, and a small subunit.142 In COPI and TSET, there are two outer coat 

subunits that are recruited as part of the complex (COPA and COPB’ in COPI,143 and TTRAY1 

and TTRAY2 in TSET).144 However, this is variable for the adaptins. Clathrin is the membrane-

deforming coat for AP1, AP2, and potentially AP3,145,146 and the proteins SPG11 ad SPG15 are 

the coat subunits for AP5.147 AP-3 does not appear to function with clathrin in mammalian 

cells,148,149 while the coat for AP4 is currently unknown. 

The HTAC-CCs are an example of the Organelle Paralogy Hypothesis in action; they are 

the result of paralogous duplication and coevolved divergence of the subunits. In other words, a 

primordial HTAC-CC (protocoatomer) underwent a series of paralogous gene duplications prior 

to the LECA, giving rise to the COPI, TSET, and AP complexes that coordinate vesicle 

formation at various locations in eukaryotic cells. COPI and TSET likely diverged prior to the 
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adaptins.144 The TSET complex has retained a patchy distribution in eukaryotes, as only the 

TCUP (medium) subunit remains in the opisthokonts.144 In Dictyostelium, TSET is associated 

with the plasma membrane, and in Arabidopsis, it is localized to the cell plate that develops 

during mitosis to divide daughter cells, and also functions in endocytosis.150 COPI, however, is 

universally conserved in eukaryotes, and it moves cargo both within the Golgi stack and 

retrograde from the Golgi to the ER. COPI plays other roles in the cell; it is involved in lipid 

droplet formation,151 and COPI-coated vesicles have been observed to bud from the trans-Golgi 

network (TGN) in mammalian cells using a viral protein transport assay.152 In multicellular 

plants, the COPI complex is involved in cell plate generation during cytokinesis.153 

An important factor in COPI cargo sorting, assembly, and budding is the hydrolysis of 

GTP bound by the small G protein Arf.135,154 Arf lacks inherent GTP hydrolysis activity, so this 

action is performed by the Golgi-resident ArfGAPs 1 and 2/3 in mammalian cells.155,156 Arf 

regulators, which promote GTP hydrolysis in the case of GTPase Activating Proteins (ArfGAPs), 

or exchange GDP for GTP in the case of Guanine nucleotide Exchange Factors (ArfGEFs), play 

an important role in vesicle formation dynamics.157 The GEFs for mammalian Arf1 are the 

GBF/BIG family proteins,158–160 whose activity is mediated by a Sec7 domain. This functionality 

is likely conserved in eukaryotes, as work in the apicomplexan Plasmodium falciparum traced 

Brefeldin A-resistance in this parasite to a mutation in the Sec7 domain of an ArfGEF protein.161 

It is not clear whether GTP hydrolysis triggers COPI vesicle uncoating, but it does appear to be 

prerequisite.162 There is evidence to suggest that at the ER, the multisubunit tethering complex 

Dsl1 can also trigger this uncoating.163 

The branching order of the AP complexes is shown in the paper by Hirst and colleagues  

(2014), in which the related TSET complex is described.144 AP5 is the most anciently diverging 
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HTAC, followed by AP3, AP4, and AP1 and AP2. AP3 traffics cargo from tubular endosomes to 

late endosomes, lysosomes, and LROs,164–166 while AP5 is thought to function at late endosomes 

and/or lysosomes.147 AP4 mediates TGN-endosome trafficking,167–169 although the directionality 

is not known. AP1 and AP2 function in tubular endosome-TGN trafficking170,171 and clathrin-

mediated endocytosis,146,172 respectively. In general, AP1 and AP2 are highly conserved across 

eukaryotes, with few exceptions (e.g. AP2 is lost in T. brucei).144,173,174 AP3 and AP4 are 

typically conserved, but have both been lost in at least one major lineage; examples are 

Apicomplexa and Saccharomyces, respectively.50,175 AP5 is patchily found in eukaryotes, and the 

complex is often in the process of being lost.147 

While COPI is responsible for Golgi-ER retrograde trafficking, COPII, made up of 

Sec23, Sec24, Sec13, and Sec31, traffics cargo in an anterograde fashion from the ER to the 

Golgi.176 The small GTPase Sar1, which is related to the Arfs, is the GTPase that drives COPII 

vesicle formation. Sec23 and Sec24 bind cargo and Sar1, which together form the pre-budding 

complex.177 The outer COPII coat is made up of Sec13 and Sec31, which bind this complex and 

promote membrane deformation. Following vesicle scission, hydrolysis of GTP by Sar1, 

stimulated by GTPase activating protein (GAP) activity of Sec23, promotes coat disassembly.137  

The dynamics of clathrin-mediated endocytosis have been studied in depth, leading to the 

identification of several monomeric clathrin adaptors. Two of these are CALM/AP180 and the 

Epsins, which, in human cells, have phosphatidylinositol-4,5-bisphosphate-binding ANTH and 

ENTH domains.178,179 In mammalian cells and other eukaryotes, a related protein EpsinR is 

present, however, it functions with clathrin and AP-1 at the Golgi.178,180,181 AP180 recruits 

clathrin to the plasma membrane, and plays a role in limiting vesicle size. Epsins interact with 

the Eps15 or Eps15R proteins at the edge of clathrin-coated pits. Like AP180, Epsin15R interacts 
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with AP2 in mammals.182 Lineage-specific clathrin adaptor proteins have also been identified, 

such as Dab2 in animal cells, and the TBCAP proteins in T. brucei.174,183 Clathrin-coated vesicle 

scission at the plasma membrane occurs through the GTPase dynamin, which polymerizes 

around vesicle necks and constricts due to GTP hydrolysis.184,185 Outside of metazoa, it is not 

clear that dynamin is involved in clathrin-mediated endocytosis, however, the ciliate 

Tetrahymena does recruit dynamin in this process, which is thought to be the result of 

convergent evolution.186 Clathrin has been mostly studied as an endocytic factor, but it also 

functions at the TGN with the AP-1 complex and EpsinR.187 In this context, Arf1, rather than 

dynamin, interacts with the AP1 and clathrin.188 This is also the case in Trypanosoma brucei, 

which requires Arf1 for endocytosis and trafficking between the Golgi and lysosomes.189 

Retromer retrieves internalized plasma membrane receptors from endosomes to the TGN, 

where they can then be recycled to the plasma membrane.190,191 The cargo-binding subunits of 

retromer are Vps26 and Vps35, while Vps29 acts as a scaffold protein.192,193 In humans and 

yeast, membrane-deforming subunits contain PX and BAR domains. In human cells, these are 

sorting nexin (SNX) 1 and SNX2 proteins, which may form homodimers or heterodimers. In 

yeast, they are Vps5 and Vps17.194,195 The PX domain binds phosphatidylinositol 3-phosphate in 

the membrane, while the BAR domain induces membrane curvature. Vps17 is not found outside 

the Opisthokonta,196 and may be a lineage-specific duplication of Vps5. PX-BAR domain-

containing proteins are patchily distributed across eukaryotes; for example Bigelowiella natans, 

which has a complete retromer coat, does not appear to have any PX-BAR domain proteins. 

Therefore, some eukaryotes may use another membrane-deforming proteins as part of the 

retromer coat. Yeast uses the dynamin homologue Vps1 to support tubule fission.197,198 It is not 

clear whether mammalian dynamin works in the same way with retromer.  
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As mentioned above, ArfGAPs and GEFs regulate the GTPase function of Arf. Most 

ArfGAP subfamilies have representatives in members of at least two eukaryotic supergroups, 

including SMAP, ArfGAP1, ArfGAP2/3, ACAP, AGAP, ADAP, AGFG, and ArfGAPC2.199,200 

More lineage-specific ArfGAP subfamilies have been characterized in the metazoa, including 

GIT and ARAP. It is likely that other eukaryotes have similar lineage-specific innovations in this 

protein family. Many ArfGAP proteins have similar or overlapping functions, particularly in the 

endocytic system. ArfGAP1 and ArfGAP2/3 are involved in COPI trafficking,154,201,202 SMAP is 

involved in endocytosis and endosome-TGN recycling,203,204 AGFG, also known as Hrb, is 

involved in clathrin-mediated endocytosis,205 and ACAP is involved in endocytosis and cell 

movement via Arf6-mediated actin remodelling.206,207 AGAP and ADAP are also involved in the 

endocytic system and acting remodeling, respectively.208,209 The function of ArfGAPC2 is 

unknown, as it was only recently discovered and is not present in opisthokonts. In other 

organisms, the ArfGAPs are less well studied. However, an SMAP orthologue was identified as 

a clathrin-interacting protein in T. brucei, consistent with its role in mammalian cells.183 Outside 

of the metazoa, ArfGEFs can be divided into the GBF/BIG subfamily and the cytohesin 

subfamily. Both families contain a Sec7 domain, while cytohesins contain an N-terminal coiled-

coil domain for protein interaction, and a C-terminal pleckstrin homology (PH) domain for 

phosphoinositide interaction.160 The GBF/BIG family regulates COPI function at the 

Golgi,158,210,211 and the cytohesins are involved in endocytosis and actin-based motility.212 It is 

not clear how conserved these roles are outside of mammalian cells, as plant ArfGEFs (GNOM 

proteins) do not appear to have PH domains, and yet have been shown to be involved in 

endocytosis and endosomal recycling, and the Sec7 GEF in Tetrahymena is localized to cilia.213–

215 



 33 

Finally, there is a set of non-protocoatomer-derived vesicle formation machinery called 

the Endosomal Sorting Complexes Required for Transport (ESCRTs). Unlike other coats, the 

ESCRTs induce negative membrane curvature at late endosomes to form inward-budding 

vesicles, thereby generating a multivesicular body (MVB).216–218 ESCRTs are also involved in 

cytokinesis in mammalian, plant and archaeal cells.219–223 In mammalian cells, they link 

membrane scission and microtubule disassembly to separate the two daughter cells. It is likely 

that this was the ancestral ESCRT function, as the archaeal ESCRT homologues share this role. 

ESCRTs are made up of five complexes, ESCRT 0, I, II, III, and III-associated (III-A). The 

ESCRT 0 complex is responsible for binding and clustering ubiquitinated cargo, and is made up 

of Hrs and STAM in mammalian cells, homologous to Vps27 and Hse1, respectively, in yeast. 

These proteins are united by the presence of an N-terminal VHS domain (Vps27/Hrs/STAM), 

GAT (GGA and Tom1), and ubiquitin-interacting motifs (UIMs).224,225 Vps27 and Hrs also 

contain an intervening FYVE domain, which binds phosphatidylinositol 3-phosphate in 

membranes. However, previous evolutionary analyses have shown clear orthologues of these 

proteins are only found in other members of the opisthokonts.226 Other VHS domain-containing 

proteins are more broadly conserved; the Tom1 family of proteins also have an N-terminal VHS 

domain, followed by a ubiquitin-binding GAT domain, and are able to sort ubiquitinated cargo in 

both human cells227,228 and Dictyostelium discoideum.229 A single Tom1 family protein termed 

Tom1esc has been found across the eukaryotic tree, and was therefore likely present in the 

LECA.230 While the role of Tom1esc in ESCRT-specific cargo sorting is not well-described, 

both it and other ubiquitin-binding VHS domain proteins may be involved in recruiting cargo for 

MVBs in other eukaryotes. The ESCRT I complex is a heterotetramer of Vps23, Vps28, Vps37, 

and Mvb12, which together assembles into a stalk and fan-shaped headpiece that interacts with 
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cargo (via Vps23) at the membrane neck of the inwardly budding vesicle.231 Mvb12 is 

opisthokont-specific, suggesting that other organisms, ESCRT I functions either as a trimer or 

with another protein in its place. ESCRT I co-assembles with ESCRT II, which is made up of 

Vps22, Vps36, and two copies of Vps25, in a Y-shaped heterotetramer.232,233 ESCRT II 

components bind both ESCRT I and ESCRT III proteins, and PI3P lipids in the membrane.234,235 

ESCRT III subunits are involved in membrane scission in both MVB formation and cytokinesis. 

Scission is performed by Vps20, Snf7/Vps32, and Vps24, with Snf7 multimerising into spirals at 

the neck of the vesicle.236 Vps2 and Vps24 bind a multimeric Vps4-Vta1 complex, which 

recycles other ESCRT subunits from the membrane. Did2 (Vps46) and Vps60 recruit and 

activate the Vps4-Vta1 complex.236,237 Finally, the yeast protein Bro1 (ALIX in mammalian 

cells) promotes the recruitment and activity of Doa4, an enzyme that removes ubiquitin from 

intraluminal vesicle cargo.238 ESCRT complexes I and II are occasionally lost in eukaryotic 

lineages, while at least some subunits of ESCRT III and IIIA are virtually always retained (e.g. 

the ATPase Vps4). 

 

1.3.2.2 Vesicle fusion 

 The vesicle fusion machinery includes three main groups of proteins: the multisubunit 

tethering complexes (MTCs), the Soluble N-ethylmaleimide-sensitive Factor Attachment Protein 

Receptors (SNAREs), the cognate Syntaxin-binding (SM) proteins that function with SNARE 

complexes, and the Rab monomeric G proteins (Figure 1.3). MTCs are protein complexes on the 

target organelle membrane that tether incoming vesicles at distances up to 30nm, and interact 

with both Rab GTPases and SNARE proteins, and in some cases also coat complexes and vesicle 

lipids.239 As mentioned in the section on vesicle formation machinery, MTCs such as the HOPS 
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and CORVET complexes are derived from protocoatomer.240 Some MTC subunits are also 

SNARE complex proteins and SM proteins, for example Sec20 of the MTC Dsl1 is a Qb 

SNARE,241 and Vps33 of the VpsC core is an SM protein.242 As vesicles are brought close to the 

target membrane by MTCs, SNAREs promote vesicle docking. SNAREs are coiled-coil proteins 

that are found on both the vesicle and target membrane. There are four SNARE families, the Qa, 

Qb, Qc, and R SNAREs; naming conventions are based the presence of a glutamine or arginine 

at the ‘zero layer’.243,244 One member of each SNARE family combines to form a SNARE 

complex during vesicle tethering, and it is the hydrophilic residues at the zero layer that form 

hydrogen bonds with each other, linking the SNARE complex.245 In addition to the Q and R 

SNAREs, there are also Qbc SNARES, which have both Qb and Qc SNARE domains. In 

mammalian cells, these are involved in secretion, particularly in neurons, but are patchily 

conserved in eukaryotes.246,247  

SNARE complex formation is aided by four SM proteins; Sec1/Munc18 

(exocytosis),248,249 Sly1 (intra-Golgi, Golgi-ER transport),250,251 Vps33 (early endocytosis),252 

and Vps45 (late endocytosis),253 which arose via gene duplication and are found across the 

diversity of eukaryotes.254 They interact with SNAREs either directly or indirectly, stabilizing 

them and promoting SNARE complex formation.255 The protein NSF (N-ethylmaleimide 

sensitive factor) then separates the individual SNAREs after fusion, via its AAA ATPase 

activity.256 TBC-N is the GAP for Rab11, at the recycling endosome,257 while TBC-B and TBC-

F are Rab7 GAPs, at the late endosome.258,259 TBC-E functions as a GAP for Rab35 in 

mammalian cells,260 which plays a role in ‘fast’ recycling from early endosomes to the plasma 

membrane, and in autophagy.261,262 While TBC-E is ancient, Rab35 is specific to animal cells,263 

raising the question of its Rab interacting partner in other eukaryotes. Further complicating 
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matters is the fact that there is promiscuity in Rab-RabGAP interaction in vitro.264,265 There are 

other ancient TBC RabGAPs, such as TBC-G, TBC-H, TBC-K, TBC-L, and TBC-RootA;266 

however, their functions are either not known or are involved in other cellular processes (e.g. 

cilia formation). 

GEF function can occur through the action of DENN proteins, or through the action of 

certain MTC subunits.267,268 Vps9 domain-containing proteins also function as Rab5 and Rab21 

GEFs in the early endocytic system.269 Although Vps9 proteins are ancient components of the 

membrane trafficking system, their evolution across eukaryotes is not addressed in this thesis 

(Herman et al. in preparation). Like the beta propeller-alpha solenoid domain organization that is 

shared by protocoatomer-derived factors, the medium and small AP subunits and related zeta 

subunit of COPI, the DENN RabGEFs, the R-SNAREs, and the MTC TRAPP are united by the 

presence of a longin domain at the N-terminus of the sequence.270,271 Most of the DENN domain-

containing proteins are GEFs for animal-specific Rabs, with a few exceptions. DENND6 is the 

GEF for Rab14, which functions in TGN-endosome transport, and work in trypanosomes shows 

that SBF1 functions at late endosomes with retromer and ESCRT components.272,273 Similarly to 

TBC-E, DENND1 and folliculin (FLCN) have also been identified as Rab35 GEFs in 

mammalian cells; part of the fast recycling pathway.274,275 

Like the coat complexes, the MTCs, SNAREs, SM proteins, and Rabs work at discrete 

subcellular locations (Figure 1.2). Trafficking from the ER to the Golgi involves the SNAREs 

syntaxin 5 (Qa), GS28/Bos1 (Qb), Bet1 (Qc), and Sec22 (R).276 The R-SNARE Ykt6 can swap 

out for Sec22 in anterograde and potentially retrograde trafficking in yeast.277 The TRAPPI MTC 

promotes the tethering of COPII-coated vesicles via both the interaction of Bet3 (TRAPPI) and 

Sec23 (COPII), and has GEF activity for Rab1, which in turn promotes COPII vesicle fusion.278 



 37 

Sly1 is the SM protein that works in anterograde and retrograde ER-Golgi trafficking, as well as 

intra-Golgi trafficking. In human cells, TBC1D20 (TBC-M) is the RabGAP for Rab1.279 In 

general, the SNARE complements of microbial eukaryotes include one or more paralogues of 

conserved, ubiquitous machinery, but can also have lineage-specific SNARE duplications. For 

example the land plants have large SNARE repertoires (~60-70 members), and the majority of 

these sequences are lineage-specific, and do not have homologues in other taxa.280 Another 

example is the R SNARE family in Paramecium.281 This expansion includes both VAMP7-like 

sequences, and lineage-specific sequences. Novelty in this arm of the membrane trafficking 

system appears to be commonplace, and points to lineage-specific trafficking pathways in these 

organisms.  

Retrograde transport from the Golgi to the ER is mediated by syntaxin 18/Ufe1, Sec20, 

Slt1/Use1, and Sec22; and the MTC Dsl1, comprised of Dsl1, Tip20, and Sec39.241,282 The Dsl1 

complex can interact with both Sec22 and Ykt6 R-SNAREs, and the Dsl1 subunit itself can 

interact with the alpha and epsilon subunits of COPI to promote vesicle tethering and 

uncoating.283 Retrograde Golgi transport is mediated by Rab6.284 Mammalian cells contain an 

ER-Golgi intermediate compartment, or ERGIC, however it is not clear that the ERGIC exists 

outside of animal cells as it has not been identified yeast and plants.285 Intra-Golgi retrograde 

trafficking involves syntaxin 5 (Qa), Gs28/GOSR1 (Qb), Gs15/BET1 (Qc), and Ykt6 (R), and 

both the TRAPPII and COG tethering complexes.286,287 TRAPPII is made up of the same 

subunits as the TRAPPI complex, with three additional subunits: Trs120, Trs130, Tca17 and 

Trs65.288  

The Qa SNARE proteins that mediate post-Golgi exocytic transport are the plasma 

membrane syntaxins (SynPM), which include syntaxin 1, 2, 3, 4, 11, and 19 in human cells.289 A 
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single Qbc SNARE, a member of the SNAP-25 family of proteins, fills the role of the Qb and Qc 

SNAREs. However, Qbc SNAREs are patchily distributed in eukaryotes, and the role of the Qbc 

SNARE may be fulfilled by other Qb or Qc SNAREs in other organisms. Paramecium encodes a 

SNAP25-like Qbc SNARE, which is thought to function in endocytosis, and therefore has a 

somewhat divergent function from the mammalian orthologue.290 It is also important to consider 

that the various plasma membrane syntaxins in mammalian cells also represent lineage-specific 

expansion, and therefore exocytic diversification is a phenomenon that has occurred multiple 

times in eukaryotes.280 

The VAMP7 family of proteins, including Vamp2, Vamp7, and Vamp8 in human cells, 

are exocytic R-SNAREs, but can also work in the endocytic pathway.291,292 Recently, two ancient 

SNAREs were identified: the Qb SNARE Novel Plant Syntaxin (NPSN11) and the Qc SNARE 

Syntaxin of Plants 7 (Syp7).91,293 These proteins have both been proposed to work in the plasma 

membrane in Arabidopsis, are highly conserved in eukaryotes, but are lost independently in both 

Fungi and at the base of the Holozoa. Although their function outside of plants is unclear, it is 

possible that they are the exocytic Qb and Qc SNAREs in most of eukaryotes, and Qbc SNAREs 

function in parallel with them or in their place. The MTC responsible for plasma membrane 

trafficking is the exocyst, and the SM protein is Sec1/Munc18.294,295 The exocyst subunit Sec6 

binds multiple subunits of the exocytic SNARE complex in yeast.296 Exocyst is a plasma 

membrane tether in mammalian cells, but it has complex behavior in other eukaryotes. In plants, 

Exocyst has been shown to function in cell growth in land plants, and furthermore it includes a 

subunit (Exo70) which is encoded in 8 to 47 copies in these organisms, in an otherwise normal 

complex.297,298 Furthermore, in trypanosomes, the exocyst complex includes a ninth subunit, 

Exo99, and functional work has shown that this complex is involved in endocytosis rather than 
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exocytosis.299 These findings indicate another arm of the membrane trafficking system that is 

comparatively plastic.  

Within the endocytic system, SNAREs can promote vesicular trafficking, as in recycling 

endosome-to-TGN trafficking, as well as the homotypic fusion of early endosome, and the fusion 

of endosomes and lysosomes. Endosomal recycling to the TGN relies on the SNAREs syntaxin 

6, syntaxin 16, Vti1a, and Vamp4 (or general VAMP7-family protein outside of human cells).300 

Syntaxin 6-mediated TGN-endosome trafficking is also conserved in the apicomplexan 

Toxoplasma gondii.301 The GARP MTC is responsible for tethering vesicles at the TGN, and the 

related EARP complex tethers early endosome vesicles prior to fusion at recycling 

endosomes.302,303 Rab4, Rab11 and Rab35 are associated with recycling endosomes.304 In human 

cells, RabGAPs TBC-N (TBC1D12) and TBC-E (TBC1D13) activate Rabs 11 and 35, 

respectively.257,260 The TRAPPII complex acts as a GEF for Rab11,305 while the DENND1 

subfamily of proteins regulate Rab35.275 The early endosomal Rab5 is a characteristic early 

endosome marker protein, while Rab7 is associated with late endosomes. It is the replacement of 

Rab5 by Rab7, known as ‘Rab conversion’, which defines the early-to-late endosome 

transition.121 Both rabs interact with the retromer coat complex.306 The only clear GAP of Rab5 

and Rab7 is the TBC1D2 protein, which is animal-specific;307 therefore the GAP for these Rabs 

is unknown in the majority of eukaryotes. The Vps9 family of proteins act as GEFs for the Rab5 

subfamily.308 An analysis of the evolution of the Vps9 family in eukaryotes was performed 

(Herman et al. in preparation), but was not included in this thesis. The Vps39 subunit of the 

HOPS MTC is the GEF for Rab7, as is the Mon1-Ccz1 complex in yeast cells.309,310 Rab5 to 

Rab7 conversion is a common process found in organisms across the tree of eukaryotes. 
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The MTCs that function at early and late endosomes are CORVET and HOPS, 

respectively.311,312 These complexes share four subunits, known as the VpsC core. Complex 

identity comes from two additional subunits via their binding either Rab5 or Rab7: Vps3 and 

Vps8 in the case of CORVET, and Vps39 and Vps41 in the case of HOPS. Complex assembly 

likely requires the rab-specific subunits, as the VpsC core cannot be isolated alone. However, 

intermediate forms have been identified.240 Homotypic late endosome fusion involves the 

SNAREs syntaxin 7, syntaxin 8, Vti1b, and VAMP8, which likely interact with the Vps33 

subunit of HOPS.313–315 Vps33 also serves as an SM protein in both late endosome (LE) and LE-

lysosome fusion. HOPS facilitates this fusion by binding multiple SNARE proteins.314 

There are several other components of the membrane trafficking system that have more 

general function in membrane trafficking. These include p97 and Vps34. p97 was originally 

thought to be a paralogue of the distantly related NSF, which disassembles SNARE complexes. 

However, it is now known that p97 does not interact with SNAREs, but rather has multiple 

functions throughout the cell.316 In addition to being involved in ER-associated degradation at 

the ER, p97 associates with the long-range tether EEA1 to control early endosome size.317 Vps34 

is a class III PI 3-kinase, which modulates endocytosis through its interaction with EEA1 and 

Rab5,318,319 and late endosome trafficking through Rab7.320 

 

1.4 The Role of Genomics and Transcriptomics in Evolutionary Protistology  

 Now that the topics of eukaryotic diversity and the membrane trafficking system have 

been introduced, the next question is how eukaryote genome and transcriptome can be used to 

understand the membrane trafficking system. In this section, the roles of these –omics techniques 
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are explored in how they contribute to our knowledge of organismal biology and membrane 

trafficking system evolution.  

 

1.4.1 Filling taxonomic sampling gaps 

 Genome sequencing is a relatively recent method in cell biology. The first non-viral 

sequenced genome was of the bacterium Haemophilus influenzae in 1995, followed by the first 

fungal genome (Saccharomyces cerevisiae) in 1996, the first plant genome (Arabidopsis 

thaliana) in 2000, and a draft version of the human genome in 2001. The first sequenced protist 

genomes also appeared at this time, and the focus was on parasites: the fungal parasite of humans 

Encephalitozoon cuniculi was sequenced in 2001, and Plasmodium falciparum, the causative 

agent of malaria, was sequenced in 2002. The desire to understand the genetic blueprint of the 

organisms that kill millions of people per year no doubt motivated this early research, however 

the next step was improving the taxonomic breadth of sequencing efforts. 

 Several major outcomes were born of the work to sequence genomes from across the tree 

of eukaryotes. First, it provided further evidence that parasitism had evolved independently from 

many free-living lineages across the eukaryotic tree. Second, genome sequencing and improved 

phylogenetic methods were instrumental in informing a taxonomy based on many individual 

phylogenies of eukaryotes (published as Adl et al. 2005).321 

 As more eukaryotic genomes from across the tree were sequenced and comparative 

genomics of cellular systems were performed using these data, it became overwhelmingly clear 

that the Last Eukaryotic Common Ancestor (LECA) was incredibly complex. Although not an 

exhaustive list, these systems include a complex nuclear pore complex, cell division machinery, 
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ubiquitin signaling system, and of course, membrane trafficking system.8,322–325 This assessment 

was based on finding homologous cellular machinery in organisms across the tree of eukaryotes, 

thereby indicating that it was likely present in the LECA. Observing this broad maintenance of 

trafficking factors through sequencing and comparative genomics raised the question of whether 

these factors are functionally homologous to those in animal and yeast cells. Assessing to what 

extent functional homology is preserved across eukaryotes is critical to creating a generalized 

model of eukaryotic membrane trafficking, which has implications for understanding how this 

system functions in organisms of ecological and medical relevance, and even understanding 

human cell biology and disease.  

 Despite the usefulness of these efforts to resolve the homology-function relationship 

between evolutionarily conserved membrane trafficking factors, they do not take into account 

our asymmetric understanding of membrane trafficking system function. There may well be 

genes important for membrane trafficking function in most eukaryotes that have been lost from 

animals and yeast, the most well studied model systems. Addressing the problem of asymmetry 

has only recently begun, but two clear examples of MTS components lost in animals are the 

TSET complex and the ArfGAPC2 protein mentioned in the previous section.144,199 Both have 

patchy distributions in eukaryotes, but are partially or fully lost from the opisthokonts. Another 

example of a protein that, although present in animal cells, was a previously ignored membrane 

trafficking factor is Tom1 and related proteins. Tom1 is a patchy protein found across 

eukaryotes, and work in D. discoideum suggests that it functions as an ESCRT 0 analogue in 

ubiquitin-mediated cargo binding.229 In addition to this role in non-opisthokonts, it is now 

thought to act alongside ESCRT 0 in animal cells.228 It is likely that more examples of ancient 

membrane trafficking machinery will be uncovered, but this will require functional work in other 
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model systems. This is again supported by genome sequencing and comparative genomics, as the 

taxonomic distribution of novel trafficking factors is key to determining whether they are a 

lineage-specific innovation, or whether they are part of a general model of trafficking in 

eukaryotes. 

 At this point, much of the foundational membrane trafficking comparative genomics has 

been done, in the sense of having multiple sequenced representatives from nearly all of the major 

taxonomic groups.  Some of the last major lineages without representative genomes were the 

Rhizaria and the cryptophytes. The first rhizarian organism sequenced was the marine alga 

Bigelowiella natans, and the first cryptophyte was Guillardia theta, and their genomes were 

published by Curtis et al. in 2012.46 They were sequenced together, partly because they were 

from previously unsampled groups, but also because they both have nucleomorph genome-

containing secondary algal endosymbionts, to which host proteins must be targeted if they are to 

be maintained. E. Herman and M. Klute performed a comparative genomic analysis of the 

membrane trafficking machinery in both organisms, published in Curtis et al. 201246 and 

Schlacht et al. 2014.326 While this work is considered supplementary to the thesis, and is not 

included here, it represents one of the last analyses of the “firsts” of major clades. Another such 

analysis that is included in this thesis is comparative genomics of the membrane trafficking 

system of Emiliania huxleyi, the first haptophyte to be sequenced. Following the genome project 

(published in Read et al. 2012),327 work in this lineage has expanded to include the genomes of 

other haptophytes and address how the membrane trafficking system supports the secretion of 

large calcium carbonate scales from these cells.  

 This early genome sequencing work and comparative genomics led to the identification 

of the complement of membrane trafficking factors that were likely to have been present in the 
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LECA. These factors and their role in trafficking are shown in Figure 1.2. This LECA 

complement therefore serves as a null hypothesis, from which lineage-specific variation in the 

form of losses or duplications can be identified.    

 

1.4.2 Probing lineage-specific innovation 

 Now that the taxonomic breadth of eukaryotes has been sampled, the focus of sequencing 

has again shifted. Concomitant with this is an improvement in sequencing technology – a shift 

from Sanger to Next Generation Sequencing technologies – and better tools for sequence 

assembly and genome analysis.328 The capacity to sequence multiple genomes as part of a single 

experiment allowed questions about lineage-specific biology to be asked. 

 The type of question being asked determines how much genomic sequencing is necessary 

to answer it. A comparison of a parasite and its free-living sister taxon, for example, requires a 

minimum of two sequenced genomes (although sequencing multiple strains could reveal hidden 

diversity). The Broad Institute’s project on the Origins of Multicellularity, on the other hand, 

involved at least six newly sequenced genomes of basal animals, fungi and their close relatives, 

in addition to others that were already available.22 Other groups have undertaken even more 

sequencing-heavy projects, such as the Joint Genome Institute’s 1000 Fungal Genomes 

Project.329 The purpose of these is to probe deeply within a single clade, in order to uncover 

lineage-specific patterns of genome evolution. Projects requiring multiple sequenced genomes 

run the gamut in terms of taxonomic breadth and depth, and can take advantage of previously 

generated sequence datasets that can be repeatedly queried as part of new projects.   
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 The projects in this thesis are generally structured as comparative genomics of a large 

cellular system (~300-400 genes) between several organisms. Of course, the inverse approach to 

comparative genomics can be taken, where one can ask how a small, single gene family has 

evolved across many of sequenced eukaryotes. These types of analyses have been performed for 

highly paralogous families of membrane trafficking system proteins, such as the Rabs, TBC 

domain-containing RabGAPs, and ArfGAPs.199,263,330 These works reconstruct the paralogue 

complement present in the LECA, and chart lineage-specific innovations throughout eukaryotes. 

Often, they identify previously unknown subfamilies, such as the ArfGAPC2 family described 

above. Another example of an analysis of a paralogous gene family is that of the Vps9 domain-

containing proteins (Herman et al. in preparation, not included in this thesis). Vps9 domain-

containing proteins are GEFs for the Rab5 subfamily, and are key regulators of the endo-

lysosomal system in human and yeast.269,331 The analysis showed that Vps9 family proteins are 

present across eukaryotes, and there were at least three ancient Vps9 domain-containing proteins 

in the LECA. It also tracked the acquisition of domains previously thought to be animal-specific, 

showing that they are in fact more ancient.  

 Comparative genomics is used in many fields of evolutionary study outside the 

membrane trafficking system. Another example of this type of work is the evolutionary analysis 

of kinetochore proteins published by van Hooff et al. (2017).332 Kinetochores are the protein 

complexes that attach to centromeres and microtubules during cell division, and ensure that each 

daughter cell gets a single sister chromatid from each pair. Because kinetochore compositions 

have diverged while retaining their original function, the group decided to query all 70 

kinetochore proteins in 90 genomes. Strangely the complement of kinetochore machinery of the 

LECA reconstruction did not resemble that of extant eukaryotes; the process of kinetochore 
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evolution largely took place by gene loss and duplication. However, they did also identify 

complexes where subunits coevolved, although in different manners. While the pattern of 

retention of the kinetochore machinery in eukaryotes suggests that it was present in the LECA, 

the authors state that the wide-scale losses they observed speak to the surprising flexibility of an 

essential biological process. 

 Regardless of the cellular system, these types of analyses of gene family evolution give 

insight into the complement of these genes present in the LECA, while also delving into lineage-

specific variation that can be relevant for human cell biology.  

 

1.4.3 Going beyond prediction in functional genomics  

 Comparative genomic analyses are snapshots of a cellular system in two or more 

organisms. They are static, and they allow us to make predictions about cell biology within a 

lineage. However, they do not tell us about how (or whether) the genes are expressed to support 

different cellular processes. Initially, the expression of specific genes could be tested under 

various conditions using Northern blots. However, it requires that genes are chosen a priori, and 

cannot be reasonably performed for every single gene in a eukaryote. Other methods that report 

the transcriptomic landscape of a cell have since been developed, such as microarrays and RNA-

Seq. With microarrays, gene expression is detected by the binding of fluorescently labeled 

sequence (the sample) to oligonucleotide probes. This requires generation of a set of probes 

based on the organism of interest’s predicted proteome. In RNA-Seq, next-generation 

sequencing technologies (e.g. Illumina’s sequencing by synthesis) are used to sequence a cDNA 

library generated from mRNA, rather than genomic DNA as is the case in genome sequencing. 

In addition to being a quantitative measure of gene expression, RNA-Seq also reveals isoform 
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sequence and expression, which can be functionally relevant, fine-tuning of activity in a cellular 

system. 

 Transcriptomic analyses provide a wealth of functional data that goes beyond gene 

presence and absence. Most obviously, significantly differentially expressed genes under one 

condition but not another can be correlated with the biology of that condition. Transcriptomic 

analysis of a complex process over time can give understanding to phases of that process that are 

marked by gene expression changes. This is a major subject of the thesis, as transcriptomics is a 

common technique used to study gene regulation during a developmental process. One example 

is a transcriptomic assessment of the development of the aggregative, multicellular form of 

Dictyostelium discoideum.333 This approach allowed the authors to identify the specific genes 

that are differentially expressed at each timepoint; DNA processing and mitosis genes are 

associated with the process of becoming multicellular, while organic signaling molecules and 

cofactor biosynthesis plays a larger role in the fully formed aggregate. Furthermore, these data 

gave insight into temporal dynamics and other nuances of the aggregation process. It was found 

that during aggregation, gradual changes in gene expression were punctuated by instances of 

rapid gene expression changes, followed by rapid phenotype changes. Gene expression patterns 

were highly complex, and as different parts of the multicellular aggregate developed, they did so 

in a synchronous way. This is just one of countless uses of transcriptomics to better understand 

cellular function. 

 Furthermore, transcriptomes can help pinpoint pseudogenes, identify splicing isoforms, 

and find transcription start sites. In some organisms that use an alternate genetic code or unusual 

splicing boundaries, transcriptomes will have more accurate gene models than ab initio 

predictions, and can aid in gene prediction. Furthermore, transcriptomes can be used as part of 
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phylogenomic projects, where tens to hundreds of genes are concatenated for phylogenetic 

analysis in order to improve the resolution of species trees. Because there is a length-limited 

amount of phylogenetic information in a single gene sequence, reconstructing deep relationships 

with single genes is generally not possible. However, concatenating many genes increases the 

information content of the ‘supergene’, improving phylogenetic resolution. 

 Genomic and transcriptomic analyses that are performed together work synergistically to 

provide more computational data than either approach could do alone. The limitations of a 

genome without any gene expression data have been discussed above. Additionally, the 

transcriptome of an organism generated for phylogenomics (i.e. not necessarily comprehensive) 

requires less sequencing power than does generating even a minimal coverage genome. 

Transcriptomes are typically easier to assemble than genomes, as they lack genomic repeat 

regions. A transcriptome alone is, by its nature, incomplete, and therefore any comparative 

analyses cannot speculate on potential gene absence. However, gene expression analyses that 

take into account genomic data can be highly informative. For example, for a given set of 

differentially expressed genes, with the corresponding genome, one can know the expression 

levels of all paralogues of a differentially expressed gene, giving a more complete view of how 

the system of interest is modulated.   

 One drawback of transcriptomics is that it measures mRNA abundance, not protein 

abundance. Factors that influence protein abundance post-transcription can include mRNA 

translation rate, protein stability, and targeting of proteins for degradation. While there has been 

debate about the correlation between static mRNA and protein levels,334 differential gene 

expression has been shown to be related to changes in protein abundance.335 Detecting changes 
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in relative protein content under different conditions must be done using proteomics methods, 

which are outside the scope of this thesis. 

   

1.4.4 Patterns of evolution within the eukaryotic membrane trafficking system  

As the membrane trafficking system is a key eukaryotic cellular feature, genome projects 

of microbial eukaryotes have often included comparative genomic analyses of this system, some 

which are included in this thesis. This affords a unique opportunity to observe patterns in how 

parts of the system evolve across eukaryotes. Wideman and colleagues (2014) published this 

type of meta-analysis with a focus on the endocytic system.336 In this work, they explore a 

generalizable model of the endocytic system, and highlight lineage-specific endocytic 

mechanisms across the tree of eukaryotes. One of the major conclusions of this work is that 

across eukaryotes, there are multiple cases of lineage-specific mechanistic novelty within the 

endocytic system that appear at first glance to be general conservation of function. The authors 

state that these are examples of convergent evolution and/or coalescence of function, and suggest 

that they “… may indicate some constraints on how these various trafficking steps can operate, 

as well as suggest that aspects of cellular physiology may be even more divergent between 

supergroups than we have assumed or imagined.” This type of assessment can only be made by 

considering the results of comparative genomic and phylogenetic analyses from an extensive 

repertoire of eukaryote genomes.  

Because of the wealth of sequence data available, sensitive comparative genomic and 

phylogenetic techniques, and the growing understanding of membrane trafficking system 

function in non-opisthokont model organisms, meta-analyses of trafficking pathways as a whole 

are now possible, and is a major feature of the Discussion.  



 50 

  

1.5 Focus of this thesis 

 The focus of this thesis is two-fold. First, it is an analysis of the evolution of the 

membrane trafficking system across eukaryotes. Comparative genomics and transcriptomics are 

used in tandem to study the array of cellular processes that are underpinned by membrane 

trafficking, and how trafficking genes are regulated during these processes. Second, this thesis is 

organized by work of increasing informational content; the first Results chapter contains 

comparative genomics, the middle chapters contain syntheses of comparative genomics and 

transcriptomics, and the final Results chapter contains the sequence of multiple genomes and 

transcriptomes, addressing not just membrane trafficking but a large-scale analysis of the cell 

biology of pathogenicity in a free-living amoeba. It is structured this way to show how 

combining more data and multiple types of data gives us a deeper and more complex 

appreciation of eukaryotic biology and membrane trafficking evolution.  

 The papers published by Dacks and Doolittle (2001)5 and Dacks and Field (2004)337 were 

the first comparative genomic analyses of membrane trafficking system components across 

eukaryotes. Since then, our understanding of membrane trafficking evolution has grown by 

addition of new protein families and new genomes, and includes the work discussed in this 

thesis, which encompasses organisms and lineages from across the tree of eukaryotes (Figure 

1.1). Furthermore, the inclusion of membrane trafficking gene expression data affords insight 

into how this system functions in eukaryotes with unique lifestyles.  

 

1.5.1 Membrane trafficking evolution and the transition to parasitism/endobiosis 
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 Chapter 3 is a study of the evolution of the membrane trafficking system in three 

organisms of the Stramenopiles (SAR clade), Blastocystis sp., Proteromonas lacertae, and 

Cafeteria roenbergensis. Blastocystis sp. and its sister taxon P. lacertae are enigmatic residents 

of animal guts, and there is evidence that Blastocystis sp. is a parasite of humans and animals.59 

However, because of the unclear nature of their relationship with animals, both organisms can be 

referred to as ‘endobionts’, which does not preclude a parasitic lifestyle. C. roenbergensis is the 

outgroup, and is a free-living marine organism. The main focus of this chapter is addressing 

changes to the complement of membrane trafficking genes in this lineage that may be associated 

with being endobionts of animals. This includes both changes associated with parasitism or 

symbiosis (genome streamlining, reliance on host factors), and changes associated with the low-

oxygen environment of the gut. It has already been shown that Blastocystis sp. has a type of 

degenerated mitochondria (a mitochondria-related organelle, or MRO), which is typically 

associated with anaerobic and parasitic organisms. The signature of living in these environments 

may be visible in the trafficking complement of the gut-associated organisms, when compared 

with the free-living C. roenbergensis.  

 There are other reasons to study membrane trafficking in this lineage outside of the 

question of parasitic/symbiotic adaptation. As shown in Figure 1.1, these lineages are part of the 

Opalozoa, one of the most basal clades of Stramenopiles. Analyses of this lineage can therefore 

give insight into the origin of Stramenopile-specific losses or gene family duplications in the 

membrane trafficking system. Secondly, there are morphological and ultrastructural differences 

between these organisms – one of which a large central vacuole only in Blastocystis sp. 338 – that 

may have implications for membrane trafficking gene complements in these organisms.  
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 In this first project, these questions are addressed using only comparative genomics. The 

genomes of three Blastocystis sp. subtypes were included in analysis, as well as the P. lacertae 

genome, and the C. roenbergensis transcriptome. As the transcriptome is the only dataset 

available for C. roenbergensis, the loss of membrane trafficking components cannot be evaluated 

in this organism. Overall, these five genomes and transcriptomes allow predictions to be made 

about changes to membrane trafficking function – via gene presence and absence – and how they 

might be related to the shift to an endobiotic lifestyle or other differences between these 

organisms.  

 

1.5.2 Microbial eukaryotes with unique behaviours: linking membrane trafficking system 

genomics and function 

 Chapters 4 and 5 of this thesis expand to include comparative genomics of the membrane 

trafficking system and transcriptomics in relation to two distinct secretory events. These are the 

encystation process in the parasitic amoeba Entamoeba spp., and the secretion of calcium 

carbonate scales and organic body scales by four genera of haptophyte algae. 

 Entamoeba histolytica is a human gut parasite, while its close relative, Entamoeba 

invadens, infects reptiles and amphibians. E. invadens is often used as a proxy to study the 

infection of E. histolytica, as E. invadens can be induced to form cysts in vitro while E. 

histolytica cannot.339 Encystation is highly relevant to pathogenesis, as only the cyst form is 

infective. Studying the dynamics of cyst formation may therefore give insight into how this 

process can be prevented by therapeutic measures, thus reducing parasite spread. The membrane 

trafficking system has been studied in relation to virulence in E. histolytica, and while there have 

been analyses of gene expression during encystation,340,341 the membrane trafficking system has 
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not been studied specifically during this process. However, it clearly underpins encystation, 

which involves various lectins and chitin being transported to the cell surface.342–345 Analysis of 

the membrane trafficking system gene complement was performed to assess the similarity of the 

gene complements of E. invadens and E. histolytica, in order to establish whether E. invadens is 

a good proxy for E. histolytica specifically in this cellular system. It also allows comparisons 

between Entamoeba and Blastocystis sp., as they are both gut parasites facing similar 

environmental pressures. 

A transcriptomic analysis was performed on E. invadens grown under encystation-

inducing conditions, at four timepoints. Because only one sample was sequenced per timepoint, 

comparisons of individual gene expression changes could not be done reliably. Instead, clusters 

of similarly expressed genes were generated, and the trafficking steps relevant to encystation 

were deduced by determining which steps had multiple constituent genes found in clusters whose 

expression increases during encystation.  

 The third Results chapter includes the work of two projects; first, an analysis of the 

membrane trafficking system in E. huxleyi, the first haptophyte organism with a sequenced 

genome. The purpose of the second project was to understand the cellular dynamics of 

biomineralization in the haptophytes. All haptophytes extrude scales which form a type of cell 

wall, while some species generate calcium carbonate scales.346 This biomineralization has far-

reaching environmental consequences, as haptophytes are critical players in carbon cycling.347 

Micrographic evidence shows that scales are likely formed in a Golgi-related organelle, and in 

some calcifying haptophytes, a membranous ‘reticular body’ forms near the growing scale and is 

involved in calcification.348 To explore the effect of scale secretion and biomineralization on the 

membrane trafficking complement, comparative genomics of four haptophyte species was 
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performed: Emiliania huxleyi and Gephyrocapsa oceanica, biomineralizing haptophytes, the 

sister taxon Isochrysis galbana, which secondarily lost the ability to biomineralize and secretes 

organic body scales,346 and Chrysochromulina tobin, which is more distantly related and also 

secretes organic body scales.  

 RNA-Seq was performed on E. huxleyi and G. oceanica grown under scale-forming 

conditions – the addition of calcium, bicarbonate, and both calcium and bicarbonate – and 

compared with cells grown with no calcium or bicarbonate. Genes involved in scale formation 

should be co-regulated in both organisms. Three replicates of each condition were performed, 

meaning that the expression of individual membrane trafficking genes in scale formation and 

biomineralization can be assessed. Not only do these analyses give insight into how membrane 

trafficking processes support scale secretion, but they can also give specific information about 

which genes and paralogues are involved in this process.  

 In both cases of encystation and scale formation, the secretory system is likely to be 

critical. Although there may be gene family expansions of secretory factors that are relevant to 

these processes, it is the gene expression analyses that show how the trafficking system is 

regulated. It furthermore pinpoints specific differentially expressed genes, which effectively 

generates a list of factors that could be targeted in future experimental work (e.g. Entamoeba-

specific encystation factors as therapeutic targets).  

 

1.5.3 Using comparative genomics and transcriptomics to explore the evolution of pathogenesis 

in the free-living neuropathogenic amoeba Naegleria fowleri  
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 The final chapter of the Results is an analysis of pathogenesis in Naegleria fowleri. 

