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ABSTRACT 

Many different classes of non-coding (nc)RNAs are found in species throughout the tree of 

life, each of which performs important cellular functions. The objective of my thesis was 

to identify and characterize ncRNAs and their associated protein complexes, with particular 

focus on small nucleolar RNAs (snoRNA), in unicellular eukaryotes whose genomes have 

undergone significant reduction or expansion. To do this I utilized the unicellular 

eukaryotes Giardia lamblia, Giardia muris and Euglena gracilis. A diRNP containing 

RNase P and snoRNA domains that targets tRNAMet -O-methylation and the U3 

snoRNA were discovered and characterized in two Giardia species. Unique 

binding/assembly properties were determined for C/D snoRNP proteins in G. lamblia. A 

large collection of E. gracilis snoRNAs were discovered leading to a better understanding 

-guide snoRNA structure and evolution. These findings highlight the diversity of 

ncRNA features that exist in less well studied eukaryotic species, and their unique 

functions. 
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Chapter 1: Introduction 

1.1 Discovery of non-coding RNAs 

The discovery of DNA as the genetic material of inheritance by Avery, MacLeod and 

McCarty and subsequent unraveling of its structure by Crick, Watson and Franklin began a 

revolution in molecular genetics (Avery et al. 1944; Watson and Crick 1953). These discoveries 

generated great interest in understanding the flow of genetic information resulting in the discovery 

of messenger RNA (mRNA) and its central role in protein production (Crick 1958). The idea that 

information flows from DNA to mRNA to protein was later coined the “Central Dogma of 

Molecular Biology” by Francis Crick (Crick 1970). It was also during this period that the cellular 

machinery required for interpreting the mRNA message to produce proteins was discovered. 

Initially described as small granules found attached to the endoplasmic reticulum (ER) and called 

microsomes in the 1950s (Palade 1955), the next several decades revealed the ribosome to be a 

large complex comprised of RNA and proteins that is critical for the conversion of the mRNA 

message to a functional protein product. This was the first large ribonucleoprotein (RNP) molecule 

discovered and the first RNA described with a function outside of transferring genetic messages; 

that is, the first non-coding RNA (ncRNA). Only a few years later a second class of ncRNA called 

transfer RNA (tRNA) was discovered (Hoagland et al. 1958). tRNA acts as an adapter molecule, 

ensuring incorporation of the correct amino acid into the nascent polypeptide by the ribosome 

through base-pairs formed between the tRNA anti-codon and mRNA codons. The structure and 

function of ribosomes has since been extensively studied, revealing that not only is the ribosomal 

RNA (rRNA) an important structural component of the ribosome, but is in fact a ribozyme, 

carrying out the catalytic functions of the ribosome (Ban et al. 2000). Prior to this discovery the 

description of other ribozymes including RNase P and self splicing RNAs in Tetrahymena (Kruger 
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et al. 1982; Guerrier-Takada et al. 1983), led Walter Gilbert to propose the “RNA world 

hypothesis” in the 1980s, where he suggested that RNA, which is capable of storing genetic 

information, structural scaffolding, and catalysis, is the progenitor molecule to cellular life, 

predating both DNA and protein (Gilbert 1986). The more recent description of the catalytic role 

of RNAs in eukaryotic intron splicing along with the discovery of other ribozymes lends credence 

to Gilbert’s proposal which highlights the ancient origin of functional non-coding RNAs. While 

the RNA world remains a hot topic of discussion and research, there is no doubt RNA is a far more 

functionally diverse macromolecule than initially appreciated (Fica et al. 2013). These discoveries 

expand the Central Dogma, showing that the flow of information is not so linear. 

Many new classes of ncRNA have been discovered and characterized since the 1950s, 

revealing that tRNA and rRNA are not exceptional cases. As ncRNAs were examined in a greater 

number of species it was determined that many ncRNA classes are conserved across large 

evolutionary distances in diverse phyla. This conservation can range from detection in multiple 

eukaryotic lineages to some ncRNAs that trace back through all three domains of life to the last 

universal common ancestor (LUCA). Further studies showed that ncRNAs are not limited to 

functions of conserved ancient origin, and unique ncRNA classes have emerged relatively recently 

in many lineages, performing more niche roles in small homogenous groups of species. We now 

know that even the most ancient classes of ncRNAs are not monolithic or entirely fixed in their 

function, as individual RNAs of these conserved classes have been found to perform completely 

unique functions, distinct from other members of the same class. These discoveries show the 

versatility and adaptability of ncRNAs to function as major drivers of cellular function and serve 

as playgrounds for valuable evolutionary innovation.  
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1.1.1 Functions of non-coding RNAs   

Classes of ncRNAs that are conserved across species can consist of a single RNA with a 

conserved function that acts on one or more target (e.g. RNase P), several RNAs that each perform 

unique functions as part of a pathway (e.g. small nuclear RNAs), or multiple RNAs that perform 

the same function on many different targets (e.g. small nucleolar RNAs). Depending on the 

species, the number of RNAs belonging to a given ncRNA class can also vary significantly. 

NcRNAs are found in a broad range of sizes from <20 to thousands of nucleotides in length and 

display a diverse spectrum of functions. NcRNAs are present throughout the three domains of life; 

however, the majority of well-conserved ncRNA classes described to date are found in eukaryotes. 

This is likely due in part to typically higher chromosomal DNA content but a significantly lower 

proportion of protein coding DNA, and historically a more significant focus has been placed on 

the study eukaryotic ncRNAs (Figure 1.1). Regardless, current data shows that from the processing 

and modification of precursor rRNA (pre-rRNA) to post-transcriptional regulation of gene 

expression it has become increasingly clear that few conserved cellular processes are untouched 

by ncRNAs. Below, key features and functions for some of these important ncRNA classes are 

described.  
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Figure 1.1. Conservation of ncRNA classes in the three domains of life. The three major 
domains and relevant domain subgroups are labeled in black. ncRNA classes are labeled in colour 
according to their most prominent cellular function.  

Some of the most well-conserved ncRNAs are those consisting of single RNAs that 

predominantly perform one known essential function. Conserved in all three domains of life, 

-tRNAs during 

maturation (Esakova and Krasilnikov 2010; Altman 2011).  RNase P RNPs are made up of a single 

RNA and a collection of core proteins, ranging from one protein in bacteria to ten in some

eukaryotes (Guerrier-Takada, et al. 1983; Altman 2011). Bacterial, archaeal, and eukaryotic RNase 

P RNAs (RPR) are ribozymes capable of catalysis in the absence of their respective protein 

partners, albeit at significantly lower specificity and catalytic efficiency (Guerrier-Takada, et al. 

1983; Pannucci et al. 1999; Kikovska et al. 2007). During evolution (i.e. from bacteria to archaea 

to eukaryotes), RPRs became less efficient catalysts, showing increased reliance on protein 

components (Altman 2011). The evolutionarily-related RNase MRP is highly similar to RNase P 
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in both RNA structure and protein composition, sharing the same set of core proteins and two 

additional RNase MRP specific proteins Snm1 and Rmp1 (Schmitt and Clayton 1993; Lygerou et 

al. 1996; Lindahl et al. 2009; Esakova and Krasilnikov 2010; Lan et al. 2020). However, RNase 

MRP is specific to eukaryotes and primarily functions in the cleavage of pre-rRNA within ITS1 

(cleavage site A3 in yeast) (Chu et al. 1994) CLB2 (Gill et al. 

2004) and CTS1(Aulds et al. 2012) mRNAs in yeast have also been observed, indicating a role in 

cell cycle regulation and potentially an even more diverse target range.   

The 7SL RNA is part of the signal recognition particle (SRP), a universally conserved RNP 

required for co-translational targeting of nascent transmembrane and secretory proteins to the 

endoplasmic reticulum in eukaryotes or plasma membrane in archaea and bacteria (Akopian et al. 

2013). The role of the 7SL RNA within the SRP is still not completely understood, and likely 

varies between bacteria, archaea, and eukaryotes. However, studies show the RNA may act as a 

scaffold for protein assembly and help facilitate interaction and activation of GTPases in both the 

SRP RNP and membrane localized receptor (Gupta et al. 2021). In contrast, the telomerase RNP 

is only conserved throughout eukaryotes where it is responsible for extension of telomeres to 

prevent loss of genetic information at the end of linear chromosomes during DNA replication 

(Musgrove et al. 2018). The telomerase RNA (TER) acts as a binding platform for telomerase 

proteins including the telomerase reverse transcriptase (TERT), but also contains the template 

nucleotide sequence used in directing extension of telomeric DNA (Greider and Blackburn 1989).  

The clearest example of a ncRNA class consisting of a set of highly conserved RNAs acting 

in the same pathway is the small nuclear RNAs (snRNA). Removal of introns from eukaryotic pre-

mRNA is performed by the spliceosome, a ubiquitous multi-megadalton eukaryotic RNP complex 

made up of a set of core snRNPs each nucleated around one of five snRNAs: U1, U2, U4, U5, and 
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U6 (Zhang et al. 2019; Wilkinson et al. 2020). The snRNAs each associate with many protein 

factors and unlike other large RNPs the spliceosome is highly dynamic, with large collections of 

components and even whole snRNPs coming and going throughout the processes of intron removal 

(Wilkinson, et al. 2020). Each snRNA performs an important role in splicing including recognition 

of splice sites and the branch-point sequence of the pre-mRNA (U1, U2, and U6), positioning of 

exons (U5), and splicing catalysis (U6) (Mount et al. 1983; Parker et al. 1987; O'Keefe and 

Newman 1998; Fica, et al. 2013). The U4 snRNA is unique in that its primary role is to chaperone 

U6 prior to its association with the intron and U2 to form the catalytic spliceosome, and it does not 

associate with the intron itself (Bringmann et al. 1984).  

Other classes of ncRNAs are less well-conserved across species but play critical roles in 

the species in which they are found. These RNA classes usually consist of many RNAs that may 

vary in overall sequence and possess different targets but perform the same function and share 

common sequence elements, length, or structural features. For example, three major classes of 

these type of small ncRNAs involved in post-transcriptional regulation of gene expression have 

been described in eukaryotes. In each case the ncRNA guides a nuclease containing RNP to a 

target RNA molecule recognized through varying degrees of base-pairing interactions. 

MicroRNAs (miRNAs) (~18-21 nt) guide RNP complexes to specific mRNAs, targeting them for 

cleavage and degradation or binding to them to induce translational repression (Gebert and 

MacRae 2019). Endogenous small interfering RNAs (siRNA) (~22 nt) are derived from double 

stranded RNA and form RNP complexes with the same machinery as miRNA to direct cleavage 

of RNA targets, but require perfect complementarity in this base-pairing interaction (Okamura and 

Lai 2008). Finally, PIWI-interacting RNAs (piRNA) (24-35 nt) are found exclusively in metazoan 
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germ line cells where they repress transposable genetic elements (transposons) to help maintain 

genome integrity (Hirakata and Siomi 2016).  

An increasing number of long non-coding RNAs (lncRNA), a broadly defined group of 

RNAs >200 nt in length that do not code for a protein product, have been detected in eukaryotes. 

Many lncRNAs have undefined functions, but roles in X-chromosome inactivation (Xist) and 

regulation of chromatin dynamics (HOTAIR) are characterized in mammals (Penny et al. 1996; 

Rinn et al. 2007). CRISPR and trans-activating CRISPR RNAs (crRNA and tracrRNA) have also 

been extensively studied over the last decade (Hille et al. 2018). These RNAs are part of CRISPR-

Cas systems that are natively found in prokaryotes where they form a type of adaptive defense 

system against bacterial plasmid and viral infection. Small RNAs (sRNA) found in bacteria and 

archaea are a broadly defined group of ncRNAs, including anti-sense RNA (asRNA), that 

predominantly function in post-transcriptional gene regulation using a diverse set of mechanisms 

(Wagner and Romby 2015).  

The presence of large amounts of non-coding DNA in many eukaryotic genomes and 

evidence for its transcription, along with the many organisms with unique biology whose genomes 

remain unexplored suggest there may yet be more ncRNA classes with novel functions to be 

discovered.  

1.2 Overview of snoRNAs 

One of the most critical processes in any cell is the production of functional ribosomes, 

which requires the coordination of multiple processing, modification and assembly steps. Small 

nucleolar RNAs (snoRNAs) are a class of ncRNAs named for their discovery and localization in 

the nucleolus, a sub-nuclear membrane-less organelle (MLO) found in the eukaryotic nucleus. 

SnoRNA homologs have also since been identified in archaea indicating the ancient evolutionary 
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origin of these RNAs (Omer et al. 2000). SnoRNAs associate with collections of core proteins to 

form ribonucleoprotein (RNP) complexes that function primarily in the modification and 

processing of pre-rRNA (Reichow et al. 2007; Watkins and Bohnsack 2012). The role of the 

snoRNA is to guide the RNP complex to the correct site of the target RNA, which is achieved 

primarily through Watson-Crick base-pairing interactions between regions of the snoRNA and the 

target RNA. This mechanism allows the same conserved core proteins to specifically target many 

different sites depending on the particular snoRNA in the complex and its unique base-pairing 

(therefore unique guide potential). SnoRNAs are grouped into two distinct classes based on the 

presence of conserved sequence elements. In eukaryotes, box C/D snoRNAs contain evolutionarily 

conserved C (RUGAUGA) and D boxes (CUGA) at their terminal ely and 

 (where R is a purine) (Figure 1.2A). In archaea, 

-conserved and the RNAs are often shorter (Gaspin et al. 