Rather than focusing solely on the membrane trafficking system, this chapter serves as an 

example of the information that can be gleaned from analyzing whole genomes – both large-

scale features and multiple cellular systems – in order to understand host infection. Unlike the 

parasites Blastocystis sp. and Entamoeba spp., N. fowleri is a free-living amoeba that does not 

require a host. However, the cellular factors that give it the ability to infect the brains of humans 

and animals are only partially known.349–359 The genome of a non-pathogenic species, N. gruberi 

is compared with three N. fowleri strains, in order to identify differences that may be relevant for 

pathogenesis.  

 To get a comprehensive picture of the genes differentially expressed in association with 

pathogenesis, RNA-Seq was performed on N. fowleri grown in culture and N. fowleri passaged 

through mice, which is known to be more virulent.360 Genes that are differentially expressed in 

highly pathogenic, mouse-passaged N. fowleri are likely to be related to pathogenesis, as 

pathogenicity factors, or regulated in response to host infection. Combining these data with the 

genomic comparisons can again give insight into the gene families that are involved in 

pathogenesis and the specific paralogues that could be targeted for therapeutics. These analyses 

are expanded beyond trafficking machinery, as pathogenesis is likely to be a multi-factorial 

process that involves multiple cellular systems.  

 The Naegleria genomes and transcriptomes also provide a stepping-stone for functional 

work to understand the basic cell biology of Naegleria. A stacked Golgi has never been observed 

in Naegleria, raising the question of whether this lineage has a Golgi body, and if so, what is its 

morphology. In the N. gruberi genome paper, homologues of Golgi-related membrane trafficking 

genes were identified.361 In this chapter, the transcriptomic data in N. fowleri is used to show that 
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orthologues of these genes are expressed. Furthermore, antibodies to a Golgi body marker 

(NgCOPB) are generated and localized using immunofluorescence and immunoelectron 

microscopy, showing the presence of Golgi-like organelles.  

 Together, these comparative genomic and transcriptomic analyses illuminate membrane 

trafficking evolution in eukaryotes: how it underpins unique, lineage-specific cell biology, and 

how it can inform a better functional model of this system in eukaryotes.  
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2. Methods 
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2.1 Introduction 

 The methods used in this thesis are largely computational, with the exception of 

molecular biological work in Chapter 6. As such, the work in this thesis relies on sequence data 

originally generated by collaborators, who are acknowledged in the Specific Methods sections of 

each chapter. E. Herman performed downstream data quality checking and analyses, unless 

otherwise stated. This Methods chapter gives an overview of the techniques and software used 

throughout the Thesis, with the parameters that are generally used. Any special techniques or 

changes to these parameters are noted in Specific Methods. 

2.2 Homology Searching 

2.2.1 BLAST 

 BLAST, or Basic Local Alignment Search Tool, was first published by David Lipman’s 

team at the National Center for Biotechnology Information in 1990, and is arguably the 

foundational method of the past three decades of comparative genomics research.362 Briefly, 

BLAST works by identifying high-scoring segment pairs (HSPs) between the query sequence 

and sequences in the database. To maximise both sensitivity and speed, it uses a heuristic that 

approximates the Smith-Waterman algorithm, which finds the best local alignment given the 

nucleotide or amino acid substitution matrix and gap penalty scheme. BLAST produces a list of 

hits potentially homologous to the query sequence, alignments of the HSPs, and a scoring metric 

called an Expect value (E-value) for each hit and HSP. The E-value is interpreted as the number 

of hits one would expect to see with the same score purely by chance, given the size of the 

database. Therefore, as the E-value approaches zero, the likelihood of the query and hit being 

homologous increases. BLAST+ versions 2.2 through 2.6 were used in this Thesis.362,363 Each 

program in the BLAST suite performs a different type of search: BLASTP uses a protein query 
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to search a protein database, BLASTN uses a nucleotide query to search a nucleotide database, 

TBLASTN uses a protein query to search a translated nucleotide database, BLASTX uses a 

translated nucleotide query to search a protein database, and TBLASTX uses a translated 

nucleotide query to search a translated nucleotide database. Default parameters for word size and 

gap open and extension costs were used for all BLAST searches, as was the Blosum62 scoring 

matrix.364 

 To infer homology from BLAST searches, the following methodology was used. Query 

sequences were used to search a database of interest using one of the BLAST+ programs. 

Candidate hits were further considered if they were retrieved with and E-value better (less) than 

0.05. Candidate hits were then used as queries to search the sequence database of the query 

organism. To be considered homologous, the reciprocal search must retrieve the query or a clear 

orthologue as the top hit with an E-value also less than 0.05 with >2 orders of magnitude 

difference between it and the next non-orthologous protein, and the HSP(s) should extend along 

most of the protein. However, the length of the HSP relative to the query and subject sequences 

is often short when the query and subject taxa are distantly related. A hit retrieved with an E-

value of 0.05 means that one can expect by random chance 5/100 hits with an equal or better 

score, given a database of that size. This cutoff is deliberately lax to cast a wide net to collect 

potential homologues. In cases where homology is unclear because the forward and reciprocal 

search E-values are near the cutoff, the hits are noted as ‘potential’ homologues, and further 

techniques are used to find evidence of homology, such as domain prediction (discussed below) 

or searching the non-redundant database. The NCBI’s non-redundant database is a 

comprehensive, non-redundant set of sequences from all available sources (e.g. organelle 

genomes, chromosomes, contigs, mRNAs, proteins, etc.). Using potential homologues to search 
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the non-redundant database and retrieving clearly annotated homologues of the initial query 

sequence as the top hits provides additional evidence for sequence homology between the initial 

query and the potential homologue. 

 BLAST searches were run both on external websites, mainly the National Center for 

Biotechnology Information and the Joint Genome Institute, as well as a local computer cluster. J. 

Barlow, L. Barlow, and E. Herman envisioned and wrote a set of programs collectively called 

Monkey House to increase standalone BLAST efficiency. Monkey House allows multiple query 

files and multiple BLAST databases to be searched at once, retrieves the accession numbers of 

all hits, retrieves their sequences from BLAST databases, and populates the ‘query’ directory 

with these sequences for fast reciprocal BLAST searching. Monkey House was used for all 

standalone BLAST searches. The scripts directing BLAST searches are written using the Bash 

shell language, while the Hunter-Gatherer script is written in Perl. faSomeRecords is a program 

that was originally downloaded from the UCSC Genome Browser website 

(http://hgdownload.cse.ucsc.edu).  

 Briefly, Monkey House works in the following way. A dispatch script (dpat) executes the 

BLAST program of choice iteratively for each query file (containing one or more queries) in a 

‘query’ directory searching each genome in a ‘database’ directory. The results are outputted in 

tabular format in a ‘results’ directory (one result file for each query file-genome pair). The 

Hunter-Gatherer script then extracts the accession numbers for all hits in all files, and uses them 

to retrieve the corresponding sequence from the initial BLAST database, making individual files 

with these sequences in the ‘query’ directory. To do a reciprocal BLAST, the database of interest 

(i.e. of the original query organism(s)) is added to the ‘database’ folder, and the dispatch script 

can then be used to BLAST search with the new queries and new databases. Monkey House 
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works with all standalone BLAST tools as long as the tabular output format is specified with the 

options: -outfmt "6 qacc sacc pident evalue". It can also be used with HMMer, pHMMer, and 

jackHMMer. L. Barlow and J. Barlow wrote the comparative genomic and dispatch scripts, and 

E. Herman wrote the Hunter Gatherer program. Directory structure and code available in Online 

Appendix File 2.1.  

 Up-to-date BLAST databases were downloaded from the NCBI 

(https://www.ncbi.nlm.nih.gov) in the case of Homo sapiens, Saccharomyces cerevisiae, 

Arabidopsis thaliana, Blastocystis ST4, Blastocystis ST7, and Chrysochromulina tobin. The 

Emiliania huxleyi CCMP1516 database and the Naegleria gruberi database were downloaded 

from the JGI (https://jgi.doe.gov/). The Entamoeba invadens and Entamoeba histolytica genomes 

were downloaded from AmoebaDB (http://amoebadb.org/amoeba/). All other BLAST databases 

were generated from unpublished data, or their sources are listed in metadata files for individual 

analyses. 

 Query sequences were chosen as functionally characterized membrane trafficking system 

components in H. sapiens, S. cerevisiae, or A. thaliana, and N. gruberi. Occasionally query 

sequences from a close relative of the organism of interest were used, provided those sequences 

were clear orthologues of functionally characterized version of the protein. 

 

2.2.2 HMMer 

 HMMer is a more sensitive homology searching program than BLAST, as it relies on a 

model generated from a multi-sequence alignment of homologues to search a database.365–367 The 

HMMer version 3 was used in all analyses.367 After aligning a set of homologous sequences, one 
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arm of the HMMer program, hmmbuild, generates a hidden Markov model (HMM). The HMM 

is a probabilistic model which takes into account the amino acid frequencies at each position of 

the multi-sequence alignment, and patterns that occur over multiple columns of the alignment. It 

also describes insertions and deletions as states between which transitions occur, and the 

probabilities of these transitions can also be modelled. The HMM is then used by hmmsearch to 

search a sequence database. Like BLAST, the hmmsearch outputs E-values and scores for each 

identified domain as well as the full sequence.  

The following methods were used to infer homology from HMMer searches. To generate 

a multi-sequence alignment, sequences determined to be homologous to a functionally 

characterized sequence (by an initial round of BLAST searches) were aligned using the 

alignment program MUSCLE.368 Hmmbuild and hmmsearch of HMMer were then used, 

respectively, to build the HMM and search a sequence database. Candidate hits were considered 

if the E-value calculated for the entire sequence was less than 0.05. In order to confirm the 

candidate hits, these sequences were then used as BLAST queries to search the genome(s) of one 

or more sequences present in the HMM, preferably those where the sequence has been 

functionally characterized, as well as the non-redundant protein database. As with the BLAST 

methodology, the retrieved sequence is considered homologous if it retrieves one of the 

sequences in the HMM as the top hit, with an E-value less than 0.05, and with at least two orders 

of magnitude difference between it and the next non-orthologous protein. As HMMer is designed 

to detect weak sequence homology beyond the scope of BLAST, performing a reciprocal 

BLAST search may not retrieve one of the query sequences of the multi-sequence alignment, 

even if the sequences are truly homologous. Therefore, additional information was taken into 

account when determining homology. Sequences that failed to retrieve the query sequence or a 
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clear orthologue, but did have corroborating evidence of homology from the NR BLAST search, 

or the correct domain organization, were considered as ‘potential’ homologues.  

All HMMer searches were run locally using default settings. The Monkey House 

programs were designed to perform multiple HMMer searches and retrieve sequences for 

reciprocal BLAST search.  

 

2.2.3 Domain Detection 

 In order to predict domain architecture, sequences were used to search the Conserved 

Domain Database (CDD) using the NCBI’s CD-SEARCH program,369,370 or the Pfam 

database.371 Pfam identifies domains using HMMer to search a database of HMMs of domains, 

while the CD-SEARCH uses a version of PSI-BLAST (RPS-BLAST) to scan a set of position-

specific scoring matrices (PSSMs). PSSMs are similar to HMMs, in that they use a multiple 

sequence alignment where amino acids at each position are scored based on the frequencies of 

residues at that position. With RPS-BLAST, CD-SEARCH effectively uses the query sequence 

to search a database of PSSMs using a BLAST-based methodology. Searching in both the CDD 

and Pfam databases often yield similar results, but at times one will be able to identify domains 

that the other does not. Therefore, these methods were used in tandem when searching for 

domains in divergent sequences. 

  

2.3 Phylogenetics 

 While homology searching identifies related proteins by sequence similarity, 

phylogenetics seeks to reconstruct the evolutionary relationships between gene or protein 
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sequences. Therefore, phylogenetics requires that all sequences used to generate a tree are 

homologous. Phylogenetic analysis relies on the inclusion of only the positions within each 

sequence that are evolutionarily conserved. Therefore, the first step is sequence alignment, and 

then masking and trimming the alignment to remove all sites of uncertain homology. Model 

testing is done to determine the best model of sequence evolution that fits the dataset. There are 

two methods that are considered state-of-the-art for testing evolutionary hypotheses using 

phylogenetics: Maximum Likelihood (ML) and Bayesian inference. Only clades with statistically 

supported nodes in phylogenies generated by both methods are considered to be robustly 

reconstructed. For visualisation purposes, node support values from ML trees are mapped onto 

trees generated by Bayesian inference to create a consensus tree, since Bayesian inference 

generates equally or more accurate relative branch length estimates compared to ML methods.372 

 

2.3.1 Sequence alignment and model testing 

 Phylogenetics relies on homologous residues at each position. Because insertions and 

deletions can occur in homologous proteins that have diverged over evolutionary time, this 

necessitates alignment of the sequences, and trimming to remove non-homologous sites. All 

multiple sequence alignments for phylogenetics were performed with either MUSCLE v.3.8368 or 

M-COFFEE (online server).373,374 Generally, M-COFFEE was only run when MUSCLE-built 

datasets did not appear to be accurately aligned by visual inspection. MUSCLE builds a 

progressive alignment using a pairwise profile alignment approach, which is then iteratively 

refined. M-COFFEE also uses an iterative strategy, but unlike MUSCLE, it works by generating 

both global and local alignments, weighting them relative to sequence identity, and progressively 

aligning the closest sequences based on their weights. Both programs were run with default 
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parameters. In some cases when using MUSCLE, previously generated alignments were used to 

classify new sequences. These new sequences were aligned to the multi-sequence alignments 

using the –profile option. 

 Alignments were visualized in MacClade v.4,375 or in its successor, Mesquite v. 3.03,376 

and manually masked and trimmed to exclude non-conserved positions and indels. The relevant 

part of alignments are the blocks of sites that are clearly well-aligned; within each site, >75% of 

sequences have an amino acid at that position, and the amino acids range from being identical to 

having similar properties. These have intervening indels, and are often flanked by unconserved 

regions. Alignments are masked and trimmed to remove these regions, and often both the first 

and last positions of conserved blocks, as well as the positions flanking indels, since there is 

room for error in aligning residues at these boundaries. Because missing data are not treated as 

gaps (i.e. deletions), then as long as there is sufficient informational content in the alignment, 

using a stringent mask will not negatively impact the robustness of the resulting phylogeny. All 

masked alignments are available upon request.  

 ProtTest v.2.4377 and v.3.3378 were used to determine the best fit model of sequence 

evolution for the trimmed alignment. The program considers the following substitution model 

matrices: JTT,379 DCMut,380 Dayhoff,381 WAG,382 Blosum62,364 LG,383 and VT.384 The model 

LG383 is the overwhelming model of choice for alignments in this Thesis; information about 

model choice is found in tree metadata files. Substitution matrices assume that substitution of 

amino acids is identical over all positions. However, this does not take into account constraints 

on sequence evolution. ProtTest is therefore also able to consider whether, in addition to the 

model, other information should be taken into account, such as the proportion of invariant sites 

(+I), the estimated rate of evolution of each site as the probability of belonging to a given rate 
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category (+G), and the observed amino acid frequencies (+F). ProtTest then compares different 

combinations of models and parameters using the Akaike Information Criterion, which, based on 

likelihood and number of parameters, will try to identify the model closest to the unknown 

conditions that generated the data.385,386 However, AIC may select an over-parameterized model 

for smaller datasets; therefore, the corrected AIC (AICc) was occasionally used. AICc uses a 

different relative penalty score for model complexity, but the score converges with that of AIC as 

dataset size increases.386 Model and parameter metadata are given for the trees in each chapter. 

 

2.3.2 Bayesian methods 

 The heart of Bayesian inference is the probabilistic relationship between the hypothesis 

and the data. The posterior probability, which is the conditional probability of the hypothesis (all 

model parameters, e.g. the tree topology) given the data, is a measure of how well the observed 

data and the model agree.387 Calculating the posterior probability depends on prior probabilities 

of the hypotheses (e.g. probability distribution for all selected parameters) and the likelihoods of 

the hypotheses given the data. The Markov chain Monte Carlo algorithm approximates the 

posterior probability landscape, which includes the tree with the highest posterior probability (at 

a global maximum) as well as all others.388 Practically, two analyses are run independently, and 

should converge to produce two similar trees. These are run in parallel for a specified number of 

generations; in each generation, changes are made to the trees (e.g. branch length, topology), and 

accepted ones are those that ‘climb uphill’ in the posterior probability landscape (i.e. generate 

trees with a better log likelihood). However, this can lead a run to be stuck in a local maximum. 

This problem is remedied by swapping between four MCMC chains: one ‘cold’ MCMC chain 

and three ‘hot’ MCMC chains. In this sense, heating refers to flattening the posterior probability 
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landscape to increase the ability for a chain to find an isolated peak. In other words, this means 

allowing more unfavourable tree topology changes in order to get to a better overall topology. 

Swapping between the chains occurs at a specified frequency, which allows the cold chain to 

move between peaks more easily. At the end of the analysis, only the two cold chains are kept, 

and for each the initial trees that are sampled which have low log likelihoods are discarded. The 

two chains are then checked for convergence (i.e. how similar they are).   

 Bayesian phylogenies were generated using both MrBAYES v.3.2.0-3.2.2387,389,390 and 

Phylobayes v.3.3f.391–393 The main difference between the programs lies in how they handle site-

specific evolution. In MrBAYES, one can specify a gamma distribution of the rate of substitution 

across all sites with four or more discrete categories. Phylobayes uses a more sophisticated CAT 

model, a non-parametric, site-heterogeneous mixture model that takes into account that different 

sites in an alignment will have different probabilities of evolving into another character.391  

 In all trees, MrBAYES was run for at least one million generations, with two independent 

runs and four MCMC chains. Specific information about models and parameters used is 

associated with each alignment in the supplementary files for each section. Trees were both 

printed and sampled every 1,000 generations. For each run, the log likelihood plateau was 

visualized post hoc by plotting log likelihood by the number of steps. In all cases, this plateau 

occurred well within the first 25% of sampled trees; however for consistency, a relative burn-in 

value of 25% was used. After burn-in, the trees from both cold chains were summarized, and the 

average standard deviation of the splits frequencies was calculated (i.e. whether or not the runs 

converged). Unless otherwise noted, all MrBAYES trees presented in this work are the result of 

runs that have converged, with a value <0.01.  
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 Phylobayes also makes use of independent runs. Depending on the complexity of the 

dataset, either two or four chains were specified. Phylobayes does not require a specific number 

of generations to be set a priori, since it can be configured to automatically stop if the runs meet 

certain conditions. For analyses in this thesis, the conditions are running for a minimum of 100 

cycles (generations), that the maximum discrepancies of summary variables (combinations of 

parameters) between the two runs is equal to or less than 0.1, and that the effective sample size 

for all summary variables is greater than 100. The effective sample size statistic takes into 

account the autocorrelation of parameter values across the cycles, and therefore a sufficiently 

high value indicates adequate mixing of chains. The default burn-in value of 20% was used for 

all trees. Finally, all trees were visualized using FigTree v.1.4.0. In interpreting phylogenies, 

statistically supported nodes must have posterior probabilities ≥0.8 for MrBAYES and 

Phylobayes methods. In all cases except for Figure 5.1 (where outgroup is known), trees are 

arbitrarily rooted. 

 

2.3.3 Maximum-Likelihood methods 

 Maximum-Likelihood (ML) treebuilding works by identifying the phylogeny that makes 

observing the data most likely given the parameters, rather than the inverse, using the data to 

determine the most likely phylogeny.394 This is because the former can be calculated by 

considering all possible datasets, while the latter would require considering all possible trees, 

which is not feasible. First, an initial tree is found using a rapid approximate method, and then 

initial model parameters are estimated. Then, the model parameters remain constant while search 

heuristics are used to identify alternative trees (based on rapid hill-climbing methods).394 

Generally, ML algorithms iterate between topology finding and optimizing model parameters 
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and branch lengths. Once the ML tree is found, confidence is assigned to the clades by 

bootstrapping. In bootstrapping, a specified number of pseudo-replicate datasets is generated by 

sampling sites in the alignment with replacement. For each bootstrapped alignment, ML 

estimation is performed and the clade similarities are summarised to generate an assessment of 

topology support. For the trees generated in this Thesis, summarising bootstraps is done by the 

majority rule – extended method. The most highly supported clades that are recovered in more 

than half of the pseudoreplicates appear in the consensus tree, followed by the next most 

frequently observed clades, and provided they do not conflict.  

 RAxML v.7.3-v.8.1.3395,396 and PhyML v.2.4.4-v.3.1397,398 were used as ML methods. In 

general, a gamma distribution is specified rather than CAT, since the CAT model used by 

RAxML – completely different from the one used by Phylobayes – is not appropriate for 

alignments with fewer than 50 taxa (RAxML website, https://sco.h-

its.org/exelixis/web/software/raxml/hands_on.html). For PhyML, when estimating tree 

topologies, the -s BEST parameter was used, which uses both nearest neighbour interchange and 

subtree pruning and regrafting methods. A minimum of 100 bootstraps is specified. Consensus 

trees are visualised in FigTree, and statistically significant support for a given clade is a 

bootstrap value ≥50.  

 

2.4 Methods only used in Chapter 6 

 The N. fowleri genome sequencing project was part of a collaborative effort between the 

Dacks Lab, the Chiu Lab at University of California San Francisco, the Marciano-Cabral Lab at 

Virginia Commonwealth University, and Dr. Govinda Visvesvara at the Centers for Disease 

Control and Prevention. Additionally, the N. fowleri ATCC 30863 strain was sequenced by D. 
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Zysset-Burri, M. Wittwer, N. Muller at the Spiez Laboratory, Federal office for Civil Protection, 

Switzerland. The N. fowleri 986 strain was sequenced by G. Puzon and T. Walsh at CSIRO Land 

and Water, Australia.  

 

2.4.1 Genomics and Transcriptomics 

 A. Greninger in the Chiu Lab sequenced the N. fowleri CDC:V212 strain using a 

combination of Illumina HiSeq and 454 methods. After pre-processing, the mitochondrial 

genome and extrachromosomal plasmid were assembled using Geneious software. The final 

version of the nuclear genome was assembled using CLC Genomics Workbench 

(https://www.qiagenbioinformatics.com/). 

Multiple transcriptomic analyses were performed on RNA extracted from N. fowleri 

V212 and N. fowleri LEE (ATCC 30894). To generate transcripts to be used for gene model 

prediction, N. fowleri V212 mRNA was extracted by the Chiu Lab and was sequenced using an 

Illumina HiSeq sequencer, and ~150 million paired-end reads were aligned to the nuclear 

genome using the program SNAP.399 I used transcripts generated from these alignments in 

downstream gene prediction analyses.  

F. Marciano-Cabral grew the N. fowleri LEE strain for pathogenicity-related analyses. N. 

fowleri LEE was grown axenically in oxoid media. Three replicates of N. fowleri LEE were 

passaged continuously through 50 B6C3F1 male mice. After mouse sacrifice, amoebae were 

extracted and grown in axenic media for one week to clear the culture of human cells. mRNA 

was extracted from the three mouse-passaged cultures (high pathogenicity N. fowleri), and from 

three independent axenic cultures (normal pathogenicity N. fowleri). Illumina MiSeq sequencing 
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was performed at The Applied Genomics Centre at the University of Alberta, generating paired-

end 2x300 reads. 

 

2.4.1.1 RNA-Seq read processing 

 Read pre-processing is required to remove reads of low quality and trim low quality ends, 

and to trim adaptors. This quality control increases the number of reads that can be assembled 

together or that can map to a reference sequence, as sequence errors can prevent proper 

assembly. Reads from the pathogenicity-related transcriptomics experiment were pre-processed 

using Trimmomatic v0.32400 and visualized using FastQC v0.11.2.401 For each read, Illumina 

sequencing reports not only the read sequence, but also quality scores associated with each 

predicted nucleotide base. Several factors can impact quality scores, such as mRNA quality, 

fluorophore crosstalk during sequencing, the optics and instrumentation of the sequencer, and 

DNA polymerase fidelity.402 Quality is measured by Phred score, which is logarithmically 

related to base-calling error probabilities.403 The Trimmomatic parameters and outputs for each 

forward and reverse read set are found in Supplementary Table ST2.1. In general, adapters were 

trimmed using the TruSeq3-PE adapter file for reference. Then, the following 15 bp of all reads 

were trimmed to remove low-quality regions. A sliding window approach was used to trim reads 

once the average base prediction quality dropped below a Phred score of 20 over a window of 4 

bp. Finally, reads that were less than 50 bp in length were discarded. Final FastQC quality 

analyses are available in Online Appendix Data 2.1-2.12. 
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2.4.1.2 Read mapping 

 In general, read mapping software works by performing local or end-to-end read 

alignment, scoring these alignments based on similarity and mapping quality (i.e. uniqueness in 

mapping positions), and then selecting read alignments that meet a specified score threshold. 

Pre-processed reads were mapped to the genome of N. fowleri V212 using the program TopHat 

v.2.0.10,404 since TopHat is able to align reads that span exon junctions. TopHat is based on the 

related software, Bowtie2,405 which handles read mapping to sequences without gaps. Bowtie2 

performs end-to-end read alignment by scoring potential alignments with mismatch penalties and 

accepting alignments that exceed a threshold. The paired nature of paired-end reads is also taken 

into account during mapping, as is mapping quality (uniqueness of each mapping assignment). 

The N. fowleri LEE reads were able to be mapped to the N. fowleri V212 genome with relatively 

good mapping rates (see Supplementary Table ST6.2 in Chapter 6), since comparative genomic 

analysis of the three N. fowleri strains revealed very high gene sequence similarity. Because the 

reads from the N. fowleri LEE-MP (mouse-passaged LEE strain) and LEE-Ax (axenically grown 

LEE strain) samples had some genomic contamination, they were also mapped directly to the N. 

fowleri V212 predicted genes using TopHat, in order to get a more accurate gene expression 

values. For the HiSeq-generated reads, TopHat was run with default parameters. For the MiSeq-

generated LEE-Ax and LEE-MP reads, the minimum intron length was changed to 30bp, based 

on an assessment of predicted genes. Otherwise, default parameters were used. 
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2.4.1.3 Transcriptome assembly 

 Transcriptome assembly using a reference sequence is similar to mapping reads to 

genomes, although exon boundaries generally do not need to be taken into account in the 

transcriptome. Cufflinks v.2.1.1406 was used to generate transcripts from TopHat-aligned reads. 

In the case of the pathogenicity transcriptomic analysis, this was done using the Reference 

Annotation Based Transcript option,407 using the predicted genes as a reference dataset. The 

reference transcripts are tiled with ‘faux-reads’ to aid in the assembly, and these sequences are 

added to the final dataset containing the newly assembled transcripts. The purpose of the HiSeq 

read dataset was to generate transcripts to train the Augustus gene prediction program; therefore, 

no reference annotation was used for the Cufflinks transcriptome assembly of HiSeq data. 

Default cufflinks options were used for both experiments.  

 For the pathogenicity transcriptomic analysis, the datasets of N. fowleri LEE reads 

mapped to the V212 predicted genes, and these comprised the bulk of ‘transcripts’. Due to an 

issue with genomic contamination, and the fact that the N. fowleri genome has little intergenic 

space, attempts to assemble transcripts de novo or even using a genome-guided approach 

generated extremely long fused sequences of multiple genes. Therefore, reads were mapped to 

the V212 genes. In order to not lose any transcriptomic data that were not part of the V212 

genome, two approaches were taken. To capture transcripts that correspond to regions of the 

V212 genome but were not predicted as genes, Cufflinks was used to generate transcripts based 

on N. fowleri LEE reads mapped to the V212 genome. This results in transcripts corresponding 

to gene predictions, as well as transcripts assembled de novo. Secondly, to capture LEE 

transcripts that have no corresponding genomic sequence in the V212 genome, the program 

Trinity (release 2013-02-25)408,409 was used for purely de novo transcriptome assembly. Trinity 
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was run using a genome-guided approach, with a --genome_guided_max_intron value of 5000. 

Any LEE transcripts generated by Cufflinks (mapping to genome) and Trinity that did not have 

corresponding sequence in the V212 genome were added to the transcript dataset. 

  

2.4.1.4 Differential expression analyses 

 To determine which genes were differentially expressed in N. fowleri passaged through 

mice versus grown in culture, reads from each biological replicate were mapped to an N. fowleri 

V212 gene dataset (plus additional sequence not found in the N. fowleri V212 genome), and the 

difference in gene expression between the two conditions was assessed. Differential expression 

(DE) analyses were performed for the pathogenicity transcriptomic data using the programs 

Cuffdiff410 and Trinity.409 Cuffdiff was first used to map reads to the final transcriptome 

assembly. It was run in two ways: (i) treating each replicate as a separate condition in order to 

get read-mapping data that could be passed to Trinity programs, and (ii) treating replicates as 

replicates for each condition, in order to get Cuffdiff-generated DE results. The purpose of 

passing Cuffdiff-generated read count data to Trinity was because Trinity includes of a suite of 

Perl scripts that can be used to assess quality, and because one of its options for running DE 

analyses is the program edgeR,411,412 which performs slightly better than Cuffdiff in detecting 

true positives in DE analyses.413  

In order to generate read counts, Cuffdiff was run twice; first with default parameters, 

and secondly, with a mask file (-M), containing the mitochondrial genome, extrachromosomal 

plasmid, and any sequence from the first Cuffdiff run with extremely high read mapping values 

(>10,000). In the second run, reads mapping to these sequences are filtered out from further read 

quantitation, as they can otherwise skew transcript abundance estimates. Read counts for genes 
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were used in downstream analyses, rather than transcript read counts. Although this ignores 

potential splicing isoforms, it reduces the possibility that true positive DE genes are missed 

because of the difficulties involved in accurately mapping reads to similar isoforms.   

 The Trinity Perl-to-R (PtR) toolkit was used to assess variation between replicates. This 

analysis showed that one of the LEE-MP replicates, MP2, was highly dissimilar to the other 

mouse-passaged samples (as well as the samples grown in culture), and was therefore excluded 

from further analysis. Cuffdiff was also re-run on the samples excluding the MP2 sample.  

For DE analysis, the edgeR411,412 program was run through the Trinity script 

run_DE_analysis.pl, using a dispersion value estimated from the dataset. The dispersion is an 

estimate of biological variability, which is determined using a quantile-adjusted conditional 

maximum likelihood method, since this is a case of a simple pairwise comparison between two 

conditions (LEE-Ax vs. LEE-MP). Using the calculated dispersion and a fitted negative binomial 

model, edgeR uses the exact test (similar to Fisher’s exact test) to determine DE genes. These 

results were considered to be the set of DE genes. They were also compared to the DE results 

from running Cuffdiff, and found to be very similar, with only a few genes considered to be DE 

by edgeR but not Cuffdiff.  

 

2.4.2 Gene prediction and annotation 

 Gene prediction refers to identifying genomic sequence that encodes genes. This is not a 

trivial process, as there can be high organismal variation in gene structure (e.g. intron 

boundaries), leading to errors in gene models unless the gene prediction program is trained using 

gene evidence from that organism or a close relative. A transcriptome can provide this evidence 
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to the gene prediction program, which was the strategy used here. Gene prediction was 

performed using the program Augustus v.2.5.5.414 Augustus can perform both ab initio and 

transcript-guided gene prediction, and is one of the best-performing methods for gene prediction 

in terms of sensitivity and specificity for exon, intron, and gene prediction, and is one of the best 

for predicting novel splice sites.415 Particularly important is the fact that transcript-level gene 

prediction is improved when Augustus is used with the input of experimental evidence. Augustus 

works by combining both intrinsic information (genome sequence) and extrinsic information 

(expressed transcripts) to generate a generalized hidden Markov model used to predict protein-

coding regions.416 The program rewards gene structures that are supported by extrinsic 

information and penalizes those that are not supported, in a user-defined way (i.e. the user can 

determine how important different aspects of the extrinsic information are to informing the gene 

model). The HiSeq dataset of assembled transcripts was used as extrinsic evidence, termed 

‘hints’ in Augustus. Augustus was also trained for the N. fowleri genomes using a manually 

annotated 60kb segment from the N. fowleri V212 genome published in Herman et al. 2013.417 

This region was annotated by using it as a TBLASTN query to search the non-redundant 

database. Gene boundaries were identified using the alignments of the top hits, and genes were 

annotated based on top BLAST hit identities. For the three N. fowleri genomes, the parameter --

alternatives-from-evidence was set to true, as this reports alternative gene transcripts if there is 

evidence for them (i.e. from transcriptome dataset). The parameter --alternatives-from-sampling 

was also set to true, as this outputs additional suboptimal transcripts. Parameters for determining 

the importance of different hint data were kept as default. 

 The N. fowleri V212 mitochondrial genome and extrachromosomal plasmid were 

manually annotated. Boundaries of protein coding genes were determined by searching the NCBI 
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non-redundant database and the N. gruberi mitochondrial genome using these sequences as 

BLASTX queries. tRNAs and rRNAs were predicted using the online programs tRNAscan-SE418 

Infernal,419 and RNAmmer v.1.2.420  

 

2.4.2.1 Core Eukaryotic Gene analysis 

 The completeness of a genome can be measured by a Core Eukaryotic Gene (CEG) 

analysis. CEGMA is a pipeline that identifies and annotates core genes in genomic DNA. Parra 

and colleagues (2007)421 identified 458 genes that are thought to be CEGs; conserved in nearly 

all eukaryotic genomes. When each group of CEGs is aligned, they meet the following criteria: 

protein coverage is at least 75% of the alignment, there are no more than five internal gaps 

longer than 10 amino acids, and the sequences share at least 10% identity. A more curated 

dataset of 248 CEGs was later defined to include only those CEGs that meet the previous criteria 

and have a low number of in-paralogues in each species. Not surprisingly, most CEGs are 

housekeeping genes, although they vary in function. The typical CEGMA pipeline first performs 

its own gene prediction using geneid and GeneWise software, but since accurate gene predictions 

were already generated for the N. fowleri genomes, CEGMA was run using the Augustus-

predicted proteins.   

 

2.4.3 Genomic comparison of three Naegleria strains 

2.4.3.1 Synteny analysis 

 Synteny is the conservation of blocks of sequence between two genomes. Preliminary 

analysis of a 60 kilobase region of the N. fowleri V212 genome suggested that there was little 
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conservation of sequence organization between N. fowleri and N. gruberi. To visualize synteny 

across all four genomes, the program Mauve (build 2015-02-25) was used, with the 

progressiveMauve alignment method.422,423 Mauve generates progressive genomic alignments 

and reports blocks of similarity between them (with similarity profiles), showing rearrangements 

and transversions. Because the genomes being aligned are from relatively closely related taxa 

(within the same genus), the match seed weight of 15 was used. Both ‘Full Alignment’ and 

‘Iterative Refinement’ parameters were selected. These parameters direct Mauve to first perform 

a recursive anchor search and full genome alignment using MUSCLE, followed by guide tree-

independent refinement of the alignment. Default gap open and gap extend scores of -400 and -

30 were used, respectively, as was the suggested HOXD scoring matrix.  

 

2.4.3.2 Orthologous group analysis 

 To identify orthologous groups of sequences between the four Naegleria protein datasets, 

the program OrthoMCL v.2.0.9424 was used. OrthoMCL starts with an all-versus-all BLAST, 

which was done locally, followed by filtering by percent match length. The OrthoMCL 

algorithm then finds protein pairs, making use of an SQL relational database.  

 To explain the orthogroup clustering methodology, several terms describing different 

homology relationship must first be defined. Homologues are evolutionarily related sequences, 

while orthologues are genes that are found in different species and evolved through speciation, 

and paralogues are genes related by duplication within a genome. The term in-paralogue 

effectively means ‘paralogue’, but this is distinct from out-paralogues, which describes genes 

related by both speciation and gene duplication. For example, the medium subunit of the AP1 
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complex is an out-paralogue to the small subunit of the AP2 complex, while the small subunits 

of both AP1 and AP2 are in-paralogues.  

As mentioned above protein pairs are identified based on BLAST results. Protein pairs 

are co-orthologues, connected either by virtue of being orthologues or in-paralogues. To 

distinguish between orthologues and in-paralogues, OrthoMCL takes into account the reciprocal 

best BLAST hit pairs and normalized E-values of all other hits above a 1E-5 threshold and an 

HSP percent length > 50% of the shortest full protein. Normalization is done by averaging the E-

values of all in-paralogues (this includes all in-paralogues in in-paralogue pairs, plus in-

paralogues that have orthologues in any genome), and then dividing all E-values by this average. 

Finally, the orthologue, in-paralogue, and co-orthologue pairs and their normalized E-values are 

used as inputs for the MCL program, which uses the Markov Clustering algorithm to determine 

groups of orthologues, or orthogroups.425 The Markov Clustering algorithm is an unsupervised 

clustering algorithm that clusters graphs (networks) based on pairwise scores (in this case, 

normalized E-values) and an inflation value. This latter value controls the clustering tightness, 

and for these analyses, was kept at the suggested 1.5.  

 

2.4.4 Motif prediction 

2.4.4.1 Trans-membrane domain prediction 

 The program TMHMM v2.0426,427 was used to detect trans-membrane helices in all N. 

fowleri V212 proteins. This software uses an HMM generated from 160 cross-validated 

membrane proteins, and outputs all predicted helices and protein orientation in the membrane. 

Because trans-membrane helix prediction was done to generate a list of potential G-protein 

coupled receptors investigated further by domain prediction, scoring cutoffs were not used. 
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 2.4.4.2 Transcriptional regulatory motif prediction 

 The programs RegRNA 2.0 and MEME were used to identify potential regulatory motifs 

upstream of up-regulated genes. For RegRNA 2.0, TRANSFAC TFBS was set to Human. 

MEME was set to ‘normal’ mode. Otherwise, for both programs, default settings were used. 

 

2.4.5 Generating organellar markers in Naegleria gruberi 

 E. Herman performed the following functional work in N. gruberi in the lab of Dr. 

Anastasios Tsaousis at the University of Kent, UK, in November-December 2016.  

 

2.4.5.1 N. gruberi culturing 

 N. gruberi strain NEG-M (provided by L. Fritz-Laylin) was grown axenically in M7 

medium at 27°C.428 Cells were subcultured every 3-4 days. M7 medium contains L-methionine, 

glucose, yeast extract, and fetal bovine serum. Some growth can occur in the absence of glucose, 

but not the other components.  

 

2.4.5.2 Subcellular fractionation 

 In order to obtain fractions of cytosol, mitochondria, and membrane-bound organelles, N. 

gruberi cells were subjected to differential centrifugation. All centrifugation steps were 

performed at 4°C. First, N. gruberi cell cultures were spun at 1,000 g for 10 minutes. Cells were 

resuspended in SM buffer (250mM sucrose and 10mM MOPS-KOH, pH 7.4), and then spun 
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again under the same conditions, in order to remove debris. Cells were then resuspended in SM 

buffer containing protease inhibitor (Complete Mini EDTA-free cocktail tablets, Roche) and 

DNase (TURBO DNase, Ambion). Cells were lysed by passage through a 33G hypodermic 

needle five times. Lysed cells were resuspended in the SM buffer with inhibitors and spun at 

1,000 g for 10 minutes to remove unbroken cells, membrane fragments, and nuclei, and the 

supernatant was collected.  The supernatant was spun twice at 2,000 g for 10 minutes to obtain a 

fraction containing membrane-bound organelles, including the mitochondria. From this, the 

mitochondrial fraction was obtained by spinning twice at 10,000 rpm for 30 minutes (pellet), 

while the cytosol is found in the supernatant from this spin. These four fractions – whole cell 

lysate, membrane-bound organelles, mitochondria, and cytosol – were used for Western blotting. 

 

2.4.5.3 SDS-PAGE 

 Sodium dodecyl sulfate polyacrylamide gel electrophoresis was performed to separate N. 

gruberi whole cell extracts and protein fractions prior to Western blotting. 12% gels were made 

for NgCOPB and NgSec31, while and 8% gel was made for NgSynPM. Visualization dye was 

added to protein samples, which were boiled for 10 minutes, and spun in a microcentrifuge at 

max speed for 10 minutes.  

 

2.4.5.4 Western Blotting 

 Protein on the gels was transferred to a PVDC membrane. After transfer, Ponceau S stain 

was used to check for the presence of protein on the blots. Blots were blocked with a 5% milk 

PBS-Tween solution for 1 hour at room temperature, or overnight at 4°C. After blocking, blots 



 82 

were washed in 0.5% milk PBS-Tween three times for 10 minutes each. Following the washes, 

the primary antibody was added to 1% milk PBS-Tween: α-NgSec31 polyclonal antisera from 

rat, α-NgCOPB polyclonal antisera from chicken, and α-NgSynPM polyclonal antisera from 

rabbit (two animals per protein; Davids Biotechnologie GmbH; Germany). Antibody 

concentrations are given for each blot. The blots were incubated with the primary antisera for 

one hour, followed by three 10 minute washes with 1% milk. Then, the appropriate secondary 

antibodies conjugated to peroxidase (Sigma) were added at a concentration of 1:2500 in a 1% 

milk PBS-Tween, and incubated with the blots for one hour. Finally, the blots were washed with 

PBS three times for 10 minutes each and visualized using the Syngene G:BOX XT4 machine and 

the GeneSys software. 

 

2.4.5.5 Immunofluorescence microscopy 

 N. gruberi cells were grown on LabTek Chamber slides for 24-48 hours prior to the 

experiment. Cells were incubated with ER-tracker DPX marker (Molecular Probes) for 20 

minutes and fixed with 1% formaldehyde. They were then permeabilized with 0.5% Triton-X in 

1X PBS. Cells were blocked for one hour in 3% BSA-1XPBS and probed with chicken α-

NgCOPB (1:26), rat α-NgSec31 (1:200), and rabbit α-NgSynPM (1:100) antisera. 1:1000 

dilutions of the following secondary antibodies were incubated with the slides: Alexa Fluor 488 

goat α-chicken IgG (H-L), Alexa Fluor 488 chicken α-rat IgG, and Alexa Fluor 594 donkey α-rat 

IgG (Molecular Probes). A DAPI-containing anti-fade mounting reagent (Vectashield) was used 

to mount the cells, and cells were then observed by fluorescence microscopy (observed under an 

Olympus IX81 fluorescence microscope and a laser scanning Zeiss LSM 880 confocal 



 83 

microscope). Images were taken with Micromanager 1.4 software fluorescence and Zeiss Zen 

software for confocal microscope and processed with ImageJ. 

 

2.4.5.6 Immunoelectron microscopy 

 Aspirated cultures of N. gruberi were fixed in a PBS-4% formaldehyde solution for 1 

hour, and then were washed with PBS. The samples were dehydrated through an ethanol series, 

30%, 50%, 70%, 90%, and 3x100%. The ethanol was aspirated and the samples were suspended 

in LR white Resin (Agar Scientific). Samples were placed in a vacuum for 2 minutes to improve 

resin permeation. Fresh resin was added and the samples were transferred into gelatin capsules 

(Agar Scientific) and hardened in a 60°C oven for 15 hours. The blocks were polished and 

sectioned by ultra-microtome at a thickness of 70nm. They were then placed 3mm gold grids. 

Immuno-staining was performed in humidifying chambers. The grids were blocked by 

incubating with a 2% BSA PBS-Tween solution for 1 hour. The primary antibodies were 

incubated with the samples for 15 hours in 1:10, 1:50, and 1:100 dilutions at 8°C. Gold-

conjugated secondary antibodies were then incubated for 30 minutes at room temperature. 

Counterstaining was done using 4.5% uranyl acetate in PBS (incubated for 15 minutes) and 

Reynold’s lead citrate (2 minutes). IEM images presented here are the work of A. Tsaousis. 
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3. Membrane trafficking evolution in symbiosis and parasitism in 

Blastocystis sp., Proteromonas lacertae, and Cafeteria roenbergensis 
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3.1 Introduction 

 This chapter focuses on how the membrane trafficking system has evolved in three 

closely related organisms with distinct lifestyles, ranging from free-living to parasitic. Often, 

parasite genomes are streamlined, and it is thought that this may be to conserve energy during 

replication; however, there are also instances of gene family expansion to support specialized 

interaction with the host. Parasite genomes must be compared with those of closely related free-

living species, in order to rule out lineage-specific characteristics that are not related to a 

parasitic lifestyle. 

Blastocystis sp., Proteromonas lacertae, and Cafeteria roenbergensis, are deep-branching 

heterokonts (Stramenopiles) (Figure 1.1).429 Blastocystis has long been an enigmatic obligatory 

endobiont of the guts of human, mammals, reptiles, birds, and insects. It is a commonly found 

protist in the gut of humans, reaching 100% in some populations (Senegal River Basin), and 20% 

in industrialized countries.60 It is estimated that between one and two billion people may be 

colonized by Blastocystis worldwide.430 It is spread by contaminated food and water, as well as 

human-to-human contact. Infection with Blastocystis sp. has been associated with non-specific 

gastrointestinal disorders such as nausea, vomiting, and diarrhea, and has also been linked to 

Irritable Bowel Syndrome and urticarial lesions (case reports reviewed in Roberts et al. 2014).431 

However, many people that carry Blastocystis sp. are asymptomatic. Eukaryotic gut microbiome 

studies are only now beginning to unravel the extent of infection versus symptom presentation. 

Blastocystis sp. can be classified into different subtypes, of which there are 17 in total, and nine 

that have been detected in humans.432 ST1 through ST4 are most frequently isolated from 

humans, and have distinct geographic distributions.433 Human infection with ST5 through ST9 is 

likely the result of zoonotic transmission, as they are less prevalent in humans but have known 
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animal hosts. Despite ST3 being a relatively common human infection, those who are infected 

tend to be asymptomatic.434 Originally, Blastocystis sp. pathogenesis was thought to be 

dependent on subtype, but epidemiological data suggest that the relationship is more complex; 

subtype pathogenicity and symptom severity varies by geographical region.434–437 For example, 

the ST2 strain has been shown to have high symptom-infection rates in some populations,436,438 

but no link to pathogenicity in others.439,440 Relevant to this work, infection data have shown that 

ST1 is statistically related to pathogenicity,441 and both ST4442,443 and ST7444 are considered to 

be pathogenic strains.  

 P. lacertae is the closest relative to Blastocystis species that has yet been identified.445 

Originally isolated from the cloaca of the sand lizard Lacerta agilis, P. lacertae has been 

described as a either a parasite or commensal organism associated with lizards and 

amphibians446–448 (and rarely mammals), but it is unclear whether its presence actually causes 

illness in the host. While both Blastocystis sp. and P. lacertae are endobionts of animals, the 

sister taxon this clade is Cafeteria, a free-living bacterivorous marine flagellate. It is a 

suspension feeder found in oceans around the world, typically in coastal waters. It uses its 

flagella for both anchoring and to aid in feeding,449 and is a phagotroph, in contrast with P. 

lacertae, which is capable only of pinocytosis.450,451 While phagocytosis has been observed in a 

single stock of Blastocystis sp.,452 its feeding strategy is somewhat unclear.  