2000; Omer, et al. 2000). H/ACA snoRNAs are most often composed of two stem loop structures 

split by a single-stranded hinge region containing an H box (ANANNA) and tailed by an ACA 

 (where N is any nucleotide) (Figure 1.2B) (Ganot,Caizergues-Ferrer, 

et al. 1997). Archaeal H/ACA RNAs frequently only contain a single stem loop followed by the 

ACA motif, however two and even three-stemmed H/ACA snoRNAs are also found (Tang et al. 

2002; Watkins and Bohnsack 2012).  

-OH group of the ribose 

-O-  nucleotides 

respectively (Figure 1.2C) (Kiss-László et al. 1996). These modifications can be found throughout 

rRNA but appear at higher concentrations in functionally important regions including the peptidyl 

transferase centre (PTC) and mRNA decoding site, adding to ribosome stability through an 
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increase in base stacking and hydrogen bonding potential (Ganot,Bortolin, et al. 1997; Sloan et al. 

2017) -O-Me can also reduce the susceptibility of RNA to nucleolytic degradation. While loss 

of individual modifications often has little effect on cells, examples have been described where 

deletion of a snoRNA(s), leading to loss of the modification, is deleterious (Liang,Liu, et al. 2007; 

Baudin-Baillieu et al. 2009). Importantly, loss of several modifications, especially those that are 

found in clusters, have been shown to have negative effects on translational fidelity and cell 

viability. Intriguing recent evidence has sparked new interest in the idea of ribosome heterogeneity 

(Genuth and Barna 2018). Central to this concept is the idea that collections of ribosomes can 

differ in their protein constituents, protein isoforms, rRNA isoforms, or the modification status of 

individual nucleotides or residues. This can result in specialized ribosomes that may be optimized 

for translation: i) of certain mRNA transcripts, ii) in different cell types in multicellular organisms, 

or iii) under particular conditions (Sloan, et al. 2017; Genuth and Barna 2018). The extent to which 

ribosome heterogeneity exists in cells and their exact roles are still under investigation.  

1.2.1 C/D snoRNAs and snoRNPs  

As described above, the primary functions of C/D snoRNPs are the modification and 

processing of pre-rRNA during ribosome biogenesis (Reichow, et al. 2007). Most identified 

-O-Me of the nucleotide ribose sugar (Figure 1.2C) (Watkins 

and Bohnsack 2012). C/D RNPs in archaea contain three core proteins. The RNA binding protein 

L7Ae recognizes and binds the K-turn and K-loop structures formed by the box elements (Kuhn 

et al. 2002). Fibrillarin, the catalytic component of the complex, is an S-adenosyl-methionine 

(SAM) dependent methyltransferase that catalyzes transfer of the methyl group from SAM to the 

ribose sugar (Omer et al. 2002). Nop5  

boxes by forming a homodimer via its coiled-coil domains. It associates with fibrillarin using its 
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N-terminal domain and forms a composite binding surface between its C terminal domain and the 

L7Ae bound on the K-turn structure (Ye et al. 2009). Eukaryotic C/D snoRNPs possess four core 

proteins: Snu13p (formerly named 15.5K in humans) and fibrillarin which are homologs of 

archaeal L7Ae and fibrillarin and perform similar functions; and two Nop5 homologs, Nop56 and 

Nop58 that together form a heterodimeric complex (Tollervey et al. 1993; Watkins et al. 2000; 

Cahill et al. 2002; Galardi et al. 2002; Watkins and Bohnsack 2012). The presence of two distinct 

Nop proteins results in an asymmetric RNP structure in eukaryotes where Nop58 assembles on the 

C/D box (Cahill, et al. 2002). While archaeal L7Ae can bind 

both K-turn and K-loop motifs, eukaryotic Snu13p only recognizes K-turn motifs (Szewczak et al. 

2002). 
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Figure 1.2. General structure of C/D and H/ACA snoRNA and target RNA nucleotide 
modification structures. The general structure of C/D snoRNAs (A) bound to rRNA target 
regions, with the methylated nucleotide indicated with a blue circle and nucleotides of the 

. H/ACA snoRNA (B) bound to rRNA 
targets (light blue) Both the C/D and H/ACA RNAs 
shown are dual guide snoRNAs, each capable of targeting 2 different sites. (C) Structural depiction 

-OH group and conversion of uridine to pseudouridine. 



12 
 

Substrate recognition is facilitated by base-pairing interactions formed between the target 

RNA and guide region (also called the antisense element (ASE)) of C/D snoRNAs found in regions 

directly upstream of  (Figure 1.2A) (Kiss-László, et al. 1996). The guide 

mechanism of C/D snoRNPs follows a strict rule for target nucleotide identification known as the 

N+5 rule in which the nucleotide of the target RNA to be modified is always the one base-paired 

 (Kiss-László, et al. 1996). A handful of apparent 

exceptions to this rule exist in which single yeast snoRNAs modify two target nucleotides within 

the same guide region, either adjacent or one nucleotide apart (van Nues and Watkins 2016). This 

results from the ability of 

which likely form alternative base-pairs , resulting in repositioning of Nop56 and 

fibrillarin and affecting modification site selection in a subset of RNPs. These guide-substrate 

pairings are most often approximately 10 base-pairs long in archaea and between 10 and 21 bp 

long in eukaryotes (Yang et al. 2016). However, analysis of guide-substrate base-pairing in both 

archaea and eukaryotes found that pairing beyond 10 is restricted and can even interfere with 

catalytic activity of the complex (Yang, et al. 2016; Yang et al. 2020). It has been suggested these 

predicted longer base-pairings may be used in initial substrate recognition in eukaryotes and could 

help prevent premature folding of the rRNA that would have to be disrupted prior to catalysis. 

While many box C/D snoRNAs guide a single modification site, some can act as “dual” guides 

targeti  

1.2.2 K-turn structure and binding 

K-turns are an RNA structural motif made up of two base-paired stems interrupted by an 

asymmetric bulge (Klein et al. 2001; Lilley 2012; Huang and Lilley 2016, 2018). In a standard K-

turn the first stem, known as the canonical (C) stem consists of canonical Watson-Crick base-pairs, 
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usually G-C. The second stem contains a tandem pair of sugar edge-Hoogsteen G A sheared base-

pairs and is referred to as the non-canonical (NC) stem (Figure 1.3). Standard K-turns contain a 

3+0 (nt) bulge, but structures exist with a varying number of nucleotides on either side of the bulge 

(Huang and Lilley 2018). The adenosines of the G A pairs form A minor interactions with the 

minor groove of the canonical stem resulting in a sharp approximately 50° kink in the plane of 

phosphodiester backbone causing the first (L1) and second (L2) nucleotides of the loop to stack 

on the C and NC stems respectively and the final nucleotide of the bulge (L3) to be splayed out 

away from the plane of the helices, becoming solvent exposed. This also causes an opening up of 

the major groove, positioned on the outside of the structure. A related structure called a K-loop is 

structural similar to the K-turn but replaces the canonical stem with an unpaired loop (Nolivos et 

al. 2005). K-turns can be found as independent structures, in interactions with other RNA elements 

forming K-junctions, or bound by members of the L7Ae protein family, which includes homologs 

of Snu13p, Nhp2p, and ribosomal proteins S12e, S30, and L7Ae (Koonin et al. 1994). Based on 

crystal structures of various archaeal and eukaryotic L7Ae family proteins bound to K-turns, a 

model for binding has been proposed (Huang and Lilley 2018)

the opened major groove of the NC stem including sequence-specific interactions with guanines 

of the G A pairs. This interaction is stabilized by non-specific electrostatic interactions with basic 

res

of the K-turn via hydrogen bonding and Van der Waals interactions. Together these features allow 

specific and tight recognition of the kinked structure.   
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Figure 1.3. Consensus structure of a K-turn motif.  The two stem elements are labeled in blue 
and the individual bulge nucleotides are labeled in red, following established labeling conventions.   
 

1.2.3 Biogenesis of box C/D snoRNPs  

The biogenesis pathways used for assembly of C/D s(no)RNPs differ significantly in 

archaea and eukaryotes. In archaea, the three core proteins can assemble onto an RNA and form a 

catalytically active complex in the absence of any additional factors in vitro (Omer, et al. 2000; 

Omer, et al. 2002). L7Ae first binds the K-turn and K-loop structures of the sRNA while Nop5 

and fibrillarin form an independent dimeric complex. These two complexes can then associate 

forming the mature C/D sRNP. The eukaryotic pathway appears to be significantly more complex. 

This could be a result of several factors including the asymmetric nature of the eukaryotic C/D 

snoRNP in which single copies of Nop56 and Nop58 are present, as opposed to the symmetric 

Nop5 homodimer present in archaea, the inability of Snu13p to bind K-loop motifs, and/or the 

nucleolar localization of the complex. Additionally in eukaryotes, Snu13p is a core component and 

primary assembly factor of both methylation guide and rRNA processing (cleavage) snoRNPs, 

that while sharing most core components, also have unique protein factors in each complex type. 

Snu13p is also a component of the U4 snRNP of the spliceosome where it assembles with Prp31, 

another unique Nop domain containing protein (Bizarro et al. 2015).  
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The C/D snoRNP assembly pathway in eukaryotes has still not been completely 

deciphered, but significant strides have been made in identifying the different assembly stages and 

proteins involved in yeast and human models. SnoRNP assembly relies on the Hsp90 R2TP 

chaperone/co-chaperone complex (also known as the PAQosome (Houry et al. 2018)) which in 

yeast consists of the proteins Rvb1, Rvb2, Tah1p, and Pih1p (RUVBL1, RUVBL2, RPAP3, and 

PIH1D1 respectively in humans) (Zhao  et al. 2008). Rvb1/2 belong to the AAA+ ATPase family 

of proteins and form a heterohexameric ring structure (Gorynia et al. 2011; Rivera-Calzada et al. 

2017; Muñoz-Hernández et al. 2019) involved in the assembly of many RNP complexes in yeast 

and humans including C/D and H/ACA snoRNPs, U4 and U5 snRNPs, Telomerase RNP and a 

number of others (Boulon et al. 2008; Cloutier et al. 2017; Malinová et al. 2017; Rivera-Calzada, 

et al. 2017; Houry, et al. 2018). Association of other C/D assembly factors rely on Rvb1/2 being 

in the ATP bound state and these proteins are predicted to be important for final snoRNP 

maturation by triggering the detachment of other assembly factors.  

 In addition to the R2TP complex, three more proteins have been identified as important in 

both yeast and human C/D snoRNP assembly: Rsa1p, Hit1p, and Bcd1p (NUFIP, ZNHIT3, and 

ZNHIT6 in humans (Massenet et al. 2017)). Rsa1p binds directly to Snu13p through its central 

PEP domain and binds Hit1p via its C terminal end, the latter interaction is important for 

maintaining cellular levels of Rsa1p (Boulon, et al. 2008; Rothé et al. 2013; Rothé et al. 2014). 

Rsa1p is also involved in bridging the interaction between Snu13p and the R2TP complex by 

binding the Tah1-Pih1 dimer (Quinternet et al. 2015). This interaction is thought to contribute to 

the transfer of Nop58 from Pih1 to Rsa1p through competition for binding, thereby loading Nop58 

onto the Snu13p-Rsa1p complex. In addition to a function in modification guide snoRNPs, Rsa1p 

 specialized U3 snoRNA and increases 
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in vitro (Rothé et al. 2017). Initial analysis of Bcd1p 

determined its role in loading Nop58 from the R2TP complex onto the Snu13p-Rsa1p complex 

(Khoshnevis et al. 2019; Paul et al. 2019). Bcd1p depletion and chromatin immunoprecipitation 

(ChIP) studies in yeast indicate that it may also be important in recruitment of Pih1p, Rvb2, and 

fibrillarin to the pre-snoRNP because in its absence, only Nop56 and Snu13p are efficiently 

recruited to C/D snoRNA loci. The association of Bcd1p with the immature pre-snoRNP complex 

likely occurs early in assembly as it has been detected bound to the intron containing form of the 

pre-U3 snoRNA in yeast and removal of this intron is believed to occur rapidly following 

transcription.  