In addition to ranging from free-living to parasitic, these three organisms are also 

morphologically diverse. Cafeteria and Proteromonas are heterokont-like, recognizable as such 

since they contain two flagella of different lengths. Blastocystis sp., however, has a highly 

derived morphology. It is a round, non-motile cell with a large internal vacuole that makes up 

nearly the entire cell volume (multiple large vacuoles are also observed).338 Under light 
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microscopy, it more closely resembles an air bubble than it does a eukaryote, let alone a 

heterokont.453 Additionally, avacuolar, amoeboid and cyst forms have also been observed, but 

the vacuolar form is considered to be the typical Blastocystis cell form.338 A study in rats 

suggests that, like many parasites transmitted fecal-orally, only the cyst is transmissible.454 As 

mentioned above, the morphology of Proteromonas is more typical of Stramenopiles, but like 

Blastocystis sp., it is also capable of encystation. A cyst form has not been described for 

Cafeteria. 

Another difference between the gut-resident taxa and Cafeteria is their metabolism; 

Blastocystis and Proteromonas are obligate anaerobes with modified mitochondria, while 

Cafeteria has a fully functional aerobic mitochondrion. Derived mitochondria, or mitochondria-

related organelles (MROs), are found across the tree of eukaryotes and are typically – but not 

always – associated with parasitism and anaerobiasis (reviewed by Makiuchi and Nozaki 

2014).455 Two types of MROs are hydrogenosomes and mitosomes, the latter being the more 

functionally and morphologically reduced species. The mitochondria of Blastocystis and 

Proteromonas have been classified as an intermediate form; not a typical mitochondrion, but less 

reduced than a hydrogenosome.456,445,457 Despite living under anaerobic conditions, this modified 

mitochondria is reportedly functional in Blastocystis, although no activity of mitochondrial 

enzymes has been detected.458 As Cafeteria is free-living, it likely has a fully functional 

mitochondrion.  

 A frequently observed feature of parasites is membrane trafficking system specialization, 

including both gene losses as part of genomic streamlining (e.g. in the Apicomplexa, Giardia, 

and to some extent the kinetoplastids)50,68,459 as well as novel or specialized trafficking biology 

stemming from gene family expansions associated with host association (e.g. in Entamoeba and 
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Trichomonas).70,460 Examining the membrane trafficking system in the endobiotic Blastocystis 

sp. and P. lacertae in comparison with that of the free-living C. roenbergensis will give insight 

into how living in a host gut has impacted the basic intracellular biology of these organisms. 

Both Giardia and Entamoeba are human gut parasites with MROs, and yet have adopted 

different genomic strategies in the face of similar environmental pressures. Understanding the 

membrane trafficking system of this lineage will add another sampling point. Furthermore, like 

Entamoeba and Giardia, Blastocystis secretes cysteine proteases as a virulence mechanism to 

degrade immune molecules such as IgA.461 There may be gene family expansions within the 

secretory system that support this, and a lineage-specific analysis will elucidate whether this is a 

feature of the parasitic Blastocystis, or whether it is pre-adaptive in Proteromonas and/or 

Cafeteria.  

There are other reasons to study the membrane trafficking system in these organisms 

beyond parasitism; these organisms employ somewhat different trophic strategies – phagocytosis 

versus pinocytosis – and the effect of this may be seen in the complement of endocytic 

machinery. In regards to the morphological distinctiveness of Blastocystis, the central vacuole of 

Blastocystis sp. may impact trafficking in different ways. It is thought to be a lipid and 

carbohydrate storage organelle, the contents of which may be consumed during growth,462 so 

there may be central vacuole-specific trafficking machinery. If this were the case, this machinery 

would likely be related to endolysosomal trafficking factors. Additionally, this lineage is the 

most basal branch of the Stramenopile clade,463 so analysis of the membrane trafficking system 

will give a more complete picture of the origin and evolution of Stramenopile-specific aspects of 

membrane trafficking.  
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In order to answer these questions, the genome of Blastocystis ST1 was sequenced, and 

compared with the publicly available genomes of the ST4464 and ST7465 subtypes. Following an 

analysis of membrane trafficking machinery in these organisms (published in Gentekaki et al. 

2017),466 the genome of Proteromonas lacertae and transcriptome of Cafeteria roenbergensis 

were sequenced, and the Blastocystis sp. comparison was updated to include the membrane 

trafficking complements derived from these additional datasets (the P. lacertae and C. 

roenbergensis data are currently unpublished). Comparative genomic analyses of the membrane 

trafficking systems of these organisms were performed to gain insight into (i) the evolution of 

symbiosis and parasitism, and the related metabolic shift to obligate anaerobism, (ii) changes to 

the secretory system that underlie secretion of pathogenicity factors (i.e. cysteine proteases), (iii) 

general membrane trafficking changes in relation to changes feeding strategy and vacuolar 

storage, and (iv) the evolution of membrane trafficking at the base of the Stramenopile clade. 

 

3.2 Specific methods 

 The genomes and predicted proteomes of three subtypes of Blastocystis sp., ST1, ST4, 

and ST7, were searched for vesicle formation machinery, vesicle fusion machinery, and 

autophagy machinery using BLAST, and in the case of predicted proteins, HMMer. The 

predicted proteome of P. lacertae and transcriptome of C. roenbergensis were searched using 

BLASTP or TBLASTN, respectively, as well as the genome of P. lacertae in cases where 

homologues could not be identified in the predicted proteome. If a homologue could not be 

identified in one or two of the taxa but was found in the third, this sequence was used to search 

the databases of the first two taxa, in order to reduce the chance of a false negative due to 

sequence divergence. Because the C. roenbergensis dataset is transcriptomic, it is not considered 
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to be complete, and therefore no inference of gene loss can be made based on absence in this 

organism. Phylogenetics was used to classify highly paralogous protein families (the Snf7 

subfamily of ESCRT proteins, TBCs, SNAREs, ArfGAPs, adaptins, and TSET), as well as to 

determine whether Blastocystis and Proteromonas encode all three ancient paralogues of Sec24, 

a subunit of the COPII coat complex. BLAST and HMMer methodology and scoring cutoffs are 

defined in the Methods. Bayesian and Maximum-likelihood phylogenies were generated using 

the methodology outlined in the Methods.  

 The genome and predicted proteome of Blastocystis ST1 was produced by a genome 

project led by Dr. E. Gentekaki, while the Proteromonas and Cafeteria datasets were produced 

by R. Low. A. Schlacht identified the Blastocystis ST1 ArfGAPs, ArfGEFs, SNAREs, multi-

subunit tethering complexes, and SM proteins, while E. Herman performed these analyses in P. 

lacertae and C. roenbergensis. E. Herman performed all comparative genomics analyses of the 

adaptins, TSET, the coat complexes, ESCRTs, endocytic proteins and autophagy machinery in 

the five datasets. E. Herman performed all phylogenetic analyses.  

 

3.3 Membrane trafficking system evolution in three parasitic strains of Blastocystis sp., 

the related endobiont Proteromonas lacerate and free-living Cafeteria roenbergensis 

gives insight into the evolution of parasitism and endobiosis 

 

3.3.1 Vesicle formation machinery 
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 A comparative genomic analysis of membrane trafficking machinery was undertaken in 

Cafeteria, Proteromonas, and three subtypes of Blastocystis in order to understand how this 

system has evolved during transition to parasitism in this lineage. 

 Vesicle formation machinery is generally conserved in the three Stramenopiles, albeit 

with some losses and expansions. Gene presence and absence is shown in the Coulson plot in 

Figure 3.1, which is based on the data contained in Online Appendix Tables 3.1 and 3.2. There 

are duplications in several subunits of COPI, which functions in Golgi-ER and intra-Golgi 

retrograde transport. In addition to a single duplicated COPD subunit in Blastocystis sp. and P. 

lacertae, Blastocystis, sp. have also duplicated COPA and COPB’ subunits. This result suggests 

the possibility of multiple species of COPI complexes in Blastocystis sp., and potentially 

subfunctionalization. There are several duplications of COPII subunits (ER-Golgi anterograde 

trafficking) across the taxa, including multiple paralogues of Sec24 in the three Blastocystis 

subtypes as well as P. lacertae. This finding suggests two possibilities, which are not mutually 

exclusive. First, Sec24 is the primary cargo adaptor protein in the complex,467 and therefore 

some of the additional subunits may recognize different cargo. Second, that Blastocystis sp. 

encodes the ancient, third paralogue of Sec24.  

As shown by Schlacht et al. 2015,468 there were three Sec24 paralogues in the LECA. 

Most eukaryotes have retained Sec24I and Sec24II, but Sec24III has been patchily lost. These 

include several Amoebozoans, most plants, and very few SAR taxa. A phylogenetic analysis of 

the Sec24 proteins in the Stramenopiles analyzed here show that Blastocystis sp. encodes a 

Sec24III protein, adding another Stramenopile lineage to the few organisms that have retained it 

(Figure 3.2).  
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Figure 3.1. Comparative genomic survey of vesicle formation machinery in Blastocystis sp., 

Proteromonas lacertae, and Cafeteria roenbergensis.  

The vesicle formation machinery includes the ESCRTs, adaptor proteins, COPI, COPII, clathrin 

and endocytic machinery, retromer, and TSET. In this and subsequent Coulson plots, grey circles 

indicate components present in the LECA. For each organism below, filled pie sectors indicate 

that an orthologue was identified, while unfilled sectors indicate that a homologue could not be 

found. Numbers in the sectors indicate the number of paralogues identified of that component. 

Asterisks (*) indicate putative Vps20 or Vps32 protein, as orthology could not be determined by 

phylogenetics. A hash (#) indicates that sortilin (Vps10)-like sequence was identified. A question 

mark (?) indicates that one of the two TTRAY sequences identified was excluded from the 

TTRAY1 clade (and COPI subunit clades), but did not group with a TTRAY2 clade with 

significant node support (posterior probability >0.80, bootstrap >50). Colour-coding is for 

visualization purposes only. 
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Figure 3.1 

Blastocystis ST1

ESCRT 0

Vps60

Vps46
Vps31

Vps4

Vta1CHMP7

Vps32
Vps24

Vps20

Vps2
Vps36

Vps25

Vps22
Vps37

Vps28

Vps23

ESCRT III-AESCRT IIIESCRT IIESCRT I

2

ESCRTs

2
2

Blastocystis ST7

LECA

Blastocystis ST4
2

2

2

2 3

Tom1esc

Proteromonas
lacertae

Cafeteria

3

AP1 AP2 AP3 AP4 AP5

AP1G

AP1S

AP1/2B

AP1M

AP2A

AP2S

AP1/2B

AP2M

AP3D

AP3S

AP3B

AP3M

AP4E

AP4S

AP4B

AP4M

AP5Z

AP5S

AP5B

AP5M

3 5 5
2 2

2
4

Adaptins

LECA

3 23 3
2

2

22 3

2 2

2 25 5
2

Proteromonas
lacertae

Cafeteria

Blastocystis ST1

Blastocystis ST7

Blastocystis ST4

2 2 2
36 2

2

COPI COPII Clathrin Endocytic
machinery

Retromer

Blastocystis ST1

A
B
B’

D
E

G
Z Sec13

Sec31Sec23

Sec24
HC LC

EpsinR

Eps15R Fab1
Vps34

Sorting nexin

Vps10
Vps35

Vps29

Vps26

7
2 2

Sar1

32

Blastocystis ST7

Coat complexes and endocytic components

LECA

Blastocystis ST4

2

2
2

4 22

4

4

22

2

2
22

4 4

TSET

TTRAY1

TCUP TSPOON
TSAUCERTPLATE

TTRAY2

Proteromonas
lacertae

Cafeteria

2 2

2

9
2

3

3
2

2

**

* *

* putative Vps20 or Vps32

#

# Sortilin-related receptor protein

2

?

?

?

?

? Sequences classified as TTRAY2 may be paralogues of TTRAY1

*

2

AP180

3

3

3

3



 94 

 

 

 

 

 

Figure 3.2. Phylogenetic classification of Sec24 paralogues in Blastocystis sp. P. lacertae, 

and C. roenbergensis.  

Node values indicating statistical support are listed as MrBAYES/Phylobayes/RAxML (posterior 

probability/posterior probability/bootstrap), or as circles indicating the minimum level of support 

for that node. Nodes without values do not have significant support in one or more phylogeny. 

The best Bayesian topology (MrBAYES) is shown with node values from all three methods. 

Numbers following the species name indicate the Sec24 paralogue classification from Schlacht et 

al. 2015.468 Blastocystis sp. has retained the ancient but patchily lost Sec24-III paralogue.   
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Figure 3.2 

0.99/0.99/100
0.95/0.95/80
0.80/0.80/50

0.92/0.86/100
Sec24 III

Polysphondylium pallidum 3

Ectocarpus siliculosus 3

Tetrahymena 
thermophila 3

Blastocystis sp. G

Micromonas pusilla 3
Physcomitrella patens 3

Dictyostelium discoideum 3

Blastocystis sp. D

Trypanosoma brucei 2

Naegleria gruberi 2

Physcomitrella patens 2

Micromonas pusilla 2
Rhizophagus irregularis 2

Capsaspora owczarzakii 2
Polysphondylium pallidum 2

Bigelowiella natans 2

Proteromonas lacertae B
Symbiodinium sp. 2

Blastocystis sp. F

Blastocystis sp. E

Blastocystis sp. B

Trypanosoma brucei 1
Naegleria gruberi 1
Capsaspora owczarzakii 1

Spizellomyces punctatus 1

Chlamydomonas reinhardtii 1
Physcomitrella patens 1

Polysphondylium pallidum 1

Cafeteria roenbergensis A
Phytohphthora sojae 1

Symbiodinium sp. 1
Blastocystis sp. C

Blastocystis sp. A

Proteromonas lacertae A

Proteromonas lacertae C



 96 

 Surprisingly, a complete TSET complex was identified in Blastocystis sp. and P. 

lacertae. Subunits were classified by phylogenetics, as shown in Supplementary Figures S3.1-

S3.4 (Online Appendix Table 3.3). The TPLATE tree was unresolved, and therefore not included 

here. In several trees, the TSET sequences do not form a single clade, however, the new 

Stramenopile TSET subunits always group with bona fide TSET sequences with high node 

support values.  

In other stramenopiles such as the giant brown kelp Ectocarpus siliculosus, TSET is 

incomplete, with subunits being patchily lost or otherwise unidentifiable due to low sequence 

similarity, and it is even less well conserved in Alveolates and Rhizaria. This is the first 

identification of organisms within the SAR clade that encode complete TSET complexes. 

Identification of a whole TSET complex in these taxa raises the possibility that it is functional, 

and potentially also trafficking material to the cell surface. The TSET complex was only 

identified in P. lacertae using HMMer, and hidden Markov models including the P. lacertae 

sequences were able to identify orthologues in Blastocystis sp. Therefore, the presence of the 

TSET complex was not published in the Blastocystis sp. genome paper; however, it will be 

published in the genome paper on P. lacertae and C. roenbergensis.  

Phylogenetic trees classifying the adaptin subunits are shown in Supplementary Figures 

S3.7-S3.10 (Online Appendix Table 3.3).  These trees were generated separately from the ones 

used to classify TSET sequences, as additional adaptins were identified following the TSET 

analysis, and were therefore not included in those trees. 

 Clathrin and AP2, involved in clathrin-mediated endocytosis, are present in all taxa, 

while AP180 was not identified, although previous work suggested it was lost at the base of the 

SAR clade, prior to the divergence of Stramenopiles.469 In Blastocystis sp., the structure-
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regulating light chain of clathrin has been duplicated. In vertebrates, the light chain influences 

cargo selection by influencing triskelion structure,470 and may play a similar role in Blastocystis 

sp. There are also duplications of AP2 subunits. Six highly similar AP2M paralogues were 

identified in P. lacertae, differing by no more than 12 amino acids between them, suggesting that 

these duplications are recent. The shared beta subunit of AP1 and AP2 is also duplicated in P. 

lacertae, and to a greater extent in Blastocystis sp., particularly ST1 and ST7.  

 In addition to the AP1 and AP2 beta subunit mentioned above, the AP1G subunit is 

duplicated in all three Blastocystis subtypes. In human cells, the it is AP1G that interacts with 

EpsinR, and multiple copies of EpsinR are found in both Blastocystis sp. and P. lacertae.180 That 

these interacting proteins have both been expanded in Blastocystis sp. could suggest that they 

have preferential interacting partners. Eps15R could not be identified in Blastocystis sp., but it is 

also lost in several eukaryotic lineages.471 The AP4 complex also functions in TGN-endosome 

trafficking, and nearly all of its subunits have been duplicated in both Blastocystis sp. and P. 

lacertae. The retromer coat complex mediates receptor recycling from endosomes and is present 

in all taxa. C. roenbergensis encodes a sortilin-related receptor (Vps10-like), which is thought to 

be the universal cargo for retromer.196 It has a patchy distribution in eukaryotes, and could not be 

identified in P. lacertae or Blastocystis sp. 

 Overall, C. roenbergensis has the most complete ESCRT complement, however, any 

losses is this organism cannot be reliably determined since the only available sequence data are 

transcriptomic. In Blastocystis sp. and P. lacertae, there is evidence for both shared and 

independent losses. Phylogenetics was used to classify the Snf7 and Vps24 families, shown in 

Supplementary Figures S3.5 and S3.6 (Online Appendix Table 3.3). While P. lacertae maintains 

two of three ESCRT I subunits (Vps23 and Vps37), ESCRT I appears to be completely lost in all 
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three Blastocystis subtypes. It is therefore surprising that the Blastocystis subtypes have retained 

more components of ESCRTs II, III, and III-associated than P. lacertae, and in some cases, have 

duplicated subunits, such as Vps25 and Vps31. Conversely P. lacertae appears to have 

independently lost at least five ESCRT subunits. This suggests that there is a pattern of loss or 

degradation of ESCRT components in both endobiotic stramenopiles, which is not seen to the 

same extent in the free-living C. roenbergensis. If the ESCRT subunits that could not be 

identified in P. lacertae are truly lost, it is difficult to envision MVB biogenesis, as these 

subunits are structural and scission proteins of ESCRTs II and III. The only AP complex with 

minimal subunit duplications is AP3, with the exception of a single duplication of the medium 

subunit in Blastocystis ST1. AP3 functions in trafficking material between the TGN and 

MVB/late endosome, so the relative paucity of AP3 paralogues is in line with the partial loss of 

the ESCRT complex.   

 

3.3.2 Vesicle fusion machinery 

In general, vesicle fusion machinery is less conserved in the three taxa than vesicle 

formation machinery (Figure 3.3, Online Appendix Tables 3.1 and 3.2). SNAREs were classified 

using phylogenetics, shown in Supplementary Figures S3.11-S3.13 (Online Appendix Table 3.3). 

While ER-Golgi anterograde vesicle fusion occurs via the multisubunit tethering complex 

(MTC) TRAPPI, which is present, the retrograde trafficking step occurs via Dsl1, which is lost 

almost completely in Blastocystis sp.. This is not the case in P. lacertae, which encodes all 

subunits except Tip20. In both Blastocystis sp. and P. lacertae, the SNARE proteins Use1 and 

Sec20, which function in Golgi-ER trafficking, also could not be identified. Additionally, only 

one of the four TRAPPII MTC subunits, a tether for intra-Golgi retrograde transport, could be  
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Figure 3.3. Comparative genomic survey of vesicle fusion machinery and GTPase 

regulators in Blastocystis sp., Proteromonas lacertae, and Cafeteria roenbergensis.  

The vesicle fusion machinery includes SNARE complexes and SM proteins, multisubunit 

tethering complexes (MTCs), while the GTPase regulators are the GTPase Activating Proteins 

(GAPs) and Guanine nucleotide Exchange Factors (GEFs) for Arf and Rab GTPases. An asterisk 

(*) indicates a putative homology assignment, which could not be reliably classified using 

phylogenetics. A hash (#) indicates that many of the identified sequences are fragments of 

DENN domains. 
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Figure 3.3  
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identified. Together, these findings suggest that while there is complexity in coat-based vesicle 

formation, tethering complexes are generally more dispensable in these taxa.  

Plasma membrane vesicle fusion is mediated by the Exocyst MTC, plasma membrane 

SNAREs, subtypes of VAMP SNAREs, Qbc domain-containing SNAREs in Opisthokonts,472 

and NPSN and Syp7 SNAREs in plants.91,293 Blastocystis encodes the Qb SNARE NPSN and Qc 

SNARE Syp7, while no Qbc proteins could be identified. However, NPSN and Syp7 orthologues 

could not be identified in P. lacertae, although P. lacertae encodes multiple SynPM and Vamp7-

like paralogues, suggesting either that other proteins function in place of secretory Qb and Qc 

SNAREs in P. lacertae, or that SNARE complexes can be formed without them. 

Endocytic machinery, in general, is present and often expanded in Blastocystis sp. and P. 

lacertae, with the exception of ESCRT subunit losses. As discussed above, there are duplications 

in AP1, AP2, and AP4 adaptor complexes. In terms of vesicle fusion machinery involved in 

TGN-endosome recycling, there are duplications in subunits of the GARP/EARP MTCs and the 

Qc SNARE Syntaxin 6 in Blastocystis sp. and P. lacertae. The endolysosomal HOPS and 

CORVET MTCs are complete in P. lacertae (with several duplicated subunits). In Blastocystis 

sp., the CORVET-specific Vps8 could not be identified; meanwhile, several VpsC core subunits 

have been duplicated, as has the HOPS-specific subunit Vps39. This expansion of 

endolysosomal tethering machinery contrasts with the reduction in the ESCRT complement, 

suggesting specialization of this arm of the membrane trafficking system. Furthermore, the 

apparent loss of Vps8 in Blastocystis sp. raises the possibility a lineage-specific factor can 

interact with VpsC core proteins. 

Endo-lysosomal specialization via adaptor protein and MTC expansion is a curious observation 

against the backdrop of deteriorating MVB biogenesis machinery, a key step in degrading 
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transmembrane proteins. To understand more about other aspects of endo-lysosomal trafficking 

in this lineage, a comparative genomic analysis of the autophagy machinery was undertaken. 

Autophagosomes are dynamic endomembrane organelles that feed into the degradative pathway 

through HOPS-mediated fusion with lysosomes (Figure 3.4, Online Appendix Table 3.4). Based 

on comparison with C. roenbergensis and other stramenopiles,473 both Blastocystis sp. and P. 

lacertae have both independent and lineage-specific losses. Both P. lacertae and Blastocystis sp. 

have lost ATG1 and ATG9, while P. lacertae has lost ATG20, ATG3, ATG7, and ATG5 

independent of Blastocystis sp., and Blastocystis sp. has lost Vac8 independently of P. lacertae. 

Although the vesicle nucleation machinery appears to be present, many of these proteins have 

other cellular functions; these include TOR1 (intracellular signaling),474 Vps15 and Vps34 

(vacuolar protein sorting, among other functions),475 Atg6/Beclin/Vps30 (endosomal 

recycling),476 and PEP4 and PRB1 (proteases involved in acidification).477 Surprisingly, 

Blastocystis sp. appears to be missing ATG3, ATG4, ATG7, and ATG8; parts of the vesicle 

expansion machinery that are conserved across eukaryotes.473 Despite the transcriptomic nature 

of the C. roenbergensis dataset, these proteins, as well as other critical factors in this system, 

were identified, and therefore the losses are specific to the endobiotic Blastocystis sp. and P. 

lacertae.  

The Arf and Rab small GTPase regulators (GAPs and GEFs) involved in regulating 

vesicle formation and vesicle fusion, respectively, were also queried (Figure 3.3). Arf and Rab 

GTPases themselves were not searched for, as these proteins were within the purview of another 

research group working on the Blastocystis sp. genome project.466 Phylogenetic classification of 

TBC RabGAPs and ArfGAP proteins are shown in Supplementary Figures S3.14 and S3.15, 

respectively (Online Appendix Table 3.3).  
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Figure 3.4. Comparative genomic survey of autophagy machinery in Blastocystis sp., 

Proteromonas lacertae, and Cafeteria roenbergensis.  

Autophagy machinery is classified by the following steps in autophagosome biogenesis: 

induction, cargo packaging, vesicle nucleation, vesicle expansion, retrieval, and vesicle 

breakdown, and factors associated with these processes. In general, machinery was only included 

if it is likely ancient and present across eukaryotes based on the analysis by Duszenko et al. 

(2011).473 Dots indicate simple presence/absence, while numbers in dots indicate paralogues. 
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Figure 3.4 
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However, trees for ArfGEFs and DENN domain-containing RabGEFs were unresolved, and 

therefore not shown here. General features of these families can be uncovered by comparative 

genomics alone. Typically, P. lacertae has a more complete and expanded set of Arf and Rab 

regulators than Blastocystis sp., e.g. 11 versus 5 ArfGEFs, and 17 versus ~8 DENN domain 

RabGEFs. P. lacertae also has a more complete set of TBC domain RabGAPs than Blastocystis 

sp., including TBC-H and TBC-L (nomenclature from Gabernet-Castello et al. 2013).266 

However, the functions of these TBC proteins are unknown in both cases. TBC-E is one factor 

that has been duplicated in Blastocystis sp. and P. lacertae. It is specific to Rab35, which 

together function in a fast endosome-plasma membrane recycling pathway in mammalian 

cells.260 Interestingly, a putative plant-specific TBC protein was identified in C. roenbergensis, 

but not in the other taxa. Blastocystis sp. has duplicated its ArfGAP1 and AGFG ArfGAPs, while 

P. lacertae has only one of each. ArfGAP1 functions in cargo sorting and biogenesis of COPI-

coated vesicles at the Golgi,154 and several subunits of the COPI complex have also been 

duplicated in Blastocystis sp.. AGFG, also known as Hrb, colocalizes with clathrin and AP2, and 

is involved in clathrin-mediated endocytosis.205,478 

   

3.4 Discussion 

 Analysis of the membrane trafficking system complement in Blastocystis sp., P. lacertae, 

and C. roenbergensis gives insight into how this system has evolved over the transition from a 

free-living to an endobiotic/parasitic lifestyle. Unlike organisms such as Giardia and the 

Apicomplexa, there does not appear to be large-scale streamlining of the endomembrane system 

in the endobionts. However, there are a few key losses of trafficking machinery in both lineages. 
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ESCRT complex subunits appear to be differentially lost in these taxa. While P. lacertae has 

retained some ESCRT I components and Blastocystis sp. has not, it has lost other ESCRT II, III, 

and IIIA components that are necessary for vesicle budding. The most critical of these is Vps32, 

the ESCRT subunit that multimerises into spirals at the neck of the forming vesicle, generating 

the free energy needed to restructure the lipid bilayer during scission.479 This result was 

confirmed using phylogenetics, as Vps32, Vps20 and Vps60 are related Snf7 domain-containing 

proteins, and therefore the P. lacertae Snf7 domain protein could potentially be a divergent 

Vps32. However, it is likely to be an orthologue of Vps60, based on robust phylogenetic support, 

placing it in a clade with other known Vps60 sequences. Based on this, and the absence of most 

of the ESCRT II machinery and Vps20, it is likely that P. lacertae is not capable of forming 

multivesicular bodies. Although Blastocystis sp. has retained more of the ESCRT III and IIIA 

components, its ability to form MVBs is also unclear, based on the complement of ESCRT 

machinery identified. The pattern of ESCRT subunit loss does not appear to be wholly 

progressive in Blastocystis sp. and P. lacertae. Only two subunits appear to have been lost in 

both taxa (Vps28 and Vta1); CHMP7 was also not identified, but it has been independently lost 

many times in eukaryotes.226 All other losses are specific to either Blastocystis sp. or P. lacertae, 

suggesting that ESCRT complex degradation is occurring largely independently in these 

organisms.  

 ESCRT complex loss has been observed in other taxa, such as the Apicomplexa50 and the 

haptophyte algae, as discussed in Chapter 5. In these lineages, ESCRTs I and II are lost first, 

with patchy losses of proteins in the ESCRT III and IIIA complexes. This suggests that the later-

acting ESCRT subunits may have other cellular roles, and perhaps may retain their original role 

in cytokinesis. In the Apicomplexa and haptophytes, the degradation of the ESCRT machinery is 
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accompanied by the loss of the Exocyst MTC, but this is not the case in Blastocystis sp. and P. 

lacertae. ESCRT loss is not specific to parasites or commensal organisms. Its loss suggests that 

the normal degradation of transmembrane receptors may occur via targeting for lysosomal 

destruction through a currently unknown method, or are simply recycled to the TGN and plasma 

membrane. Perhaps the loss of ESCRT complexes is an indication that these organisms do not 

regulate the presence of transmembrane proteins in the plasma membrane specifically through 

uptake and degradation.  

 The near-complete loss of Dsl1 and the SNARE it specifically binds to, Use1, in 

Blastocystis sp. is typical of peroxisome-lacking organisms. These include the Apicomplexa, 

Trichomonas, Entamoeba, Giardia, Thalassiosira, and the microsporidian Encephalitozoon.480 

Trypanosomatids also lack complete Dsl1 complexes, and they have highly modified 

peroxisomes known as glycosomes.481 In the Blastocystis genome paper published by Gentekaki 

et al. (2017),466 searches for peroxisome biogenesis machinery in Blastocystis sp. revealed a 

minimal complement of pex proteins. However, the Dsl1 complex is nearly complete in P. 

lacertae, suggesting it may have more peroxisomal genes. Further comparative genomic searches 

for these will confirm whether the Dsl1-perixosome pattern holds true in this lineage. The 

minimal peroxin complement of Blastocystis sp. and the minimal ESCRT machinery of both 

Blastocystis sp. and P. lacertae suggest that peroxisomes and MVBs have either been lost, or are 

in the process of being lost. The loss of peroxisome biogenesis machinery may be related to 

obligate anaerobism of Blastocystis sp., although it is certainly not necessary, as several 

organisms with divergent or lost peroxisomes are neither anaerobic nor parasitic.482 The trend of 

Dsl1 and peroxisome loss or modification in eukaryotes suggests that in general, Dsl1 is 
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expendable in terms of its role in fusing Golgi-derived vesicles at the ER, contrary to what is 

observed in yeast, where this function is essential.483  

 Gene family expansions of exocytic and endocytic machinery are extensive in 

Blastocystis sp. and P. lacertae. In general, these paralogues likely add complexity to the 

membrane trafficking system in these organisms. They may be swapped in and out of complexes, 

or form specific subcomplexes, generating multiple trafficking factors with unique cargo 

preferences, interacting partners, or activity kinetics, thus adding complexity to the trafficking 

system. One such example of how this might work is the COPI subunit gene duplications in 

Blastocystis sp., where there are multiple copies of the alpha, beta-prime, and delta subunits. In 

human cells, the alpha and beta prime subunits bind cargo with a KKXX motif,484 found in ER 

resident proteins, while the delta subunit binds cargo with a Wxn(1-6)[WF] motif.485 Multiple 

paralogues of these cargo-binding subunits may generate COPI subpopulations with different 

specificity for different cargoes. Unfortunately, because of the quality of the C. roenbergensis 

transcriptome, it is not possible to assess the effect of endocytosis/phagocytosis on the membrane 

trafficking machinery in this lineage. 

 Overall, the endocytic and TGN-endosome recycling machinery has been duplicated in 

Blastocystis sp. and P. lacertae, suggesting complexity in these pathways in both organisms. 

However, while there are two duplicated subunits of the HOPS/CORVET complex in P. 

lacertae, the expansions are more extensive in Blastocystis. These MTCs promote fusion of 

endosomes and fusion of late endosomes and lysosomes. HOPS specifically is involved in 

autophagosome-lysosome fusion. At first glance, analysis of the autophagy machinery did not 

suggest that this process is even possible in Blastocystis sp. and P. lacertae, unless they use other 

lineage-specific machinery, or that the canonical machinery is highly divergent. Despite these 
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missing factors, Yin and colleagues (2010) observed autophagosomes in Blastocystis sp.486 

Curiously, these organelles were potentially within the central vacuole, raising the question of 

how the central vacuole contributes to autophagy, and indeed how movement of organelles 

destined for degradation into the central vacuole occurs. Novel autophagy biology may also 

implicate non-canonical machinery in this cellular process, especially in the absence of typical 

vesicle expansion proteins. 

 It is likely that some form of autophagy still occurs in these organisms, although similar 

extreme losses of machinery have been observed in Giardia, the red alga Cyanidioschyzon 

merolae, and the microsporidian Encephalitozoon cuniculi; the latter two organisms having 

highly reduced genomes.473 Perhaps this is evidence of genomic streamlining in Blastocystis and 

P. lacertae, in contrast to the gene family expansions observed in the membrane trafficking 

system.   

 But then what could be the function of duplicated HOPS/CORVET MTCs in Blastocystis 

sp. alone? It is possible that it plays a role in trafficking to the central vacuole that is only present 

in Blastocystis. The large central vacuole is made up of accumulated carbohydrates and lipids,462 

and storage organelles of this type are often modified lysosomes termed ‘lysosome-related 

organelles’, or LROs (e.g. melanosomes in human cells, acidocalcisomes in trypanosomatids, 

and secretory granules in the Apicomplexa, to name a few). The HOPS complex has been 

implicated in LRO biogenesis in a diversity of organisms,487–489 and it may share this function in 

Blastocystis sp. Curiously, the AP3 complex is often involved in LRO biogenesis, however, it is 

the only adaptin complex that has not undergone gene duplication events. However, this does not 

preclude its functioning in this process. Additionally, COPI and ArfGAP1 have undergone 
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expansions in Blastocystis sp., and are both involved in lipid droplet formation in human and 

yeast cells. It is possible that they may also play a role in lipid storage at the central vacuole.  

 Remarkably, there do not appear to be any clear hallmarks of parasitism in the membrane 

trafficking system of Blastocystis as distinct from P. lacertae. These would include reductions or 

expansions of membrane trafficking machinery in Blastocystis sp. alone that may point to 

genomic streamlining or system specialization, respectively. A singular potential example of this 

may be the presence of the secretory SNAREs NPSN and Syp7, which are not identified in P. 

lacertae. As a key factor in Blastocystis pathogenesis is the secretion of cysteine proteases,461 a 

robust secretory system including these SNAREs may be relevant in their secretion. One 

interpretation of these results is that in general, endobiosis exerts a greater effect on membrane 

trafficking system sculpting in Blastocystis and Proteromonas than does parasitism. However, 

more comparative genomic analyses of lineages with host-associated and free-living organisms 

are necessary to determine whether this claim is more generally relevant. 

 Blastocystis, Proteromonas and Cafeteria are deep-branching Stramenopiles, and using 

their genomes, one can probe the evolution of the membrane trafficking system at the base of 

this clade. One case of retention in this lineage is the presence of the third ancient paralogue of 

Sec24 (COPII) in Blastocystis sp. and P. lacertae. Until now, the only SAR genome shown to 

contain this paralogue was that of Ectocarpus siliculosus, a Stramenopile, and Tetrahymena 

thermophila, a ciliate. Its identification in Blastocystis and Proteromonas provides further 

evidence that these are not false-positive results, or likely to be the result of lateral gene transfer 

from other eukaryotes. Secondly, the entire TSET complex is found in both Blastocystis sp. and 

P. lacertae; while subunits of the TSET complex are found in Stramenopiles,144 this is the first 

example of the whole complex being retained in this lineage. Finally, a putative plant-specific 
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TBC RabGAP protein may have been identified in C. roenbergensis. Two clades of plant-specifc 

TBCs have been identified; PlA and PlB.266 Low node support values make this sequence 

difficult to classify, but it may be evidence that plant-specific TBC proteins were found in 

members outside of the Archaeplastida, but have since been lost.   

 From this analysis, the effect of anaerobism and symbiosis/parasitism on the membrane 

trafficking system and associated cellular systems (autophagy and peroxisome biogenesis) can be 

reductive. However, gene family and complex expansions in the membrane trafficking system 

co-occur with these loss events. Why have the parasitic/symbiotic Blastocystis sp. and P. 

lacertae retained and expanded some membrane trafficking machinery while other systems are in 

the process of being lost? These patterns may be the result of adaptation to the niche of living in 

the gut; however, a full genome of the free-living C. roenbergensis is necessary to confirm this. 

There may be less pressure to streamline the genome than on other gut microbes like Giardia, 

but losses of whole systems appear not to have an overwhelmingly negative effect on these 

organisms. In this light, recent work by Eme and colleagues (2017) show that lateral gene 

transfer from bacteria is critical for Blastocystis sp. to colonize the gut environment.466 It remains 

to be seen whether these are specific to Blastocystis sp., or are also found in P. lacertae and C. 

roenbergensis. The inherent incompleteness of the C. roenbergensis transcriptome may give the 

impression that these gene duplications are specific to the endobionts. The possibility remains 

that these events may predate the split of C. roenbergensis. Nonetheless, these comparative 

analyses have generated predictions about how the membrane trafficking functions in an 

extremely common and enigmatic human gut parasite.  
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4. Membrane trafficking system function during cyst formation in 

Entamoebae invadens and Entamoeba histolytica 
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4.1 Introduction 

 Comparative genomics can be used to make predictions about how the membrane 

trafficking system is involved in specialized cellular processes. One way to give functional 

weight to these predictions is to look at the gene expression changes associated with a specific 

process. This type of differential gene expression analysis was done to investigate how the 

membrane trafficking system in modulated in cyst formation in Entamoeba spp., a parasite of 

animal gastrointestinal tract. 

Entamoeba is a member of the supergroup Amoebozoa, and all members of the genus are 

considered to be pathogenic. Most are gut parasites, the most famous being E. histolytica.490 It is 

thought to infect 1 in 10 people; in one year approximately 40-50 million people develop 

amoebic colitis or abscesses, and ultimately, it can cause up to 100,000 deaths per year.490,491 It is 

a major issue in tropical areas; within the Indian subcontinent, Africa and South and Central 

Americas.492 The majority of E. histolytica infections are asymptomatic, but 10% of cases can 

become invasive491, with symptoms including dysentery, colitis, and amoebic granulomas.38 If 

during infection the intestinal wall is perforated, amoebae can spread to the liver and brain 

causing abscesses, to the heart causing pericarditis, and to the lungs causing pleuropulmonary 

disease.38 Invasive infection and dysentery is commonly treated with nitroimidazole-derived 

drugs,493 the aminoglycoside paromomycin, but surgical intervention may be necessary in cases 

of fulminant colitis.494,495  

E. histolytica parasites are transmitted by ingestion of cyst-contaminated water. While the 

average infectious dose is >1000 organisms, a single infectious individual can pass up to 45 

million cysts in their stool per day.496 In the environment, cysts must survive the drying, nutrient 

poor, and thermo-variable conditions of the environment for several weeks to months, and then 
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the harsh acidity of the stomach and the majority of the small intestine, rich with digestive 

enzymes, as excystation occurs later in the terminal ileum.497 After excystation, the Entamoeba 

trophozoite divides and colonises the colon. The amoebae encyst prior to excretion; however, 

little is known about what is occurring in the cell on a molecular level to facilitate this life stage 

conversion, and how the quiescent cyst is prepared for eventual excystation.   

  The process of forming a stable, resistant cyst relies on the specific, ordered secretion of 

glycoproteins and proteins. It is thought that the cyst wall is assembled in three phases, termed 

the “wattle-and-daub” model.342 In the foundation stage, the lectin Jacob is trafficked to the cell 

surface and there binds constitutively expressed Gal/GalNAc lectins.342,498 In the “wattle” stage, 

chitin is synthesized and secreted, likely crosslinked by Jacob’s tandemly arranged chitin-

binding domains. Jacob lectins and chitin are seen in separate vesicles in early encystation (12 

hours post induction, hpi), and have begun to accumulate at the cyst wall at 24-36 hpi. Although 

the timing is not clear, the chitin-cleaving enzyme chitinase and deacetylases trim and 

deacetylate extracellular chitin.343,499 Finally, the Jessie3 lectin, which binds chitin and may also 

self-aggregate, solidifies the cyst wall in the “daub” phase, making it impermeable to small 

molecules.342 It is observed in vesicles beginning at 36 hpi, and is found in the cyst wall at 72 

hpi. The heavy secretory load clearly implicates the membrane trafficking system in this process.  

Several studies have considered Rab GTPases in the context of encystation. Fourteen Rab 

genes, which are involved in vesicle fusion dynamics, were found to be up-regulated during 

encystation by a microarray screen.500 A targeted bioinformatic analysis has shown that 

Entamoeba has expanded its Rab protein family; it has nearly 100 Rab proteins, many of which 

lack homologues in human cells,460 raising the possibility that some divergent Rab proteins may 

be potential targets for drugs abrogating cyst formation. However, a comprehensive assessment 
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of the full membrane trafficking gene complement of Entamoeba has not yet been done. To this 

end, a comparative genomic approach was taken to identify membrane trafficking genes in 

Entamoeba spp., in order to gain a more thorough understanding of how this system has evolved 

in another gut parasite, as well as to provide the background genomic information necessary to 

study membrane trafficking gene expression patterns during encystation. Encystation is 

obviously a secretory process, and therefore one would expect secretory genes to be up-regulated 

over the course of encystation, but it is not clear how the rest of the trafficking system is 

modulated to support heavy secretion.  

 As E. histolytica cysts do not form readily in vitro, the closely related model Entamoeba 

invadens is often used to study cyst formation. E. invadens is a reptile pathogen, and encystation 

is easily induced under axenic conditions by glucose starvation. To identify MTS gene 

expression patterns during this process, encystation was induced in E. invadens and RNA-Seq 

was performed on mRNA from the trophozoite (0 hpi early encystation stage (24 hpi), late 

encystation stage (48 hpi), and the mature cyst (72 hpi). Because there were no replicates of 

these samples, the expression of individual genes was not considered. Rather, membrane 

trafficking pathways were considered to be associated with encystation if several genes from that 

pathway had expression patterns showing up-regulation over the course of the four timepoints. 

This comparative genomic and transcriptomic analysis gives insight into: (i) how the membrane 

trafficking system of a second gut parasite has been sculpted as a consequence of its lifestyle, 

and (ii) how the process of encystation is supported by membrane trafficking pathways.  

 

4.2 Specific Methods - Genomics and transcriptomics of encystation in Entamoeba 
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 Comparative genomics of E. invadens and E. histolytica were performed using BLASTP. 

The E. invadens and E. histolytica proteomes (AmoebaDB, Release 28) were searched, as well as 

novel transcriptomic data generated in this analysis. Encystation of E. invadens IP-1 trophozoites 

was induced by transferring trophozoites in logarithmic growth phase to axenic glucose-free 50% 

LG-Y medium. RNA-Seq was performed on mRNA samples taken at 0 hours post-induction 

(hpi, trophozoite), 24 hpi (early encystation), 48 hpi (late encystation), and 72 hpi (mature cyst). 

In-depth methods can be found in Herman et al. 2017.501 

 The Trinity package408,502 and edgeR412 were used to determine the levels of gene 

expression using the mapped reads. Because only one mRNA sample from each condition was 

sequenced, edgeR was run with an assigned dispersion value of 0.4 (recommended for datasets 

with no biological replicates).412 Transcripts with a false discovery rate < 0.01 and a minimum 

log2 fold change of 2-fold were classified as significantly differently expressed between two time 

points. As multiple transcripts were generated for a single gene locus, only the transcript with the 

highest average expression across conditions was considered for that locus in our analyses. 

Without biological replicates, one cannot make robust statistical conclusions about differentially 

expressed genes. To mitigate this, genes likely to be differentially expressed (exceeding the FDR 

and fold change cutoff) were clustered by expression pattern during encystation, and conclusions 

of membrane trafficking gene expression were only drawn in cases where several members of a 

pathway were identified in an expression pattern cluster. Significantly differentially expressed 

genes (FDR<0.01, fold change > 2) were clustered using k-means and MCL clustering (Online 

Appendix Table 4.1, 4.2).  

E. Herman performed all comparative genomic analyses in E. histolytica and E. invadens 

and assessed membrane trafficking system divergence between these genomes. E. invadens IP-1 
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trophozoites were grown by M. Siegesmund. RNA-Seq was performed by L. Caler, and gene 

expression and clustering analyses were performed M. Bottery and R. van Aerle. E. Herman 

reconstructed membrane trafficking pathways associated with encystation based on trafficking 

gene inclusion in expression pattern clusters. As the work on Entamoeba encystation has been 

published in Herman et al. (2017),501 sections of the introduction, methods, results, and 

discussion are reproduced here. 

 

4.3 Membrane trafficking gene expression during encystation in Entamoeba invadens: a 

model for Entamoeba histolytica infection 

 

4.3.1 Comparative genomics of the membrane trafficking system in Entamoeba histolytica and 

Entamoeba invadens 

 In addition to assessing the evolution of the membrane trafficking system in a eukaryotic 

gut parasite, the secondary purpose of comparative genomics was to ensure that E. invadens is 

similar enough in gene content to E. histolytica that it can be used as a model system to study 

encystation. As both Entamoeba spp. are pathogenic, the focus of this analysis is on shared gene 

presence, gains, or losses between the two species. Figures 4.1 and 4.2 show the vesicle 

formation and fusion machinery presence and paralogue number in the two Entamoeba genomes. 

Online Appendix Table 4.3 contains all orthologue accessions. Out of 367 membrane trafficking 

genes identified, 246 have 1:1 orthology between E. histolytica and E. invadens. Furthermore, if 

the Arf and Rab regulators are excluded, there are only 11 genes that vary in paralogue number.  
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Figure 4.1. Comparative genomic survey of vesicle formation machinery in Entamoeba 

invadens and Entamoeba histolytica.  

The vesicle formation machinery includes the ESCRTs, adaptor proteins, COPI, COPII, clathrin 

and endocytic machinery, retromer, TSET, and the Arf GTPases and their GAP and GEF 

regulators. To highlight paralogue number differences between the two Entamoeba species, 

darker versus lighter segments indicate more or fewer paralogues, respectively. 
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Figure 4.1  



 120 

 

 

 

 

 

Figure 4.2. Comparative genomic survey of vesicle fusion machinery in Entamoeba 

invadens and Entamoeba histolytica.  

Vesicle fusion machinery includes the SNAREs and SM proteins, the multisubunit tethering 

complexes, and Rab GTPases and their GAP and GEF regulators. As in Figure 4.1, paralogue 

differences are highlighted by darker versus lighter segments, indicating more or fewer 

paralogues in one taxon versus the other. For Rab proteins, the total number of rab paralogues is 

shown above the number of species-specific Rab paralogues in brackets.  
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As the Arf and Rab GTPase regulators are highly paralogous families, phylogenetic trees 

were generated to determine 1:1 orthologues and the nature of any expansions in these families. 

These are summarized in Table 4.1, supported by work shown in Online Appendix Figures 4.1-

4.10 (Online Appendix Table 4.4). With the exception of the Arfs, more than half of these 

proteins have direct 1:1 orthology between E. invadens and E. histolytica, while less than 1/3 of 

the proteins are ‘singletons’ (i.e. one or more gene family members in one Entamoeba species 

with no clear orthologues in the other). The rest of the proteins make up orthologous groups with 

some expansion or loss events (i.e. 1+:1 or 1:1+ orthology). Overall, the vast majority of 

GTPases and their regulators share orthology between the two species (>75%), although there 

have been multiple independent expansions in both species. While there is divergence in this one 

sub-system of the membrane-trafficking machinery between the two organisms, the overall 

similarity of the remaining MTS complement in E. histolytica and E. invadens is high. 130 of 

155 genes have 1:1 orthology, and there are 61 cases where a factor deduced as present in the 

LECA was not identified in either genome. This suggests that E. invadens is a good proxy for 

studying membrane trafficking gene expression during encystation in the human pathogen E. 

histolytica. 