Currently two models have been proposed as possible mechanisms for C/D snoRNP 

assembly. The first is a protein-only mechanism in which the core proteins Snu13p and Nop58 

associate with the R2TP complex along with Bcd1p, Rsa1p, and Hit1p (Bizarro et al. 2014; 

Massenet, et al. 2017). This protein-only complex is then loaded onto the snoRNA at which point 

a conformational switch is induced triggering the release of most assembly factors. The second 

mechanism suggests that Snu13p first binds to the nascent C/D snoRNA co-transcriptionally and 

nucleates formation of the complex. The R2TP complex associates with Nop58 through 

interactions with Pih1p and is then recruited to the pre-C/D RNP. Nop58 is then transferred from 

Pih1p to Rsa1p through competitive binding (Quinternet, et al. 2015; Massenet, et al. 2017). This 

is likely facilitated by direct contacts between Bcd1p and Snu13p, with evidence that depletion of 

Bcd1p results in failure to recruit Nop58 efficiently to nascent snoRNAs (Khoshnevis, et al. 2019; 

Paul, et al. 2019). Importantly, the protein-only complex was described in humans while the later 

Bcd1p experiments were performed in yeast. It is possible that the assembly pathways differ 

between the two species. A strong and specific interaction between Nop58 and the newly 
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characterized C/D assembly factor protein NOPCHAP1 (formerly C12orf45) in human cells was 

also recently observed (Bizarro, et al. 2014; Abel et al. 2021).  NOPCHAP1 is a proposed 

PAQosome cofactor that promotes Nop58 association with C/D snoRNPs but is apparently absent 

in a variety of eukaryotic lineages including Saccharomycotina fungi, insects, and Euglenozoa, 

indicating that there are likely species or clade-specific differences in eukaryotic assembly 

pathways. Currently it is still unclear how Nop56 and fibrillarin are incorporated but evidence that 

the depletion of Bcd1p does not prevent association of Nop56 with C/D snoRNA loci in yeast 

means this occurs in a manner independent of the assembly factors identified so far, and Nop56 

may be recruited directly by Snu13p bound to the K-turn (Paul, et al. 2019). Together these 

findings suggest that while there does appear to be conserved C/D assembly factors there is likely 

not a single universal machinery for assembling C/D snoRNPs in eukaryotes.   

Recently the first in vitro reconstitution of a catalytically active eukaryotic C/D snoRNP 

was achieved using recombinant proteins from the thermophilic yeast Chaetomium thermophilum 

(Yang, et al. 2020). The core proteins were able to assemble into RNPs capable of catalyzing site-

specific methylation of target rRNA fragments in the absence of any additional factors. However, 

in the absence of assembly factors the proteins were unable to properly form asymmetric 

complexes. RNPs were formed that contained two copies of either Nop56 or Nop58 and these were 

significantly less efficient at modifying RNA, suggesting that part of the role of some assembly 

factors in eukaryotes is likely to help facilitate assembly of the asymmetric C/D snoRNP complex 

to ensure efficient methylation.  

1.2.4 H/ACA snoRNAs and snoRNPs  

H/ACA snoRNAs guide RNA modifications through bipartite base-pairing to the target 

RNA using nucleotides found on either side of an internal bulge in the snoRNA known as the 
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pseudouridylation pocket (Figure 1.2B) (Ganot, et al. 1997). This pairing leaves the target uridine 

and one nucleotide directly downstream “accessible” facilitating isomerization of the , 

which requires the breaking of the N1-

of a new C5- ond (Figure 1.2C) (Yu and Meier 2014). In H/ACA snoRNAs containing 

multiple stems, the pseudouridylation pocket of one (single) or both (dual) stems can act as guides 

for modification. H/ACA snoRNAs associate with a set of four core proteins L7Ae/Nhp2, Nop10, 

Gar1, and Cbf5/Dyskerin in archaea and humans, respectively (Watkins and Bohnsack 2012). 

Archaeal H/ACA sRNAs contain a K-turn or K-loop in their upper stem a feature shared with C/D 

snoRNAs, which is bound by L7Ae (Rozhdestvensky et al. 2003). L7Ae is unable to bind the other 

H/ACA proteins in the absence of RNA but once RNA-bound, joins Cbf5 and Nop10 to form a 

composite surface that jointly interacts with the upper stem of the RNA (Baker et al. 2005; Li and 

Ye 2006). Additional protein-RNA contacts occur between the PUA domain of Cbf5 and the ACA 

motif adjacent to the base of the lower stem. Together these interactions contribute to proper 

positioning of the target uridine in the catalytic pocket of Cbf5. This positioning is constrained by 

the interaction of Cbf5 with the ACA motif resulting in a generally conserved distance of 14-16 

nucleotides between the box motif and the target uridine (Ni et al. 1997). Gar1 is not involved in 

RNA binding and associates with the complex via protein-protein interactions with the thumb loop 

motif of Cbf5 (Duan et al. 2009). 

Eukaryotic H/ACA snoRNAs lack K-turn structures and are bound in this region by Nhp2, 

an L7Ae family protein that does not specifically recognize K-turn or K-loop motifs (Henras et al. 

2001; Li,Duan, et al. 2011). In vitro analysis of yeast H/ACA snoRNPs determined that while 

Nhp2 does bind RNA, the interaction is much weaker than for L7Ae in archaea (Caton et al. 2017). 

Instead, Nhp2 can form stable protein-protein interactions with the Cbf5-Nop10 dimer which 
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likely helps facilitate its association with the complex (Wang and Meier 2004; Li, et al. 2011). 

Despite this weaker binding Nhp2, like L7Ae in archaea, is required for efficient rates of 

pseudouridylation in vitro and accumulation of H/ACA snoRNAs in vivo (Henras, et al. 2001; 

Baker, et al. 2005; Liang et al. 2009; Caton, et al. 2017). Strikingly, the Nop10-Gar1-Cbf5 complex 

is able to bind RNA with sub-nanomolar affinities, but this interaction is non-specific. This led to 

the proposal that this trimer is the primary means of RNA binding, with Nhp2 instead playing a 

role in altering the structure of the complex for proper positioning of the target uridine (Caton, et 

al. 2017). In addition to its role in catalysis, the Cbf5 thumb loop motif binds the RNA duplex 

formed between the snoRNA and target (Duan, et al. 2009; Liang, et al. 2009; Li, et al. 2011; Yang 

et al. 2012). Gar1 binds to this Cbf5 motif, an interaction that is important for substrate turnover 

in both archaea and eukaryotes. 

The ability of eukaryotic H/ACA snoRNPs to assemble in vitro in the absence of in vivo 

assembly factors contrasts with the apparent dependence on assembly factors of the C/D snoRNPs 

in vitro. Despite sharing components of the assembly machinery, the purpose for this machinery 

appears to differ for the two RNPs. C/D snoRNPs rely on assembly factors to properly assemble 

asymmetric complexes for efficient modification, while the H/ACA assembly factors function to 

mediate the intrinsic affinity of the core components for RNA. Additionally, in both cases 

assembly factors may also be involved in preventing the premature activation of the pre-RNPs to 

ensure site-specific nucleotide recognition.  