 The vesicle formation machinery complement in Entamoeba spp. is largely complete 

(Figure 4.1). There are some partial losses of complexes, although these may be false negatives 

due to high sequence divergence. In both E. invadens and E. histolytica, the COPI and COPII 

complexes have multiple duplicated subunits. These coat complexes are involved in intra-Golgi 

and Golgi-ER trafficking in the case of COPI, ER-Golgi trafficking in the case of COPII. Both 

species encode multiple ArfGAP paralogues (4 in E. histolytica and 6 in E. invadens), which is  

 



 123 

Table 4.1. Summary of orthology analysis of Arfs, Rabs, and their GAP and GEF 
regulators in E. invadens and E. histolytica 

  

 

ArfGAPs 
  

Arfs 
  

ArfGEFs 
  

Rabs 
  

TBCs 
  

DENNs 
  

INVADENS : 
HISTOLYTICA # % # % # % # % # % # % 

1 : 1 8 50.00 2 22.22 6 54.55 53 48.62 31 65.96 16 69.57 
                          

1 : 2+ 1 6.25 0 0.00 1 9.09 7 6.42 2 4.26 0 0.00 
2+ : 1 1 6.25 3 33.33 2 18.18 13 11.93 7 14.89 1 4.35 

                          
2+ : 2+ 2 12.50 2 22.22 2 18.18 2 1.83 2 4.26 2 8.70 

                          
0 : 1+ 1 6.25 1 11.11 0 0.00 10 9.17 1 2.13 1 4.35 
1+ : 0 3 18.75 1 11.11 0 0.00 24 22.02 4 8.51 3 13.04 
sum 16 100.00 9 100.00 11 100.00 109 100.00 47 100.00 23 100.00 

             

 

ArfGAPs 
  

Arfs 
  

ArfGEFs 
  

Rabs 
  

TBCs 
  

DENNs 
  

INVADENS : 
HISTOLYTICA # % # % # % # % # % # % 
1+ : 1+ orthology 12 75 7 77.78 11 100 75 72.82 42 89.36 19 82.61 

0 : 1+ or 1+ : 0 4 25 2 22.22 0 0 31 27.18 5 10.64 4 17.39 
sum 16 100 9 100 11 100 106 100 47 100 23 100 
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the GTPase activating protein for Arf, which functions in COP1-mediated vesicle formation. 

ArfGAPs are classified in Supplementary Figure S4.1 (Online Appendix Table 4.4). This subunit 

expansion suggests potential subfunctionalization in the early secretory system. The TSET 

complex was not identified, although it is patchily retained in eukaryotes, so this loss is not 

surprising. 

Clathrin-mediated endocytosis proteins such as clathrin heavy chain AP2 are present, and 

there are duplications in both large subunits of AP2. Because of the duplications in this and other 

GADEZ subunits, phylogenetic studies were performed to classify them (Supplementary Figures 

S4.2, Online Appendix Table 4.4). The clathrin light chain was not identified, although this may 

be a false negative due to the short light chain sequence and high divergence of Entamoeba, it 

may also be truly missing, as the light chain is regulatory rather than structural, and may not be 

necessary for triskelion formation.470 Clathrin can also function at the TGN with AP1, EpsinR, 

and Eps15R. Like AP2, the large subunits of AP1 (including the shared AP1/2B) are duplicated 

in both organisms, as is EpsinR. While there does not appear to be a clear Eps15R homologue, 

other ENTH domain proteins have been identified in Entamoeba spp. 

 The ESCRT complexes are present, although several subunits are missing in Entamoeba 

spp. These include Vps37, Vps20, Vps24, CHMP7, and Vps46. Vps37 is part of a structural 

ESCRT I stalk that recruits ESCRT II components. Vps20 and Vps24 initiate and complete 

vesicle scission, respectively, while Vps46 regulates the ATPase Vps4 that removes ESCRT 

components from membranes after scission. One Snf7 protein was identified that could 

potentially be a Vps20 orthologue (Supplementary Figure S4.3, Online Appendix Table 4.4). 

However, phylogenetic analysis shows that this sequence is excluded from a clade with other 

Vps20 sequences. Although it appears to group with Vps32 homologues, it does not form a well-
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supported clade with these sequences, and thus its identity is unclear. Despite these losses, it is 

likely that they are functional and able to form multivesicular bodies. The AP5 complex, which 

generally has a patchy distribution in eukaryotes, is present and complete; it is thought to 

transport protein cargo to lysosomes. AP3 has a similar role in trafficking cargo, and it is also 

present and complete in both Entamoeba spp.  

Both species also have multiple paralogues of the Vps26 and Vps35 cargo-binding 

subunits of the retromer coat complex. While generally in eukaryotes, retromer functions in 

recycling internalized receptors to the cell surface via the TGN, in Entamoeba, retromer has been 

shown to be targeted to pre-phagosomal vacuoles;503 which are a modified endo-lysosomal 

organelle specific to Entamoeba that is important for pathogenesis. It may be that these multiple 

paralogues allow for retromer complex subfunctionalization, which could support the generation 

of this divergent organelle. The two TGN-associated adaptor protein complexes, AP1 and AP4 

are both present, and as mentioned above, two of the four AP1 subunits have undergone 

duplications in this lineage.  

 In general, the vesicle fusion machinery complement is less complete than that of the 

vesicle formation machinery in Entamoeba spp. (Figure 4.2). There are several examples of 

losses in the vesicle fusion machinery that are common to both Entamoeba spp. Neither the 

SNARE proteins associated with retrograde Golgi-ER trafficking (Syntaxin 18, Sec20, Use1, 

Sec22), nor the MTC Dsl1, appear to be present. The loss of Dsl1 is corroborated by the 

complete absence of peroxisomes in Entamoeba.504 For the MTC responsible for intra-Golgi 

trafficking, COG, only two of the eight subunits could be found. These potential losses raise 

questions about the nature of vesicle fusion in the ER-Golgi trafficking pathway, particularly 
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since vesicle formation machinery is present and in some cases expanded in both taxa (the COPI 

coat and the SNARE fusion protein Sly1).  

 There is evidence of gene duplication in the endosome-to-TGN trafficking pathway, 

including Syntaxin 16, Vti1, Syntaxin6/10, VAMP-like proteins, the SM protein Vps45, and 

subunits of the GARP MTC. These duplications echo the expansion of the retromer coat subunits 

in both organisms. Because of the duplications in Syntaxin 6/10 proteins, and apparent loss of 

other Qc SNAREs such as Use1, the Qc subfamily was classified using phylogenetics 

(Supplementary Figure S4.4, Online Appendix Table 4.4). The TBC RabGAP subfamily TBC-E 

is expanded in Entamoeba, which interacts with Rab35 in human cells, and may play a role in 

fast endosome-plasma membrane recycling. TBC family proteins are classified by phylogenetics 

in Online Appendix Figures 4.1-4.2 (Online Appendix Table 4.4). Curiously, fusion machinery 

of the endosomal maturation pathway is somewhat incomplete, as both syntaxin 7 and syntaxin 8 

could not be found, nor were the HOPS or CORVET accessory proteins (although some subunits 

of the VpsC core are retained). However, the TBC RabGAP proteins that function with 

endolysosomal Rab proteins have undergone extensive expansion. TBC-B and TBC-F 

subfamilies, which are GAPs of late endosomal Rab7, have between 7-13 members. TBC-O, 

which interacts with Rab5 at early endsomes505 has 5-7 copies in Entamoeba spp. The expansion 

of RabGAP subfamilies that function in endosomal maturation is at odds with the loss of the 

HOPS/CORVET-specific interacting subunits, and it raises the question of whether there are 

novel, lineage-specific factors that interact with the VpsC core proteins.   

 VAMP-like proteins and plasma membrane syntaxins have both been duplicated; these 

proteins are SNAREs that promote vesicle fusion at the PM. The exocytic SM protein 

Sec1/Munc18 is present in both organisms, as is a partial but potentially functional exocyst 
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MTC. The plasma membrane SNARE expansion raises the possibility that this extra machinery 

may support the secretion of virulence factors and/or cyst components.    

 

4.3.2 Gene expression in E. invadens during encystation 

 To gain insight into membrane trafficking system modulation during encystation, RNA-

Seq was performed on different stages of encysting E. invadens: in the trophozoite (0 hours post 

induction, hpi), the early cyst (24 hpi), the late cyst (48 hpi), and the mature cyst (72 hpi). 

Transcriptome sequencing resulted in 40 to 160 million reads per time point. These reads were 

mapped to the E. invadens IP-1 genome with PASA identifying 116 potential new transcripts. 

The E. invadens genome contains 11,553 predicted proteins, and only 473 have expression 

values of 0 FPKM at all time points. Therefore, approximately 96% of the E. invadens genome is 

transcribed at least at one time point during encystation. Of the 116 novel transcripts, only 26 

retrieved any other sequence when used to search the NCBI non-redundant nucleotide and 

protein databases, and 11 of these are related to transposable element sequences (Online 

Appendix Table 4.1).  

Statistical pair-wise comparisons of each time point were conducted to identify significantly 

differently expressed genes using edgeR.412 This resulted in a set of 9,073 genes identified as 

differentially expressed between at least two timepoints, of which 4,987 were considered to be 

significant (defined as FDR <0.01, fold change >2, when using a dispersion of 0.4). As the 

dispersion between genes was set a priori rather than estimated from the data, expression values 

of individual genes are not necessarily reliable. Therefore, genes were clustered based on their 

expression patterns, and only membrane trafficking pathways with clearly co-regulated genes 

were considered to be meaningful. k-means and MCL clustering identified 10 clusters with 
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elevated expression at one or more timepoint (Figure 4.3). Three over-arching patterns of 

subclusters stood out: genes whose expression increases during early and/or late encystation, but 

decreases in the mature cyst; genes whose expression decreases during encystation; and genes 

whose expression increases in the mature cyst. The first pattern – genes up-regulated during 

encystation – includes subclusters 1, 2, 5, and 9. Within this group, it is possible to further 

distinguish genes whose expression remains constant in both early (24 hpi) and late encystation 

(48 hpi, subcluster 2) from those whose expression peaks in late encystation (subclusters 1, 5, 

and 9). Subclusters 3 and 8 are characterised by a general decrease in expression during the 

encystation process, including in the mature cyst (72 hpi). Finally, genes whose expression peaks 

in the mature cyst make up subclusters 4, 7, and 10. Subcluster 7 is particularly intriguing, as its 

members are generally down-regulated during early and late encystation, but return to expression 

levels equivalent to or slightly higher than in the trophozoite (0 hpi). Subcluster 10, on the other 

hand, shows a pattern of steadily increasing expression throughout encystation and in the mature 

cyst. Subcluster 6 shows a pattern of downregulation between the trophozoite stage and early 

encystation (24 hpi); however, the magnitude of this change is low relative to the other 

expression patterns. As it is not a robust pattern, it will not be considered in the following 

analyses.  

To test how well this clustering method represents known encystation biology, 

encystation-specific proteins with verified gene expression patterns were searched for in the 

clusters. Jacob lectins are found in subcluster 9, except EiJacob6 and EiJacob7, which are found 

in subclusters 4 and 5, respectively. Jessie lectins are found in subcluster 5. This is congruent 

with the notion that the Jacob proteins act at an earlier stage, as subcluster 9 describes genes that 

have high expression during early and late encystation, and Jessie proteins act later, as subcluster 
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Figure 4.3 Clusters of gene expression patterns during E. invadens encystation.  

Gene expression patterns for genes that are differentially expressed (FDR <0.01, fold change >2) 

between at least two timepoints during encystation were clustered using k-means and MCL 

clustering. 10 subclusters were generated, which fall into three categories: those whose 

expression increases during encystation, those whose expression decreases during encystation, 

and those whose expression increases in the mature cyst. Each grey line represents an individual 

expression pattern of one gene in that cluster. Red lines indicate the cluster’s mean expression 

profile. Online Appendix Table 4.2 shows the cluster assignments of all E. invadens genes.  
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5 describes genes specifically up-regulated in late encystation. Furthermore, all four chitinases 

have expression patterns in agreement with previous RT-PCR work506 and are also members of 

subclusters 5 and 9. 

 

4.3.2.1 Membrane trafficking gene expression in E. invadens 

	 Of approximately 400 MTS genes, 223 were identified as differentially expressed and 

could be clustered into the groups described above during encystation (Online Appendix Table 

4.3). Out of ~400 trafficking genes identified in E. invadens, approximately ¼ encode multiple 

paralogues where two or more are found in different subclusters. This suggests that the 

paralogues may be functionally distinct, and may be swapped into protein complexes to modify 

trafficking during encystation. It suggests MTS modulation, rather than a blanket increase or 

decrease in trafficking pathway function. 

Eighteen genes were identified in subclusters 1, 2, 5, or 9 that are involved in secretion 

show a pattern of up-regulation during encystation. These do not have paralogues with opposing 

expression patterns (Online Appendix Table 4.3). Several members of the COPII vesicle coat 

complex, responsible for the initial ER-to-Golgi step of trafficking secreted material, are up-

regulated during encystation (Sar1507 and two paralogues of Sec24). Intra-Golgi and Golgi-ER 

retrograde trafficking is also represented in these subclusters, which include two of the six 

subunits of the COPI vesicle coat complex required for intra-Golgi and Golgi-ER trafficking, 

four BIG-like ArfGEF paralogues, as well as several SNARE proteins that function in this 

pathway (Syntaxin 5, Gos1, Bos1, Bet1) and the SM protein Sly1, which helps in SNARE 

complex formation. Post-Golgi secretory SNAREs are members of these subclusters: Syntaxin 
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PM (two paralogues), and Syp7 as well as the cognate SM protein Munc18. Syp7 is absent in 

human cells, and therefore it may represent a therapeutic target to disrupt encystation. 

Because of the large contingent of Rab proteins and the role of Entamoeba-specific Rabs 

in pathogenesis,508 they were included in differential expression analyses. Rab1 and EhRabA, 

thought to function in early secretion,508,509 appear to be down-regulated during encystation. 

However, they may play multiple roles in trafficking: while the Entamoeba Rab1 homologue has 

not been functionally characterized, Rab1 proteins in Dictyostelium cells are recruited to 

phagosomes,510 and EhRabA has been shown to be involved in cell motility.511 

The TGN-endosome recycling pathway is more modestly represented in subclusters 1, 2, 

5, and 9, with five members. These include the SNARE protein Syntaxin 16, its cognate SM 

protein Vps45, EpsinR, and Fab1 (PIKFYVE in mammals), which as well as a subunit of the 

GARP multi-subunit tethering complex, Vps51, is involved in the tethering of vesicles during 

fusion.  

 Overall, there is a weak endocytic/phagocytic signal in subclusters 3 and 8 (five 

members), whose expression decreases during encystation. These include both paralogues of 

Rab8, two cytohesin-like ArfGEFs, and Rab5. Contrary to this, the phagocytic Rab EhRabB 

appears to be up-regulated during encystation. However, this gene is known to be activated by 

heat shock,512 and may be activated as part of the stress response cascade that has been proposed 

to regulate encystation,513 rather than as part of an increase in phagocytic machinery. The E. 

invadens genome has many genes with multiple paralogues, and it is often the case that while 

one paralogue of a gene appears to be down-regulated during encystation (in subcluster 3 or 8), 

the other paralogue does not change in expression. As such, there are few genes and pathways 
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that clearly exemplify a pattern of downregulation. Despite the high modulation and differential 

expression of MTS components, it is relatively rare for two paralogues of any given gene to have 

‘opposing’ expression patterns, i.e. one paralogue is a member of a subcluster whose expression 

increases during encystation, and the other is part of a subcluster whose expression decreases 

under those same conditions. The majority of these cases occur in highly paralogous gene 

families, such as the TBC-B family of RabGAPs, or the exocytic SNARE protein Vamp7. Given 

the extensive duplications and diversification in these gene families, it would be inappropriate to 

use their subcluster membership as evidence of an emphasized MTS pathway. 

 Curiously, there are 57 MTS genes whose expression increases from late encystation (48 

hpi) to the mature cyst (72 hpi; subclusters 4, 7, 10). The most obvious example is the ESCRT 

complex proteins, where 7 of 17 are found in these subclusters. The ESCRT complexes are 

responsible for multivesicular body biogenesis, a mechanism by which plasma membrane and 

cytosolic proteins can be targeted to the lysosome for degradation. Other members of these 

subclusters that are involved in endosome recycling and endo-lysosomal function include the 

adaptor protein complex AP1γ subunit (two paralogues), EpsinR, Syntaxin 6 or 10, two putative 

DENN2 paralogues, Rab7, TBC-B, and TBC-F. Clathrin heavy chain is also highly expressed in 

the mature cyst. There are 7 secretory pathway genes that make up these subclusters, including 

two members of the COPII coat complex (Sec23 and Sec31), two non-human SNARE proteins 

thought to function in ER-to-plasma membrane trafficking in plants (NPSN11 and Syp7), a 

plasma membrane syntaxin, the COPI subunit COPB’, and two BIG-like ArfGEFs. Finally, there 

are three ArfGAP1, one SMAP, and three uncharacterized ArfGAP paralogues in these 

subclusters, although their interacting Arf proteins and therefore functions are unknown. Other 

small G proteins and their regulators that could not be classified, or whose function is unknown, 
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include five RabGEFs, three RabGAPs, two Arf proteins, and nine Rabs. These mRNAs are 

highly abundant in the mature cyst, although it is not clear whether they are translated into 

protein products at this stage. As the mature cyst is quiescent, it is possible that this is done to 

prepare for excystation, so that the cell can quickly perform early endocytic, exocytic and 

recycling functions prior to beginning the gene expression program seen in trophozoites. This 

may be analogous to increases in mRNA longevity seen in late stage trophozoites of the malaria 

parasite Plasmodium falciparum, which has been suggested to allow nascent merozoites to 

rapidly activate their development cycle upon invasion of a new erythrocyte.514 However, two 

proteomic analyses of E. histolytica have identified several membrane trafficking proteins 

(among others) present in the cyst,340,515 suggesting that at least some MTS proteins are retained. 

 

4.4 Discussion 

 E. invadens is a commonly used model system in which to study cyst formation in the 

human parasite E. histolytica. The process of encystation involves secretion of various lectins 

and chitin through the membrane trafficking system. As the cyst form is required for 

pathogenesis, an analysis of membrane trafficking gene expression during encystation was 

undertaken to better understand how it supports this process, and if there are Entamoeba-specific 

factors that can be targeted to prevent encystation and therefore infection.  

 While E. invadens is a well-established proxy for studying encystation, the similarity in 

membrane trafficking gene complement between the two organisms was unknown. A 

comparative genomic analysis of the membrane trafficking system in the two species was done, 

showing that this system is highly similar in both organisms. Relative to the model systems of 
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humans, and yeast most vesicle formation machinery was identified. The exception to this was 

that several ESCRT III and IIIA components could not be identified. However, it is possible that 

these proteins are too divergent to identify using BLAST alone. In their absence, the partial 

ESCRTs may still be capable of generating multivesicular bodies. The AP5 complex, which is 

thought to function at MVBs, was found in both taxa, and several ESCRT components also show 

a pattern of up-regulation in the mature cyst, suggesting that ESCRTs are functional. While 

MVBs typically fuse with lysosomes to promote degradation, they can also be secreted via an 

unconventional pathway involving autophagy machinery.516 Furthermore, the ESCRT III and 

IIIA complexes have non-trafficking membrane scission functions in other organisms (e.g. 

cytokinesis in plants, pre-peroxisome membrane budding in yeast), and may well have other 

functions during encystation or excystation.   

 As foreshadowed by the identification of over 100 Rab proteins in E. histolytica, the 

membrane trafficking system in Entamoeba is not streamlined as a result of a parasitic lifestyle. 

To the contrary, three arms of the trafficking system have undergone expansions: ER-Golgi 

transport, endosome-TGN transport, and to a lesser extent, post-Golgi secretion. Gene family 

expansions are a mechanism by which complexity can be generated in membrane trafficking. 

Particularly, cases where whole complexes have multiple paralogues of each subunit, such as 

COPI, raise the possibility of two distinct complexes, or multiple complexes with shared 

subunits that can be swapped in and out.  

Complexity in the membrane trafficking system of Entamoeba may be related to 

pathogenesis. Cysteine proteases are a key pathogenicity factor in Entamoeba that are secreted to 

degrade mucin, destroying the barrier protecting the gut epithelium.517 The secretion of cysteine 

proteases by E. histolytica as pathogenicity factors is regulated by Rab11518 which in animal 



 136 

cells is involved in endosomal recycling519 and both constitutive and regulated secretion.520 It is 

possible that the additional trafficking factors in the late secretory pathway and the endosome-

TGN recycling pathway are involved in regulating the secretion of pathogenesis factors such as 

the cysteine proteases, as separate from other secretory processes. Another explanation may be 

that they are involved in trafficking to the pre-phagosomal vacuole, an Entamoeba-specific 

vacuolar compartment that stores digestive proteins, and is regulated by Rab5, Rab7 and the 

retromer coat complex (all of which have been expanded to some extent in both genomes).503 

Further experimental work is required to test these bioinformatics-generated hypotheses 

regarding paralogue function in Entamoeba.  

 Overall, vesicle fusion machinery is less well-conserved than vesicle formation 

machinery in E. invadens and E. histolytica. Particularly, Golgi-ER retrograde SNAREs and the 

MTC Dsl1 could not be identified, and the intra-Golgi MTC COG is highly reduced. As has been 

observed in works by others as well as in previous chapters, the loss of Dsl1 is often found in 

parallel with a loss of peroxisomes.480 However, the loss of multiple Golgi-related vesicle-fusion 

factors is intriguing. Despite these losses, the COPI coat complex is nearly complete, and nearly 

all subunits have been duplicated in Entamoeba spp. Entamoeba has an unstacked Golgi, 

visualized as large vesicles near the nucleus by confocal microscopy of amoebae stained with 

anti-Arf antibodies.345 While Golgi-to-ER and intra-Golgi trafficking pathways are likely 

functional, perhaps the alternative Golgi morphology of Entamoeba is related to the use of novel 

SNARE-like or tethering factors functionally analogous to those found in this pathway in other 

eukaryotes. These results suggest that Golgi-ER trafficking in Entamoeba differs from what is 

required in mammalian and yeast cells,483,521 in that it can be accomplished without the function 

of certain SNARE complexes and MTCs that tether incoming vesicles to target membranes. 
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Despite this, paralogous expansions of the Rabs and Rab regulator proteins that are involved in 

vesicle fusion are encoded in E. invadens and E. histolytica.  

 The MTC complexes of the endocytic system are somewhat reduced, with subunit losses 

in GARP, which supports endosome-TGN trafficking,522 and the TRAPPII-specific subunits of 

TRAPP (a late Golgi/TGN tethering complex),523 and both CORVET and HOPS (early and late 

endosome/lysosome trafficking, respectively).311 However, other MTS proteins that support 

these functions are present, such as the retromer coat complex, the heterotetrameric adaptor 

protein complexes 1-5, and clathrin. These pathways are likely functional, but may not require 

the canonical MTCs for vesicle fusion. In general, MTCs in Entamoeba spp. are either wholly 

lost or reduced; there is not a single complete complex that could be identified, raising questions 

about the necessity of MTC-based tethering in Entamoeba. If these complexes or subunits are 

truly missing (rather than highly divergent) with no unknown functional analogues, it could be 

an example of genomic reduction common to parasites, and it indicates that these complexes are 

not essential in Entamoeba spp. 

 With the exception of Arf and Rab GTPases and their regulators, the presence and 

number of paralogues of MTS proteins is relatively similar between the two Entamoeba spp. 

Because encystation is a feature of both organisms, it is not likely that gene paralogue innovation 

in either Entamoeba spp. is especially relevant to encystation. It is not unusual for the number of 

Ras family GTPases to vary in number in closely related taxa524 and may instead be an 

adaptation to their respective hosts, or other lifestyle factors. Table 4.1 shows that one-to-one 

orthology was observed in at least 50% of the Rab GTPases, and Arf and Rab regulators, 

suggesting a balance of functional retention and innovation. Differences in the number of 

cognate GAP and GEF proteins may be related to differential Rab and Arf subfamily expansion. 
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However, there are six E. invadens-specific Rab genes that are members of subclusters 1, 2, 5, 

and 9 – which are up-regulated during encystation – suggesting they may be involved in the 

process, just as there are a number of E. histolytica-specific Rabs, whose expression pattern 

during encystation is unknown. Therefore, the possibility exists that there may be some 

differences in the trafficking events underlying encystation in the two Entamoeba species.  

 The secretory pathway and TGN-endosome recycling are the most well represented 

trafficking pathways represented in the subclusters whose expression increases during 

encystation. The secretory pathway supports Jacob and Jessie lectin secretion, and therefore cyst 

formation. This correlates with the increase in expression of chitin-cleaving chitinases during 

encystation (Herman et al. 2017). The role of the TGN-endosome recycling pathway in 

encystation is less clear. Encystation requires vesicles containing cyst-forming material to be 

transported to the cell surface. To achieve membrane homeostasis in the cell, extra membrane 

from this exocytic process must be retrieved. It may be that endosome-to-TGN trafficking 

functions to retrieve surface proteins that have been internalized with this membrane, thus 

preventing them from being trafficked to the lysosome for degradation.  

Small monomeric G proteins and their regulators, i.e. Arf and Rabs, make up many of the 

differentially expressed genes that have a pattern of up-regulation during encystation. It suggests 

that these proteins are the ‘gatekeepers’ of cyst formation, as they control vesicle formation and 

fusion kinetics. Rabs in particular have been shown to be differentially expressed during cyst 

formation.500 Other than Rabs 5, 7, 11, RabA, and RabB, little is known about Rab function in 

Entamoeba. Therefore, these unstudied Rabs represent potential therapeutic targets, in particular, 

the proteins that are highly expressed during encystation.  
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 E. histolytica encodes four Rab11 paralogues. Rab11A is known to be involved in 

encystation,525 and Rab11 paralogues are involved in protein recycling in both Entamoeba and 

human cells.518,525,526 In E. invadens, Rab11A is highly but consistently expressed at time points 

during encystation. Rab11B is a member of subcluster 6, and appears to decrease in expression 

during encystation, and Rab11C and Rab11D expression increases in early encystation, peaks at 

late encystation, and drops again in the mature cyst (subcluster 2). This expression pattern 

implicates Rab11C and Rab11D in cyst formation.  

Much of the work on Entamoeba Rabs has examined their involvement in phagocytosis 

and pathogenesis. Rab5 and Rab7, particularly, have been shown to be involved in phagosome 

and pre-phagosomal vacuole maintenance.132,503,527,528 Three Rab7 paralogues are members of 

subclusters 1 and 2, suggesting that they may be involved in encystation, in contrast to other 

paralogues that have different expression patterns. This again lends support to the idea of a 

highly specialized MTS in Entamoeba where gene families encode functionally divergent 

paralogues. Curiously, the CORVET and HOPS complexes that specifically interact with these 

Rabs are not found in either E. invadens or E. histolytica. In the case of mammalian cells, 

CORVET is a Rab5 effector, and HOPS is a Rab7 GEF. This raises the question of what other 

factors may take the place of these MTCs as tethers and RabGEFs. The presence of a nearly 

complete VpsC core suggests that there may be other Rab-specific interacting partners similar to 

Vps3/8 and Vps39/41. However, other, distinct complexes or factors may be at play as Rab 

regulators or tethering factors.  

 The only clear pattern of downregulation during cyst formation is seen in some endocytic 

and phagocytic trafficking components, which is congruent with the fact that the amoeba is 

preparing to become a quiescent cyst. However, there are also many membrane trafficking genes 
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found in the up-regulated dataset. It is possible that mRNAs for endocytic and degradative 

trafficking genes are kept untranslated so that during excystation, they can be translated rapidly 

to aid in that process. An analogous system is the mRNA localization that occurs in Drosophila 

embryogenesis.529 However, the mechanism by which mRNA is temporarily silenced in 

Entamoeba is unclear. Proteomics analyses of E. histolytica cysts have shown a handful of MTS 

proteins, among many others, present in mature cysts,340,515 raising the possibility that these 

mRNAs may indeed be translated. Two proteins identified in other analyses were clathrin heavy 

chain and a TBC-B homologue (EHI_094140), which are both members of subcluster 10, whose 

expression peaks in the mature cyst. However, the difference between long-lived proteins 

generated during encystation and untranslated mRNA pools kept in the cyst for excystation 

cannot be determined by RNA-Seq alone. Regardless, it raises the question of a mechanism to 

prevent mRNA translation, degradation, or protein functioning in the quiescent cyst. Cysts can 

remain infective for weeks under optimal conditions,530 suggesting that there is a mechanism by 

which mRNA (or protein) is stored in an inactive manner during this time. Interestingly, there is 

evidence for the accumulation of mRNA in cysts of the amoeba Acanthamoeba,531 and the ciliate 

Colpoda inflata,532 suggesting that mRNA storage in cysts occurs in other organisms, although 

the mechanisms have not yet been deduced. 

 A similar study was performed by Ehrenkaufer et al. (2013),533 which assessed genome-

wide transcriptional changes in E. invadens using RNA-Seq. They generated gene expression 

profiles, and identified Gene Ontology (GO) terms enriched in each profile or profile group. 

Genes annotated with the GO term ‘vesicle-mediated transport’ were found to be significantly 

enriched in profiles with a pattern of increased gene expression during encystation. A portion of 

the membrane trafficking genes analysed here were cross-checked with those of the Ehrenkaufer 



 141 

and colleagues, and found the assigned expression patterns to be largely consistent with their 

profile assignments. Furthermore, they identified genes involved in RNA metabolism expressed 

in the mature cyst, potentially preconfiguring the cell for rapid excystation.  

  Several proteins were identified with no human orthologue. One of these, Syp7, is a 

SNARE protein specifically up-regulated during encystation. While further work is required to 

determine whether disruption of Syp7 expression affects cyst formation, it represents a class of 

potential drug targets. Limiting cyst formation would not treat a current infection, but it could 

reduce parasite spread, which is a critical issue in areas with poor sanitation.  
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5. Membrane trafficking evolution in the haptophytes and the biology of 

scale formation and secretion  
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5.1 Introduction 

 The previous two chapters explored the effect of the parasitism on membrane trafficking 

system evolution. However, unique environments or lifestyles can also generate diversity in the 

membrane trafficking system. In this chapter, the haptophyte algae are studied. Haptophytes are 

a monophyletic group of algae found in both marine and fresh waters. They are a major 

eukaryotic lineage, which, prior to 2013, had no sequenced representatives. The most up-to-date 

phylogenomic analysis suggest that haptophytes branch basal to the SAR clade, following the 

split of this lineage with the Archaeplastida.463 In order to fill this taxonomic sampling gap, the 

genome of the haptophyte Emiliania huxleyi was sequenced62 and the comparative genomics was 

used to annotate the membrane trafficking machinery. Following the genome project, this lineage 

offered the opportunity to study membrane trafficking dynamics in organisms with the unique 

cell biology of scale production. This latter project involved sequencing the genomes of several 

related haptophytes, and performing transcriptomic analysis of genes that are differentially 

expressed under scale-forming conditions.  

 Coccolithophores are members of the haptophyte clade. They cover their entire surface 

with scales (coccoliths) of calcium carbonate, and are thus a critical part of carbon cycling. In 

some systems, they are responsible for as much as 20% of total carbon fixation.534 Their carbon 

regulatory role is complex, as they serve as both sequester inorganic carbon in CaCO3-bound 

scales, and release CO2 to the ocean surface layer.347 Coccolithophore blooms can span over 

100,000 kilometers, and due to sunlight reflecting off the coccoliths, they are visible from 

space.535 As such, coccolithophores can have a dramatic impact on their local environment. In 

addition to playing a major role in carbon cycling, they produce dimethylsulfonioproprionate, the 

precursor to dimethyl sulfide, which causes cloud condensation,536,537  exerting a general cooling 
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effect. This raises the question of how increased atmospheric CO2 (and therefore ocean 

acidification) due to climate change will affect the ocean ecosystem, and particularly the 

coccolithophores. One 12-year study of E. huxleyi in the Mediterranean Sea show a long-term 

decrease in coccolith weight and therefore less calcification, most likely as a result of ocean 

acidification.538 However, the extent of the environmental impact of coccolithophore thinning is 

not clear at this time. 

 The secretion of calcium carbonate scales begins with the production of baseplate organic 

scales generated in what appears to be a Golgi-related organelle, based on ultrastructural 

studies.348 The organic scale – or body scale – is primarily composed of complex acidic 

polysaccharides.539 Calcification occurs via a ‘reticular body’, which is closely associated with 

the coccolith vesicle, and in one haptophyte, is thought to be contiguous with the ER.540 Recent 

work in E. huxleyi has shown that calcium is stored in a separate vacuole-like compartment in a 

disordered calcium-polyphosphate phase, and the authors suggest that calcium ions are 

released/transferred to the coccolith vesicle/reticular body system, in which the calcium 

precipitates as calcite.541 Following calcification, the scales are exocytosed; scale formation and 

exocytosis occurs one at a time, at a rate of up to one scale per hour.542 However, some 

haptophytes produce only organic body scales, either because they diverged prior to the advent 

of biomineralization in this lineage, or because they lost the ability to biomineralize. 

Additionally, calcification and scale formation can be dependent on cell type; some haptophytes 

including E. huxleyi have multiple cell types, which differentially secrete calcified scales or body 

scales.  

 These novel organelles associated with coccolith formation have been observed by 

microscopy, but because the haptophytes are not a system with established molecular tools, these 
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organelles cannot be experimentally characterized. However, multiple aspects of coccolith 

formation rely on membrane trafficking, and so this lineage may have a modified membrane 

trafficking gene complement to accommodate its unique cell biology. To add more depth to the 

initial analysis of membrane trafficking machinery in E. huxleyi, the genomes of two related 

haptophytes were sequenced: Gephyrocapsa oceanica and Isochrysis galbana. 

 E. huxleyi, G. oceanica, and I. galbana are members of the Order Isochrysidales, and are 

suggested to form a monophyletic lineage that is separate from other coccolithophorids, based on 

18S rDNA and RubisCO gene phylogenies,543,544 and because they share morphological, 

biochemical, and ultrastructural features.545 They have complex life cycles with different cell 

types, and their production of coccolith and body scales is cell-type dependent. In addition to 

naked, non-motile cells (N cells), E. huxleyi can also be coccolith-bearing and non-motile (C 

cells), or motile and covered only in body scales (S cells).546 Unlike most coccolithophores, the 

C cell stage of E. huxleyi does not have a body scale under-layer. The life stages and scale types 

in E. huxleyi are identical to those of G. oceanica; both can form non-motile, coccolith-bearing 

cells, and motile, haploid cells covered in body scales. Although coccolith morphology does 

differ between these two taxa, they share structural similarities that suggest a similar mechanism 

for biomineralization. In E. huxleyi and G. oceanica, scale formation occurs in small Golgi-

derived vesicles that fuse, and remain directly apposed to the nucleus.346 As the scale starts to 

form, a tubular, membranous reticular body forms near the coccolith-forming vesicle, and 

calcification occurs. The fully formed scale is then released from its nuclear-proximal position 

and secreted from the cell (reviewed in Paasche 2002).547 I. galbana, on the other hand, has 

secondarily lost the ability to calcify, and contains only body scales, identical to those in E. 

huxleyi and G. oceanica.346,548 
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 A fourth haptophyte outside of the Isochrysidales is Chrysochromulina tobin, a member 

of the Prymnesiales, and its genome is currently publicly available.549 The Prymnesiales may 

have diverged prior to the introduction of biomineralization, although it has been suggested that 

they did have the ability to calcify, but lost it secondarily.548 Nonetheless, C. tobin does produce 

organic body scales like other haptophytes. They appear to also be made in Golgi-like 

compartments;550 however, multiple scales are produced at one time, as opposed to single scales 

in E. huxleyi and G. oceanica. Furthermore, C. tobin has retained the haptonema, a cytoskeletal 

organelle found only in the haptophytes. The haptonema is found near the flagella, and in 

Chyrsochromulina, the haptonema rapidly coils and uncoils to support attachment and potentially 

phagotrophic feeding.551 E. huxleyi and G. oceanica lack a haptonema, while I. galbana has 

shorter, vestigial haptonema that may instead be used as an obstacle-sensing device.346  

 Scale formation in all four haptophytes relies on the membrane trafficking system, as is 

likely also the case for calcification in E. huxleyi and G. oceanica. This raised the question of 

whether the membrane trafficking system complement in the haptophytes has been modified to 

support these processes. With the genomes of two biomineralizing haptophytes (E. huxleyi and 

G. oceanica), and genomes of two haptophytes that either lost or potentially never had the ability 

to calcify (I. galbana and C. tobin), comparative genomics was performed to identify differences 

in membrane trafficking gene complement in these organisms.  

 However, differences in gene complement can only go so far in predicting functional 

association with biomineralization. In order to identify the membrane trafficking genes whose 

expression is regulated by the induction of scale formation, a comparative transcriptomic 

experiment was performed on the calcifying E. huxleyi and G. oceanica. These haptophytes were 

grown under the following four conditions, followed by mRNA extraction: with the addition of 
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calcium, with the addition of a spike of bicarbonate, with both calcium and bicarbonate, and with 

neither. Genes that are differentially expressed in E. huxleyi and G. oceanica grown in the 

presence of calcium and bicarbonate, compared to those grown in artificial seawater media, are 

likely to be involved in biomineralization. By also looking at gene expression with the addition 

of calcium alone or bicarbonate alone, the individual effects of these chemicals on gene 

expression can be determined.  

 The comparative genomic and transcriptomic analysis of membrane trafficking 

machinery into four haptophyte organisms will provide insight into the membrane trafficking 

gene complement in a major eukaryotic clade that was previously unsampled, how the membrane 

trafficking system has been modified to support scale formation and secretion, and how growth 

under scale-forming conditions modulates membrane trafficking system gene expression.  

	

5.2 Specific methods 

 The haptophyte genomic and transcriptomic sequencing, assembly, and differential 

expression analysis was performed by collaborators B. Read and X. Zhang at California State 

University San Marcos. As part of the initial E. huxleyi genome project headed by B. Read, the 

E. huxleyi CCMP 1516 strain was sequenced. Following the genome project, the genomes of G. 

oceanica, and I. galbana were sequenced. B. Read and X. Zhang also performed differential 

expression analyses of E. huxleyi (biomineralizing strain 217) and G. oceanica grown under four 

combinations of conditions: 0mM calcium, 9mM calcium, 20mM NaHCO3
- (bicarbonate spike), 

and no bicarbonate spike.  
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 Concatenated gene phylogenies of the haptophytes were performed by E. Herman. 

Sixteen genes that share between 70-95% identity in all seven genomes were identified. A 

further eight genes met this criteria in all taxa except C. tobin. Individual gene trees were 

generated using Phylobayes with the GTR model of sequence evolution. Sequences that 

generated trees with a strongly discordant signal were discarded, as were those with too few 

informative positions to generate a tree with any supported clades. This generated a list of nine 

genes found in all taxa, as well as two genes missing only in C. tobin, which produced trees with 

clear and non-discordant phylogenetic signal. Genes were concatenated and aligned, and trees 

were generated as described in the Methods. The final alignment contained 7 taxa and 4829 

positions. Phylobayes, MrBAYES, and RAxML were run with GTR model with gamma-

distributed rate variation across sites. 

 Vesicle formation and fusion genes were searched for in the reference genome E. huxleyi 

CCMP1516, G. oceanica, I. galbana, and C. tobin using the BLAST methodology described in 

Methods. Phylogenetic trees were generated to classify genes in highly paralogous gene families 

such as SNAREs and TBC RabGAPs. Trees were also generated for the adaptins in order to 

classify several short adaptin-like sequences.  

 The analysis of the vesicle formation machinery of E. huxleyi CCMP1516 was performed 

by E. Herman, while the analysis of vesicle fusion machinery was performed by M. Klute. 

Identification of trafficking proteins in G. oceanica, and I. galbana were done by L. Lee, who 

was supervised by E. Herman. C. tobin gene searches were performed by E. Herman and B. 

Richardson. E. Herman performed all phylogenetic analysis with the exception of the adaptin 

trees, which were generated by L. Lee, an undergraduate student supervised by E. Herman. E. 
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Herman also analyzed differential expression data to identify membrane trafficking genes and 

pathways involved in biomineralization.   

 Work from this chapter has been published in Read et al. 2013 (supplementary 

information),62 and in Lee et al. 2015 (on which E. Herman is the corresponding author).552  

 

5.3 Evolution of the haptophyte clade and the membrane trafficking system 

 

5.3.1 Phylogenomics of the Haptophyta 

 Before examining the membrane trafficking gene complement in these taxa, the question 

of their evolutionary relatedness was addressed. The high similarity between E. huxleyi and G. 

oceanica has raised the question of whether they truly represent separate genera.553 A 

concatenated, multi-gene phylogeny was generated to assess the organismal relationships 

between the haptophytes Chrysochromulina tobin, Isochrysis galbana, Gephyrocapsa oceanica, 

and four strains of E. huxleyi; CCMP1516, Van556, EH2, and 92A. Phylogenies were rooted on 

C. tobin, as it is the sister taxon to the Isochrysidales (E. huxleyi, G. oceanica, and I. galbana) 

based on 18S ribosomal DNA maximum-likelihood trees.543 Both Bayesian and Maximum-

Likelihood methods generated phylogenies with the same well-supported topology: 

Gephyrocapsa grouping well within the clade of E. huxleyi strains, with CCMP1516 as a basal 

member (Figure 5.1). This suggests that Gephyrocapsa and Emiliania are not separate species. 

The removal of certain genes from this alignment generated trees with different internal 

organization in the E. huxleyi + G. oceanica clade, however, G. oceanica is never an “outgroup” 

to  
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Figure 5.1. Concatenated phylogeny of eleven genes to infer haptophyte evolution.  

Nine genes with orthologues found in the E. huxleyi strains CCMP1516, EH2, Van556, and 92A, 

and the haptophytes G. oceanica, I. galbana, and C. tobin were concatenated, in addition to two 

genes with orthologues in all haptophytes except C. tobin. The haptophyte orthologues share 

between 70-95% sequence identity, and individual gene trees have clades with good statistical 

support and not strongly discordant phylogenetic signals. Node values indicating statistical 

support are listed as MrBAYES/Phylobayes/RAxML (posterior probability/posterior 

probability/bootstrap), and the tree is rooted on the C. tobin sequence, as it is the known 

outgroup to the Isochrysidales. Node values are shown on the best Bayesian topology. G. 

oceanica groups within a larger clade of E. huxleyi strains. 
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the E. huxleyi strains. In all cases, CCMP1516 is the first-branching strain in the clade 

(Supplementary Figure S5.1, S5.2). This variability in internal organization is not surprising as 

E. huxleyi has a pan genome,62 and therefore these genes may have a different evolutionary 

history due to loss/transfer events between strains. However, since E. huxleyi CCMP1516 is 

consistently an outgroup to the clade containing G. oceanica, it is highly likely that G. oceanica 

is not distinct from E. huxleyi. Although it is not clear whether E. huxleyi and G. oceanica are 

morphotypes of the same species, it can at least be said that E. huxleyi and G. oceanica are more 

closely related than previously thought. 

 

5.3.2 Comparative genomics of the membrane trafficking system of Emiliania huxleyi, 

Gephyrocapsa oceanica, Isochrysis galbana, and Chrysochromulina tobin 

 Much of the vesicle formation machinery is conserved in the haptophytes, albeit with 

some conspicuous losses. These include machinery that is highly conserved; the AP3 complex 

and ESCRTs I and II, discussed further below. As well, many orthologues of trafficking 

machinery could not be identified in C. tobin, however, these are likely false negative results due 

to genome or gene prediction quality. Therefore, non-identified genes in C. tobin will be treated 

as false negatives unless there is additional information to suggest that they are truly missing. 

Figure 5.2 (Online Appendix Tables 5.1-5.4) shows the presence of coat complexes and adaptor 

proteins in the haptophytes. The COPII coat complex is present with several duplicated subunits 

in the haptophytes. COPII functions in ER-Golgi anterograde transport. The Sec23, Sec24, and 

Sar1 subunits are duplicated; in this pre-budding complex, Sec23 and Sec24 form a bowtie 

structure that binds cargo (Sec24)176,554 and the Sar1 GTPase (Sec23)555. This raises the 

possibility of COPII complexes with different combinatorial possibilities of subunits, with  
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Figure 5.2. Comparative genomic survey of vesicle coat, adaptor proteins, and endocytic 

machinery in the haptophytes.  

Identification of vesicle formation machinery in E. huxleyi CCMP1516, G. oceanica, I. galbana, 

and C. tobin. In addition to canonical adaptor proteins, two novel alpha- and gamma-adaptor 

protein ear proteins were identified in the haptophytes.  
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Figure 5.2  

COPI

A
B

B’
D

E
G

Z

Clathrin Endocytic
machinery

Retromer

HC LC

AP180EpsinR

Eps15R Fab1
Vps34

Unclassified
SNX

Vps10Vps35
Vps29

Vps26
DSCR3

TSAUCER

TPLATE
TCUPTSPOON

TTRAY1

TTRAY2

TSET

E. huxleyi

G. oceanica

I. galbana

2 3

2

2
2

2 2
2
2

C. tobin 2
2

4 3

AP1 AP2 AP3 AP4 AP5

AP1G

AP1S

AP1/2B

AP1M

AP2A

AP2S

AP1/2B

AP2M

AP3D

AP3S

AP3B

AP3M

AP4E

AP4S

AP4B

AP4M

AP5Z

AP5S

AP5B

AP5M

E. huxleyi

G. oceanica

I. galbana

2 22 2

2

γ ear α ear

C. tobin

COPII

Sec24 Sec13

Sec31Sec23
Sar1

2

3

3

2

3

2

2

4

2

3

2

2

3

4

2

2

2



 155 

different cargo preferences and vesicle budding kinetics. The reverse pathway, from Golgi to ER, 

occurs by COPI-mediated vesicle budding. COPI is largely complete in the haptophytes with 

some gene duplications in I. galbana and C. tobin. 

TSET is localized at the cell plate in Arabidopsis,150 and may have a similar role in 

plasma membrane-directed trafficking in the haptophytes. A single subunit of the TSET 

complex, TCUP, was identified in the Isochrysidales. TCUP is the medium subunit that is likely 

able to bind cargo. Its retention despite the loss of all other subunits raises the question of 

whether it is able to still act as a cargo binding protein and potentially interact with other 

evolutionarily related components (e.g. the adaptins). Opisthokonts have also retained the TCUP 

subunit while losing all other TSET components;144 the tendency to keep the TCUP subunit in 

both the haptophytes and all of opisthokont evolution may be evidence of another role for this 

protein outside of the TSET complex. 