1.2.5 snoRNPs in pre-rRNA processing 

Most identified snoRNAs guide nucleotide modifications but several have also been 

described that play important roles in pre-rRNA processing and ribosome biogenesis. The most 

well-studied of these is the U3 C/D box snoRNA which is ubiquitous in eukaryotes (Marz and 
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Stadler 2009). U3 RNA is part of an RNP complex essential for cleavage of the pre-rRNA at 

positions A0, A1, and A2 (following the yeast naming convention) (Kass et al. 1990; Savino and 

Gerbi 1990; Hughes and Ares 1991; Beltrame and Tollervey 1995; Borovjagin and Gerbi 1999; 

Marmier-Gourrier et al. 2011). The U3 snoRNP contains several unique features that distinguish 

contains a set of stem- l B/C boxes both of which form K-turns but differ 

in consensus sequence from conventional C/D elements (Figure 1.4) (Hughes et al. 1987; Méreau 

et al. 1997; Samarsky and Fournier 1998)

form critical base-

(ETS) in the 35S pre-rRNA, generating four helices (II, III, V, and VI) (Figure 1.4 insert) 

(Barandun et al. 2017; Sun et al. 2017; Clerget et al. 2020). In addition to the four usual core C/D 

snoRNP proteins the B/C box also recruits the U3 specific protein Rrp9 (Venema et al. 2000). 

Finally, unlike modification guide snoRNPs, U3 does not act as an independent complex, instead 

associating with a large collection of U-three associated proteins (UTP) and additional protein 

factors to form the small subunit (SSU) processome, a large multi-complex assembly required for 

18S rRNA maturation and 40S subunit formation (Dragon et al. 2002). 
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Figure 1.4. Secondary structure of U3 snoRNA from Saccharomyces cerevisiae alone and 
base-pairing to the 35S pre-rRNA. The secondary structure of the U3 snoRNA from yeast when 
not bound to the 18S rRNA is shown on top. Nucleotides of the conserved box elements are 
coloured. Depicted in the inset is the experimentally confirmed base-

-rRNA. Nucleotides 
rRNA are green and belonging to the U3 

snoRNA are black. Numbers indicate nucleotide positions in the 35S rRNA and U3 snoRNA. Line 
cartoons with slashes represent stretches of 35S secondary structure between rRNA-snoRNA 
interactions not involved in base-pairing to U3 snoRNA. 
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Other snoRNAs important for guiding steps in pre-rRNA processing have been discovered 

in various eukaryotes but are less well studied than U3. These include U14 and U17/snR30 which 

are essential in yeast (Li et al. 1990; Fayet-Lebaron et al. 2009) and U8 which is essential in 

Xenopus (Peculis and Steitz 1993). U14 is found throughout eukaryotes but is unique among C/D 

-O-Me modification and facilitates 18S rRNA 

processing (Li, et al. 1990; Liang and Fournier 1995; Dunbar and Baserga 1998). However, 

examples of homologs that lack either the modification (Yuan et al. 2003; Moore and Russell 

2012) or processing guide regions (Yang et al. 2005) have been described. The H/ACA snoRNA 

U17/snR30 is found in metazoans and some other species but is not present in all eukaryotes 

(Atzorn et al. 2004; Vos and Kothe 2020). U17/snR30 does not guide a modification, but instead 

binds two regions of the 18S rRNA denoted rm1 and rm2 using the pseudouridylation pocket of 

-rRNA processing and deletion of snR30 from 

yeasts causes defects in cleavage at the A0, A1, and A2 sites, but the mechanism by which 

snR30/U17 facilitates this cleavage remains unknown (Morrissey and Tollervey 1993; Lemay et 

al. 2011; Vos and Kothe 2020). U8, another C/D snoRNA found only in vertebrates, is required 

for correct processing of the 28S and 5.8S rRNAs (LSU rRNA species) (Peculis and Steitz 1993). 

leader sequence of U8 forms conserved base- (Peculis 1997; 

Lu et al. 2016) and loss of U8 results in incomplete processing of pre-rRNA, primarily affecting 

Xenopus (Peculis and Steitz 1993; 

Langhendries et al. 2016).  

A unique case of snoRNA driven pre-rRNA processing is found in trypanosomes, a 

collection of protozoan parasites. The Trypanosoma LSU rRNA is fragmented into six discrete 
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RNA species with each fragment region initially separated by an ITS region (Cordingley and 

Turner 1980; Hasan et al. 1984; Hashem et al. 2013). In addition to U3, snR30, and RNase MRP 

homologs, knock-down experiments implicated an additional 15 snoRNAs in the processing of 

this particularly complex pre-rRNA primary transcript in Trypanosoma brucei (Gupta et al. 2010; 

Michaeli et al. 2012; Chikne et al. 2019). Current hypotheses propose that some of these snoRNAs 

regulate processing via the modifications they guide, while others may recruit as of yet unidentified 

proteins to facilitate cleavage events at unique sites (Rajan et al. 2019).  

1.2.6 Additional snoRNA functions 

As described above the majority of snoRNAs target modifications or regulate pre-rRNA 

processing events but there are additional snoRNAs with no known cellular targets. These RNAs 

are referred to as “orphans” and while they match other snoRNAs in both conserved sequence and 

structural features, their biological functions are poorly or completely not elucidated. In humans, 

target predictions estimate that between 20-50% of C/D and 15-20% of H/ACA box snoRNAs 

currently remain categorized as orphans, though some bioinformatic target predictions reduce the 

total proportion of orphans to around 16% when combining the classes (Dupuis-Sandoval et al. 

2015; Jorjani et al. 2016; Falaleeva et al. 2017). This number is much lower in yeast where only 

three snoRNAs are classified as orphans (Sloan, et al. 2017). Nevertheless, the presence of orphan 

snoRNAs in the majority of examined eukaryotes suggests there may be many non-canonical 

snoRNA functions yet to be discovered. Indeed, a variety of functions have now been identified 

for snoRNAs initially classified as orphans, predominantly in humans and yeast.  

Perhaps the least surprising function determined for previously classified orphan snoRNAs 

is the targeting of modifications outside of rRNA. Indeed, various snoRNAs have been implicated 

in modification of mRNA and other snoRNAs in both yeast and humans (Carlile et al. 2014; 
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Schwartz et al. 2014; Elliott et al. 2019). Several tRNA modifications are guided by snoRNAs in 

archaea, and a single example of snoRNA-mediated tRNA modification in humans was recently 

identified (d’Orval et al. 2001; Joardar et al. 2011; Vitali and Kiss 2019). A unique case in T. 

brucei where the spliced leader RNA is modified by an H/ACA snoRNA has also been described 

(Liang et al. 2002; Zamudio et al. 2009). While the targeting mechanism is apparently the same 

these findings are important as they reveal that snoRNAs can evolve to modify diverse RNA 

classes, albeit less frequently.    