 In terms of endocytic function, clathrin is complete, with duplications of the heavy chain 

of clathrin in all four haptophytes. AP2 is present, and there are duplications in the large gamma 

subunit of AP1, and the shared AP1 and AP2 beta subunit in E. huxleyi. AP1 and clathrin 

function at the TGN,556 together with EpsinR and Eps15R.180 EpsinR has also been expanded in 

all taxa.  

 The ESCRTs, which function in multivesicular body biogenesis, are drastically reduced 

in the haptophytes. The cargo-binding protein Tom1esc, and ESCRTS I and II are completely 

absent from the haptophytes, as well as the Vps20 subunit of ESCRT III (Figure 5.3, Online 

Appendix Tables 5.1, 5.4, and 5.5). CHMP7 is patchily distributed in eukaryotes,226 so its loss is 

not surprising. ESCRT IIIA components are not only present, but appear to have undergone 

lineage-specific expansions in the Isochrysidales, particularly Vps4, Vps46, and Vps31. There  
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Figure 5.3. Comparative genomic survey of ESCRT machinery and Arf and Rab regulators 

in the haptophytes.  

Identification of ESCRT vesicle formation machinery, and Arf and Rab GTPase GAP and GEF 

proteins in E. huxleyi CCMP1516, G. oceanica, I. galbana, and C. tobin. The haptophytes do not 

appear to encode ESCRT complexes I and II.  
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are additionally seven Vps31 paralogues in C. tobin. Vps4 is the MVB-associated ATPase that 

removes ESCRT components from membranes following vesicle scission, and Vps46 regulates 

its interaction with the membrane.557 The role of Vps31 is less clear, but it may potentially act as 

a scaffold; it interacts with both the ubiquitinated cargo-binding Vps23 protein of ESCRT I, as 

well as the ESCRT III-associated factor AMSH,558,559 which is a deubiquitinating enzyme. The 

loss of ESCRT complexes I and II, and patchy loss of ESCRT III, suggest that the ESCRT-

mediated MVB biogenesis pathway is undergoing degradation. However, this raises the question 

of the ESCRT III-A subunit duplications. In addition to a role in endocytic sorting and 

degradation, Vps23/Tsg101, ESCRT III, and ESCRT III-A machinery is involved in cytokinesis 

in mammalian cells219,221 and likely also in plant cells.223,560 Congruent with MVB pathway 

degradation is the near-complete loss of AP3, which appears to have been progressively lost in 

this lineage. AP3 transports cargo from tubular endosomes to late endosomes, lysosomes, and 

lysosome-related organelles. The loss of AP3 has been seen together with ESCRT degradation in 

other taxa such as the Apicomplexa.50 

 The retromer complex, which functions in receptor recycling from endosomes to the 

TGN, is complete in C. tobin, including the Vps26 paralogue DSCR3 and the ancestral cargo 

protein Vps10. However, while the subunits of the coat complex are retained in the 

Isochrysidales, DSCR3 and Vps10 could not be identified. Both are considered to have a patchy 

distribution in eukaryotes; this is another example of their lineage-specific losses.196 All retromer 

coat subunits have been duplicated in G. oceanica, although the functional significance of this is 

unclear.  

 In searching for adaptin proteins, several short adaptin-like sequences were identified that 

resembled truncated “ear” appendages of alpha and gamma large subunits. Often, these short 
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adaptin-like regions were part of much longer genes, however, this appeared to be the result of 

exon fusion with another gene of unrelated function. No additional adaptin sequence was found 

upstream or downstream of the putative ear region, suggesting that they are not part of a typical 

large subunit. The sequences were then classified using phylogenetics, and were shown to belong 

to clades containing alpha or gamma adaptin subunits (Figure 5.4, Online Appendix Table 5.6). 

Gamma ear proteins were found in all haptophytes, while an alpha ear protein was found only in 

I. galbana. qPCR showed that these were not sequencing artifacts, and are expressed in E. 

huxleyi, I. galbana, and G. oceanica.552 These appear to be analogous to the Golgi-localized, γ 

ear-containing, ADP-ribosylation factor-binding proteins (GGAs) in animals. The GGAs are Arf-

dependent clathrin adaptors that have been shown to function with clathrin and AP1 in TGN-to-

endosome anterograde trafficking.561–564 However, the GGAs have additional VHS, GAT, and 

clathrin interaction domains to support interaction with cargo and trafficking factors, while there 

are no predicted domains other that the gamma/alpha adaptin ear domains in the haptophyte ear 

proteins, leaving the question of their function open.  

 In terms of vesicle fusion machinery, there are both patterns of duplications and losses, 

particularly in the multi-subunit tethering complexes (Figure 5.5, Supplementary Figures S5.3-

S5.6, Online Appendix Tables 5.1, 5.4, 5.7-5.10). Syntaxin 5, which functions in ER-to-Golgi 

transport,565 is duplicated in all Isochrysidales. As coccoliths are found in Golgi-associated 

vesicles, this duplication may have functional consequence in directing coccolith versus ‘normal’ 

vesicular traffic. Syntaxin 5 can also function in retrograde Golgi trafficking in yeast,566 and 

strikingly, retrograde trafficking to the TGN in complex with Syntaxin 16.567 Multiple 

paralogues of Syntaxin 5 may therefore have roles in different pathways. The retrograde Golgi- 
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Figure 5.4. Phylogenetic classification of the large adaptor protein subunit ear domains and 

ear homology domain proteins.  

Gamma and alpha adaptins and related ear proteins from E. huxleyi strains CCMP1516, 92A, 

Van556, and EH2, as well as G. oceanica and I. galbana were included in the phylogeny, with 

previously classified H. sapiens, A. thaliana, and Yarrowia lipolytica AP1G and AP2A 

sequences. Ear domain proteins are indicated by an asterisk (*). Node values indicating statistical 

support are listed as MrBAYES/PhyML/RAxML (posterior probability/bootstrap/bootstrap) as 

shown in the inset on the best Bayesian topology. A dash indicates that the clade was not 

reconstructed.  
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Figure 5.4  
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Figure 5.5. Comparative genomic survey of vesicle fusion machinery in the haptophytes.  

Identification of SNAREs, SM proteins, and multisubunit tethering complexes in E. huxleyi 

CCMP1516, G. oceanica, I. galbana, and C. tobin. The haptophytes do not appear to encode 

Exocyst, TRAPPII, or CORVET-specific subunits. 
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to-ER MTC Dsl1 is incomplete in E. huxleyi, but not the other haptophytes. The absence of Dsl1 

components has previously been shown here and in others’ works to be associated with divergent 

or lost peroxisomes.480 Peroxisomal function has yet to be studied in E. huxleyi, but this result 

suggests that it may have modified peroxisomes. The haptophytes have relatively complete ER-

Golgi and intra-Golgi TRAPPI and COG tethering complexes. There is evidence for multiple 

exocytic pathways in the Isochrysidales, which have a SNAP23/SNAP25-like Qbc SNARE; in 

mammalian cells, SNAP-23 and SNAP-25 are involved in regulated exocytosis of synaptic 

vessels and secretory granules.255 The haptophytes also have between 3 to 6 paralogues of a 

VAMP-like protein, which can function in both endocytic and exocytic pathways.568 The 

Isochrysidales have two copies of Sec1/Munc18, the exocytic SM protein. Together, these 

suggest a diversified exocytic system. Strikingly, however, all four haptophytes have lost the 

entire Exocyst MTC, which tethers exocytic vesicles for fusion at the plasma membrane.295,569 

Given the haptophytes routinely exocytose large scales as plasma membrane-directed vesicular 

cargo, and there is retention and expansion of other exocytic machinery, the loss of Exocyst 

MTC apparently does not impair scale extrusion or ‘normal’ vesicle fusion at the plasma 

membrane.  

 As mentioned above, machinery involved in endocytosis (e.g. clathrin, AP-2) and TGN-

endosome trafficking (EpsinR, AP-1, AP-4) is present and in some cases expanded in the 

haptophytes. This pattern is echoed in the corresponding vesicle fusion machinery. SNAREs 

Syntaxin 6 and Vti1, and the interacting SM protein Vps45, are duplicated in one or more of the 

haptophytes, and they are responsible for endosome-to-TGN transport.300 The HOPS and 

CORVET MTCs share a core set of VpsC components, which are present in the haptophytes, 

with duplications of the Vps16 subunit. However, while HOPS-specific subunits are present, the 
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CORVET-specific Vps3 and Vps8 subunits appear to be lost. CORVET functions in early 

endosome fusion, and may be related to the loss of ESCRTs and AP-3. On the other hand, HOPS 

is a lysosomal tether that is involved in LE-lysosome and autophagosome-lysosome fusion.311 

Curiously, this pattern is reversed in the Apicomplexa, where the absence of ESCRTs I and II, 

and AP3 are associated with the loss of the HOPS complex, and occasional loss of the CORVET 

Vps8 subunit.50,480 

 The Arf and Rab GTPase regulators have undergone some lineage-specific expansion in 

the haptophytes (Figure 5.3, Online Appendix Table 5.1, 5.4, 5.11). Again, Arf and Rab proteins 

were within the purview of another lab working on these haptophyte genomes. ArfGAP 

sequences are classified in Supplementary Figure S5.7 (Online Appendix Table 5.10). All taxa 

have multiple copies of the AGFG protein, which functions in clathrin-mediated endocytosis,205 

and ArfGAP1 or ArfGAP2/3, which function at the Golgi. ArfGAPC2 is also present in the 

haptophytes with the exception of Isochrysis, and has been duplicated in E. huxleyi and G. 

oceanica. ArfGAP C2 is a recently discovered to be an ancient, patchily distributed ArfGAP 

protein lost in animals and fungi.199 Although its function is unknown, it contains a lipid-binding 

C2 domain in addition to the ArfGAP domain, suggesting it may be able to interact with 

membranes. Additionally, there are multiple paralogues of ArfGAPs in haptophyte-specific and 

Isochrysidales-specific clades, particularly in E. huxleyi and G. oceanica. In all haptophytes, 

there are multiple cytohesin-like ArfGEFs and BIG-like ArfGEFs; in mammals cytohesins 

function at the plasma membrane, while BIG/GBF ArfGEFS are associated with the Golgi 

(Supplementary Figure S5.8, Online Appendix Table 5.10).160 

Five ancient TBC subfamilies were identified in at least one member of the haptophytes, 

as well as five additional haptophyte-specific clades, two Isochrysidales-specific clades, an E. 
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huxleyi+G. oceanica-specific clade, and an I. galbana+C. tobin-specific clade, where 

presumably the calcifying haptophytes lost this gene (Supplementary Figure S5.9, Online 

Appendix Table 5.10). These lineage-specific duplications in the GTPase regulator families 

suggest that haptophytes have a complex network of membrane trafficking regulation that may 

be important for scale formation and possibly biomineralization. 

 

5.4 Transcriptomic analysis of membrane trafficking gene expression during coccolith formation 

 While there are many trafficking gene duplication events that are common to the four 

haptophytes, these data only allow for speculation about the role of specific genes in relation to 

scale formation. While all four organisms produce organic scales, only E. huxleyi and G. 

oceanica extrude calcium carbonate scales. In order to understand the role of the membrane 

trafficking system in this process, RNA-Seq was performed on cultures of E. huxleyi and G. 

oceanica grown under scale-forming and non-scale-forming conditions. Membrane trafficking 

genes that are differentially expressed may therefore play a role in scale formation. 

E. huxleyi, and G. oceanica cultures were grown with 0 vs. 9mM calcium, and with or without a 

bicarbonate spike. The effect of calcium or bicarbonate alone may induce gene expression 

changes, however, those that are significantly differentially expressed when grown in both 

calcium + bicarbonate spike are most likely involved in biomineralization. The addition of 

calcium and bicarbonate spike likely has pleiotropic effects, some of which may be unrelated to 

scale production (e.g. membrane trafficking associated with lipid storage upon the addition of 

bicarbonate). Although it may not be possible to tease apart gene expression differences due to 

scale production versus other cellular processes using these transcriptomic data alone, they 

nonetheless provide insight into the cell biology of E. huxleyi and G. oceanica.  
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Overall, the addition of calcium has little effect on gene expression, regardless of the 

bicarbonate spike. The effect of the bicarbonate spike on membrane trafficking gene expression 

in the presence or absence of calcium is shown in Table 5.1 (Online Appendix Table 5.12). In E. 

huxleyi, the bicarbonate spike alone greatly affects membrane trafficking gene expression, while 

in G. oceanica, the bicarbonate spike also induces gene expression changes, but only in the 

presence of calcium. Because of the minimal effect of calcium on gene expression, for both 

organisms, consideration is given to genes that are differentially expressed with the addition of 

bicarbonate spike regardless of the presence of calcium. 

The early secretory system appears to be up-regulated in both E. huxleyi and G. oceanica 

(Table 5.1). In E. huxleyi, the up-regulated genes in this system include COPII coat subunits (two 

Sec23 genes and the GTPase Sar1), as well as COG4 of the intra-Golgi MTC COG, and the 

Golgi-associated Arf1. In G. oceanica, early secretory proteins Sec23 and Rab1 (ER-to-Golgi 

vesicle fusion) are up-regulated by spike and calcium, as are the COPI subunits COPB and 

COPG. Conversely, in E. huxleyi, the Golgi-to-ER retrograde trafficking SNARE Syntaxin 18 is 

down-regulated. There appears to be a clear signal of up-regulated ER-Golgi anterograde 

trafficking genes in both coccolith-forming organisms.  

 In both E. huxleyi and G. oceanica, there is some evidence for regulation of 

exocytosis as a function of biomineralization. The phospholipid transfer protein Sec14 is up-

regulated in the bicarbonate spike+calcium condition in both organisms. In yeast, Sec14 

regulates specific TGN-to-plasma membrane export pathways.570 One plasma membrane 

syntaxin (SyntaxinPM) is down-regulated under these conditions in E. huxleyi, although there are 

two additional syntaxin PM paralogues in E. huxleyi that are not differentially expressed. This 

raises the possibility of complex regulation of trafficking factors, rather than a blanket increase  
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Table 5.1. Membrane trafficking pathways represented in differential expression data from 
E. huxleyi and G. oceanica when grown with the addition of a bicarbonate spike, regardless 
of the presence of calcium 

 

  

Table	5.1.	Membrane	trafficking	pathways	represented	in	differential	expression	data	from	E.	huxleyi	and	G.	oceanica
when	grown	with	the	addition	of	a	bicarbonate	spike,	regardless	of	the	presence	of	calcium

Organism

Emiliania	huxleyi Gephyrocapsa	oceanica

Pathway
early	secretory	(ER	
anterograde) UP:	Sec23,	Sar1	 UP:	Rab1,	Sec23

Golgi-ER	retrograde DOWN:	Syn18 none

intra-Golgi	transport UP:	COG4,	Arf1 UP:	2xBIG-like,	COPB,	COPG

post-TGN	secretion UP:	Sec14,	DOWN:	SynPM UP:Sec14

Endocytosis
UP:	synaptojanin,	drebrin,	clathrin	light	
chain,	Eps15R UP:	AGFG

endosomal	recycling UP:	Vps13,	Vps53,	Vps50	 UP:	EpsinR,	Syn6/10,	Rab9

endolysosome	maturation DOWN:	Vps4,	Vps41 DOWN:	Vps16,	Vps39,	Vps34

Effect	of	bicarbonate	spike



 169 

 or decrease in pathway function. 

 Several endocytic factors are up-regulated in E. huxleyi under scale-forming conditions, 

including clathrin light chain, two paralogues of Eps15R (clathrin-mediated endocytosis),571 

drebrin (adaptor for F-actin and dynamin),572 and synaptojanin (involved in fluid phase 

endocytosis).573 Only one endocytic gene is differentially expressed in G. oceanica; the ArfGAP 

protein AGFG.205  

In both E. huxleyi and G. oceanica, endocytic recycling proteins are up-regulated. In E. 

huxleyi, these are Vps50 and Vps53, part of EARP complex at recycling endosomes,303 and 

Vps13, which functions in endosome-to-TGN protein sorting. In G. oceanica, syntaxin 6/10, 

EpsinR, and Rab9574 are up-regulated in the spike+calcium condition compared to calcium alone.  

Late endosome/lysosome trafficking is conversely down-regulated under these conditions 

in E. huxleyi (the HOPS subunit Vps41 and the ESCRT protein Vps4). In G. oceanica, HOPS 

tethering complex members are also down-regulated (two Vps16 paralogues and Vps39), as is 

the PI(3)P kinase Vps34, which functions at late endosomes and lysosomes. While the 

transcriptomic evidence is limited, it hints that the cell may not be taking up exogenous material 

for degradation, but instead bringing membrane back from the plasma membrane (while 

recycling resident PM proteins) to maintain an endomembrane balance within the cell. 

 Regulation of vesicle formation and fusion dynamics by Arf and Rab GAP and GEF 

proteins may be important in scale trafficking kinetics. It appears that these GTPase regulators 

are generally down-regulated in both E. huxleyi and G. oceanica under biomineralizing 

conditions. There is also a case of potentially orthologous proteins being inversely regulated: 
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there is an ArfGAP protein in E. huxleyi and G. oceanica from the same Isochrysidales-specific 

clade that is up-regulated in the former and down-regulated in the latter.  

  Additional membrane trafficking factors that function throughout the cell are 

differentially expressed under biomineralizing conditions. Those that are up-regulated in one or 

both calcifying haptophytes are p97, and dynein and kinesin proteins (retrograde- and 

anterograde-directed motor proteins, respectively, for vesicle transport along microtubules).  

 While there are several clear patterns, such as up-regulation of early secretory machinery 

and recycling machinery, there are cases where a differentially expressed gene is one of several 

paralogues. The clearest example is transcriptional changes of GTPase regulators, in both gene 

family expansions and expression under calcifying conditions. This suggests that, like the 

process of encystation studied in Chapter 4, biomineralization involves complex regulation of 

membrane trafficking, which cannot be well-understood without functional characterization of 

trafficking genes.    

 

5.5 Discussion 

 In this Chapter, the gene complement of the membrane trafficking system in E. huxleyi, a 

major taxonomic sampling point as the first sequenced haptophyte, was revealed. Further 

comparison with the genomes of related haptophytes helped identify several novel proteins and 

changes to the trafficking system in these algae. Multiple concatenated gene phylogenies suggest 

that E. huxleyi and G. oceanica are not separate species. Recently, Bendif et al. 2014 have shown 

using nuclear 18S and 28S rDNA, plastidial 16S rDNA, and plastidial tufA phylogenies that E. 

huxleyi and Gephyrocapsa muellerae are sister taxa, with G. oceanica as an outgroup.553 The 
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authors suggest that this is the result of introgressive hybridization within this clade, with E. 

huxleyi arising from an unspecified Gephyrocapsa lineage. The data presented here are 

congruent with the idea that E. huxleyi and G. oceanica represent a single species complex, 

although genome data from more Gephyrocapsa species will be necessary to make any specific 

claims about the relationships within this clade. 

 Several major losses of complexes have occurred in the haptophytes. These include the 

loss of ESCRT complexes I and II (and the ESCRT 0 analogue Tom1esc), the AP3 complex, the 

Exocyst MTC, and the CORVET MTC. The TRAPPII subunits of the Golgi-plasma membrane 

MTC complex also could not be identified, however, the loss of TRAPPII is not uncommon in 

eukaryotes.254 Loss of whole ESCRT complexes has been observed in several eukaryotic taxa, 

including some members of the Apicomplexa,50,480  Giardia intestinalis,226 and as described in 

this work, in Blastocystis sp. and Proteromonas lacertae. However, the uniting feature of these 

organisms is parasitism (or symbiosis), whereas the haptophytes are undoubtedly free-living. The 

purpose of the ESCRT machinery within the membrane trafficking system is the degradation of 

transmembrane receptors and other cargo. One potential explanation for its loss in the 

haptophytes is that the coccoliths or body scales minimize the turnover of underlying plasma 

membrane-bound receptors, so a system to regulate them via internalization and degradation is 

not necessary. However, plants have analogous cell walls, and yet have relatively complete 

ESCRT complements.226 While it is unlikely that the haptophytes can generate functional MVBs, 

the ESCRT III-A subunits that are present are often duplicated and may function in abscission 

during cytokinesis.221,223 Further work is required to understand the function of ESCRT 

components in the haptophytes.  
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 In addition to the ESCRTs, AP3, Exocyst, and CORVET are lost, a pattern that is also 

observed in members of the Apicomplexa. It may seem that a free-living algae and a human 

intracellular parasite have vastly different lifestyles, yet they both have unique secretory 

requirements; haptophytes secrete large scales, while apicomplexan organisms secrete contents 

of specialized secretory organelles to modify the parasitophorous vacuole that they inhabit.575 

Perhaps, in both lineages, the Exocyst can be lost because targeted secretion is no longer 

necessary. On the other hand, the haptophytes have also expanded their secretory SNARE 

subfamilies and the SM protein Sec1/Munc18, which suggests that these proteins are involved in 

regulation of secretion, even with the loss of the Exocyst MTC. This suggests that vesicle fusion 

at the plasma membrane via SNARE function occurs, although the upstream tethering step is 

either unnecessary in the haptophytes or occurs via a novel, unknown complex. In addition to the 

loss of AP3 and CORVET, subunits of the HOPS complex are down-regulated during scale-

forming conditions in all Isochrysidales. The loss of AP3 and CORVET functionality, and down-

regulation of HOPS under biomineralizing conditions, may generally indicate less emphasis on 

lysosomal degradation.  

 The early secretory, late secretory, and endocytic recycling pathways have undergone 

expansion in the haptophytes and Isochrysidales, and in some cases, their constituents members 

are differentially expressed under scale-forming conditions. In the early secretory pathway (ER-

to-Golgi), there is a duplication of syntaxin 5 and duplications in the COPII coat complex in all 

four haptophytes. Members of the COPII complex are up-regulated in the coccolith-forming taxa 

under scale-forming conditions. In E. huxleyi and/or G. oceanica, Rab1, Sar1, Arf, BIG-like 

ArfGEFs, and members of the COPI complex, which function in intra-Golgi transport are up-

regulated under biomineralizing conditions. One potential explanation for the expansion and up-
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regulation of this system is that early secretory trafficking machinery plays a specific role in 

trafficking components to the growing coccolith vesicle. However, another explanation is that of 

increased lipid production at the ER. One of the unique features of the haptophytes is their ability 

to produce polyunsaturated long-chain alkenone lipids, which are located in the coccolith-

producing compartment,576 as well as lipid bodies.577 Several of the early secretory genes that are 

duplicated or up-regulated in these taxa are also involved in lipid droplet storage, such as COPI 

components and Arf1.151 Given the duplications in the ER anterograde trafficking machinery, 

and the up-regulation of both ER anterograde and intra-Golgi trafficking, both processes are 

likely relevant for coccolith production. As the coccolith vesicle is thought to be derived from 

the Golgi, one potential explanation is that alternate COPII subunits traffic coccolith-specific 

cargo to this organelle, and the COPI and Arf1 proteins may be involved in the transfer of 

alkenone lipids between the lipid body and the coccolith vesicle.  

 As mentioned above, despite the absence of the exocyst complex, other secretory protein 

families are present or expanded in the haptophytes, such as VAMP-like proteins and the SM 

protein Sec1/Munc18. Interestingly, a Qbc SNAP23/25-like SNARE is found in all four taxa. In 

mammalian cells, Qbc SNAREs are associated with specialized, regulated secretion, particularly 

in neurons.578 However, a similar protein was identified in the ciliate Paramecium, and rather 

than being involved in exocytosis, RNAi silencing of the SNAP protein increased the number of 

food vacuoles due to increased uptake.290 It is therefore possible that the haptophytes use this 

Qbc SNARE in a similar manner.   

 The TGN-endosome recycling pathway has many duplicated components in the 

haptophytes, as well as up-regulated members under scale-forming conditions. Duplicated 

subfamilies include proteins in nearly every aspect of vesicle trafficking, including AP1, 
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retromer, EARP, EpsinR, the SM protein Vps45, and SNAREs Syntaxin 6 and Vti1. 

Furthermore, transcriptomics analysis showed that GARP subunits, some EpsinR paralogues, 

Syntaxin 6, Rab9, and Vps15 are up-regulated in E. huxleyi and G. oceanica under scale-forming 

conditions. One potential explanation for the role of TGN-endosome recycling in scale 

production is the recycling of membrane from scale-containing vesicles that fuse with the plasma 

membrane. Unless the scale-containing vesicle interacts with the membrane in a ‘kiss-and-run’ 

scenario, which seems unlikely given the size of the cargo, membrane must be taken back into 

the cell to preserve homeostasis (Figure 5.6). Presumably, endocytosed membrane will include 

cell surface proteins, which then must be recycled back to the plasma membrane, lest they be 

degraded. It is notable, then, that much of the endolysosomal degradation machinery is missing 

(e.g. ESCRT, AP3), and when present, is down-regulated under biomineralizing conditions (e.g. 

HOPS).  

Another possible function of this machinery is generation of the reticular body during 

calcification. The reticular body forms on the distal face of the coccolith vesicle, and is a tubular 

organelle distinct from the Golgi.348 While its cellular origin is unclear, it may be derived from 

TGN or endosomal membrane, and thus the expansions in TGN-endosome trafficking machinery 

may represent a trafficking pathway to this organelle. The reticular body has only been observed 

in calcifying taxa, although TGN-endosome trafficking gene duplications are present in all four 

haptophytes. Because only E. huxleyi and G. oceanica were studied with regards to scale 

formation, it is not clear whether the differential expression of these genes is related to 

biomineralization or scale formation in general. Functional work is therefore necessary to 

understand the role of this TGN-endosomal machinery in scale formation in the haptophytes. 
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Figure 5.6. Diagram of membrane trafficking system gene expression regulation during 

biomineralization in E. huxleyi and G. oceanica.  

Pathways with genes that are co-regulated in E. huxleyi and G. oceanica are shown with the 

specific DE genes listed. The cells on the left show membrane trafficking processes associated 

with scale secretion, while those on the right show compensatory processes to retrieve excess 

membrane following the fusion of coccolith vesicles with the plasma membrane.  
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Figure 5.6  
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 The Rab and Arf GAP and GEF regulators have undergone lineage-specific expansions 

related to scale production. Unfortunately, little can be said of their actual purpose without 

functional analysis in the haptophytes. They do raise questions, however, of the importance of 

gene expression regulation during biomineralization. In several cases, multiple paralogues of the 

same gene had different expression patterns during scale formation, which suggests that 

membrane trafficking regulation during coccolith formation is more complex than ‘more’ or 

‘less’ trafficking pathway function. This echoes what was observed in Chapter 4; rather than 

simple presence or absence of genes, it is sculpting of the membrane trafficking system 

complement and finely tuned gene regulation that is the choreography of a biological process.  

 Overall, the effect of calcium and bicarbonate on the calcifying haptophytes is up-

regulation of genes in the secretory, endocytic, and recycling systems. However, the bicarbonate 

spike had a much greater effect than calcium on gene regulation. This may be because calcium is 

involved in many cellular functions, such as intracellular signaling, cytoskeletal function, and as 

an enzyme cofactor. The intracellular concentration is likely to be tightly regulated, potentially 

by calcium efflux or sequestration, which is consistent with its non-effect on transcription. On 

the other hand, bicarbonate may regulate membrane trafficking gene expression as a function of 

scale formation, and/or lipid production. There is no genetic system to do functional analysis in 

haptophyte algae; however, characterizing the genes and pathways suggested here to be relevant 

represents the next step in understanding how the membrane trafficking systems underpins scale 

formation in the haptophytes. 
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6. Genome and pathogenicity-associated transcriptome of the 

neuropathogenic amoeba Naegleria fowleri 
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6.1 Introduction 

 The first Results chapter focused on membrane trafficking gene presence and absence in 

understanding the evolution of a lineage. In the next two chapters, this approach was extended to 

assess membrane trafficking system function in relation to specific cellular behaviours. In this 

final chapter, the scope further expands. Comparative genomics and transcriptomics were used to 

investigate pathogenesis in the neuropathogenic amoeba Naegleria fowleri, but rather than 

concentrating specifically on membrane trafficking, multiple cellular systems are explored. In 

this way, we can understand pathogenesis in the context of the whole organism, and the large-

scale genomic evolution that separates the deadly N. fowleri from its harmless relative, N. 

gruberi. 

 Naegleria fowleri is an opportunistic pathogen of humans and animals, and is a member 

of the supergroup Excavata. N. fowleri causes primary amoebic meningoencephalitis, killing 

more than 95% of those infected, usually within two weeks.579 Symptoms include changes in the 

senses of taste or smell, nausea, fever, nosebleeds, severe headache, finally leading to coma and 

death.580 Infection occurs when contaminated water enters the nose (e.g. when swimming),581 

and N. fowleri passes through the cribriform plate to the olfactory bulb in the brain.582–584 In 

addition to swimming, sinus irrigation and ritual ablution using contaminated water are other 

means of infection.585  

 The worldwide reported cases number in the dozens each year, but infection is likely to 

be more prevalent particularly in developing countries with warm climates.586 As infection is 

relatively rare and resembles other types of meningitis, the first cases of N. fowleri infection 

were described only ~50 years ago, in Texas, Florida, and Virginia (US), South Australia, and 

the former Czechoslovakia.587–591 However, since then, there have been over 300 cases 
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worldwide, with this number growing annually.592 It seems likely that we are still not aware of 

the global scale of N. fowleri infection.  

 N. fowleri prefers to live at 32°C, but it is thermotolerant, growing at temperatures up to 

45°C (and up to 50°C for a short time).593 Although trophozoites are killed by low temperatures, 

cysts can survive for weeks to months at temperatures above freezing.594 In addition to tropical 

and sub-tropical locations, N. fowleri can also survive in the temperate zone when in association 

with thermal waters; it has been found in hot springs in Japan and in Yellowstone National Park 

in the United States.592,595–597 Unfavorable conditions such as temperature extremes, drying, and 

lack of nutrients induce cyst formation.598 Unlike Entamoeba, the cyst is not infective. The 

infective stage is amoeboid, and it is found in soil and water, particularly following heavy 

precipitation.599 Changes in temperature or nutrient availability can induce N. fowleri to become 

a flagellate, growing a basal body and flagella de novo.600 In the environment, N. fowleri is a 

bacterivore, and it does not require a host for any stage of its life cycle. 

 N. fowleri is the only species of Naegleria that regularly infects humans, suggesting that 

pathogenicity is a gain-of-function. N. fowleri is also a threat to livestock such as cattle,601 and 

can infect other mammals,602 although the incidence of N. fowleri infection in wild animals is 

unknown. Naegleria australiensis and Naegleria italica are thermotolerant and can infect mice, 

although they are considered weakly pathogenic as they are only able to kill mice following 

intracranial, but not intranasal, inoculation.360,603,604 While phylogenies showing Naegleria 

species evolution are generally not well-resolved, there is no evidence of these species forming a 

clade with N. fowleri.605,606 The Naegleria species most closely related to N. fowleri is Naegleria 

lovaniensis, which is also thermotolerant, but not pathogenic.607,608 This suggests that 

pathogenesis and thermotolerance have arisen independently multiple times in the Naegleria 
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genus, and likely go hand-in-hand to allow Naegleria spp. to infect mammals with body 

temperatures between 37°C and 40°C. This raises the question of whether the mammalian host is 

a dead-end that N. fowleri “accidentally” becomes trapped in, or whether pathogenesis is the 

result of positive selection.  

  Several groups have identified potential pathogenicity factors in N. fowleri, including 

proteases, pore-forming proteins, and various surface proteins that may be involved in resisting 

complement-mediated lysis.350,354,356,358–360,609 However, secretion of pathogenicity factors is not 

the only aspect of host invasion. Cell motility, immune system evasion, and underlying cellular 

processes such as membrane trafficking must also play a role. For example, NfActin has been 

identified as a pathogenicity factor due to its role in food cup formation and potentially also 

membrane vesiculation or blebbing as an anti-complement measure.351,355 A whole-genome 

approach in studying N. fowleri in relation to a non-pathogenic relative is the first step in 

understanding pathogenesis. In addition to gene family sculpting in the systems mentioned above 

as well as others, this approach could also identify even more potential pathogenicity factors that 

are specific to N. fowleri. 

 The genome of Naegleria gruberi – a harmless relative of N. fowleri – was sequenced in 

2010.610 In addition to being related to N. fowleri, interest in sequencing N. gruberi grew because 

of its ability to generate a basal body de novo, and to perform both anaerobic and aerobic 

metabolism with a hydrogenosome. The publicly available genome of the harmless N. gruberi is 

therefore an attractive resource for a comparative genomic analysis with N. fowleri. To this end, 

the genome of N. fowleri CDC:V212 was sequenced by the N. fowleri Genome Consortium. 

Collaboration with other groups has given access to two additional strains, N. fowleri ATCC 

30863 and 986. Strains V212 and 30863 were isolated from patients, while 986 is an 
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environmental isolate. Using these four genomes, the question of the large-scale genomic 

differences between N. fowleri and N. gruberi could be addressed. Importantly, an analysis of 

multiple N. fowleri genomes generates a more complete picture of pathogenesis that decreases 

the chance of identifying strain-specific differences as false positives. In addition to general 

genomic features, several systems were investigated more closely that were thought a priori to 

be involved in host invasion, including the membrane trafficking system.  

 The diversity within the Naegleria genus is high; based on estimates of the SSU rDNA, 

the most distantly related Naegleria species share the same level of diversity as the entire clade 

of tetrapods.611 Furthermore, it is likely that N. fowleri and N. gruberi are not closely related 

within the Naegleria genus, and many of the differences observed between the two species may 

be unrelated to pathogenesis. There also might be pathogenesis factors that are found in both 

organisms, but whose expression is differently regulated such that the factor is involved in 

pathogenesis in only N. fowleri. In order to home in on the most likely pathogenesis factors, as 

well as to get a sense of the cellular dynamics that underpin human infection, a comparative 

transcriptomic approach of high-pathogenicity versus normal-pathogenicity N. fowleri was 

undertaken. In 1987, Whiteman and Marciano-Cabral showed that the N. fowleri LEE strain – 

another patient isolate – was more pathogenic after repeated passage through mice (50 mouse 

passages), compared to N. fowleri LEE grown in axenic culture.607 Not only did mouse-passaged 

N. fowleri have a lower LD50 in guinea pigs (3x104 LEE-MP50 cells versus 5x106 unpassaged 

LEE-Ax cells), it was also resistant to complement-mediated killing, while axenically cultured N. 

fowleri LEE and N. gruberi were not. To exploit the mouse-passaging enhancement of 

pathogenesis, RNA-Seq was performed using highly pathogenic (mouse-passaged) and regularly 

pathogenic (axenically grown) N. fowleri LEE. Genes that are differentially expressed in highly 
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virulent mouse passaged versus axenically grown N. fowleri are likely aiding in or responding to 

host infection. With these data, one can piece together the cellular systems and gene families that 

are involved in this process, and also build on the comparative genomic work. If, for example, 

one specific protease is up-regulated in highly pathogenic N. fowleri, comparative genomics 

allows for the exploration of all other members of this gene family in the three other N. fowleri 

strains, as well as N. gruberi (e.g. presence/absence, domain composition, conserved active site 

residues, etc.). The results of the comparative genomic and transcriptomic analyses are 

synergistic in that they give a clearer and more complete picture of pathogenesis than would be 

possible taking either approach alone. 

 Finally, the last part of this chapter goes beyond predicting and assessing membrane 

trafficking function. The Naegleria Golgi does not resemble the typical ‘stack of pancakes’ 

found in many cells. This unstacking of Golgi cisternae has occurred several times independently 

over the course of eukaryotic evolution.612 In order to visualize the Golgi body for the first time 

in N. gruberi, antibodies to three endomembrane marker proteins were generated (including the 

Golgi marker NgCOPB), and immunofluorescence microscopy and immunoelectron microscopy 

were performed, showing the presence of a Golgi body for the first time in this organism. This 

work relied on the previous comparative genomic and transcriptomic analyses, as they both 

strongly suggested the presence of a Golgi organelle in Naegleria; an assertion that could be 

tested using basic cell biological techniques. 

 

6.2 Specific methods 

 An overview of the methods specific to Chapter 6 is found in Methods section 2.4. 

Collaborators in the N. fowleri Genome Sequencing Consortium sequenced and assembled the N. 



 184 

fowleri V212, ATCC 30863, and 986 genomes, described in more detail in the Methods. E. 

Herman performed gene prediction analyses, comparisons of genome statistics, mitochondrial 

genome annotation, orthogroup comparison, an analysis of lateral gene transfer, annotation of the 

membrane trafficking system, the autophagy system, the ER-associated degradation machinery 

and unfolded protein response, and the adhesion and cell-cell interaction machinery. BLASTP 

was used in comparative genomics searches, using the queries listed in the appropriate Online 

Appendix Tables. E. Herman also assembled the HiSeq-generated transcriptome used for gene 

prediction and transcriptomes of high- and normal-pathogenicity N. fowleri, as well as read 

mapping and differential expression analyses. E. Herman and M. I. Ramirez-Macias performed 

comparative genomics of the proteases in N. fowleri. Work done to confirm the presence of a 

Golgi body in N. fowleri was initially performed by E. Herman, but was then followed up by 

work from L. Yiangou, D. Cantoni, and A. Tsaousis. The genome of N. fowleri ATCC 30863 has 

already been made public.613 Additionally, sections related to the N. fowleri mitochondrial 

genome have been published in Herman et al. 2013,417 and are reproduced from that work here. 

Specifically, nested PCR to confirm correct assembly of a test 60kb genomic region was 

performed by A. Greninger. 

 For comparative genomic analysis of the membrane trafficking system machinery, the N. 

fowleri V212 strain was the main genome searched to identify orthologues, which were than 

used to find corresponding orthologues in the other two strains. A second pass using reference 

queries was then made to identify any paralogues in 30863 and 986 that were missing from the 

V212 strain.  

 

6.3 Genomic comparison of three strains of Naegleria fowleri: CDC:V212, ATCC 30863, 
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and 986 

6.3.1 Genome statistics 

  A comparative analysis of genome statistics was performed of the haploid 

genomes of three Naegleria fowleri strains: V212, 986, and ATCC 30863. For the N. fowleri 

V212 genome, 1,875 scaffolds were generated with an average size of 14,806 and an N50 of 

92,316. In comparison to the values for the 986 strain (990 contigs, N50 of 101,682) and ATCC 

30863 (1,124 scaffolds, N50 of 136,406), there are many more contigs or scaffolds, however, the 

N50s are relatively similar. 50% of the assembly is contained in contigs of equal or greater 

lengths than the N50 value. Therefore, the V212 assembly simply has more small contigs than 

assemblies of the other strains, but the bulk of sequence data is found in longer contigs. The 

genome data for the N. fowleri strains V212, 30863, and 986 are found in Online Appendix Files 

1, 2, and 3, respectively.  

The genome sizes range between 27.5 and 28 million base pairs, as shown in Table 6.1. 

Repetitive regions were detected by RepeatScout and RepeatMasker, and these make up 2.28% 

of the V212 genome (1.41% for strain 986, 1.32% for 30863), compared to 5.1% in N. 

gruberi.610 While GC content and other coding content statistics were similar between N. fowleri 

strains, they were remarkably different from those values for the related species N. gruberi 

(Table 6.1). The N. fowleri genome is, on average, 2/3 of the size of that of N. gruberi, with 80% 

of the coding content.  

The mitochondrial genome and extrachromosomal plasmid containing the 18S, 5.8S, and 

28S rRNA genes of N. fowleri V212 were also recovered from sequence data (Online Appendix 

file 4). The plasmid sequence was originally published by Maruyama and Nozaki (2007).614 
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Table 6.1. Genome statistics of three strains of Naegleria fowleri and Naegleria gruberi 
NEG-M 

Species Genome 
size 

Gene number Average gene length Exons/gene 

N. fowleri V212 27.7 Mbp 12,677 1,785 bp 2 
N. fowleri 986 27.5 Mbp 11,599 1,955 bp 2 
N. fowleri 30863 28.0 Mbp 11,499 1,984 bp 2 
N. gruberi NEG-M 41.0 Mbp 15,708 1,677 bp 1.7 

 

Species Average 
exon length 

% Coding Introns/gene Average 
intron length 

N. fowleri V212 777 bp 71.35 1 126 bp 
N. fowleri 986 849 bp 73.01 1 138 bp 
N. fowleri 30863 825 bp 70.79 1 144 bp 
N. gruberi NEG-M 894 bp 57.8 0.7 203 bp 

 

Data from N. gruberi is taken from Fritz-Laylin et al. 2010610  
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6.3.1.1 The mitochondrial genome of Naegleria fowleri V212 

The mitochondrial genome of N. gruberi was published by Fritz-Laylin et al. (2010) 

along with the nuclear genome.610 As the N. fowleri mitochondrial genome was retrieved in the 

sequence data, it provided a small, tractable test case for initial genome comparisons. Therefore, 

the coding content and organization of the mitochondrial genome of N. fowleri was compared 

with that of N. gruberi, in order to get a first glimpse into the potential differences between these 

two organisms. 

The mitochondrial genome of N. fowleri V212 was sequenced, generating 393,244 reads 

that were assembled into a circular consensus mitochondrial genome with an average coverage 

of 2,732X (range of 766-5,317X). The sequence was deposited at GenBank (accession 

JX174181). The genome is 49,519bp in length and is AT-rich, having a GC content of 25.2% 

(Table 6.2). Coding sequence comprised 90% of the genome, in which introns were not 

identified. The N. gruberi mitochondrial genome is only slightly larger than the N. fowleri 

mitochondrial genome (49,842bp versus 49,519bp), while their GC contents, coding contents, 

and median exon lengths are very similar (Table 6.2).  

The gene complement encodes products involved in reduction and oxidative 

phosphorylation in the mitochondrion, such as the NADH dehydrogenases, ATP synthase 

subunits, cytochrome c oxidase subunits, apocytochrome b, and succinate:cytochrome c 

oxidoreductase (Supplementary Table ST6.1). It encodes three proteins involved in protein 

import and maturation: haem biosynthesis, haem lyase, and an ABC transporter. It also encodes 

ribosomal proteins, rRNAs, tRNAs, a SecY-independent transporter protein (Ymf16), and four 

ORFs of unknown function. The majority of the genes are ribosomal proteins, tRNAs, or are 

involved in reduction and oxidative phosphorylation. In comparison with the mitochondria of  
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Table 6.2. Mitochondrial genome statistics from Naegleria gruberi and Naegleria fowleri. 

Species Size (bp) %GC %Coding Exons 

per gene 

Median 

exon length 

N. gruberi mitochondriaa 49,842 22 92 1 795 bp 

N. fowleri mitochondria 49,519 25.2 90 1 766.5 bp 

 

aN. gruberi nuclear genome data are from Fritz-Laylin et al. 2010.610 
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other eukaryotes, shown in Figure 6.1, the proportions of genes in each category are standard 

among the diversity observed in other species.  

Figure 6.2 shows a diagram of genes encoded in the circular N. fowleri mitochondrial 

genome. The genes are tightly packed, as only 10% of the genome is non-coding sequence. 

Regarding gene order, the mitochondrial genomes of N. fowleri and N. gruberi are entirely 

syntenic. ORF prediction software failed to identify any protein-encoding regions in the N. 

fowleri genome corresponding to genes not present in N. gruberi, and all annotated N. gruberi 

genes were found in N. fowleri.  

The Naegleria sp. mitochondrial genomes have a conserved bacteria-like order of genes 

encoding small and large ribosomal proteins. The similarity extends over a contiguous alignment 

of the str, S10, spc, and α operons (Figure 6.2). Although there are some losses, rearrangements, 

and insertions of genes without a bacterial origin, the gene order remains widely similar. Related 

organisms share this bacteria-like organisation, including the jakobids Jakoba libera and 

Reclinomonas americana, and the malawimonad Malawimonas jakobiformis.616  

In addition to an analysis of the N. fowleri mitochondrial genome, a 60-kilobase contig 

was manually annotated. This was done to get a sense of the quality of the assembly, and served 

as a first-pass at whole-genome analysis. Thirty-three genes were identified on that contig, but 

surprisingly, their N. gruberi orthologues did not share a similar gene order. To confirm that the 

N. fowleri V212 genome was not misassembled, nested PCR was performed of this region 

(Figure 6.3), and showed that it is indeed contiguous.417  
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Figure 6.1. Gene content of the Naegleria fowleri and Naegleria gruberi mitochondrial 

genomes in comparison with other eukaryotes.  

Genes are included in the classes in the following way, as in Burger et al. (2003).615 Reduction 

and oxidative phosphorylation (horizontal bars): atp1, atp3, atp4, atp6, atp8, atp9; cob; cox1-3; 

nad1-4, nad4L, nad6-11, sdh2-4. rRNAs (solid black): rnl, rns, rrn5. tRNAs (diagonal dots): 

trnA-Y. Ribosomal proteins and EF-Tu (solid dark grey): rps1-4, rps7, rps8, rps10-14, rps19; 

rpl1, rpl5, rpl6, rpl10, rpl11, rpl14, rpl16, rpl18-20, rpl27, rpl31, rpl32, rpl34, rpl36; tufA. 

Protein import and maturation (solid white): secY, ymf16, tatC, yejR (ccmF), yejU (ccmC), yejV 

(ccmB), yejW (ccmA); cox11. RNA maturation (solid light grey): rnpB. Transcription (black 

squares): rpoA-D. Other (hatched): ORFs of unknown function. Data for all organisms except N. 

fowleri was retrieved from NCBI. In Dictyostelium discoideum, cox1 and cox2 are encoded as a 

single ORF, but are counted as two genes here. Some other species of Plasmodium also encode 

ribosomal RNAs. 
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Figure 6.1  
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Figure 6.2. Circular map of the Naegleria fowleri mitochondrial genome.  

Genes encoding proteins are annotated based on BLAST results, and genes encoding RNA are 

annotated based on tRNA and rRNA scanning software predictions. For the full name of each 

gene, see Supplementary Table ST6.1. Black arrows with gene names on the outside of the map 

represent genes on one strand, and white arrows with gene names on the inside of the map 

represent genes on the alternate strand. The N. fowleri mitochondrial genome is identical in gene 

content and organization to the mitochondrial genome of Naegleria gruberi.  
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Figure 6.2  
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Figure 6.3. Nested PCR showing contiguity of a 60kb genomic region.  

(Top) Eleven ~1000 bp amplicons from across the 60-kb segment in the nuclear genome were 

successfully recovered by PCR amplification. (Bottom) Diagram of where the amplicons were 

located across the contig. M, ladder. PCR was performed by A. Greninger. 
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Figure 6.3  
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6.3.2 Gene prediction of nuclear genes 

Using a combination of RNA-Seq evidence and ab initio methods, the gene prediction 

tool Augustus v.3.0.3 predicted 12,677 coding genes across 71.35% of the N. fowleri V212 

genome (Table 6.1). 89% of the predicted V212 genes appear to be expressed (using 

pathogenicity transcriptomic data), based on at least five reads mapping to the gene. As a 

measure of genome completeness, a CEGMA analysis to identify eukaryotic core orthologous 

groups (KOGs) was performed. Out of 458 KOGs, 443 (97%) were identified in the N. fowleri 

V212 predicted proteome. This value is identical for the two other N. fowleri strains. 