Several snoRNAs have been found to guide completely different types of RNA 

modifications altogether. Two previously orphan C/D snoRNAs in yeast, snR4 and snR45, are 

required for acetylation of cytosines in the SSU 18S rRNA (Sharma et al. 2017). Both RNAs 

associate with canonical C/D snoRNP proteins, along with the acetyltransferase enzyme Kre33. 

Base-pairing does not occur using the  guide regions, instead utilizing two 

alternative regions of the snoRNA to form bipartite pairing with the rRNA, resulting in a short 

single stranded loop in the rRNA containing the target nucleotide. The presence of a functional 

snR45 homolog in humans (designated U13) (Sharma et al. 2015), and homologous cytosine 

acetylation in plants suggests this mechanism is not limited to yeast (Sharma, et al. 2017). These 

currently remain the only known examples of snoRNAs guiding a modification type other than -

O-Me  

In humans several snoRNAs regulate alternative pre-mRNA splicing. C/D snoRNA 

SNORD27 masks an alternative splice site in the transcription factor E2F7 pre-mRNA by blocking 

U1 snRNP binding, resulting in expression of several distinct E2F7 isoforms (Falaleeva et al. 

2016). E2F7 is involved in regulating cell proliferation but the role of individual isoforms has not 

been determined and the importance of SNORD27 based regulation is unclear (Dimova and Dyson 
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2005). Base-pairing between E2F7 pre-mRNA and SNORD27 occurs outside the normal guide 

regions, instead using box regions which would presumably prevent association of 

the canonical RNP proteins. This suggests that SNORD27 could form an alternative RNP in certain 

circumstances to regulate E2F7 expression. SNORD27 also has a canonical function in targeting 

modification of A27 in the 18S rRNA, but how involvement in the two pathways is regulated is 

unknown. A second C/D snoRNA, SNORD115, is also involved in alternative splicing, targeting 

exon V of the serotonin receptor 2C pre-mRNA (Kishore and Stamm 2006). The functional form 

of the mouse SNORD115 homolog is a shortened 73 nucleotide processed snoRNA (psnoRNA) 

which, like SNORD27, lacks the ability to associate with canonical snoRNP factors, instead 

interacting with heterogeneous nuclear RNPs (hnRNP) (Kishore et al. 2010). Deletion of the 

chromosomal region encoding SNORD115 is responsible for the human neurodegenerative 

disease Prader-Willi syndrome resulting from dysregulation of serotonin receptor 2C isoform 

expression. Additional examples of snoRNAs involved in alternative splicing have been proposed, 

but to date no H/ACA snoRNA has been implicated in the process.   

In addition to the discovery of the shortened psnoRNAs there is growing evidence for 

involvement of even smaller snoRNA fragments in gene regulation. Examples of functional 

miRNAs in humans have been shown to be derived from precursor RNAs that contain H/ACA and 

C/D snoRNA-like sequence and structural features (sno-miRNAs) but have no known 

modification or processing guide activity (Scott et al. 2009; Ono et al. 2011). The reciprocal has 

also been observed in which snoRNAs with known canonical modification activity can generate 

snoRNA-derived small RNAs (sdRNAs) that facilitate regulation of mRNA through miRNA-like 

activity (Ender et al. 2008). Observation of these dual function snoRNAs is not human-specific, 

and they have been documented in organisms ranging from Arabidopsis thaliana to mouse (Taft 
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et al. 2009), and are even found in the parasite Giardia lamblia (Saraiya and Wang 2008). A human 

piRNA was also shown to be derived from a snoRNA-like precursor and proposed to regulate 

interleukin-4 mRNA levels, providing further evidence for the potential diversity of sdRNA 

functions (Zhong et al. 2015). Investigation of other potential cellular roles for sdRNAs is an 

ongoing area of inquiry as these RNAs are found to be stably expressed in more species. 

Analysis of chromatin-associated RNAs responsible for generating open chromatin 

structure in Drosophila and humans has identified snoRNAs as an important fraction of this RNA 

pool. The effect of these snoRNAs is thought to rely on interactions with Df31, a chromatin factor 

responsible for generating open chromatin (Schubert et al. 2012). As is the case with 

psno/sdRNAs, these snoRNAs appear to associate with a novel set of proteins to perform their 

function. Roles for C/D snoRNPs in oxidative stress response and cholesterol trafficking have also 

been described in mouse and human (Michel et al. 2011; Brandis et al. 2013). Neither of these 

roles relies on modification activity but loss of associated RNAs was found to reduce stress 

response and trafficking. These findings are intriguing support for additional unique snoRNA 

functions but are currently only isolated cases and require further analysis regarding the specifics 

of their functional mechanisms and the prevalence of these types of functions. Finally, a collection 

of conventional snoRNP proteins (Huang et al. 2017). One of these, SNORD50A, was analyzed 

and found to have a role in modulation of alternative polyadenylation in part through competitive 

binding to the cleavage and polyadenylation specificity factor protein Fip1.  

1.2.7 ScaRNA 

SnoRNA features have also been found in a related class of ncRNAs found primarily within 

the Cajal bodies (CB). CBs are MLOs found within the nucleus that are rich in proteins important 
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for snoRNP/snRNP biogenesis and modification. Like snoRNAs, small CB-specific RNAs 

(scaRNAs) possess C/D or H/ACA box elements, are bound by the same core proteins and guide 

-O-Me and , but target RNA polymerase II transcribed snRNAs of the spliceosome rather than 

pre-rRNA (Darzacq et al. 2002; Deryusheva and Gall 2013; Meier 2017). Unlike snoRNAs, 

scaRNAs can consist of tandem C/D or H/ACA sequences or hybrids of the two classes; with an 

H/ACA snoRNA embedded in the loop region of a box C/D RNA for example (Jády and Kiss 

2001; Kiss et al. 2002). ScaRNAs also possess specialized CAB box sequence elements (H/ACA) 

and wobble stem (C/D) elements required for CB localization (Richard et al. 2003; Marnef et al. 

2014).  

Other RNP complexes not involved in RNA chemical modification are also found in Cajal 

bodies and can also be categorized as scaRNAs. This includes the telomerase RNA which in 

vertebrates contains H/ACA box elements, associates with all four core H/ACA proteins, and 

possesses a CAB box which targets telomerase to CBs 

Lukowiak et al. 2001; Jády et al. 2004; Collins 2006; Fu and Collins 2007). Localization to CBs 

was believed to be important in RNP assembly but evidence now shows that deletion of the H/ACA 

domain in human TR prevents trafficking to the CBs but does not disrupt telomere extension 

(Vogan et al. 2016). Additionally, the H/ACA RNP region may play a role in the rate of telomerase 

assembly and RNP stability, but the true purpose of these elements is currently poorly understood.  