Using these same training data, gene prediction was also performed for strains 30863 and 

986. The statistics of these gene predictions are compared with the corresponding publicly 

available data from the N. gruberi genome (Table 6.1). Protein predictions for N. fowleri V212, 

30863, and 986 are found in Online Appendix Files 5, 6, and 7, respectively. Surprisingly, these 

values are highly variable within the Naegleria genus, and even within the N. fowleri species. N. 

fowleri V212 encodes the most genes at 12,677, with the 986 and 30863 strains encoding on 

average 11,600 genes. The N. gruberi genome, which is larger by roughly 13 Mbp, encodes 

15,708 genes. In general, average genes lengths are greater in N. fowleri (1,785-1,984 bp) than N. 

gruberi (1,677 bp), and the N. fowleri genome has more exons per gene and a higher percent 

coding content (71.79-73.01% in N. fowleri versus 57.8% in N. gruberi). Despite these 

differences, the average length of exons is similar between N. fowleri and N. gruberi, with the N. 

gruberi genome encoding genes with longer exons, on average. Introns in N. fowleri genes are 

roughly 50-60% of the length of those in N. gruberi genes, although N. fowleri has more introns 

per gene. 
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6.3.3 Genome organization of three N. fowleri species and the related Naegleria gruberi 

 Further exploring large-scale genomic differences, the genome organization of the four 

Naegleria species were compared. Mauve was used to align the Naegleria genomes and identify 

regions of collinearity. Figure 6.4 shows the organizational differences between the three N. 

fowleri strains, and Figure 6.5 shows this including the N. gruberi genome. Even between strains 

there is an extremely high lack of synteny, and it is even more pronounced when the N. gruberi 

genome is included. This is likely not an artifact of short contigs or misassembly, since 

rearrangements and inversions can be seen between any two genomes within long stretches of 

contiguous sequence.  

For comparison to other eukaryotes, similar analyses were performed with three T. brucei 

strains, and with two members of the Saccharomyces spp. species complex and one sister taxon, 

Saccharomyces castelli. In contrast to Naegleria spp., the genomes of the three T. brucei strains 

T. brucei gambiense (DAL972), T. brucei brucei (TREU927), and T. brucei Lister 427, are 

highly syntenic with minimal rearrangement (Supplementary Figure S6.1). Within the 

Saccharomyces spp. complex – between S. cerevisiae and Saccharomyces uvarum – there is 

more genomic rearrangement (Supplementary Figure S6.2). Including Saccharomyces castellii, 

which is a separate species outside of the Saccharomyces spp. complex, shows genome 

rearrangement to a similar extent as between the different N. fowleri strains and species. One 

explanation for the lack of synteny is sexual recombination events following the divergence of 

the Naegleria species from a common ancestor. The genes required for meiosis are present in N. 

gruberi, and population studies of N. lovaniensis show evidence of a sexual cycle.361,617  
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Figure 6.4. Genomic alignment of N. fowleri strains V212, 30863, and 986.  

Mauve output showing synteny between strain 30863 (top), V212 (middle), and 986 (bottom); 

(A) full synteny comparison, (B) expanded region. Coloured blocks indicate regions of 

contiguous sequence on each strand (upper versus lower blocks). Lines connecting blocks 

between each genome show the extent of sequence rearrangement in the three strains. Red 

vertical lines delineate contigs or scaffolds. 
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Figure 6.5 Genomic alignment of N. gruberi and the N. fowleri strains V212, 30863, and 

986.  

Mauve output showing synteny between N. fowleri V212 (top), N. gruberi (second from top), N 

fowleri 30853 (third from top), and N. fowleri 986 (bottom). Coloured blocks indicate regions of 

contiguous sequence on each strand (upper versus lower blocks). Lines connecting blocks 

between each genome show the extent of sequence rearrangement in the three strains. Red 

vertical lines delineate contigs or scaffolds.  
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Figure 6.5 
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6.3.4 Identifying orthologous groups of genes 

One of the questions central to understanding pathogenesis is how N. fowleri differs in 

terms of gene content from N. gruberi. Of 40 species, only N. fowleri, N. australiensis, and N. 

italica, which are not closely related,606 are capable of infecting animals;603 therefore, it is likely 

that pathogenesis is an independent gain-of-function in these taxa. To get a broad view of gene 

content, OrthoMCL was used to identify orthologous groups of genes shared between all four, or 

a subset of, the Naegleria genomes (Figure 6.6). Out of 11,399 groups, 7,656 (67%) are shared 

by all four Naegleria species, and 10,451 (92%) are shared by all three N. fowleri strains. There 

are 3,192 groups not in N. gruberi that are shared between two or more N. fowleri strains, and 

2,795 groups not in N. gruberi that are shared by all three N. fowleri strains. BLAST searches 

into the N. gruberi scaffolds and predicted proteins, and manual verification of orthology 

allowed us to reduce the number of false positives in the latter set of orthologous groups. Using 

this approach, 936 proteins were identified with orthologues in all three N. fowleri strains, but 

not in N. gruberi. Their distribution and annotation based on NR BLAST search is found in 

Online Appendix Table 6.1. 625 (67%) of these are sequences unique to N. fowleri, i.e. with no 

detectable homologue in NCBI’s non-redundant database. Of those with homologues in other 

organisms, the majority are proteins with unknown function. There were only 199 proteins 

(21%) identified that either could be functionally annotated based on NR BLAST results, or 

contained a characterized domain.  

Genes that could be annotated based on the results of the NR BLAST search varied in 

function; some examples include GPI modification, purine metabolism, histone deacetylation, 

transcription, selenoproteins and selenium transport, and membrane trafficking proteins.  
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Figure 6.6. Orthogroup distribution in three strains of N. fowleri and in N. gruberi.  

Venn diagram showing the shared orthogroups between different strains of N. fowleri and N. 

gruberi. Numbers in overlapping segments denote the shared orthogroups between various 

genomes, while numbers in non-overlapping segments denote in-paralogues for each genome.  
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Figure 6.6  
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However, there are no functional categories that appeared to be over-represented, and none of the 

genes are obviously related to pathogenesis. 

Lateral gene transfer (LGT) events may be a source of N. fowleri pathogenicity factors, 

particularly from organisms that cause meningitis or other pathologies. LGT is the transfer of 

genetic material between unrelated organisms, i.e. not between mother and daughter cells. To 

determine the extent of LGT specifically associated with a gain of function, proteins unique to N. 

fowleri with top NR BLAST hits to bacteria or unrelated eukaryotes were analysed. The category 

of genes of bacterial origin without orthologues in any other eukaryotes is small; only 52 

sequences were identified, and most are of unknown function. Annotation based on NR BLAST 

results did not identify any sequences that are likely pathogenicity factors in Bacteria. 

Furthermore, none of the bacterial lineages with orthologues most similar to the N. fowleri 

sequences (based on sequence similarity) are known to cause meningitis. Only two sequences 

had top BLAST hits to Burkholderiales spp. bacteria, which are opportunistic pathogens of 

humans that can live endosymbiotically within another free-living amoeba, Acanthamoeba spp. 

Legionella pneumophila is a known endosymbiont of Naegleria;618 however, none of the 

potential bacterial LGTs had a top BLAST hit from this organism. Symbioses between amoebae 

and bacteria has been shown to benefit both organisms,619 however, there is no evidence for the 

direct involvement of bacterial endosymbionts in human infection. There are also several genes 

that seem to be of viral or archaeal origin, or are similar to transposable elements, however, they 

cannot be annotated. 

 

6.4 Comparative genomics in Naegleria fowleri and Naegleria gruberi 
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 Several cellular systems were thought to be involved in pathogenesis a priori based on 

how infection occurs. To this end, comparative genomics was used to explore the differences 

between N. fowleri and N. gruberi related to the membrane trafficking system, cell stress 

response, autophagy machinery, and adhesion and cell-cell interacting factors.   

 

6.4.1 Membrane trafficking 

As the membrane trafficking system is responsible for movement of material into, out of, 

and around the cell, it is likely to be central to pathogenesis, which relies on secretion of 

pathogenicity factors such as cysteine proteases, and phagocytosis or trogocytosis (i.e. piece-

meal eating) of host cells. 

Both N. fowleri and N. gruberi have remarkably complete membrane trafficking 

machinery repertoires (Figures 6.7-6.9, Online Appendix Table 6.2). This strongly supports the 

notion that N. fowleri is not a parasite, nor is reliant on a human or animal host in any way. There 

also does not appear to be sculpting of the trafficking system, as there are no whole-complex 

losses. There are instances of single gene and whole (or nearly whole) complex duplication, but 

these are present in both N. fowleri and N. gruberi. 

 In addition to the vesicle formation machinery being nearly completely conserved in 

Naegleria spp., members of both the TSET coat and AP5 adaptor protein complexes were 

identified (Figure 6.7). TSET and AP5 have a patchy distribution in eukaryotes, and as such, 

were only recently discovered.144,147 Both species have a complete TSET complex, which has 

been shown to function at the plasma membrane in Dictyostelium.144 N. fowleri and N. gruberi 

also have a partial AP5 complex, including subunits AP5B and AP5M in both organisms, and  
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Figure 6.7 Comparative genomic survey of vesicle formation machinery in N. fowleri and 

N. gruberi.  

Coulson plot showing the complement of ESCRT machinery, coat complexes, and adaptor 

proteins in N. fowleri V212, 986, and 30863, and N. gruberi. The vesicle formation machinery is 

highly complete between the two Naegleria species. 
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Figure 6.7  
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Figure 6.8 Comparative genomic survey of vesicle fusion machinery in N. fowleri and N. 

gruberi.  

Coulson plot showing the complement of SNAREs, SM proteins, and multi-subunit tethering 

complexes in N. fowleri V212, 986, and 30863, and N. gruberi.  
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Figure 6.8  
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Figure 6.9 Comparative genomic survey of Arf and Rab GTPase regulators in N. fowleri 

and N. gruberi.  

Coulson plot showing the complement of ArfGAPs, ArfGEFs, TBC RabGAPs, and DENN 

domain RabGEFs in N. fowleri V212, 986, and 30863, and N. gruberi. 
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Figure 6.9 
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AP5S in N. fowleri. AP5 has been localized to late endosomes in Hirst et al. (2013), and is only 

partially found in other excavate organisms.169    

The ESCRTs are complete, with the absence of CHMP7 only in N. gruberi. Paralogue 

numbers are very similar between the two species. Similarly, the coats, adaptins, and endocytic 

machinery are complete (with the exception of AP5) in Naegleria. In general, there are few 

instances of gene duplication. In N. fowleri, three paralogues of AP2M were identified, while 

only one could be found in N. gruberi. AP2 is the adaptor complex involved in clathrin-mediated 

endocytosis, and the medium subunit functions in cargo binding.620,621 It is possible that the 

multiple paralogues of AP2M allow for discrimination between different types of endocytic 

cargoes in N. fowleri. Furthermore, in both N. fowleri and N. gruberi, the medium (µ) and large 

(ε) subunits of AP4 are duplicated. AP4 functions at the TGN,622 and again, these duplications 

may allow for functional divergence of the subunits and therefore increase the 

specificity/complexity of trafficking events at this organelle. 

 In terms of the vesicle fusion machinery, there are both patterns of loss and expansion 

(Figure 6.8). First, there is a general loss of trafficking factors associated with retrograde 

transport from the Golgi to the ER. The SNAREs Syntaxin 18 and Sec20 could not be identified 

in either N. fowleri or N. gruberi, both of which act in this step (Qa, Qb, and Qc SNAREs are 

classified in Supplementary Figures S3-S5, Online Appendix Table 3). Furthermore, only half of 

the Dsl1 MTC subunits are present, and therefore it is not clear whether this complex is 

functional. As mentioned in Chapter 3, the loss of Dsl1 is often concomitant with the loss or 

degradation of peroxisomes. Previous work on the peroxin genes of N. fowleri showed that 

although Naegleria lacks many of the typical peroxins, its genome does encode the metabolic 
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enzymes of peroxisomes.610 Therefore, Naegleria may have modified peroxisomes, but 

experimental work is required to conclusively show this.  

 There is notable expansion of plasma membrane targeted trafficking machinery in both 

organisms. N. fowleri encodes 7 paralogues of Syntaxin PM-like proteins, and 11 VAMP-like 

SNAREs, while N. gruberi encodes 8 and 12, respectively. Furthermore, both have duplicated 

Sec5, Sec6, and Sec8 subunits of the Exocyst MTC. This expansion of exocytic machinery 

strongly suggests that there is increased complexity and specificity of trafficking in this pathway. 

There is also evidence of expansion of some endocytic and sorting machinery. Both species have 

duplicated the VpsC core and CORVET MTC subunits (endosome-lysosome fusion), as well as 

the SM protein Vps33 that also functions in early and late endosome trafficking. Some recycling 

machinery is also expanded. In addition to the duplication of two AP4 subunits mentioned above, 

the SNARE Syntaxin 16, and part of the GARP MTC are duplicated in N. fowleri and N. gruberi, 

and the corresponding SM protein Vps45 is also duplicated in N. gruberi. These expansions 

suggest that exocytosis, recycling, and endolysosomal degradation pathways have additional 

trafficking complexity.  

 Arf and Rab GTPase regulators are generally functionally uncharacterized outside of 

mammalian cells (Figure 6.9). ArfGAPs are classified in Supplementary Figure S6 (Online 

Appendix Table 3). Like other trafficking machinery, N. fowleri and N. gruberi have a similar 

repertoire. Both N. fowleri and N. gruberi encode ArfGAPC2, a newly discovered but ancient 

ArfGAP of unknown function.199 This is the first example of an ArfGAPC2 protein present in the 

Excavata supergroup, further supporting its presence in the LECA. Two AGFG ArfGAPs, which 

function in endocytosis,205 are also found in both organisms. Based on the complement of TBC 

Rab GAPs deduced to be present in the LECA,330 both organisms encode a relatively complete 
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set. TBC proteins in Naegleria are classified in Supplementary Figure S7 (Online Appendix 

Table 3). N. fowleri also has four TBC proteins with no N. gruberi orthologue, one of the only 

large differences in trafficking component paralogue number. A large contingent of DENN 

domain-containing RabGEFs was found in both taxa, as well as several members of the 

BIG/GBF-like ArfGEFs, which work at the Golgi.210 

 

6.4.2 Autophagy 

It is possible that host infection is not an optimal life strategy for N. fowleri, and there 

may be differences in the cell stress responses of N. fowleri and N. gruberi that allow the former 

to cope with host conditions and survive. Autophagy, the unfolded protein response, and ER-

associated degradation are all related to cell stress,623–625 and were therefore the subject of 

comparative genomic analysis. 

Autophagy is a process of degrading damaged organelles and other cytoplasmic material 

such as protein aggregates, and can be triggered by various cell stresses. It feeds into the 

lysosomal degradation pathway, as autophagosomes fuse with lysosomes to degrade their 

contents. The autophagy machinery was queried in Naegleria spp. for two reasons: to gain a 

deeper understanding of processes related to late endosome trafficking, as genes in this pathway 

have undergone duplication events, and to determine whether there are genomic differences 

between N. gruberi and N. fowleri that might be relevant to host infection, if host infection is a 

stressor for N. fowleri.  

In macroautophagy, the first step is the formation of phagophore assembly sites (PAS) in 

the cytosol. The source of this membrane is unclear, but there is evidence to suggest that it is 
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derived from the ER.626 Although autophagy induction machinery has been identified, only 

ATG1 is broadly conserved in eukaryotes.473 Following induction, a macromolecular initiation 

complex containing Vps34, Atg6, Atg14, and Vps15 functions in the early stages of autophagy 

to generate phosphatidylinositol 3-phosphate and function in PAS formation.627 As the 

autophagosome membrane grows, two ubiquitination reaction pathways promote the 

phosphatidylethanolamine (PE) lipidation of the protein LC3-I to form membrane-associated 

LC3-II (Atg3, Atg4, Atg7, Atg8; Atg12, Atg7, Atg10, Atg5).627 The presence of LC3-II on 

autophagosome membranes may allow for autophagosome expansion, as it mediates membrane 

tethering and fusion. Mature autophagosomes fuse with lysosomes by HOPS-mediated tethering. 

Additional machinery is required to retrieve elongation factors from the outer membrane (Atg2, 

Atg9, Atg18).   

Like other machinery in Naegleria, the autophagy system is highly complete, with very 

few differences between N. fowleri and N. gruberi (Figure 6.10, Online Appendix Table 6.4). 

With the exception of ATG17 and ATG20, the induction machinery is present. These are 

members of scaffold complexes that are involved in cytoplasm-to-vacuole (Cvt) protein 

targeting, or selective, non-starvation induced autophagy, which also include ATG13 and ATG1. 

ATG13 is conserved in N. fowleri, but could not be identified either in the predicted proteins or 

scaffolds of N. gruberi, suggesting that has been lost. The Cvt pathway genes ATG11 and 

ATG19 are basically restricted to Saccharomyces,473 therefore their absence in Naegleria spp. is 

unsurprising. Together, these results suggest that some aspects of the Cvt pathway in yeast are 

lineage-specific, while others are more widely conserved, but have been lost in Naegleria spp.  
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Figure 6.10. Comparative genomic survey of autophagy machinery in N. fowleri and N. 

gruberi.  

Autophagy machinery can be divided into machinery involved in autophagosome induction, 

cargo packaging, vesicle nucleation, vesicle expansion and completion, component retrieval, 

vesicle breakdown, and other related autophagy factors. Presence is indicated by a dot, and 

numbers indicate the number of paralogues identified. A grey dot indicates a putative 

homologue. 
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 Pexophagy is a specific type of autophagy in which the peroxisome is selectively 

degraded. The existence of peroxisomes in Naegleria has been inferred from the presence of 

PEX genes, and genes that encode the metabolic enzymes of peroxisomes.610 However, losses of 

certain machineries suggest that peroxisomes could be modified in Naegleria. This would be in 

line with the partial loss of the Dsl1 tethering complex, shown above. It is not surprising that 

some pexophagy machinery is present (ATG24 and PEX3). Both species are missing Pex14, 

which is also involved in matrix protein import;628 however, this gene is also not identified in the 

peroxisome-containing Stramenopile Phaeodactylum tricornutum.629 Identifying pexophagy 

machinery supports in Naegleria spp. supports the presence of peroxisomes in this genus.  

 The vesicle nucleation, expansion and completion machinery, protein retrieval, and 

vesicle breakdown machinery is largely present, and in some cases expanded in both Naegleria 

spp. Gene duplications have occurred in ATG6/Beclin, Vps34, ATG8, ATG2, ATG18, PEP4, 

and PRB1. The functional relevance of these duplications is unclear, but it suggests some 

additional complexity in the autophagy system in both Naegleria species, particularly in 

duplicated genes that encode interacting proteins (ATG6 and Vps34, ATG18 and ATG2). There 

are few examples of genes where N. fowleri and N. gruberi have large differences in paralogue 

number. These include ATG1 and ATG26, with four paralogues each in N. gruberi, compared to 

one sequence in the three N. fowleri strains. ATG1 is a scaffold protein that functions in the 

induction of autophagy;630 this may allow for differences in complex assembly or induction 

efficiency in N. gruberi. ATG26 is involved in the synthesis of sterol glucoside membrane 

lipids,631 and is involved in autophagy in the fungi Pichia pastoris, so the relevance of these 

duplications specifically to autophagy in the unrelated N. gruberi is unclear.  
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 Based on these comparative genomic results, it appears that autophagy in Naegleria spp. 

occurs with much of the same machinery that is functionally characterized in human and yeast 

cells. Furthermore, there is no evidence of changes to the autophagy machinery complement in 

N. fowleri that seem to be related to pathogenesis; on the contrary, N. fowleri and N. gruberi 

encode a similar repertoire of autophagy genes. The only exceptions are a potential loss of 

ATG13 in N. gruberi (which may be a false negative), and the expansions of ATG1 and ATG26 

that appear to be N. gruberi-specific. 

 

6.4.3 ER-Associated Degradation machinery and Unfolded protein response machinery 

 One potential argument for N. fowleri’s ability to infect humans and animals is the ability 

to survive the stresses associated with infection, as the host environment of the nasal tissue and 

brain are vastly different from water and soil. Stresses could include changes in oxygen levels, 

temperature, and pH, as well as assault from immune cells. Potential differences in the UPR and 

ERAD machinery encoded in the genomes of N. fowleri and N. gruberi may help to explain 

pathogenicity in N. fowleri. 

In the ER, N-glycosylation controls the nascent protein’s interaction with chaperones 

protein disulphide isomerase (PDI), calnexin, and calreticulin. Refolding of an improperly folded 

protein is induced by the addition of a glucose moiety by UDP-glucose:glycoprotein 

glucosyltransferase (UGGT1).632 If the protein cannot refold, it interacts with ER-associated 

Degradation (ERAD) machinery OS-9 and XTP3-B, as well as ER hsp70 (BiP) and hsp90 

(Grp94).633 This targets the misfolded protein for ubiquitylation by the Sel1L-Hrd1 complex, 

retro-translocation to the cytosol, and proteasome degradation. While no comprehensive 

comparative genomic analysis of ERAD machinery has been done in eukaryotes, there are at 
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least two studies of ERAD machinery in protists. Plasmodium falciparum, the apicomplexan 

parasite that causes malaria, has a duplicated ERAD system that is targeted to the apicoplast – a 

red algal secondary endosymbiotic plastid – to aid in protein transport.634 This is also the case in 

diatoms, where ERAD machinery targets preproteins across the second outermost plastid 

membrane.635 

Many components of the human and yeast ERAD machinery could be identified in 

Naegleria (Figure 6.11, Online Appendix Table 6.5). The only unidentifiable component is 

Usa1, a scaffold for the Hrd-ubiquitin ligase,636 which does not appear to be present outside of 

the Opisthokonta. In both organisms, there have been gene duplication events, including the 

ubiquitination proteins Uba1, Ubc7, Doa10; Yos9, the lectin that detects misfolded proteins; 

Derlin-like proteins, which are involved in degrading soluble substrates; retrotranslocation 

protein Ufd1; and Png1, which functions in deglycosylation.637–641 However, there are few 

paralogue differences between N. gruberi and the three N. fowleri strains, suggesting that any 

additional complexity within the ERAD system is common to both Naegleria species. 

  When misfolded proteins overwhelm the ERAD pathway, the UPR is activated to prevent 

cellular damage caused by protein aggregation. The UPR has been most extensively studied in 

human cells, in which three signaling pathways have been identified: IRE1, PERK, and ATF6. 

Spycher and colleagues (2013)642 performed comparative genomics to identify homologues of the 

major proteins involved in each of the three known stress response pathways in a diversity of 

eukaryotes. They found that approximately one half of the factors involved in the mammalian 

stress responses are distributed in eukaryotes in a pattern that would suggest their presence in the 

LECA, while others appear to be taxon-specific.642 For example, IRE1 is found across eukaryotic  
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Figure 6.11. Comparative genomic survey of ER-associated degradation machinery in N. 

fowleri and N. gruberi.  

ERAD machinery can be classified into the following categories: machinery supporting normal 

ER function and misfolded protein detection, machinery involved in ubiquitination, and 

machinery involved in protein retrotranslocation out of the ER and protein degradation. Presence 

is indicated by a dot, and numbers indicate the number of paralogues identified. Plus signs in the 

Hsp70 and Hsp110 dots indicate that multiple sequences were identified that are orthologous to 

heat shock proteins, but could not be confidently annotated as Hsp70 or Hsp110. 
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taxa, but its effector transcription factors are lineage-specific. PERK and PERK-like proteins are 

also widespread, and the latter appear to be functional in Leishmania643 and Toxoplasma gondii.644 

The ATF6 transcription factor is again restricted to metazoa, while the S1P and S2P proteases are 

found across eukaryotes, although they are responsible for cleaving non-UPR related transcription 

factors.645 Spycher et al. (2013) also showed that N. gruberi encodes IRE1, a potential Xbp1 

transcription factor, several PERK pathway proteins including PERK-like, and site-1 protease.  

 Similar results were found for the UPR machinery in N. fowleri as compared with N. 

gruberi (Figure 6.12, Online Appendix Table 6.5). While IRE1 is present across eukaryotes, the 

transcription factors it activates appear to be lineage-specific. bZIP domain-containing 

transcription factors are known to be involved in the IRE1 pathway in human cells, some fungi, 

and A. thaliana,646–649 therefore bZIP domain proteins identified in Naegleria are included in the 

Coulson plot (Figure 6.12). Parts of the PERK pathway are generally conserved, such as PERK-

related proteins, EIF2A, and DNAJC3. These are upstream of the effectors ATF4 and GADD34, 

which are highly restricted, so it is possible that other lineage-specific effectors exist in non-

metazoan eukaryotes. In the ATF6 pathway, S1P and S2P cleave ATF6 in the Golgi, from where 

it translocates to the nucleus as an active transcription factor.650 Again, as S1P and S2P are 

conserved in Naegleria and other eukaryotes while ATF6 is animal-specific, it suggests that 

other organisms might employ one or more other transcription factors in this pathway. Of course, 

it is also possible that these transcription factor activators have functions outside of the stress 

response in non-metazoans. Because paralogue numbers were not shown in Spycher et al. 

(2013), only presence and absence of UPR factors is shown in Figure 6.12. However, only one 

homologue was identified in N. fowleri and N. gruberi for each UPR component, with the  
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Figure 6.12. Comparative genomic survey of machinery involved in the unfolded protein 

response in N. fowleri.  

The IRE1 pathway, PERK pathway, and ATF6 pathways are three conserved arms of the UPR. 

Asterisks indicate putative subunits identified in Aspergillus nidulans. Figure modified from 

Spycher et al. 2013;642 all organism data other that N. fowleri is published there. 
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exceptions of bZIP domain containing proteins and PERK-like proteins. Three bZIP domain-

containing proteins were identified in all three N. fowleri strains, while only two were found in 

N. gruberi. Both N. fowleri and N. gruberi have three PERK-like proteins. As with the ERAD 

machinery, there are no obvious differences between the N. fowleri and N. gruberi UPR that 

would suggest a differential ability to cope with cell stress. However, our minimal of knowledge 

of the UPR outside of the opisthokonts and archaeplastids makes this assessment incomplete. 

 

6.4.4 Adhesion and cell-cell interaction factors 

 Since infection requires the ability to attach to and crawl along cells of the nasal 

epithelium, differences between N. fowleri and N. gruberi in cell-cell adhesion factors may be 

relevant to pathogenesis. Jamerson and colleagues (2012)651 have shown that an integrin-like 

adhesion protein localized to focal adhesions is expressed at higher levels in N. fowleri compared 

to the non-pathogenic N. lovaniensis. This protein was identified using a polyclonal antibody to a 

human β-1 integrin subunit. However, initial BLAST searches using human integrin queries did 

not retrieve any clear orthologues, and other work has shown that integrin-mediated adhesion 

likely evolved in the ancestor of the Opisthokonta (animals and fungi).652 It is therefore likely 

that the anti-β-integrin antibody recognized another surface protein, although it may well be 

involved in adhesion. 

Other adhesion and cell migration proteins in animals are the adhesion G protein-coupled 

receptors. They have an extremely large extracellular region that interacts with other cells and 

the extracellular matrix, which is attached to a seven pass transmembrane region. Binding of the 

extracellular region to a ligand induces a change in receptor conformation, causing activation of 

a G protein and downstream intracellular signaling. AGPCRs are known to be important in 
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tumor metastasis,653 and importantly, are not restricted to multicellular animals. The sequences 

that are retrieved by using the human AGPCR protein sequences to search the N. fowleri and N. 

gruberi genomes are repeat containing proteins; these include tenascin-like proteins, leucine rich 

repeat proteins, NHL repeat proteins, epidermal growth factor domain proteins, von Willebrand 

domain proteins, and some G-protein coupled receptors (listed in Online Appendix Table 6.6). 

Proteins with these domains, particularly tenascins or EGF family proteins, are known virulence 

factors Giardia intestinalis,654 and may be involved in mediating adhesion to the host gut. While 

their function is unclear in N. fowleri, this list is a starting point against which antibodies can be 

generated for further functional characterization. Interestingly, ~225 were identified in N. 

gruberi, while only ~50 were found in N. fowleri. As the function of these is unknown, it is not 

clear why N. gruberi has expanded gene families with repeat domains, but it does partly explain 

the difference in gene content between these two organisms.   

Because of the large evolutionary distance between Naegleria and H. sapiens, this 

approach may ignore the potential diversity of AGPCRs in Naegleria that are unrelated to those 

in human cells. To identify more AGPCRs based on protein structure and domain organization, 

Naegleria sequences with the correct organization of transmembrane domains and large, repeat-

containing extracellular regions were identified. The CBS TMHMM server was used to predict 

transmembrane regions in all four Naegleria datasets. Then, proteins with transmembrane 

regions were passed to the CDD domain prediction server. Table 6.3 shows all Naegleria 

sequences that have both an extracellular domain (assuming correctly predicted topology in the 

membrane) and at least one transmembrane region. Seven sequences were identified in N. 

fowleri that are predicted to be GPCRs, while ten were found in N. gruberi, based on the  
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Table 6.3. Putative AGPCRs: Sequences identified with ~7 transmembrane domains, with 
G protein-coupled receptor (GPCR) and receptor for G signaling (RGS) domains in N. 
fowleri V212 and N. gruberi 

  

Table	6.3.	Putative	AGPCRs:	Sequences	identified	with	~7	transmembrane	domains,	with	G	protein-coupled	receptor	(GPCR)	and	receptor	
for	G	signalling	(RGS)	domains	in	N.	fowleri	V212	and	N.	gruberi
N.	fowleri Protein	ID Domains Number	of	transmembrane	domains

g3853 lactonase,	GPCR,	NHL,	RGS,	ATPase 7TM
g10229 GPCR,	RGS 7TM
g8432 EGF,	GPCR,	RGS 7TM
g9651 KELCH,	EGF,	fibronectin,	GPCR,	RGC 8TM
g8795 GPCR,	EGF,	ephrin-like	receptor	and	protein	kinase	domain 3TM	*
g4693 GPCR,	LRR,	RGS 7TM
g6748 EGF,	GPCR,	RGS 7TM
g12446 GPCR,	RGS,	oleosin 8TM

*	May	not	be	adhesion	GPCR,	but	ephrin-like	receptor	domain	suggests	signalling	relevant	to	migration

N.	gruberi Protein	ID Domains Number	of	transmembrane	domains
80427 GPCR,	RGS,	NHL 7TM
63528 NHL,	RGS,	GPCR 7TM
72726 NHL,	GPCR,	RGS,	SMP30/Gluconolactonase 7TM
49726 EGF,	GPCR,	RGS 8TM
52385 EGF,	GPCR,	RGS,	claudin	domain 6TM
75738 EGF,	RGS,	GPCR 7TM
67572 NHL,	RGS,	SMP30/Gluconolactonase,	GPCR,	esterase-like	activity	of	phytase 7TM
64936 NHL,	GPCR,	RGS 7TM
74387 GPCR,	RGS,	EGF 8TM
65586 GPCR,	RGS,	alpha	beta	hydrolase 15TM**

**	Potential	modified	adhesion	GPCR
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presence of ~7 transmembrane domains and, at the least, a Regulator of G protein Signalling 

(RGS) domain and a G Protein Coupled Receptor proteolysis site (GPS). The extracellular 

domains of these proteins include NHL (NCL-1, HT2A and Lin-41) repeats, the Epidermal 

Growth Factor domain, and leucine-rich repeats, all known to be involved in adhesion.655 

Interestingly, an additional sequence was identified with only three transmembrane regions in 

both Naegleria spp.; however it has a domain that resembles the ephrin receptor in human cells, 

and the Giardia variant-specific surface protein. Ephrin and ephrin receptors are expressed 

during neuronal development, but work in non-human primates suggests that these proteins are 

expressed in the adult brain as well.656 While it is tempting to speculate that this protein is able to 

bind a protein found on neurons, it is more likely to be a general adhesion factor, given the large 

evolutionary distance between Naegleria and humans.  

 TM9/Phg1, SadA, SibA, and SibC proteins have been identified in the amoeba 

Dictyostelium discoideum as involved in adhesion.657 TM9 and SadA are regulators of SibA, in 

that they control cell surface expression, abundance of SibA transcripts, intracellular transport, 

and protein stability. They may also be involved in adhesion in yeast and Drosophila phagocytic 

cells.658 To determine if these proteins are also present in Naegleria, the D. discoideum 

sequences were used as BLAST queries. In both N. fowleri and N. gruberi, only orthologues of 

the TM9 protein could be reliably identified (Online Appendix Table 6.7). It is possible that the 

Naegleria version may be involved in cell-cell adhesion, but with other downstream effectors. 

Cell biological work in Naegleria is required to determine if this protein is indeed an adhesion 

molecule.  

 

6.5 Differential expression of genes in high pathogenicity versus normal pathogenicity N. 
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fowleri 

 While comparative genomics is a useful way to gain a broad view of gene family or 

system-wide differences between different organisms, differential expression analyses allow us 

to understand cellular dynamics under a particular condition. In this case, we are interested in the 

N. fowleri genes that are involved in pathogenesis. To identify the genes whose expression 

changes as a consequence of host infection, a comparative transcriptomic analysis was 

performed on ‘high pathogenicity’ and ‘regular pathogenicity’ N. fowleri LEE strain. These 

strains were developed by Whiteman and Marciano-Cabral (1987), who showed that N. fowleri 

LEE passaged through 50 mice (high pathogenicity) has a lower LD50 in guinea pigs than N. 

fowleri LEE grown in axenic culture (normal pathogenicity).607 High pathogenicity N. fowleri 

LEE has been continuously passaged through mice, and then grown in axenic culture to remove 

brain tissue, after which mRNA is isolated and sequenced. Normal pathogenicity N. fowleri LEE 

is only grown in axenic culture. Therefore, genes differentially expressed in highly pathogenic N. 

fowleri can be pathogenicity factors, but may also be genes that are more tenuously related, for 

example if the systems they work in are modulated by the environmental – and subsequent cell 

biological – changes associated with infection. Additionally, there is a chance that briefly 

growing the mouse-passaged samples in culture to reduce the amount of human cell DNA 

reduces the expression of pathogenicity factors, potentially giving false negatives. Further 

transcriptomic work on N. fowleri must be performed to determine the influence of this particular 

experimental condition on gene expression. 

 Initially, this experiment was attempted using the V212 strain rather than the LEE strain, 

and passaged through two, four, and six mice. However, no meaningful differential expression 

data was generated using this approach, even when comparing the axenically cultured sample 
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with one extracted after six mouse passages. There were likely two reasons for this; first, mouse 

LD50 data suggested that the V212 strain passaged through six mice was less virulent than the 

mouse-passaged LEE strain and very similar to the V212 sample grown axenically, making 

differences between mouse-passaged and axenic samples more difficult to detect, and second, 

biological replicates were not used, seriously limiting the statistical power of differential 

expression tests. Therefore, mRNA from three biological replicates each of mouse-passaged LEE 

(LEE-MP) and axenically cultured LEE (LEE-Ax) were sequenced. This is the first analysis of 

global transcriptomic expression associated with pathogenicity, and will give insight into both 

pathogenesis and the underlying cell biology of host invasion.  

 

6.5.1 Transcriptomic analysis of N. fowleri LEE-Ax and N. fowleri LEE-MP 

 mRNA was extracted from three cultures of N. fowleri LEE-Ax (axenic, regular 

pathogenicity),  grown axenically in culture. N. fowleri LEE-MP (mouse-passaged, high 

pathogenicity) was inoculated into three mice, and following sacrifice, the amoebae were 

extracted and grown in culture briefly to remove mouse brain tissue, after which mRNA was 

extracted from each of the three cultures. Illumina MiSeq sequencing produced ~2-3 million 

reads, which were mapped to the genome and predicted proteome of N. fowleri V212. Although 

genome organization is highly variable between strains, nucleotide identity is similar enough that 

reads from the LEE strain map to V212 sequence relatively well, with ~60% of reads mapping 

prior to filtering of mitochondrial and extrachromosomal plasmid reads (see Supplementary 

Table ST6.2 for transcriptomics statistics). Additionally, transcripts were generated from 

unmapped reads, and when present, were added to the dataset for differential expression (DE) 

analysis.  
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 Inter-sample comparisons revealed that one of the LEE-MP replicates was highly 

dissimilar to both the other LEE-Ax replicates and the LEE-MP replicates, and was therefore 

discarded from DE analyses (Figure 6.13). DE analysis was performed with EdgeR through the 

Trinity software package, and the general results are visualized in MA plots and volcano plots 

Figure 6.14.  

315 genes were identified as differentially expressed, using a false discovery rate 

maximum of 0.1.  The false discovery rate is a metric to control for type I errors when making 

many comparisons (in this case, thousands; one comparison for every expressed gene). With a 

false discovery rate of 0.1, 10% of the DE genes are not actually differentially expressed. 

Additionally, for all DE genes, the P-value for each comparison is several orders of magnitude 

lower than the false discovery rate; none is on the verge of statistical significance (Online 

Appendix Table 6.7).  

 

6.5.2 Up-regulated genes associated with pathogenesis 

 208 genes are up-regulated in high pathogenicity versus normal pathogenicity N. fowleri. 

Several large categories of DE genes are immediately obvious (Figure 6.15) and each is 

discussed below.  

 Nearly 15% of all up-regulated genes are involved in lysosomal processes. Twenty-two 

of these are lysosomal proteases, nine of which are members of the cathepsin B subfamily; these 

are known pathogenicity factors in both N. fowleri and other.354,654,659–662 Chapter 6.5.6.1 

contains an expanded analysis of the proteases in Naegleria spp. In addition to peptidases, a 

lysosomal rRNA degradation gene is up-regulated, as well as three vacuolar ATPase proton 

pump subunits (116 kDa, 21 kDa, and 16 kDa). The vacuolar ATPase is responsible for  
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Figure 6.13. Sample correlation matrix heatmap of LEE-Ax and LEE-MP samples. 

 Normalized differential expression data for each biological replicate are compared. Inset 

indicates Pearson correlation coefficient, visualized by colour. Red indicates more similar 

datasets, while green indicates less similar datasets. Cladograms represent sample relationships 

based on similarity. Yellow outlining boxes indicate the two sample groups to be compared, 

LEE-Ax and LEE-MP. The MP2 sample was discarded in further differential expression 

analyses. 
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Figure 6.13  
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Figure 6.14. MA and Volcano plots of differentially expressed genes in LEE-MP versus 

LEE-Ax samples.  

Data points represent individual genes. (Left) Gene expression log fold change is plotted by read 

count in MA plots. (Right) The log of the false discovery rate for each differentially expressed 

gene is plotted by the log fold change in volcano plots. Red dots indicate genes with a false 

discovery rate < 0.05.  
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Figure 6.14  
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Figure 6.15. Categories of up-regulated and down-regulated genes in mouse-passaged N. 

fowleri LEE versus axenically grown N. fowleri LEE.  

Functional categories of genes that are up-regulated in highly pathogenic N. fowleri (top) or 

down-regulated in highly pathogenic N. fowleri (bottom). The categories other – NF+Bacteria 

include sequences found in N. fowleri and bacteria, while other – NF includes N. fowleri-specific 

sequences. 
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acidification of both lysosomes and secretory vesicles,125 and is made up of the V1 subcomplex 

involved in ATP hydrolysis, and the membrane-spanning V0 subcomplex that functions in 

proton translocation (driven by V1 function). The up-regulated subunits are the a, c’’, and c 

subunits, respectively. These are all members of the V0 complex; the membrane-spanning 

portion of the ATPase involved in proton translocation.663 In opisthokonts, the V0 and V1 

subcomplexes dissociate and re-associate based on nutrient availability.664,665 Up-regulation of 

these V0 subunits strongly suggests that more proton pump subcomplexes are produced in 

response to mouse passage.  

Endo-lysosomal trafficking genes are also up-regulated, including the Rab GTPase 

Rab32 and the retromer component Vps35. Although retromer is primarily involved in TGN-

endosome recycling, work in Drosophila has shown that in Vps35 knockdown cells, Cathepsin L 

(a Cathepsin B family lysosomal enzyme) does not colocalize with the lysosomal marker 

Lamp1.666 This raises the possibility that the retromer complex may play a role in lysosomal 

enzyme trafficking. Additionally, the strumpellin subunit of the WASH complex is up-regulated; 

WASH and retromer interact,667 and the WASH complex is involved in lysosome maintenance 

and vacuolar ATPase recycling (a part of vacuolar maturation) in addition to its role in branched 

actin filament formation.668  

 19% of up-regulated genes are involved in metabolism. Both catabolic and anabolic 

processes of lipid metabolism are represented: phospholipase B-like genes, genes involved in 

beta-oxidation, phosphatidate/phosphatidylethanolamine synthesis, fatty acid synthesis, long 

chain fatty acid elongation, and sterol biosynthesis. Interestingly, one up-regulated gene is 

squalene synthase, which catalyzes one of the first steps in sterol biosynthesis. In trypanosomatid 

parasites, the sterol ergosterol is an essential membrane component, and as such, squalene 
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synthase has been explored as a drug target in treatment of Chagas disease.669 Ergosterol or 

related sterols may be membrane components in Naegleria, and potentially involved in 

stabilizing cell membranes in N. fowleri as a result of the shift to a relatively higher temperature 

of the infected host. Sphingosine, ceramide, and inositol metabolism genes are also up-regulated, 

as are eight genes involved in amino acid metabolism. Mitochondrial and energy production 

genes are up-regulated, such as ubiquinone biosynthesis genes, cytochrome p450, isocitrate 

dehydrogenase (tricarboxylic acid cycle), Complex I and Complex III genes (oxidative 

phosphorylation), and a mitochondrial ADP/ATP translocase. The pattern of up-regulated 

metabolism and energy production genes suggests that N. fowleri is thriving during infection.  

 Eleven actin motility and adhesion genes are up-regulated in high pathogenicity N. 

fowleri. In addition to the WASH complex subunit strumpellin mentioned above, other actin-

related motility genes include Arp3, a flotillin domain-containing protein, twinfillin, and a 

gelsolin-like protein. There is also an up-regulated mucin 4-like gene that may be involved in 

cellular protection or cell-cell interaction,670 and RhoGAP22 and the serine/threonine protein 

kinase PAK3 that are involved in RAC1-induced cell migration.671,672 Additionally, two genes 

with RGS (regulator of G protein signaling) domains are up-regulated. Although they do not 

appear to be adhesion GPCRs, they may be involved in environment sensing and cell signaling. 

 Sixteen transcription, translation, and protein modification genes are up-regulated in high 

pathogenicity N. fowleri (~8% of up-regulated genes). These include three transcription factors, 

three proteins that are either part of the ribosome or are involved in ribosome biogenesis, and 

two elongation factor 1-alpha genes. Four genes are involved in proper protein folding, including 

the chaperone DNAK and several glycosylation genes. One curiously up-regulated gene is the 

protein-lysine methyltransferase METTL21D, which methylates the protein p97/CDC48, an 
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ATPase with numerous cellular functions.316 Methylation of p97 by METTL21D has been shown 

to negatively impact its ATPase activity,673 suggesting a decrease in p97 function in highly 

pathogenic N. fowleri.  

 There are many other genes that are up-regulated, but do not fall into one of the 

categories outlined above. These include four genes that function in the mitochondria, 

specifically as peptidases and in respiratory chain assembly. Three other genes are involved in 

mitosis and cell cycle regulation (MOB1, cyclin dependent kinase inhibitor 3, Nek2). There are 

also several genes involved in cell signaling, in intracellular trafficking (dynein light chain), and 

the autophagy gene ATG18. As discussed in previous sections on autophagy evolution, ATG18 

plays a role in both pre-autophagosomal structure (PAS) formation and vacuolar maintenance in 

yeast.674 Its increased expression in highly pathogenic N. fowleri therefore either provides further 

evidence of heightened lysosomal/autophagosomal function.   

 Finally, there are 62 genes that could not be reliably annotated, or are specific to either N. 

fowleri or both Naegleria spp. Although their functions are unknown, they may be relevant to 

pathogenicity, especially those that are specific to N. fowleri. However, only 7 genes appear to 

be N. fowleri-specific, with no clear homologues in any other organism. These represent unique 

potential targets against which anti-Naegleria therapeutics may be developed.   

 

6.5.2.1 Expression of prosaposins and their evolutionary history 

 Saposins are degradative pore-forming proteins found in many parasites. Two prosaposin 

genes were identified in the up-regulated gene set. Previous work by Herbst et al. (2004)358 

identified one of these genes as Naegleriapore A, a heavily glycosylated and protease-resistant 
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pore-forming protein. Saposins, or sphingolipid activator proteins, are known to function both in 

lysosomes and on the cell surface in a degradative manner towards eukaryotic and bacterial 

cells.675,676 Saposins of liver flukes (Fasciola hepatica and Clonorchis sinensis), hookworms 

(Ancylostoma duodenale and Necator americanus), and the gut pathogen Entamoeba histolytica 

are extremely hemolytic,677–679 and play a key role in host cell digestion.680 In order to better 

understand their evolutionary history, saposins were searched for in a diversity of eukaryotes 

using the human sequence as a BLAST query. Saposin homologues were identified in Animals 

(but lost in Fungi), in the Amoebozoa, in the Archaeplastida, and in the Excavata, also 

suggesting that they were lost at the base of the SAR clade (Online Appendix Table 6.8).  

 Although saposins appear to be ancient and present in the LECA, it is possible that one or 

more saposin homologues in N. fowleri are the result of lateral gene transfer with a parasite such 

as Entamoeba. To test this, phylogenetics was used to determine the evolutionary relationships 

between the identified saposin sequences. The two up-regulated prosaposin proteins in N. fowleri 

have clear orthologues in N. gruberi (NfSap1 and NfSap2), and one of these is related to a 

prosaposin orthologue in the amoebozoan Filamoeba nolandi (Figure 6.16). F. nolandi is a non-

pathogenic freshwater and soil amoeba.681 The second prosaposin that is up-regulated is not 

closely related to any sequence other than an orthologue in N. gruberi. Together, these results 

suggest that the ability of saposin proteins to be involved in pathogenicity in N. fowleri is not 

specifically related to virulence in any other eukaryote. 

 Homology searching and phylogenetic analysis of prosaposins also identified a well-

supported clade of saposin-like sequences, with representatives in the opisthokonts, Amoebozoa, 

and Excavata (including Naegleria spp.). This clade is likely ancient and potentially present in 

the LECA, but lost from either all archaeplastids, or at least the archaeplastids sampled here.  
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Figure 6.16. Phylogeny of eukaryotic saposin domain-containing proteins.  

Includes pro-saposin sequences, saposin-like sequences, and the saposin domains of plant 

phytepsins. Node values are listed as MrBAYES/RAxML (posterior probability/bootstrap) and 

as symbols indicating a minimum level of support as shown in the inset. Node values are shown 

on the best Bayesian topology. Phytepsin sequences appear to branch within a clade of 

amoebozoan saposin sequences; this larger clade is boxed. Significantly up-regulated N. fowleri 

saposins are marked with an asterisk. Tree is rooted arbitrarily on a clade of saposin-like 

proteins. 
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Secondly, homology searching retrieved A. thaliana saposin domain-containing sequences 

(known as “phytepsins”). In plants, phytepsins are involved in cell autolysis during 

developmentally regulated programmed cell death, as a part of organismal development.682 

Phytepsins are Cathepsin D-like aspartyl proteases, however, they contain a saposin domain 

insertion in the middle of the sequence.683 The saposin domain of the phytepsins was included in 

the phylogeny, and surprisingly, grouped not with other plant saposins but within a larger 

amoebozoan clade containing sequences from Acanthamoeba castellanii, Vexillifera sp. and 

Mayorella sp. Domain analysis of the amoebozoan sequences showed that the A. castellanii 

sequence (ACA1_173660) has identical domain organization to plant phytepsins, and BLAST 

searching shows that it is highly similar (but not identical to) the phytepsin in the moss 

Physcomitrella patens. While the E-value is low (6E-158), these sequences only share 49% 

sequence identity, suggesting that this is not the result of contamination. This result raises the 

possibility that phytepsin was laterally transferred between amoebae and plants, although the 

directionality of the transfer cannot be inferred from this phylogeny.  

 

6.5.3 Down-regulated genes associated with pathogenesis 

 Only 107 genes are significantly down-regulated in high pathogenicity versus normal 

pathogenicity N. fowleri (Online Appendix Table 6.8). Additionally, there are fewer cellular 

systems with multiple down-regulated genes.  

 Three genes are down-regulated that are involved in transcriptional and translational 

inhibition, further supporting the idea that more protein synthesis is occurring in highly 

pathogenic N. fowleri. However, somewhat counter to this, is the down-regulation of multiple 

translational genes, such as EIF4E and EIF5A, and three spliceosomal proteins. Homology 
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searches show that in all cases, multiple paralogues with unchanged expression levels were 

identified for each of these down-regulated genes involved in translation. This suggests that 

instead of simple up- or down-regulation, there is complexity in the protein synthesis machinery 

that may be relevant to pathogenesis.  

 Eight genes involved in cell stress and DNA damage repair/cell cycling are down-

regulated in highly pathogenic N. fowleri, including 26S proteasome non-ATPase regulatory 

subunit 10, a DNAJ homologue, and the cell checkpoint protein CHK1,684,685 which perhaps 

indicates that these processes are less relevant during infection. Several membrane trafficking 

genes are down-regulated: a VAMP7 homologue, an Arf GTPase protein, and an unconventional 

myosin heavy chain. As with the protein synthesis genes that are down-regulated, each of these 

trafficking proteins has multiple paralogues with different expression patterns, again suggesting 

complex regulation of these systems.  

 Machinery involved in cilia and flagella-based cell motility is down-regulated, including 

cilia and flagella associated protein 100, δ-tubulin, and a sperm associated antigen 16-like 

protein.686,687 Because N. fowleri infects as an amoeba, it is congruent that flagellar machinery is 

down-regulated in relation to host infection.  

 Two genes involved in anaerobism that are likely of bacterial origin (but also present in 

N. gruberi) are down-regulated. These are a hemerythrin-like gene and a dyp-type peroxidase 

YfeX-like protein. The former contains a heme domain that may be involved in binding oxygen 

in low-O2 conditions, and YfeX is up-regulated in anaerobiasis in bacteria.688,689 The down-

regulation of these proteins when N. fowleri is in the high-oxygen environment of the host is 

consistent with a potential role in anaerobiasis.  
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 At least three signal transduction genes are down-regulated, although several other genes 

of this category are also up-regulated; this is another example of the complexity of gene 

regulation. At least five adenylyl/guanylyl cyclases are downregulated. These proteins are 

generally involved in cAMP/cGMP production, which play many roles in the cell.  

 Approximately 70% of the down-regulated genes not in these categories are genes of 

unknown function, and many are specific to N. fowleri or Naegleria spp. 

  

6.5.4 Identification of a regulatory motif upstream of up-regulated genes associated with 

pathogenesis 

 Differential gene expression as part of infection might be controlled by regulatory 

elements upstream of DE genes. Of course, not all DE genes are necessarily regulated by the 

same mechanism; there may be several transcriptional programs regulating different systems 

resulting in gene co-regulation during infection. Nonetheless, it does not preclude one or more 

regulatory elements controlling the expression of DE genes. To identify such elements, a region 

200 bp upstream of the predicted translation start site of each gene was extracted, and potential 

transcriptional regulatory motifs were identified using RegRNA2.0. Because regulatory elements 

can be fairly short, in order to reduce the amount of noise in the predictions, only the upstream 

regions of up-regulated genes involved in lysosomal function were used to identify potential 

regulatory elements. 

 Two potential elements were identified in 11 and 9 of the 30 lysosomal upstream regions, 

which were ZNF333 and KID3, respectively. Other elements were identified, but with much 

lower frequency (<6/30, Online Appendix Table 6.10). These elements, ATAAT (ZNF333) and 
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CCACC (KID3), were searched for in the upstream regions of all up-regulated genes, and were 

found with a frequency of 34/201 and 17/201, respectively. However, ZNF333 is found even 

more frequently among the entire cohort of N. fowleri genes. It has a general frequency of 0.34, 

compared to 0.17 in up-regulated genes and 0.36 in lysosomal up-regulated genes. KID3 is found 

upstream of all N. fowleri genes with a frequency of 0.14, compared to 0.08 for up-regulated 

genes; however, its frequency in lysosomal up-regulated genes is still relatively high (0.3). It is 

possible that the CCACC motif is a transcriptional regulatory element relevant to lysosomal 

proteases and general lysosomal function; however, it is found upstream of nearly 1800 genes 

that are not DE, rendering these results inconclusive at best.  

 RegRNA requires the user to select an organism database for transcriptional regulatory 

element prediction. After several iterations with databases of D. discoideum, several plant taxa, 

P. falciparum, and Candida glabrata, the database that gave the most promising results was for 

human. The evolutionary distance between N. fowleri and H. sapiens is large, and this approach 

may give false positive results, while ignoring other N. fowleri-specific motifs. Therefore, the 

program MEME was used to identify motifs de novo in the lysosomal dataset, and a 100-gene 

subset of all N. fowleri genes. Two motifs were identified within the lysosomal dataset (Figure 

6.17). The C(A)7 motif is found in the majority of both lysosomal genes and in the random 

subset (83% and 86% respectively), and in most cases within 15 bp of the predicted gene start 

site. The other motif, RDAKTTTYHGKWGTT (see Supplementary Table ST6.3 for base 

frequencies), is found in 20 of the 30 lysosomal sequences, but is not found in the random gene 

subset. In searching for the motif in all the up-regulated genes, no addition upstream sequences 

with this motif were identified. Searching the upstream region of all genes predicted in N. 

fowleri, 1206 regions with this motif were identified with a p-value less than 1E-4, which is less  
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Figure 6.17. Motif logos found upstream of lysosomal genes up-regulated in highly 

pathogenic N. fowleri.  

Letter height shows frequency at that position in lysosomal gene dataset. (A) The C(A)7 motif is 

found up-stream of most N. fowleri genes. (B) The RDAKTTTYHGKWGTT motif is found up-

stream of two-thirds of genes in the lysosomal dataset, and <10% of all N. fowleri genes. For 

base frequencies in (B), see Supplementary Table ST6.3. 
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Figure 6.17  
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than 10% of all genes. It is possible that this motif is a cis-regulatory transcriptional element 

upstream of some lysosomal genes, however, there are many other genes with this motif that are 

not DE. If it is a transcriptional regulatory element, it may be part of a larger system of 

regulatory features that control the expression of lysosomal genes under different conditions. 

 

6.5.5 The influence of bacterial lateral gene transfer events on pathogenesis 

 Lateral gene transfer (LGT) in N. fowleri related to gain-of-function pathogenicity factors 

was explored in Chapter 6.3. To focus further on potential bacteria-derived pathogenicity factors, 

all genes with no N. gruberi orthologue and with a bacterial top hit when searching the NR 

database were examined more closely (Online Appendix Table 6.11). Most genes do not have 

homologues in pathogenic bacteria, and for those that do, their predicted gene functions are not 

obviously relevant to pathogenesis. Only two genes on this list are up-regulated in highly 

pathogenic N. fowleri. One is found in members of the Burkholderiales bacteria and in 

Dictyostelium, and the other is a Membrane Associated Proteins in Eicosanoid and Glutathione 

metabolism domain (MAPEG)-containing protein found in cyanobacteria. Together, these results 

suggest that LGT is not a source of pathogenicity factors in N. fowleri. 

 

6.5.6 Comparative genomics and transcriptomics of proteases 

 Proteases are a well-known category of pathogenicity factors in many parasitic and 

pathogenic eukaryotes, including N. fowleri.354,690 Twenty-eight proteases are up-regulated in 

highly pathogenic N. fowleri, making up more than 10% of all up-regulated genes. Differences in 

the number of proteases between N. fowleri and N. gruberi may be relevant to pathogenesis. To 
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better understand the evolution of proteases in the Naegleria spp., a comparative genomic 

analysis of all proteases in the three strains of N. fowleri and in N. gruberi was undertaken.  

Proteases are classified by the residue that acts as the nucleophile in the catalytic 

reaction, giving rise to the following superfamilies: serine proteases, cysteine proteases, 

threonine proteases, aspartic proteases, glutamic proteases, metalloproteases, and asparagine 

peptide lyases. These are defined by the MEROPS classification scheme based on structure, 

mechanism, and catalytic residue.691 There is also a ‘mixed’ superfamily, which contains 

proteases with similar protein folds, or similarly arranged catalytic residues, but the members 

have different nucleophilic residues. Within superfamilies are collections of families, and the 

proteases within each family are evolutionarily related.  

The N. gruberi proteases are already classified in the MEROPS database; paralogue 

numbers were compared to those for the three N. fowleri strains that were identified here. For 

some families, the number of paralogues in N. gruberi was much larger or smaller than in N. 

fowleri, and therefore the family was re-annotated manually in N. gruberi. Table 6.4 (Online 

Appendix Table 6.12) shows the number of paralogues for each superfamily and family for the 

four taxa.  

Glutamic proteases and asparagine peptide lyases were not identified in either Naegleria 

spp. In general, N. fowleri and N. gruberi have similar numbers of proteases in each family, and 

there was only one case where a protease family has a representative in N. fowleri but not N. 

gruberi, the serine protease family S81. The sole representative of the S81 family in the 

MEROPS database is a destabilase protein in Hirudo medicinalis, the European medicinal leech. 

This protein has a destabilase and peptidoglycan-binding domain; it is found in the saliva of the 

leech, and although its function is unclear, it may have lysozyme activity and be capable of  
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Table 6.4. Overview of proteases in N. fowleri and N. gruberi 

  

Table	6.4.		Overview	of	proteases	in	N.	fowleri	and	N.	gruberi.
Boxes	indicate	subfamilies	with	genes	that	are	up-regulated	in	highly	pathogenic	N.	fowleri,	and	red	text	indicates	subfamilies	with	more	members	in	
N.	fowleri	than	N.	gruberi
Type Family N.	fowleri	V212 N.	fowleri	986 N.	fowleri	30863 N.	gruberi Notes Contains	up-regulated	genes?
Aspartyl A1 3 3 2 3 YES

A22 1 1 1 1
A28 1 1 1 1 DNA	damage	inducible	protein

Cysteine C01 21 21 20 36 YES
C02 12 12 12 19
C12 2 2 2 2
C13 2 2 2 2
C15 1 1 1 1
C19 23 23 23 18
C26 6 6 7 6 YES
C39 3 2 3 2 bacterial	peptidase YES
C40 3 2 3 2
C44 4 5 6 2 asparagine	synthase
C45 2 2 2 2
C48 3 3 3 2
C50 1 1 1 1
C54 1 1 1 1
C56 5 5 5 4
C65 2 2 2 1 otubain
C78 1 1 1 1
C83 2 2 2 2
C85 7 7 7 4
C86 2 2 2 2
C89 3 3 3 2
C95 4 4 4 6 phospholipase	B-like YES
C97 3 3 3 3
C110 0 0 0 3
C115 0 0 0 1

Metallo
M01 5 5 5 6 Down-regulated
M03 2 2 2 3
M08 3 3 3 5
M14 6 6 6 6
M16 9 9 9 12 YES
M17 2 2 2 2
M18 1 1 1 1
M19 2 2 2 2
M20 6 6 6 7
M24 6 6 6 9
M28 6 6 6 6
M32 1 1 1 1
M38 4 4 4 2
M41 3 3 3 3
M42 0 0 0 1
M48 2 2 2 2
M49 1 1 1 2
M50 1 1 1 1
M54 2 2 2 4
M60 1 1 1 1
M67 9 9 9 8
M76 5 5 5 4
M79 1 1 1 2
M98 1 1 1 2

Mixed P01 1 1 1 1



 255 

 

  

Serine S01 11 10 11 16
S08 25 24 20 18
S09 33 29 31 32 YES
S10 9 9 9 12 YES
S12 4 3 3 5 YES
S13 1 1 1 1
S15 0 0 0 5 includes	non-peptidase	homologues
S16 1 1 1 1
S26 2 2 2 3
S28 4 4 4 4 YES
S33 22 21 20 20
S45 7 7 7 6 YES
S49 1 1 1 1
S51 0 0 0 1
S53 5 5 5 4 YES
S54 9 8 8 8
S59 1 1 1 2
S63 0 0 0 0
S81 1 1 1 0 destabilase

Threonine
T01 15 15 15 14
T02 2 1 1 1
T03 2 2 2 3
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dissolving fibrin.692 A single orthologue is found in all three N. fowleri strains, but not in the 

predicted proteins or genome of N. gruberi. The N. fowleri V212 sequence was used as a query 

to search the NCBI non-redundant database, and retrieved no hits, however, a BLAST search 

into the H. medicinalis predicted proteins did retrieve the homologue present in MEROPS (E-

value of 8E-12). Zavalova and colleagues (2000) originally identified the protein in H. 

medicinalis, and found homologues in Caenorhabditis elegans and bivalve molluscs.693 

Although it is not differentially expressed in high versus normal pathogenicity N. fowleri, 

it is relatively highly expressed under both conditions, with FPKM values between 500-800. The 

N. fowleri V212 sequence has both destabilase and peptidoglycan-binding domains, suggesting 

that it may also have dual functions in bacterial cell wall and fibrin breakdown. This makes the 

N. fowleri S81 family protease a prime candidate for future cell biological work to investigate its 

function and potential role in pathogenesis. 

 The proteases that are up-regulated in highly pathogenic N. fowleri are distributed in 12 

families within the aspartyl, cysteine, metallo, and serine superfamilies. Many of these are 

cathepsin proteases, as well as phospholipase B-like proteins, tripeptidyl peptidases and serine 

carboxypeptidases. Half of the protease families that have up-regulated members are either 

localized to lysosomes or are secreted, whereas the others have proteolytic activities in other 

organelles or in the cytoplasm (for example, a mitochondrial processing peptidase is up-

regulated). The most substantially represented types of lysosomal/secreted protease in the up-

regulated genes are the cathepsin proteases. Cathepsin proteases represent several unrelated 

families of proteases that generally function in the lysosome, but can also be secreted. Two 

cathepsin D aspartyl proteases are up-regulated in highly pathogenic N. fowleri. Cathepsins are 

found in endolysosomes and phagosomes, and plays numerous roles in the cell, including protein 
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turnover in the lysosome, processing enzymes, prohormones, and growth factors, and 

functioning in cell survival/apoptosis.694 It is likely that the role of cathepsin D in N. fowleri is 

restricted to lysosomal degradation, as its additional functions in human are part of a 

multicellular lifestyle. However, functional work is necessary to corroborate this.  

The other major category of cathepsin proteases with several up-regulated members is the 

C01 family of cathepsin cysteine proteases, with 10 out of 21 up-regulated genes in highly 

pathogenic N. fowleri. The C01 family includes cathepsins B, C, L, Z, and F; cathepsin B in 

particular is a known pathogenicity factor in N. fowleri, as well as Leishmania, Giardia, 

Trichomonas, Entamoeba, and schistosome worms.354,654,659,695–698 Human cathepsin B has been 

shown to degrade the extracellular matrix, and is important in cancer metastasis.699 Each of these 

families has multiple members, up to 10 in the case of cathepsin B. Only members of cathepsin 

B, Z, and F are up-regulated; none of the five cathepsin C orthologues are differentially 

expressed. Despite the large number of C01 family cathepsin proteases in N. fowleri, N. gruberi 

encodes even more members. While the three N. fowleri strains have 20-21 C01 family 

members, N. gruberi has 35. In order to get a better understanding of the expansions and/or 

losses in this family within Naegleria spp., phylogenetic analysis of the C01 cysteine protease 

family was performed.   

 

6.5.6.1 Evolution of cathepsin cysteine proteases in Naegleria 

 To determine the lineage-specific evolution of the C01 cysteine proteases in N. fowleri 

V212 and N. gruberi, a phylogenetic analysis of these proteins was performed. Figure 6.18 

shows the clades of cathepsin B, C, Z, and L-like (F) proteins in Naegleria spp. Many of the N. 

fowleri and N. gruberi cathepsins have 1:1 orthology, with at least three expansions that have  
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Figure 6.18. Phylogenetic analysis of the C01 cysteine protease subfamily in N. fowleri and 

N. gruberi.  

Node values are listed as Phylobayes/RAxML (posterior probability/bootstrap), and as symbols 

indicating a minimum level of support as shown in the inset. Node values are shown on the best 

Bayesian topology. Sequences with signal peptides have red text, those with potential signal 

peptides (score near cutoff) have orange text, and those without identifiable signal peptides have 

blue text. Asterisks (*) indicate genes that are up-regulated in highly pathogenic N. fowleri.  
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occurred in the cathepsin B clade in N. gruberi. These expansions account for most of the 

difference in paralogue number between the two species, making up 12 of ~16 N. gruberi-

specific C01 homologues. Interestingly, N. fowleri Cathepsin B7 and B8 are up-regulated and do 

not have orthologues in N. gruberi, and could help to explain N. fowleri’s pathogenicity. 

Functional work is therefore necessary to understand their role during infection. 

 When aligning these sequences in preparation for phylogenetic analysis, it was observed 

that the N. gruberi sequences had a shorter N-terminus than the N. fowleri sequences. As the 

cysteine protease cathepsins are known to be either lysosomal or secreted, the N-terminus of the 

protein must contain a signal peptide that targets it to be translated into the ER, destining it for 

the secretory pathway. The shortened N-termini of the N. gruberi sequences raised the possibility 

that the signal peptide was potentially missing. To assess this, signal peptides in the N. gruberi 

and N. fowleri C01 cathepsins were predicted using the SignalP 4.0 prediction server (Online 

Appendix Table 6.13). In the majority of cases, signal peptides were identified, but when they 

were not, the genes were manually assessed to ensure that no region upstream of the gene was 

mis-predicted and excluded from the gene model. In Figure 6.18, the cathepsin tree is shown 

with the nodes colour-coded based on the presence of a predicted signal peptide. Most cathepsin 

sequences did contain signal peptides, however, there was a notable absence of signal peptides 

from sequences within one of the large expanded clades of N. gruberi cathepsin B sequences. 

Therefore, it is unclear whether these proteins are able to enter the secretory system to be 

trafficked to the lysosome, or to be secreted from the cell. It is possible that they may have a 

novel function, as a human cathepsin L lacking a signal peptide has been shown to localize to the 

nucleus and function as a transcription factor.700 In contrast to this, only two N. fowleri 

sequences appear to be missing a signal peptide (cathepsin Z and cathepsin L-like homologues), 
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while four other N. fowleri cathepsin B sequences had a signal peptide prediction score near the 

cutoff value. One of the latter sequences is in the same clade as multiple N. gruberi sequences 

that lack signal peptides; however, this N. fowleri sequence is up-regulated in highly pathogenic 

N. fowleri. This raises questions about the localization and function of these proteins in 

Naegleria spp. 

 

6.6 Confirming the presence of a Golgi body in Naegleria gruberi 

 One distinctive cellular feature of N. gruberi is that it lacks a visible Golgi organelle. In 

mammalian cells and many diverse eukaryotes, the Golgi appears as a stack of flattened 

membranes, or cisternae, inside which proteins are modified via glycosylation and transported to 

the plasma membrane or to endocytic organelles. In mammalian cells, disrupting the stacked 

structure of the Golgi leads to numerous defects in these processes, and Golgi fragmentation is 

observed in autoimmune diseases, cancer, Huntington’s, Parkinson’s, and Alzheimer’s 

diseases.701 However, examples of eukaryotes with unstacked Golgi are found across the 

evolutionary tree, and include the budding yeast Saccharomyces cerevisiae,95 as well as parasitic 

taxa such as Plasmodium falciparum, Entamoeba histolytica, and G. intestinalis.480 There is an 

array of unstacked Golgi morphologies. In S. cerevisiae, the Golgi compartments are dispersed in 

the cytoplasm, appearing as punctae in immunofluorescent staining of Golgi markers.96 E. 

histolytica was originally thought to not have a Golgi, but an ultrastructural study showed that 

this was an artefact of the fixation process for transmission electron microscopy, and presented 

micrographic evidence of dispersed cisternae in the cell.97 Finally, Golgi functions in G. 

intestinalis are stage specific, and are carried out in encystation-specific vesicles that form 
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dynamic, tubular structures.98 Unlike typical Golgi, they are not steady state organelles, but arise 

in response to cyst wall material formation in the ER.702,703 

The Golgi of N. gruberi has never been visualized, but it is predicted to exist based on the 

presence of Golgi-related membrane trafficking proteins encoded in its genome (Figures 6.7-6.9, 

Online Appendix Table 6.2).  These include the coats COPI and retromer; adaptor complexes 1, 

3, and 4; MTCs TRAPPI, GARP, and COG; SNAREs Ykt6, Syntaxin 5, GS28, Bos1, GS15, 

Syntaxin 6, Syntaxin 16, and Vti1; and the SM proteins Sly1 and Vps45. Using these predicted 

protein sequences, antibodies were generated to markers of the Golgi (COPB), ER (Sec31), and 

plasma membrane (Syntaxin PM). After Western blotting subcellular fractions of N. gruberi with 

these antibodies to show sensitivity and specificity, they were used in immunofluorescence 

microscopy (IFM) and immune-electron microscopy (IEM) to survey the organellar landscape of 

N. gruberi.  

 

6.6.1 Detecting membrane trafficking markers of endomembrane organelles by Western blotting 

 Subcellular fractionation of N. gruberi was performed to separate whole cells, membrane 

fragments and nuclei (whole cell lysate), mitochondria, membrane-bound organelles, and 

cytosol. These fractions were analysed by SDS-PAGE followed by a Western blot to validate the 

sensitivity and specificity of the antibodies (Figure 6.19). Blots probed with the polyclonal 

chicken α-NgCOPB antisera shows a band near the predicted molecular weight of 114.5 kDa, 

largely in the whole cell and cytoplasmic fractions. Blots probed with the polyclonal rabbit α-

NgSynPM antisera and polyclonal rat α-NgSec31 antisera show bands near the predicted 

molecular weights of 39kDa and 145.7 kDa, respectively. These Western blots were preliminary 

work, and have since been further optimized by L. Yiangou. Based on these data, COPB, Sec31,  
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Figure 6.19. Western blots of NgCOPB, NgSec31, and NgSynPM from subcellular fractions 

of N. gruberi cells.  

Whole cell lysates (WC), membrane fractions (Me), mitochondrial fractions (Mt), and 

cytoplasmic fractions (Cy) are run on gels and transferred to membranes. Membranes are blotted 

with anti-NgCOPB antibodies at a dilution of 1:200 (A), anti-NgSec31 antibodies at a dilution of 

1:400 (B), and anti-NgSynPM antibodies at a dilution of 1:2500 (C). L, ladder.  
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Figure 6.19  
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and Syntaxin PM proteins are expressed in N. gruberi, and in the appropriate subcellular 

location. 

6.6.2 Immunofluorescence microscopy of organellar markers 

 To understand the structure of the Naegleria Golgi, as well as visualize other parts of the 

endomembrane system, these antibodies were used in fluorescence microscopy of Naegleria 

cells. After incubating fixed, permeabilized N. gruberi cells with the primary antibodies, 

secondary fluorescent anti-IgG antibodies were added to the corresponding primary antibodies. 

DNA was stained with DAPI. Figure 6.20A shows representative fluorescence micrograph 

images showing NgCOPB, NgSec31, and NgSynPM localization.  

 NgCOPB appears as small puncta, although there is a high level of background staining. 

Again, these experiments were repeated and optimized, and the final figure showing COPB 

localization are shown alongside the initial image in Figures 6.20B and 6.20C. In Figure 6.20B, 

the COPB antibody appears to localize to tubular structures in the cytoplasm of the cell. In 

Figure 6.20C, NgCOPB and NgSec31 appear to have partially overlapping but distinct staining. 

Finally, NgSynPM is diffuse in the cytoplasm, and does not overlap with NgSec31 signal. These 

images show that NgCOPB labels an organelle that appears to be distinct from the ER 

(NgSec31), with some clearly overlapping regions.  

 

6.6.3 Immuno-electron microscopy of organellar markers 

 To better investigate the localization of these endomembrane proteins, immuno-gold 

electron microscopy was performed. N. gruberi cells were suspended in resin, sectioned, and 
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Figure 6.20. Immunofluorescence and confocal microscopy of NgCOPB, NgSynPM, and 

NgSec31.  

 (A) Original immunofluorescence images of NgCOPB, NgSynPM, and NgSec31. Antibodies to 

these proteins are shown in green, nuclei are stained blue (DAPI), and mitochondria 

(mitotracker) are shown in red. (B) Confocal micrograph of anti-NgCOPB (green), with DAPI in 

blue, optimized by L. Yiangou and D. Cantoni. (C) Confocal micrographs showing costaining of 

NgCOPB with NgSec31 and NgSynPM, as well as ER-Tracker (staining the ER) and DAPI 

(staining DNA). These images were produced by L. Yiangou and D. Cantoni. N. gruberi cell 

sizes range from 10-30 µm. 
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Placed on gold EM grids labeled using primary antibodies, and then incubated with the 

corresponding gold-labeled secondary antibodies. Figure 6.21 shows NgCOPB labeling 

membrane-bound organelles in the cell. Images of NgSec31 and NgSynPM show non-specific 

labeling throughout the cell, and are therefore not included here.  

 

6.7 Discussion 

 In this Chapter, comparative genomics, transcriptomics, and molecular biological 

techniques to understand the biology of the neuropathogenic amoeba Naegleria fowleri, in 

comparison with its harmless relative Naegleria gruberi. Many facets of the N. fowleri and N. 

gruberi genomes were explored using comparative genomics, in order to identify any differences 

between the two organisms that may explain why N. fowleri alone is able to infect humans. In 

the Introduction, this type of analysis was suggested to be predictive of cell biological function, 

and furthermore has been successfully used to understand pathogenesis in the Candida genus.704 

Building on comparative genomics work, these predictions can be confirmed or expanded on by 

gene expression analyses, which pinpoint the genes that are differentially expressed under a 

particular condition. To this end, comparative transcriptomics was performed to home in on the 

cell biology of pathogenesis, with normal, pathogenic N. fowleri, and N. fowleri grown to be 

even more virulent. Finally, the results of comparative genomics and transcriptomics in 

Naegleria spp. were then used as a basis for cell biological work to elucidate the endomembrane 

landscape in this organism. The wealth of data produced by the analyses in this chapter is a 

testament to the power and utility of large-scale ‘-omics’, and will be the source of further 

downstream cell biological investigations.  
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Figure 6.21. Immuno-electron microscopy showing NgCOPB in N. gruberi.  

Immuno-gold labeled NgCOPB is shown in vesicular-tubular structures in N. gruberi. Inset 

image shows clear labeling of these organelles at a higher magnification. The lower right graph 

shows the average amount of gold labeling of different N. gruberi compartments, suggesting that 

it is mainly localized to membrane-bound organelles. 
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Figure 6.21  



 271 

 The mitochondrial genomes of N. fowleri and N. gruberi are highly similar in both gene 

content and organization, the latter being in stark contrast to the nuclear genomes. The nuclear 

genome of N. gruberi is approximately 13 Mb larger than any of the three N. fowleri strains. 

From the orthologue clustering analysis, only 762 orthologue groups appear to be specific to N. 

gruberi, despite it encoding ~3000 more protein-coding genes than N. fowleri. Manual inspection 

of these groups suggest that the majority are not highly paralogous, and therefore the ‘extra’ N. 

gruberi proteins are likely to be paralogous duplications of genes shared between the two 

Naegleria species. This appears to be the case when looking at particular cellular systems; one 

clear example is the cathepsin B family of cysteine proteases, in which N. gruberi encodes nearly 

twice as many paralogues as N. fowleri.  

 The genes in the N. fowleri genome are also more tightly packed, generally with very 

little intergenic space, and shorter intron lengths compared to N. gruberi. Often genome 

compaction is seen in parasites, but this pattern is also observed in the vertebrate Fugu rubripes 

(Japanese pufferfish) and other teleost fish.705 However, with no other sampling points within the 

Naegleria genus, it is just as likely that N. gruberi has increased its non-coding DNA, in parallel 

with gene duplication events throughout the genome. One surprising finding was the almost 

complete lack of shared genome organization between the four Naegleria genomes. Despite high 

sequence similarity and similar paralogue number between the N. fowleri strains, the level of 

genomic rearrangement observed is more typical of an inter-species comparison, as exemplified 

by the analysis of three Saccharomyces species. It is likely that this is due to recombination 

during meiosis. N. gruberi is known to be tetraploid, and although it is primarily asexual, it has 

maintained apparently functional copies of genes required for meiosis.361 Additionally, there is 

strong evidence for a sexual cycle in N. lovaniensis.617 As more genomes of closely related 
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eukaryotes are sequenced, it will be interesting to see how typical this extensive rearrangement is 

in other lineages. 

 Analysis of orthologous groups showed that there are approximately 3,000 groups of 

genes that are found in N. fowleri, for which there is no clear orthologue in N. gruberi. While this 

type of automated analysis is a good first pass, additional BLAST searches dropped this number 

to fewer than 1,000. Because of the difficulty in determining orthology versus paralogy on the 

scale of thousands of genes, this type of two-step filtering is necessary to remove false positives. 

The majority of the sequences that make up the N. fowleri-specific orthogroups have no BLAST 

hit in the non-redundant database. This leads to the question of whether these are mis-predicted 

genes. Only eight of these genes have no transcriptomic data associated with them from N. 

fowleri LEE-Ax or LEE-MP samples, suggesting that the vast majority is expressed at some 

point in N. fowleri. Many of them have no hits in any other organism, and make up a not 

insignificant fraction of differentially expressed genes in highly pathogenic N. fowleri. Although 

their functions are unknown at this point, they represent an attractive category of genes for 

further functional work, as they could very well be unknown pathogenesis factors.  

 Of the genes that are found in N. fowleri and other organisms, but not N. gruberi, these 

fall into two main categories: genes that were present in the common ancestor of N. fowleri and 

N. gruberi but have been lost from N. gruberi, and genes in N. fowleri that are the result of 

lateral gene transfer. (Of course, this ignores the case of an LGT in a Naegleria ancestor and 

subsequent loss from N. gruberi, although this is indistinguishable from straight LGT into N. 

fowleri). Overall, it appears that there are few N. fowleri-specific LGT events that are shared by 

all three strains, and therefore LGT is likely not a major factor in pathogenesis. This is in 

contrast to what has been observed in other organisms such as Blastocystis sp., in which bacterial 
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LGT has been critical for adapting to the anaerobic gut environment.706 It again points to the fact 

that N. fowleri does not require a host, and there is no obvious evolutionary advantage associated 

with infection. This is not meant to discount any potential involvement of individual laterally 

transferred gene in host infection, however, as there are a number of putative LGTs identified in 

the up-regulated genes associated with pathogenesis. One major concern is the lack of sampling 

points in this lineage; more Naegleria genomes, particularly those more closely related to N. 

fowleri, will give a better idea of the timing of any putative LGT events. Additionally, 

phylogenetics is also needed to confirm these putative findings.   

 When starting this project, systems suspected to be involved in pathogenesis were 

selected for comparative genomic analysis, including the membrane trafficking system, 

autophagy, stress responses, and adhesion factors. In general, there are no major differences 

between N. fowleri and N. gruberi in these systems that are likely to play a role in pathogenesis. 

Particularly in the cases of membrane trafficking and autophagy, these systems are largely 

complete, and there are only a few loss events in both taxa. This suggests that there is no 

evolutionary pressure to ‘streamline’ the genome, and that these processes are, in general, 

required for normal cellular function in this lineage. This is not surprising, as neither N. fowleri 

nor N. gruberi are parasitic or permanently host-associated; instead, they are normally soil-

associated heterotrophs that do not inhabit a niche environment like the gut, or support a unique 

cell biological process like scale formation. This conservation of proteins shown to be present in 

the LECA makes N. gruberi an excellent potential model system, as there are currently no free-

living model systems within the supergroup Excavata. However, despite no large differences in 

membrane trafficking gene complement between the two organisms, it is clear from the 
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differential expression analysis that the trafficking system is critical to pathogenesis, particularly 

the lysosomal trafficking pathway.  

Both N. fowleri and N. gruberi have duplicated some exocytic machinery, SynPM and 

Vamp7 SNAREs, and subunits of the Exocyst MTC, as well as recycling machinery, such as 

CORVET and AP4. While expansion of the recycling machinery is more common, and suggests 

complexity and subfunctionalization in this pathway, it is more rare to see late exocytic 

components that have been duplicated. Extensive duplications of exocytic SNAREs and the 

Exocyst tethering complex are characteristic of multicellular land plants. While most land plants 

encode only 1-2 copies of most exocyst components, they can have ~3-7 Exo84 subunits, and 

shockingly, copies of Exo70 numbering in the teens, twenties, thirties and forties.297 

Furthermore, the SynPM-related Qa SNAREs and VAMP7-like SNAREs, which can function in 

both plasma membrane and lysosomal transport are highly expanded in Arabidopsis thaliana.707 

Experimental work in A. thaliana shows that these SNAREs do not share a redundant function, 

and are speculated to traffic to different domains of the plasma membrane. It is possible that this 

is also the case in Naegleria spp., especially as this lineage has retained other plasma membrane 

trafficking factors such as TSET and the SNAREs NPSN and Syp7. However, it is difficult to 

imagine how spatial control of secretion in an amoeboflagellate is as beneficial as it is to a 

multicellular plant. Perhaps the diversity in this system is more relevant to temporal control of 

vesicle fusion due to different reaction kinetics, or perhaps regulated secretion of specific 

vesicles. Further experimental work will be required to determine the localization and function of 

these proteins.   

The ERAD machinery has been studied less extensively in eukaryotes; however, it 

appears to be well-conserved in both Naegleria species. And in the UPR, although the 
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transcription factors in eukaryotes (other than IRE1) are generally unknown, N. fowleri and N. 

gruberi have identical gene complements that contain the pan-eukaryotic members of this 

pathway. Again, in both cases, there are no clear differences that might make N. fowleri better 

able to cope with the stress of the host environment. However, it may be that Naegleria spp. 

encodes part of a – or a completely distinct – lineage-specific UPR, as is the case in Giardia. 

This seems unlikely, given how typical the Naegleria species are in comparison with the highly 

derived Giardia. It has been speculated that a stress response is the key to N. fowleri’s ability to 

infect the host. Contrary to this, several stress response genes are down-regulated in highly 

pathogenic N. fowleri, which suggests that infection does not induce a stress response. These 

include a proteasome chaperone protein, a DNAJ/HSP40 protein, and an HSP20 (bacteria-like) 

protein.  

Much like the expanded plasma membrane-associated SNARE complement and potential 

LGTs, work to identify adhesion proteins resulted in a list of factors to explore experimentally. 

Many of the adhesion GPCR proteins in both organisms have extracellular domains typical in 

adhesion proteins in human cells. For example, EGF and NHL repeats are found in the 

extracellular portion of the teneurin family of proteins functions, which function as cell-cell 

adhesion receptors in neuronal networks in Drosophila, mouse, and human cells.655 While these 

domains are pan-eukaryotic, it appears that specific adhesion proteins are lineage-specific, and 

identifying homologous sequence beyond these domains between organisms of different lineages 

is not possible.  

The differential expression analysis of genes and systems involved in pathogenesis 

brought forth a surfeit of data to try to piece together into coherent pathways. The three major 

themes of up-regulated genes are lysosomal degradation, cell housekeeping (metabolism, 
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transcription, translation), and amoeboid movement. A large proportion of the up-regulated 

genes encode products that function in lysosomal proteolysis, are involved in lysosome 

acidification, traffic cargo to the lysosome, etc. In terms of cellular function, this suggests that a 

key part of N. fowleri infection is the breakdown of internalized material. However, it is also 

possible that a population of these lysosomes is secreted as exosomes to damage nearby host 

cells, particularly when moving through nasal tissue and extracellular matrix. Release of 

cytolytic molecules has previously been shown to be a way in which N. fowleri destroys target 

cells. Additionally, proteins such as cathepsin B can be trafficked directly to the cell surface. 

Both scenarios may explain the exocytic trafficking machinery.   

 Genes involved in metabolism and protein production are another major category of up-

regulated genes associated with pathogenesis. These are likely to be downstream consequences 

of N. fowleri consuming host tissue, and further support the idea that N. fowleri is not in a 

stressful environment. Actin-based motility genes are up-regulated in highly pathogenic N. 

fowleri, while several flagellar genes are down-regulated. Nf-Actin has specifically been 

classified as a pathogenicity factor due to its role in phagocytosis and trogocytosis via food cup 

formation.355 Previous work has shown that only the amoeboid form of N. fowleri is capable of 

infecting a host, therefore seeing this pattern is further evidence that the differential expression 

analysis is biologically meaningful. 

 Another way to test the quality of the data is to look for pathogenicity factors described 

by others. Naegleriapore A and B are pore-forming proteins that have antibacterial activity 

against both Gram positive and Gram negative bacteria, but are also capable of lysing a variety 

of target cells.358 Not only did the differential expression analysis identify the saposin precursor 

that generates Naegleriapore A and B as up-regulated in association with pathogenesis, but 
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another homologous sequence was identified in the up-regulated dataset. Other previously 

identified pathogenicity factors found to be up-regulated in relation to pathogenesis include 

phospholipases359 and Nf314 (Cathepsin A).356 Another protein found at food cups, Nfa1,708,709 

was not up-regulated, but it is highly expressed in both mouse-passaged and axenically cultured 

N. fowleri LEE (>1000 FPKM), providing further evidence for its role as a pathogenicity factor. 

In 2014, Zysset-Burri and colleagues published a proteomic screen of highly virulent versus 

weakly virulent N. fowleri, as a function of culturing cells with different types of media.613 While 

the factors that they found had higher protein levels in more virulent N. fowleri were generally 

non-overlapping with the sequence set generated by the DE analysis here, there were some 

shared pathways. For example, they identified villin and severin as being more abundant in high 

virulence N. fowleri, which are involved in actin dynamics; a process represented in the up-

regulated transcriptomic dataset, albeit by different genes. Other pathogenicity factors have been 

identified in N. fowleri whose gene sequence is unknown, such as glycoproteins involved in 

complement-mediated lysis,350 and a putative CD59-like protein.352 Using the genomic and 

transcriptomic data, the identity and function of these proteins can start to be pieced together.  

 A major pathogenicity factor in N. fowleri as well as other pathogens is the secretion of 

the C01 family of cathepsin cysteine proteases. Nearly all of the cathepsins in this family are up-

regulated in association with pathogenesis. However, while most other protease families are 

approximately equivalent in number between N. fowleri and N. gruberi, N. gruberi encodes more 

members of these cysteine proteases than N. fowleri. In silico predition of signal peptides showed 

that many of these ‘extra’ N. gruberi paralogues do not appear to have signal peptides, which 

direct nascent polypeptides to the ER for translation in order to enter the secretory pathway 

(although some N. fowleri sequences also appear to be missing them). Work by others has shown 
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that signal peptide-less cathepsins can function as transcription factors,700 which may also be the 

case for these paralogues.  

 In looking at the down-regulated gene dataset, it appears at first glance that there are 

conflicting patterns. For example, several eukaryotic translation initiation factors are down-

regulated, despite an overall pattern of up-regulated of mRNA translation. Closer inspection of 

these results showed that these genes have paralogues whose expression does not significantly 

change in relation to pathogenesis. Another example is that of a VAMP7-like protein, which can 

be involved in both endo-lysosomal and plasma membrane transport. However, it is also one of 

many paralogues in N. fowleri. This echoes the findings of Chapter 4, in which many of the 

membrane trafficking genes in Entamoeba invadens are paralogous, and have different and even 

sometimes opposing expression patterns during encystation. Again, it appears that cellular 

system modulation is a key factor in pathogenesis, which can be controlled by having genes with 

multiple, functionally distinct paralogues, and varying expression in response to the 

environment. 

 This leads to the elephant-in-the-room question of what, exactly, are the necessary and 

sufficient pathogenicity factors in N. fowleri? One of the often-made assumptions is that these 

genes must be present only in N. fowleri, and not in N. gruberi. But this does not have to be the 

case. It has been previously observed that differences in virulence of different N. fowleri strains 

can come down to slightly higher or lower levels of protein expression, rather than all-or-nothing 

gene expression.359 inter alia In this analysis, several known pathogenicity factors, e.g. the saposins 

and cathepsins, have clear orthologues in N. gruberi. Together, these results suggest that a major 

aspect of pathogenicity in N. fowleri is about “working with what you’ve got;” in that gene 

expression and protein levels are key determinants of infection ability. An attempt to identify a 
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regulatory sequence upstream of the up-regulated lysosomal genes was largely unsuccessful, 

however, determining the mechanism of gene expression regulation in terms of pathogenesis will 

be key to understanding this process. 

 However, there are still some factors that are likely to be specific to N. fowleri, and 

important for virulence. One is thermotolerance. A single potential LGT was proposed as 

potentially aiding thermotolerance in N. fowleri. The question of thermotolerance should be 

addressed in future analyses as a separate, but related aspect of pathogenesis. This may involve 

the organism Naegleria lovaniensis, which is the outgroup taxon to N. fowleri, and is 

thermotolerant, but not pathogenic. Comparative genomic analyses of these Naegleria species 

could shed light on the relationship between thermotolerance and pathogenesis. Secondly, this 

analysis largely ignores the fact that dozens of genes are differentially expressed, but could not 

be meaningfully annotated. It is possible that relevant pathogenicity factors are found in these 

“unknown” proteins, and without functional characterization in Naegleria spp. or other 

eukaryotes, they represent still missing pieces of the pathogenicity puzzle. An example of what 

might be found is a protein responsible for trogocytosis, which describes N. fowleri pulling 

membrane off of host cells in a piece-meal fashion using its ‘food cup’ membrane extensions. 

This way of cellular eating is also performed by Entamoeba, and recently, the protein 

specifically responsible for trogocytosis was shown to be AGC family kinase 1.710 However, this 

protein is not conserved in Naegleria spp. It likely uses a different lineage-specific mechanism, 

which may involve proteins that are – at this point – broadly annotated or un-annotated. 

Functional characterization of these proteins is therefore critical to getting the full picture of 

pathogenesis in N. fowleri. 
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 This type of molecular biological analysis is the next logical step from data produced by 

comparative genomics and transcriptomics. Both comparative genomic and transcriptomic data 

suggest that N. gruberi cells have Golgi bodies. However, because they do not have the typical 

‘stacked’ morphology, they had never previously been observed. In order to visualize the Golgi 

in N. gruberi – as well as the endomembrane organellar landscape – antisera to NgCOPB 

(Golgi), NgSec31 (ER), and NgSynPM (plasma membrane) were generated, and used in 

immunofluorescence microscopy and immunoelectron microscopy. Fluorescence microscopy 

images show NgCOPB-labeled structures as punctate organelles, and have a different staining 

pattern than that of NgSec31 or NgSynPM. EM images further show that NgCOPB gold-labeled 

beads are associated with distinct organelles, rather than the cytoplasm. In EM images published 

by Stevens et al. (1980), a tubular-vesicular structure in Naegleria is labeled as a ‘primitive 

Golgi complex’.608 Without antibody staining, it is not possible to know whether this is truly a 

Golgi body, but if it were, its structure is not inconsistent with the immuno-EM data presented 

here. The N. gruberi Golgi likely does exist, and appears as discrete, membranous compartments, 

not unlike other organisms lacking a stacked Golgi, such as Giardia and Entamoeba. Tubular 

Golgi structures have also been described in Encephalitozoon,711 suggesting that there exists a 

range of unstacked Golgi morphologies. Further analysis is required to determine the precise 

morphology of the N. gruberi Golgi. Localization of these three marker proteins opens the door 

to colocalizaton experiments and other molecular work, and it represents the first step on the path 

to building a model system in N. gruberi. 
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7. Significance 
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 This thesis has explored the evolution of the membrane trafficking system in four 

eukaryotic lineages of cell biological, medical, evolutionary and ecological importance. It has 

also illustrated the types of questions that can be addressed using genomics and transcriptomics, 

and how these approaches work synergistically to give a comprehensive understanding of the 

biology of these organisms and membrane trafficking diversity. This final section will discuss in 

a broad evolutionary context the findings of this thesis; conservation and novelty in the 

membrane trafficking machinery as detected by comparative genomics, how the trafficking 

systems of unrelated organisms have evolved to support similar lifestyles (i.e. 

parasitism/endobiosis, gut habitation, specialized secretion), the complexity of gene expression 

regulation with respect to specialized trafficking processes, and the utility of genomics and 

transcriptomics data in making and testing hypotheses about the cell biology of non-model 

eukaryotes.  

 

7.1. Conservation and evolvability of membrane trafficking machinery in eukaryotes 

 In general, much of the membrane trafficking machinery is highly conserved in 

eukaryotes, and it is accepted that the LECA had a complex trafficking system. As more 

comparative genomic analyses are published, three patterns of conservation have been revealed: 

ubiquitous machinery, machinery with a limited, lineage-specific distribution, and machinery 

that is likely ancient but has been independently lost in multiple taxa (so-called “patchy 

proteins”).326 These latter proteins are most interesting, as this pattern implies that they are more 

‘evolvable’ than highly conserved or lineage-specific machinery. The TSET complex and AP5 

complex are two such examples of machinery with a patchy distribution; in fact, this led to such 

difficulty in identifying their components that they were only recently discovered. Both 
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complexes are part of the vesicle formation machinery, which, in general, is more conserved than 

vesicle fusion machinery, based on the findings of this thesis as well as other work. For example, 

COPI, COPII, clathrin, and retromer coat complexes are almost never lost,196,337,468 with the 

exception of some reduced parasitic lineages. Adaptor protein complexes AP1 and AP2 are 

similarly retained (and are also the most recently evolved complexes),144 while the more ancient 

AP4 is lost both in organisms at the base of Fungi and multiple times throughout this lineage, as 

well as in invertebrates and Leishmania,175,712 and AP3 is lost in some members of the 

Apicomplexa, the green alga Chlamydomonas reinhardtii,50 and in the haptophytes.175,183 The 

ability to lose these complexes suggests that their function is compensated for by another 

trafficking factor, or that the endocytic/recycling pathway of these organisms is modified.  

The ESCRTs are another set of machinery that could be defined as ‘patchy’, since 

although all ESCRT machinery is never lost, certain subunits or complexes are. In this thesis, 

ESCRTs I and II were shown to be missing from the haptophytes, similar to the losses observed 

in the Apicomplexa.50 Blastocystis sp. and the gut parasite Giardia intestinalis have also lost 

ESCRT I.174 Even in these taxa, certain subunits of ESCRTs III and IIIA are retained, suggesting 

that their function in cytokinesis and/or other cellular pathways is still required. The most well-

conserved ESCRT III and IIIA subunits are Vps4 and Vps60, an AAA-type ATPase and protein 

that stimulates ATPase function through interaction with Vta1, respectively.237,557 The ATPase 

function of Vps4 certainly raises the possibility of these proteins moonlighting in another cellular 

pathway. Meanwhile, at least two ESCRT subunits are frequently lost, even in organisms with 

relatively complete ESCRT complements. These are Vps37 and CHMP7. CHMP7 functions with 

ESCRT components in nuclear breakdown during cytokinesis, but its role in MVB biogenesis in 

unclear.713 Vps37 aids in Vps23 binding to the membrane,231 however, it is not clear what other 
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role(s) this protein plays in the ESCRT I complex. Because of the multi-functionality of this 

system, it is difficult to identify the minimal ESCRT complement required for MVB biogenesis.  

Loss of various SNARE and multisubunit tethering complex components is generally 

more common than losses of vesicle formation machinery (with the exception of the ESCRTs). 

This is likely for two reasons. First, because the members of the Qa, b, c, and R SNARE 

subfamilies are closely related paralogous genes, the composition of SNARE complexes is not as 

prescribed as that of the COPI complex, for example. In yeast, there is evidence of SNARE 

promiscuity, where SNAREs can participate in multiple trafficking steps by incorporation into 

different complexes.714 Secondly, while MTCs aid in vesicle capture prior to SNARE 

engagement, and some may be effector proteins of Rabs on incoming vesicles, they are not all 

required for vesicle fusion. There is at least one described example of an MTC complex with a 

patchy distribution in eukaryotes. As noted by Klinger et al. (2013), the Dsl1 complex is often 

missing or degraded in organisms that have unconventional peroxisomes.480 This was observed 

in Blastocystis sp. in this thesis, and potentially also in E. huxleyi. Therefore Dsl1 loss may serve 

as a barometer of peroxisomal function; indeed, it was shown in the Blastocystis sp. genome 

paper that nearly all of the peroxisome biogenesis machinery is absent. Preliminary work has 

shown that P. lacertae encodes several additional peroxisome biogenesis genes, and C. 

roenbergensis even more. This same pattern is seen in the parasitic Apicomplexa and their free-

living sister taxa, the Chromerids. The Apicomplexa have lost peroxisomes and Dsl1 

function,50,504 while the chromerids have retained Dsl1 and the peroxisome biogenesis machinery 

(F. Mast, unpublished). Loss of peroxisomes and Dsl1 are clearly correlated; however, the 

relationship between this pattern and organismal biology, such as parasitism or low-oxygen 
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environment is less clear. Understanding this will require more genomic sampling points, and an 

updated analysis of peroxisome biogenesis machinery in eukaryotes. 

Several other patterns of MTC evolution were observed, however, these lack a functional 

association. First, the exocyst complex has been lost in both the haptophytes and Apicomplexa.50 

Exocyst is the plasma membrane-associated MTC that tethers incoming vesicles as part of 

exocytosis.295 In mammalian cells, it is specifically involved in spatially regulating secretion.715 

It was therefore surprising to see a loss of exocyst in the haptophytes, which regularly secrete 

large scales. Apicomplexa, on the other hand, are intracellular parasites that depend on secretion 

for survival in the host cell, although they secrete the contents of lysosome-related organelles.716 

Despite the vastly different lifestyles of these two organisms, they are united by the fact that they 

have unique secretory requirements. In the case of Apicomplexa, exocyst loss may be possible 

because the secretion of LROs does not involve the TGN-plasma membrane pathway; rather, 

endosome/lysosome machinery is used for biogenesis and unknown machinery for interaction 

with the plasma membrane in “kiss-and-run” fusion.489,717 On the other hand, in the haptophytes, 

secretion of the scale via the Golgi-derived coccolith vesicle may represent the ‘default’ 

secretion pathway, and may not require the specificity imparted by tethering machinery or may 

use haptophyte-specific machinery. Regardless of the details of secretion in the haptophytes and 

Apicomplexa, their shared whole-complex losses are intriguing. These lineages have 

independently lost some of the same complexes that are normally retained in eukaryotes (AP3, 

ESCRTs I and II, exocyst), and yet are not affected by the same lifestyle constraint (i.e. 

parasitism). This suggests that these membrane trafficking components are predisposed to loss, 

and their losses can co-occur (in the case of the apicomplexan Cryptosporidium), or be 

independent (e.g. Toxoplasma). In human cells, AP3 is associated with trafficking to lysosome-
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related organelles,488,718,719 although in its absence in Toxoplasma, trafficking to the rhoptries and 

micronemes occurs through AP1.720 Overlapping function of related trafficking components may 

therefore allow loss. However, there is no functionally similar machinery that one could imagine 

taking the role of the ESCRTs or exocyst tether, raising the question of whether there is lineage-

specific machinery that acts instead, and if not, how functional these pathways are.   

The second example of a patchy MTC complex is TRAPPII (Figure 7.1).  Similar to 

HOPS/CORVET, TRAPPII is made up of the TRAPPI complex, plus three additional subunits. 

In mammalian cells, TRAPPI and TRAPPII both function at the cis-Golgi, while in yeast and 

plants TRAPPII has a role in trafficking at the TGN and recycling endosome,286,305,523 suggesting 

that this is its function in other eukaryotes. However, the Coulson plot in Figure 7.1 shows that 

TRAPPII-specific subunits are often missing in eukaryotes. The MTC GARP has a similar 

function at TGN-endosomes,302 and yet is almost never lost. This suggests that GARP can fulfill 

the role of TRAPPII in many eukaryotes, or that – if TRAPPII and GARP have specific non-

overlapping functions at the same location – GARP performs some typically essential function 

while TRAPPII does not. This raises the question of the specific functions of these MTCs in 

eukaryotes, despite their functioning at the same cellular locations. 

 

7.2 Gene family expansion as a means of innovation; or, multicellularity is not the only 

driver of complexity 

Rather than mere presence and absence, another avenue of membrane trafficking 

diversification is the expansion of various gene families. Complexes with multiple lineage-

specific paralogues can generate novelty in that pathway, and can be thought of as an extension 

of the Organelle Paralogy Hypothesis. This hypothesis, put forward by Dacks and Field (2007),85  
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Figure 7.1 A compilation of comparative genomic analyses of multi-subunit tethering 

complexes across select eukaryotes.  

Comparative genomic data taken from the chapters in this thesis, as well as Koumandou et al. 

(2007) and Woo et al. (2015).50,254 This Coulson plot is not meant to demonstrate tethering 

evolution across eukaryotes, but rather to focus on the systems explored here and their close 

relatives. Boxes indicate the relative conservation of EARP/GARP, contrasted with the relative 

loss of TRAPPII.  
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states that a core set of membrane trafficking proteins underwent duplication and co-evolution 

prior to the LECA, and are responsible for the biogenesis of different endomembrane organelles 

and trafficking pathways. This process can obviously continue in extant eukaryotic lineages, 

where evidence for membrane trafficking system novelty can be gleaned from comparative 

genomics. The majority of gene family expansions in the genomes studied in this thesis are in the 

endocytic system, notably AP4, the tethers GARP, HOPS, and CORVET, the SNAREs Syntaxin 

6/10 and Vti1, and the ArfGAP AGFG. These proteins function in endocytosis, recycling, and 

endolysosomal degradation, and expansions in these factors may be relevant to novel trafficking 

pathways. The HOPS complex has been implicated in secretory lysosome formation in 

mammalian cells, and shown to specifically mediate trafficking to LROs in C. elegans.487 

Furthermore, it was recently shown that CORVET participates in a specialized secretory process 

in the ciliate Tetrahymena thermophila, and these subunits have been extensively duplicated.721 

This is one example of lineage-specific membrane trafficking evolution with clear functional 

relevance, and it raises the possibility that this phenomenon is wide-spread in eukaryotes (not 

just in relation to HOPS and CORVET, but potentially other trafficking factors). Interestingly, 

the vesicle fusion machinery appears to be more amenable to loss and duplication events, 

suggesting that there is more flexibility and therefore evolvability at this step of membrane 

trafficking.   

There are also lineage-specific expansions that are likely to be functionally relevant, such 

as COPII in the haptophytes, which make large scales in Golgi-derived vesicles. An expansion of 

HOPS and CORVET machinery in Blastocystis may be related to the large central vacuole that 

occupies the majority of the cell’s volume; these factors are not duplicated in the related P. 

lacertae that does not have a central vacuole. Massive expansion of the Rab family of GTPasees 
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in Entamoeba sp. has previously been published, and yet little is known of their cellular 

functions.460 However, this finding mirrors the large Rab expansion in the human parasite 

Trichomonas vaginalis, which has a complement exceeding multicellular animals and plants.722 

So what can be made of the highly expanded secretory machinery in both N. fowleri and N. 

gruberi, which includes duplications of SyntaxinPM, VAMP-like proteins, and Exocyst? Perhaps 

they are related to novel function in the TGN-plasma membrane secretory pathway. These 

duplicates are found in both N. fowleri and N. gruberi, while they are not significantly 

differentially expressed in highly pathogenic N. fowleri, this does not preclude them from being 

involved in pathogenesis. SyntaxinPM duplications are typically lineage-specific, and have 

occurred independently in humans and plants.246,723,724 It has been suggested that for both 

lineages, SNARE duplications play a role in the development of multicellularity. Multiple 

SyntaxinPM and VAMP-like proteins are found in all the organisms studied in this thesis, 

implying that SNARE subfamily expansions are not solely associated with multicellularity. It 

further raises the question of the complexity of the late secretory landscape in microbial 

eukaryotes, which has yet to be explored.   

 In general, expansions in these pathways strongly suggest that multicellularity is not the 

only evolutionary driver of complexity, and functional work in microbial eukaryotes is necessary 

to explore the functions of these paralogues. 

 

7.3 Similar cellular behaviours with dissimilar underlying biology 

 Work presented in this thesis gives insight into how similar environmental pressures or 

lifestyles can have varying effects on the membrane trafficking systems of different eukaryotes. 

In terms of secretion, both Entamoeba sp. and the haptophytes have lifestyles that involve major 
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secretory events, specifically, encystation and scale secretion. Although cyst formation is a 

common eukaryotic response to adverse environmental conditions, transcriptomics of the 

encystation process pinpoints how the trafficking system supports this process. Haptophytes are 

not the only scale-secreting eukaryotes; members of both the Amoebozoa (arcellinids) and 

Rhizaria (euglyphids) secrete scales to form an outer shell. However, these are unrelated to the 

haptophytes, and therefore their mechanisms of scale secretion are not likely to be homologous. 

In comparing the transcriptomic findings of encystation and scale formation, there are clear 

similarities. Genes involved in early secretory processes are up-regulated in both taxa, as are 

endocytic recycling genes. At least in E. huxleyi and G. oceanica, this is concomitant with a 

down-regulation of endolysosomal degradation genes. One possible explanation for this is that 

receptor recycling is a downstream consequence of plasma membrane uptake as a homeostatic 

mechanism, rather than endocytosis as a feeding/environmental sampling mechanism. This is 

further supported by the up-regulation of endocytic genes in the haptophytes.  

One interesting observation regarding the haptophyte genomic and transcriptomic data is 

the relationship between E. huxleyi and G. oceanica. The concatenated gene phylogeny shown 

here as well as work by others suggest that G. oceanica and E. huxleyi are not separate genera, 

but are actually more closely related.545 An analysis of ultrastructure and life cycle show that 

these organisms are remarkably similar. However, their membrane trafficking system 

complements show key differences. While they have retained much of the same machinery, they 

often differ in paralogue number. The most obvious example is a duplication of all subunits of 

the retromer complex in G. oceanica that is not observed in E. huxleyi, although differences in 

paralogue number are found across the trafficking system in these organisms. Furthermore, most 

of the genes that are differentially expressed during biomineralizing conditions are different 
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between the two organisms. Despite this, the end result when focusing on pathways with up-

regulated genes is similar. This raises questions about the closeness of E. huxleyi and G. 

oceanica, the relationship between genotype and phenotype, and the heritability of gene 

expression regulation, among other things. E. huxleyi has been shown to have a pan genome, 

which is thought to be responsible for its success in a wide variety of ocean environments.62 

Assuming a close relationship with G. oceanica, it may be the case that variability is also a 

feature of gene regulation, so long as trafficking pathway dynamics are modulated in a way that 

supports scale formation.  

 In both haptophytes and E. invadens, there are genes that are differentially expressed 

during the secretory events that encode multiple paralogues. This is most obvious in E. invadens, 

where ¼ of the ~400 membrane trafficking genes identified encode multiple paralogues where 

two or more were found in different subclusters. This suggests that both lineages employ 

surprisingly complex regulation of the membrane trafficking system. 

 

7.4 Membrane trafficking system reduction is not a requirement of parasitism, nor is its 

conservation required in free-living taxa 

One of the main questions addressed in this thesis is how the membrane trafficking 

system has been independently sculpted due to the pressures of parasitism and/or host gut 

association. Generally, parasite genomes are associated with streamlining because of the 

advantage it affords in terms of a lower energy requirement for replication. Two examples of this 

are Giardia intestinalis and the microsporidia,68,175,725,726 although as more parasite genomes are 

sequenced, it appears that genome reduction is only one outcome of parasitism. Entamoeba sp. 



 293 

are obligate parasites of animals, and have a relatively complete set of vesicle formation 

machinery, but have lost much of the vesicle fusion machinery that functions at the ER, Golgi, 

and involved in endo-lysosomal degradation. The latter finding was surprising, particularly 

because phagocytosis is a key mechanism of pathogenesis for Entamoeba.727 This raises the 

question of how much novelty exists in the membrane trafficking systems of parasites; either in 

the sense of a homologous membrane trafficking protein that has diverged in sequence and 

function to the extent that it is not retrievable using even sensitive homology searching methods, 

or in the sense of truly novel factors that work in place of or interact with canonical trafficking 

proteins. In the case of the former, there is little that can be done to identify highly divergent 

sequences using informatics methods. However, both issues can be addressed by functional work 

in microbial eukaryotes, which again reinforces the importance of using both cell biological and 

in silico techniques together to inform our understanding of membrane trafficking function. 

Novelty has been previously shown to be a feature of the membrane trafficking system of 

trypanosomes. In T. brucei, clathrin-mediated endocytosis occurs in the absence of the AP2 

complex, due to the presence of novel, lineage-specific clathrin-interacting proteins called 

TbCAPs.183 This is likely to also be the case in Blastocystis sp., which lacks almost all of the 

canonical autophagy machinery likely to be necessary for this process. Despite this, evidence of 

autophagosome biogenesis (albeit in the central vacuole)486 suggests that this process occurs, and 

possibly with the help of lineage-specific factors. Lineage-specific adaptation may not only be a 

feature of parasites; any organism with membrane trafficking system losses could compensate 

for them in this way. The haptophytes are a likely candidate for this, as they are free-living, but 

have membrane trafficking system complement losses on par with apicomplexan intracellular 

parasites. They also have novel alpha and gamma adaptin ear proteins, as shown in this thesis. 
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While their function is unknown, they are likely haptophyte-specific. Even now, ancient 

membrane trafficking factors are still being discovered,144,147,199 suggesting that there is still 

much to be learnt about general trafficking biology, let alone novel factors. This necessitates cell 

biological work in diverse model systems to identify both pan-eukaryotic and lineage-specific 

trafficking factors that are currently unknown. 

Entamoeba, Blastocystis sp., and P. lacertae are all obligate gut endobionts, yet 

Blastocystis sp. and P. lacertae have remarkably complete membrane trafficking systems. Unlike 

in Entamoeba spp., SNAREs and MTCs are generally present in Blastocystis sp. and P. lacertae, 

and have undergone gene duplication events. This again supports the idea that reduction and 

simplification are not de facto qualities of parasite genomes. It also implies that similar 

environmental pressures (low oxygen, obligatory gut association) will not necessarily have the 

same selective effect on the evolution of two different organisms. One reason for this may be 

pre-adaptation; changes in trafficking machinery that pre-date the transition to parasitism. 

Unfortunately, there is no published genome of a close free-living sister taxon to Entamoeba, nor 

is there a genome available for C. roenbergensis; both of which would be necessary to determine 

if this is the case. Pre-adaptation has been put forward to explain the evolution of some 

trafficking machinery in the Apicomplexa (e.g. the loss of the exocyst complex).480 Rather than 

being a result of parasitism, it is partially lost in the free-living Perkinsus marinus, and then fully 

lost in the Apicomplexa.480 It is possible that pre-adaptive states (gene losses or gains) are 

common in parasitic genomes, and that reductive pressures are acting on an already-partial 

system, where loss events are then more likely. Again, sequencing more genomes of free-living 

relatives to parasites or other symbiotic eukaryotes may offer more insight into this scenario. 
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7.5 Understanding the biology of N. fowleri: from comparative genomics to 

pathogenicity-associated gene expression  

 It has always been clear that N. fowleri is a free-living amoeba that does not require a 

human host,598 making it all the more curious how it is able to infect humans. N. fowleri and N. 

gruberi are highly similar in gene content, especially in particular systems that were thought to 

be involved in pathogenesis a priori, such as the membrane trafficking system. Because of this, 

comparative genomics alone would likely be insufficient to investigate pathogenesis, and it 

highlights the value of interpreting genomic data together with pathogenesis-associated gene 

expression data. Lysosomal function appears to be a key feature of pathogenesis, specifically 

cysteine protease production. At least one cysteine protease has been shown to be a secreted, 

tissue-degrading pathogenicity factor,354,609 raising the possibility that more of the up-regulated 

cysteine proteases identified in this thesis are also secreted.  

Other groups have identified factors such as the saposins as pathogenicity 

factors,675,676,679,680 which were also retrieved in the differential expression analysis of this thesis. 

However, these proteins are also found in N. gruberi, and both harmless and parasitic eukaryotes 

across the tree. This is a common theme of potential pathogenicity factors in N. fowleri; none 

appear to be specific to the pathogen. This suggests several possibilities for what drives 

pathogenicity by this organism, which are not mutually exclusive. First, one or more 

pathogenicity factors may be uncharacterized proteins that are up-regulated during pathogenesis, 

with no conserved domains or other identifying information. Second, gene regulation differences 

between N. fowleri and N. gruberi may be responsible for permitting N. fowleri infection, for 

example, N. fowleri may have a higher base level of expression of a cell surface glycoprotein that 

improves adhesion when water is taken up into the nose, thus allowing it to infect. Third, 
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thermotolerance in N. fowleri may be key to infection, as N. gruberi is not able to survive at a 

host’s body temperature. However, in vitro pathogenicity experiments show that this is not the 

only barrier to infection, as N. gruberi cannot kill tissue culture cells. These are only a few 

potential explanations for differences in pathogenesis, and in reality, it is likely a combination of 

these and other factors that allow N. fowleri to infect a host, and even become better at infecting 

hosts through multiple passages.  

Although no “one true” pathogenicity factor could be identified, studying the 

transcriptomic response associated with pathogenesis has afforded insight into this process from 

a cell biological perspective. It allowed for hypotheses to be tested (e.g. is pathogenicity related 

to a stress response?), and generated a list of gene targets that can now be explored using cell 

biological techniques. The genomes of N. fowleri and N. gruberi were also invaluable, as they 

helped narrow the focus of pathogenicity question by ruling out those that are not likely to be 

explanations for pathogenicity. These datasets have generated a great deal of material to be 

explored, and they now serve to inform further cell biological work to understand how N. fowleri 

is so deadly. 

 

7.6 Using comparative genomics and transcriptomics as a foundation for cell biological 

work in Naegleria 

The final experiments to visualize the Golgi body in N. gruberi are the first functional 

studies of Naegleria membrane trafficking biology. From the analysis of the membrane 

trafficking system, it is clear that Naegleria encodes a highly conserved, LECA-like complement 

of trafficking machinery. The next step in understanding membrane trafficking in eukaryotes is 
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to address the problem of asymmetry; that much of our understanding comes from three model 

systems, two of which are within the same supergroup. While membrane trafficking has been 

studied in the related trypanosomatids, their parasitic lifestyle has left them with some membrane 

trafficking system adaptations. N. gruberi is easy to culture and manipulate, and provides another 

sampling point in this supergroup with a more conventional membrane trafficking complement. 

The work in this thesis lays the foundation for future cell biological work in the previously 

unexplored Naegleria, and its development as a new model system.   

 

7.7 Final Thoughts 

This thesis dealt primarily with the evolution of the membrane trafficking system in 

diverse eukaryotes. From both the analyses presented here and those by others, it seems very 

likely that there are aspects of membrane trafficking biology that are still undiscovered. While 

the basics of membrane trafficking function have been mapped out, the discoveries from our lab 

alone of TSET, AP5, and ArfGAPC2 proteins in only the last decade are reminders that we 

probably still do not have the full membrane trafficking story. TSET and ArfGAPC2, 

particularly, are reduced in or lost from opisthokonts, and are an example of a consequence of 

the ‘asymmetry problem’ caused by our focus on animal and yeast cell biology. Another recent 

example is that of the tepsins, which are accessory proteins of AP4.728 Tepsins were at first 

thought to be animal-specific, but have recently been shown to be present across eukaryotes.729 

Further development of non-opisthokont model systems will be key to addressing the relative 

disparity in data contributing to our understanding of general eukaryotic cell biology. Another 

aspect of membrane trafficking biology that is worthy of future study is the evolution of lineage-

specific losses, duplications or novelty, particularly when these features have arisen 
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independently in different taxa (e.g. adaptin ear domain proteins in haptophytes and GGA 

proteins in opisthokonts). 

Traditionally, comparative genomics has relied on the use of complete genomes to make 

confident assessments of protein presence and absence. However, there is a wealth of 

transcriptomic data available through projects such as MMETSP (Marine Microbial Eukaryote 

Transcriptome Sequencing Project), which is largely unexplored with regard to comparative 

genomics of membrane trafficking. While transcriptomic datasets are likely not complete 

representations of the coding content of a genome, they offer a distinct advantage to genomes. 

Often, they are the first source of sequence data published for many organisms, as transcriptome 

assembly is less resource-consuming than genome assembly. This is particularly true for the 

Amoebozoa, in which nine species have associated transcriptomic data through MMETSP, but 

only a handful of fully sequenced genomes. These additional sequence data can help improve 

taxonomic sampling in key areas with few representative genomes, much as expressed sequence 

tag (EST) datasets did when sequencing a single genome was a major technical effort. While full 

genomes should remain the gold standard for making statements about gene presence and 

absence, the potential of transcriptomic data also should not be overlooked.  

This raises the question of the future of microbial –omics in an era of inexpensive 

sequencing and incredible computational power. In addition to large-scale transcriptome 

sequencing projects, single cell genomic and transcriptomic sequencing is poised to become a 

powerful sequencing tool. Rather than averaging population data across supposedly homogenous 

cultures, single cell sequencing has the potential to give insight into diversity at the cellular level 

and a high-resolution look at population dynamics. However, –omics data are only one part of 

the story. No matter the volume or sophistication of in silico data generated, integration with 
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functional work is – and will continue to be – critical for understanding the biology of microbial 

eukaryotes. 

 When I began contributing to this field in 2009, there were still major gaps in sequenced 

genome representatives across the tree of eukaryotes. I have helped to fill some of those gaps, in 

analyzing the membrane trafficking systems of the first sequenced rhizarian organism, 

Bigelowiella natans, the first sequenced cryptophyte, Guillardia theta, and the first sequenced 

haptophyte, Emiliania huxleyi.46,62 At this point, the focus of genome sequencing was shifting 

towards asking questions about eukaryotes with unique biology, which often included the 

synthesis of multiple types of –omics data to further inform our understanding of specialized 

cellular processes. As described in this thesis, my work has contributed to our understanding of 

the enigmatic parasite Blastocystis sp.,466 the process of encystation in Entamoeba spp.,501 and 

coccolith secretion in the haptophytes. Although it was not presented here, I analysed part of the 

membrane trafficking system of Monocercomonoides sp., the first eukaryote shown to 

completely lack any remnant of a mitochondrion.66 Outside of genome projects, I have also 

focused my research on specific aspects of the membrane trafficking system, and investigated 

their evolution across eukaryotes. This has included studying the evolution of the various 

retromer cargo proteins across eukaryotes,196 and a comprehensive analysis of the evolution of 

the Vps9 family of Rab GEF proteins (Herman et al. in preparation). My work has also included 

an analysis of the unfolded protein response in eukaryotes.  

The work compiled herein is a major contribution to our understanding of the 

neuropathogenic amoeba Naegleria fowleri. In the decades since N. fowleri’s discovery, efforts 

have been made by a handful of labs to identify pathogenicity factors. Almost all of those found 

to date have been secreted or surface molecules, and despite these advances, the biology of N. 
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fowleri pathogenesis remained a ‘black box’. The work presented in this thesis is the first look at 

the overall gene expression program associated with selection for enhanced pathogenesis, 

revealing how many cellular processes are affected by or involved in pathogenesis. Importantly, 

this work has generated a long list of targets that can be functionally studied and potentially 

exploited therapeutically. Studying these factors further requires a closely related model 

organism. To this end, I aided in the molecular biological work to assess the cellular landscape of 

the non-pathogenic Naegleria gruberi, starting with localization of three markers of membrane 

trafficking system components. Although this work is foundational, it is a first step in 

establishing N. gruberi as a model system. 

Overall, my work represents a major contribution to understanding the evolution of the 

membrane trafficking system across eukaryotes, and understanding the biology of pathogenesis 

in a deadly amoeba.  
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Supplementary Figures S3.1-3.15. Phylogenetic analyses used to classify paralogous 

families of membrane trafficking machinery in Blastocystis sp., P. lacertae, and C. 

roenbergensis. Node values indicating statistical support are listed as 

MrBAYES/Phylobayes/RAxML (posterior probability/posterior probability/bootstrap) for all 

trees except Supplementary Figure S3.6 (Vps24 family tree), which has 

MrBAYES/PhyML/RAxML values (posterior probability/bootstrap/bootstrap). The best 

Bayesian topology is shown with support values or symbols shown on the nodes. Important 

clades are boxed or shaded. Circles rather than node values indicate that the node has the 

minimum support shown in the legend. For SNARE and TBC family trees (Supplementary 

Figure S3.11-S3.14), support values are only given for major clades for legibility. Dashes instead 

of node values indicate clades that were not recovered using that method. Blastocystis sp. 

sequences are marked with a red asterisk, P. lacterae sequences are marked with a green asterisk, 

and C. roenbergensis sequences are marked with a blue asterisk. Circle size differences are for 

legibility only; they are not related to phylogeny quality. In the TBC tree (Supplementary Figure 

S3.14), sequence names are colour-coded with the above scheme for readability.  

 Consensus phylogenies were used to classify the following Blastocystis sp., P. lacertae, 

and C. roenbergensis sequences: S3.1, TSPOON; S3.2, TCUP sequences; S3.3, TSAUCER; 

S3.4, TTRAY1 and TTRAY2; S3.5, adaptin γ/α/δ/ε/ζ subunits; S3.6, adaptin β subunits; S3.7, 

adaptin µ subunits; S3.8, adaptin σ subunits; S3.9, Vps60, Vps20, Vps32; S3.10, Vps2, Vps24, 

Vps46; S3.11, Qa SNAREs; S3.12, Qb SNAREs; S3.13, Qc SNAREs; S3.14 TBC RabGAPs; 

S3.15, ArfGAPs. Accessions for sequences found in the trees and tree metadata are found in 

Online Appendix Table 3.3 
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Supplementary Figure S3.1 
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Supplementary Figure S3.2  
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Supplementary Figure S3.3 
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Supplementary Figure S3.4 
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Supplementary Figure S3.5 

0.99/0.99/100
0.95/0.95/80
0.80/0.80/50

AP4E
1.00/1.00/100

AP1G
1.00/1.00/100

AP2A
1.00/0.99/100

AP3D
1.00/1.00/100

*

*

*
*

*

*

*

*

*
*

*

*

*

*

*

*

*

*



 356 

 

Supplementary Figure S3.6 
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Supplementary Figure S3.7 
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Supplementary Figure S3.8 
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Supplementary Figure S3.9 
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Supplementary Figure S3.10 
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Supplementary Figure S3.11 
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Supplementary Figure S3.12 
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Supplementary Figure S3.13 
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Supplementary Figure S3.14 
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Supplementary Figure S3.15 
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Supplementary Figures S4.1-S4.4. Phylogenetic analyses used to classify paralogous 

families of membrane trafficking machinery in Entamoeba. Node values indicating statistical 

support are listed as MrBAYES/Phylobayes/RAxML (posterior probability/posterior 

probability/bootstrap), or as circles indicating the minimum level of support for that node. Nodes 

without values do not have significant support in one or more phylogeny. The best Bayesian 

topology (MrBAYES) is shown with node values from all three methods. Tree metadata are 

found in Online Appendix 4.4.  

Consensus phylogenies were used to classify the following Entamoeba sp. sequences: 

S4.1, ArfGAPs; S4.2, adaptin γ/α/δ/ε/ζ subunits; S4.3, Vps60, Vps20, Vps32; S4.4, Qc SNAREs. 
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Supplementary Figure S4.1 
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Supplementary Figure S4.2 
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Supplementary Figure S4.3 
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Supplementary Figure S4.4 
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Online Appendix Figures 4.1-4.10. Phylogenetic analysis of Arf and Rab GTPase proteins 

and their GAP and GEF regulators. This figure compilation contains MrBAYES, Phylobayes, 

and RAxML trees used to determine orthology between E. invadens and E. histolytica sequences. 

All node values are given for each tree: MrBAYES and Phylobayes values are posterior 

probabilities and RAxML values are bootstrap values. Tree metadata are found in Online 

Appendix Table 4.4. Online Appendix Figures 4.1-4.2 were used to classify Entamoeba sp. TBC 

RabGAP sequences, 4.3-4.5 were used to classify ArfGEF sequences, 4.6-4.8 were used to 

classify DENN domain-containing RabGEF sequences, and 4.9-4.10 were used to classify 

ArfGAP sequences.  
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Supplementary Figure S5.1. Concatenated gene phylogeny of six genes to infer haptophyte 

evolution. This phylogeny is based on the dataset used to generate the tree in Figure 5.1, with 

three genes removed based on their individual gene trees. Node values indicating statistical 

support are listed as MrBAYES/Phylobayes/RAxML (posterior probability/posterior 

probability/bootstrap), and the tree is rooted on the C. tobin sequence, as it is the known 

outgroup to the Isochrysidales. Node values are shown on the best Bayesian topology. G. 

oceanica groups within a larger clade of E. huxleyi strains, although the internal topology of this 

clade is not well-supported. 
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Supplementary Figure S5.2. Concatenated gene phylogeny of nine genes to infer 

haptophyte evolution. This phylogeny is based on the dataset used to generate the tree in Figure 

5.1, with two genes removed that do not have orthologues in C. tobin. Node values indicating 

statistical support are listed as MrBAYES/Phylobayes/RAxML (posterior probability/posterior 

probability/bootstrap), and the tree is rooted on the C. tobin sequence, as it is the known 

outgroup to the Isochrysidales. Node values are shown on the best Bayesian topology. G. 

oceanica groups within a larger clade of E. huxleyi strains, although the internal topology of this 

clade is not well-supported. 
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Supplementary Figure S5.3. Phylogenetic classification of Qa SNAREs in the haptophytes. 

E. huxleyi CCMP1516, G. oceanica, and I. galbana Qa SNAREs are included with previously 

characterized sequences from H. sapiens and A. thaliana. C. tobin sequences were classified 

based on similarity to the sequences classified here.  Node values are listed as 

Phylobayes/RAxML (posterior probability/bootstrap) for critical nodes, while symbols indicate 

nodes with a minimum level of support shown in the inset. Node values are shown on the best 

Bayesian topology. Important clades are boxed. 
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Supplementary Figure S5.4. Phylogenetic classification of Qb SNAREs in the haptophytes. 

E. huxleyi CCMP1516, G. oceanica, and I. galbana Qb SNAREs are included with previously 

characterized sequences from H. sapiens and A. thaliana. C. tobin sequences were classified 

based on similarity to the sequences classified here. Node values are listed as 

Phylobayes/RAxML (posterior probability/bootstrap) for critical nodes, while symbols indicate 

nodes with a minimum level of support shown in the inset. Node values are shown on the best 

Bayesian topology. Important clades are boxed. 
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Supplementary Figure S5.4 
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Supplementary Figure S5.5. Phylogenetic classification of Qc SNAREs in the haptophytes. 

E. huxleyi CCMP1516, G. oceanica, and I. galbana Qc SNAREs are included with previously 

characterized sequences from H. sapiens and A. thaliana. C. tobin sequences were classified 

based on similarity to the sequences classified here. Node values are listed as 

Phylobayes/RAxML (posterior probability/bootstrap) for critical nodes, while symbols indicate 

nodes with a minimum level of support shown in the inset. Node values are shown on the best 

Bayesian topology. Important clades are boxed. 
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Supplementary Figure S5.5 
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Supplementary Figure S5.6. Phylogenetic classification of R SNAREs in the haptophytes. E. 

huxleyi CCMP1516, G. oceanica, and I. galbana R SNAREs are included with previously 

characterized sequences from H. sapiens and A. thaliana. C. tobin sequences were classified 

based on similarity to the sequences classified here.  Node values are listed as 

Phylobayes/RAxML (posterior probability/bootstrap) for critical nodes, while symbols indicate 

nodes with a minimum level of support shown in the inset. Node values are shown on the best 

Bayesian topology. Important clades are boxed. 
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Supplementary Figure S5.7. Phylogenetic classification of ArfGAPs in the haptophytes. E. 

huxleyi CCMP1516, G. oceanica, I. galbana, and C. tobin sequences are included with 

previously characterized sequences from H. sapiens and A. thaliana. Node values are listed as 

Phylobayes/RAxML (posterior probability/bootstrap) for critical nodes only. Node values are 

shown on the best Bayesian topology. Clades are boxed. A clade containing ArfGAP1 and 

ArfGAP2/3 sequences is shaded. One sequence (EhUnkn1) was shown to be an SMAP 

homologue in the Schlacht et al. (2013)199 classification of eukaryotic ArfGAPs, and therefore is 

used to label this clade.  
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Supplementary Figure S5.7 
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Supplementary Figure S5.8. Phylogenetic classification of ArfGEFs in the haptophytes. E. 

huxleyi CCMP1516, G. oceanica, I. galbana, and C. tobin sequences are included with 

previously characterized sequences from H. sapiens and A. thaliana. Node values are listed as 

Phylobayes/RAxML (posterior probability/bootstrap) for critical nodes, while symbols indicate 

nodes with a minimum level of support shown in the inset. Node values are shown on the best 

Bayesian topology. Two large clades are apparent; one with BIG/GBF-like sequences and one 

with cytohesin-like sequences. 
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Supplementary Figure S5.8 

0.0

GoBIG1e

IgCytb

IgBIG1a

IgBIG1b

AtGBF1

HsCyt2

EhBIG1a

HsGBF1

GoBIG1a

AtBIG1

HsCyt3

EhCytc

IgCyta

GoCytd

GoGBF1

GoCyta

EhCyte

EhBIG1b

GoBIG1b

HsBIG1a

HsCyt4

AtBIG2

GoCyte

EhCytd

EhCyta
GoCytb

EhGBF1a

HsBIG1b

GoBIG1c

EhGBF1b

HsCyt1

GoCytc

GoBIG1d

IgGBF1

EhCytb

0.9/50

0.98/64

0.87/26

0.99/99
0.95/80
0.80/50



 390 

 

 

 

 

 

Supplementary Figure S5.9. Phylogenetic classification of TBC RabGAPs in the 

haptophytes. E. huxleyi CCMP1516, G. oceanica, I. galbana, and C. tobin sequences are 

included with previously characterized sequences from H. sapiens, A. thaliana, N. gruberi, T. 

brucei, and S. cerevisiae. Node values are listed as MrBAYES/RAxML (posterior 

probability/bootstrap) only for critical nodes for readability. Node values are shown on the best 

Bayesian topology. 
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Supplementary Figure S6.1. Genomic alignment of three strains of Trypanosoma brucei. 

Mauve output showing synteny between T. brucei gambiense (top), T. brucei 927 (middle), and 

T. brucei Lister (bottom). Coloured blocks indicate regions of contiguous sequence on each 

strand (upper versus lower blocks). Lines connecting blocks between each genome show the 

extent of sequence rearrangement in the three strains. Red vertical lines delineate contigs or 

scaffolds. 
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Supplementary Figure S6.1 
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Supplementary Figure S6.2. Genomic alignment of three species of Saccharomyces. Mauve 

output showing synteny between S. uvarum (top), S. cerevisiae (middle), and S. castelli (bottom). 

Coloured blocks indicate regions of contiguous sequence on each strand (upper versus lower 

blocks). Lines connecting blocks between each genome show the extent of sequence 

rearrangement in the three strains. Red vertical lines delineate contigs or scaffolds. 
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Supplementary Figure S6.2 
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Supplementary Figure S6.3. Consensus phylogeny of Qa SNAREs in Naegleria sp. N. 

fowleri V212 and N. gruberi sequences are classified using previously characterized sequences 

from H. sapiens and T. brucei. Node values are listed as MrBAYES/Phylobayes/RAxML 

(posterior probability/posterior probability/bootstrap) for critical nodes, and as shown in the 

inset.  
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Supplementary Figure S6.4. Consensus phylogeny of Qb SNAREs in Naegleria sp. N. 

fowleri V212 and N. gruberi sequences are classified using previously characterized sequences 

from H. sapiens, A. thaliana and T. brucei. Node values are listed as 

MrBAYES/Phylobayes/RAxML (posterior probability/posterior probability/bootstrap) for 

critical nodes, and as shown in the inset.  
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Supplementary Figure S6.5. Consensus phylogeny of Qc SNAREs in Naegleria sp. N. 

fowleri V212 and N. gruberi sequences are classified with other eukaryotic Qc SNAREs from a 

variety of taxa. Node values are listed as MrBAYES/Phylobayes/RAxML (posterior 

probability/posterior probability/bootstrap) for critical nodes, and as shown in the inset.  
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Supplementary Figure S6.6. RAxML phylogeny of ArfGAPs in Naegleria sp. N. fowleri 

V212 and N. gruberi sequences are classified using previously characterized sequences from H. 

sapiens, S. cerevisiae, and A. thaliana sequences. Bootstrap values are given for all nodes. 
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Supplementary Figure S6.7. Consensus phylogeny of TBC RabGAPs in Naegleria sp. N. 

fowleri V212 and N. gruberi TBC sequences are classified using previously characterized 

sequences from Gabernet-Castello et al. (2013).330 Node values are listed as 

MrBAYES/Phylobayes/RAxML (posterior probability/posterior probability/bootstrap) for 

critical nodes, and as shown in the inset, and important clades are boxed. 
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1The accession given for homologues of RNAs is that of the entire N. gruberi mitochondrial 
genome (NC_002573). Percent identity was calculated with respect to the sequence feature with 
a corresponding annotation. For protein-coding genes, the accession numbers of the N. gruberi 
homologues are given. 2In relation to the N. gruberi orthologue. 

 
 

Rpl14
Ribosom

al protein L14
N

P_066524
28440/28445

28811/28816
372

372
100

2.00E-65
82

N
/A

N
/A

Rpl5
Ribosom

al protein L5
N

P_066525
28822/28817

29397/29395
576

579
99

3.00E-73
63

N
/A

N
/A

Rps14
Ribosom

al protein S14
N

P_066526
29397/29395

29693/29691
297

297
100

7.00E-31
56

N
/A

N
/A

Rps8
Ribosom

al protein S8
N

P_066527
29698/29704

30108/30129
411

426
96

1.00E-43
50

N
/A

N
/A

Rpl6
Ribosom

al protein L6
N

P_066528
30118/30134

30603/30634
486

501
94

4.00E-54
57

N
/A

N
/A

Rps11
Ribosom

al protein S11
N

P_066529
30604/30636

32274/32417
1671

1782
94

3.00E-150
46

N
/A

N
/A

Rps13
Ribosom

al protein S13
N

P_066530
32264/32380

32728/32871
465

492
95

1.00E-56
65

N
/A

N
/A

N
ad4

N
A

D
H

 dehydrogenase subunit 4
N

P_066531
32748/32889

34136/34313
1389

1425
97

0
77

N
/A

N
/A

YejU
A

BC transporter subunit
N

P_066532
34137/34318

34784/34950
648

633
102

5.00E-10
45

N
/A

N
/A

N
ad2

N
A

D
H

 dehydrogenase subunit 2
N

P_066533
34785/34969

36263/36447
1479

1479
100

9.00E-178
60

N
/A

N
/A

Ser tRN
A

Serine tRN
A

N
C_002573

36303/36559
36377/36633

75
75

100
N

/A
93

42.59
N

/A
ATP6

ATP synthase F0 subunit 6
N

P_066534
36420/36666

37163/37418
744

753
99

5.00E-131
80

N
/A

N
/A

N
ad3

N
A

D
H

 dehydrogenase subunit 3
N

P_066535
37187/37443

37549/37805
363

323
100

7.00E-73
87

N
/A

N
/A

Cox2
Cytochrom

e c oxidase subunit 2
N

P_066536
37689/37967

38546/38812
858

846
101

0
89

N
/A

N
/A

O
rf504

O
rf 504

N
P_066537

38636/38895
40219/40409

1584
1515

105
9.00E-177

50
N

/A
N

/A
Ser tRN

A
Serine tRN

A
N

C_002573
40243/40428

40316/40501
74

74
100

N
/A

86
64.91

N
/A

N
ad7

N
A

D
H

 dehydrogenase subunit 7
N

P_066538
40370/40546

41557/41733
1188

1188
100

0
91

N
/A

N
/A

Ile tRN
A

Isoleucine tRN
A

N
C_002573

41557/41981
41629/42053

73
73

100
N

/A
89

76.42
N

/A
yejR

H
aem

 lyase
N

P_066539
41636/42054

43024/43478
1389

1425
97

3.00E-46
41

N
/A

N
/A

Tyr tRN
A

Tyrosine tRN
A

N
C_002573

43056/43506
43138/43588

83
83

100
N

/A
90

73.27
N

/A
Y

m
f16

SecY-independent transporter protein
N

P_066540
43404/43856

44192/44650
789

795
99

4.00E-24
39

N
/A

N
/A

Ser tRN
A

Serine tRN
A

N
C_002573

44210/44662
44283/44736

74
75

99
N

/A
91

55.66
N

/A
Leu tRN

A
Leucine tRN

A
N

C_002573
44289/44740

44370/44821
82

82
100

N
/A

87
57.85

N
/A

A
sp tRN

A
A

spartic acid tRN
A

N
C_002573

44374/44824
44447/44896

74
73

101
N

/A
96

74.55
N

/A
Leu tRN

A
Leucine tRN

A
N

C_002573
44555/44910

44535/44992
81

83
98

N
/A

95
61.14

N
/A

Rps4
Ribosom

al protein S4
N

P_066541
44566/45022

45897/46470
1332

1449
92

1.00E-78
45

N
/A

N
/A

M
et tRN

A
M

ethionine tRN
A

N
C_002573

45905/46495
45976/46566

72
72

100
N

/A
93

69.23
N

/A
ATP9

ATP synthase F0 subunit 9
N

P_066542
46047/46636

46265/46854
219

219
100

4.00E-45
99

N
/A

N
/A

Lys tRN
A

Lysine tRN
A

N
C_002573

46288/46947
46360/47019

73
73

100
N

/A
90

82.19
N

/A
M

et tRN
A

M
ethionine tRN

A
N

C_002573
46367/47022

46438/47093
72

72
100

N
/A

89
71.01

N
/A

A
rg tRN

A
A

rginine tRN
A

N
C_002573

46970/47161
47042/47233

73
73

100
N

/A
96

66.09
N

/A
N

ad9
N

A
D

H
 dehydrogenase subunit 9

N
P_066543

47070/47267
47627/47827

588
561

105
5.00E-103

75
N

/A
N

/A
G

lu tRN
A

G
lutam

ic acid tRN
A

N
C_002573

47662/47858
47734/47930

73
73

100
N

/A
93

54.27
N

/A
Rns

Sm
all subunit rRN

A
N

C_002573
47889/48138

49451/49716
1563

1579
99

N
/A

87
N

/A
589.4



 409 

Supplementary Table ST6.2. Read mapping rate of N. fowleri LEE samples to N. fowleri 
V212 predicted proteins 
 
Sample Read pair mapping rate (to predicted genes) 
AX1 61.7% concordant pair alignment rate 
AX2 58.7% concordant pair alignment rate 
AX3 58.4% concordant pair alignment rate 
MP2 55.3% concordant pair alignment rate 
MP3 61.6% concordant pair alignment rate 
MP4 66.3% concordant pair alignment rate 
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Supplementary Table ST6.3. Base frequencies for RDAKTTTYHGKWGTT motif found 
upstream of lysosomal genes up-regulated in highly pathogenic N. fowleri 

 
A C G T 

R 0.45 0.05 0.5 0 
D 0.4 0 0.4 0.2 
A 0.65 0 0.2 0.15 
K 0 0 0.55 0.45 
T 0 0 0 1 
T 0.05 0 0.15 0.8 
T 0 0 0.25 0.75 
Y 0.05 0.35 0 0.6 
H 0.2 0.4 0 0.4 
G 0.2 0.1 0.6 0.1 
K 0.05 0.05 0.5 0.4 
W 0.35 0 0 0.65 
G 0 0 0.85 0.15 
T 0.1 0.1 0 0.8 
T 0 0.1 0 0.9 

 

letter-probability matrix: alength= 4 w= 15 nsites= 20 E= 1.0e-005 
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Online Appendices 

 

Due to space and formatting considerations, some supplementary information is found in Online 
Appendices, which can be accessed at the following link at this time. 

Online Appendices Google Drive 