The discovery of new novel functions for snoRNAs and related species is likely to continue 

as we look deeper into the orphan snoRNAs already identified and as more is done to examine a 

greater collection of diverse species 
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1.3 Understanding eukaryotic RNP diversity through studying protists 

The positioning of taxa within the eukaryotic tree of life is an ever-evolving task with 

regular “reworking” of taxonomic groups being required. From the earliest classification of species 

based on morphological features, to rRNA sequence analysis, and then into the phylogenomics 

era, the accurate grouping of like species has proven to be complex. A relic of earlier periods of 

classification in which the characterization of microorganisms was significantly more restricted 

and based primarily on morphological features is the classification called protists, a large and 

diverse collection of eukaryotic organisms. Rather than pertaining to a single evolutionarily-

related group, the term protist refers to any unicellular eukaryotic organism that cannot be 

classified as an animal, plant, or fungi (Pawlowski et al. 2012). Protists are found in all major 

eukaryotic taxonomic supergroups and represent the majority of eukaryotic diversity (Sibbald and 

Archibald 2017). Despite their prevalence, and due to the comparative ease of working with other 

“conventional” model organisms prior to the “-omics” era, protists have remained relatively poorly 

studied (del Campo et al. 2014). With the development of high throughput technologies for 

studying RNA, DNA and protein, analysis of a greater number of protists has allowed for 

significant advances in our understanding of eukaryotic molecular biology, biochemistry, and 

evolution. As research reveals more about these diverse lineages it has become increasingly clear 

that there is substantial novel variation in the structure and function of many cellular complexes, 

both those ubiquitous in eukaryotes and other complexes unique to individual clades. Through the 

increased study of protist lineages, we can further examine these evolutionary innovations granting 

us unique opportunities to better observe and understand the variety that exists in these complexes 

and how they have diversified to solve unique cellular challenges. This analysis can be a powerful 

companion to more traditional types of experimentation in model systems which explores how 
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alteration or disruption of native complexes impacts cells. These organismal comparisons can also 

reveal the features of RNPs that have remained unchanged, therefore defining their most “rigid”, 

or core features. In this PhD thesis, I explore some of the diversity of ncRNAs and ncRNPs in 

protists primarily by examining Giardia lamblia, Giardia muris and Euglena gracilis.  

1.3.1 Giardia lamblia and the metamonads  

Giardia lamblia (synonym: Giardia intestinalis, Giardia duodenalis) is a protist intestinal 

parasite and the causative agent of Giardiasis (“Beaver fever”). G. lamblia is the most common 

cause of gastrointestinal infection worldwide, responsible for over 180 million infections each year 

(Torgerson et al. 2015). Initially described by Antonie Van Leeuwenhoek in 1681, G. lamblia was 

long believed to be one of the most ancient eukaryotic lineages due to its apparent lack of typically 

conserved eukaryotic structures such as mitochondria and other cellular features, like golgi and 

nucleoli (Adam 2001). G. lamblia is the most well-studied member of the diplomonads, a 

eukaryotic order made up of anaerobic and micro-aerophilic organisms possessing two nuclei 

(binucleated). Both nuclei are transcriptionally active and are generally thought to be genetically 

identical, though evidence has shown that at least some isolates of diplomonad species possess 

chromosomal variations between nuclei .  

More recent analysis has revealed the presence of highly reduced mitochondrial-related 

organelles (MRO) termed mitosomes, that lack essentially all conventional mitochondrial features 

and maintain only the ability to perform Fe-S cluster biosynthesis (Tovar et al. 2003).  Other earlier 

branching metamonads also contain unique MROs known as hydrogenosomes (for example, 

Spironucleus spp.) (Jerlström-Hultqvist et al. 2013) or have altogether lost their MROs leaving 

them as functional amitochondriates (for example, Monocercomonoides exilis) (Karnkowska et al. 

2016). These examples show that the apparent absence of mitochondria in the metamonads is due 
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to secondary loss of mitochondrial components rather than an ancestral amitochondriate state. 

 Nucleoli have also since been discovered in G. lamblia further indicating that many 

hallmark eukaryotic features were likely present in the progenitor of the diplomonad lineage 

(Jiménez-García et al. 2008). There is ongoing debate concerning the placement of Giardia within 

the eukaryotic tree of life. The diplomonads belong to the phylum Metamonada which until 

recently was classified as part of the eukaryotic supergroup Excavata, along with the 

Malawimonadidae (a small poorly understood group) and the phylum Discoba, which consists of 

groups including Kinetoplastids, Euglenozoa and Jakobids (Adl et al. 2019). Modern 

phylogenomic analyses question whether the Excavates actually represent a genuine supergroup; 

and if in fact they are a true clade, the exact members are not clear (Figure 1.5) (Burki et al. 2020). 

As a result, the placement of the previous excavate groups within the eukaryotic tree remains 

unresolved and the classification of G. lamblia as an “ancient” eukaryote has been questioned. 

Several factors have contributed to the difficulty in placing these particular organisms including 

the apparent rapid evolution of their genomes, presence of derived cellular characteristics and 

lateral gene transfer events, all of which can lead to analysis complications including long branch 

attraction artifacts in phylogenetic trees.  



31

Figure 1.5. Phylogenetic tree representing the current proposed distribution of eukaryotic 
supergroups. Defined supergroups are grouped by colour with supergroup names in bold. 
Relevant species from certain phyla within groups are indicated in brackets. Groups previously 
believed to make up the supergroup Excavata are enclosed in a dashed circle. Adapted from Burki
et al. 2020 (Burki, et al. 2020).

1.3.2 G. lamblia ncRNAs

The molecular study of G. lamblia continues to reveal intriguing biological features 

resulting from its unique evolutionary history. One of the largest appeals of using G. lamblia as a 

system to study RNP complexes relates to its highly-reduced genome, a result of its evolution as 

a parasite. A consequence of this move towards genomic minimalization is that many cellular 

complexes and pathways have been streamlined, losing accessory components that are not 

essential to their core functions. In other cases, novel features have evolved to potentially 

compensate for a reduction in the number of accessory proteins and/or contribute to adaptation to 

its particular parasitic niche. These pressures have driven innovation resulting in G. lamblia 

possessing unique ncRNA and RNA processing features. Examples include trans-splicing of 

mRNAs whereby two independently transcribed pre-mRNAs are spliced together to form a mature 
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transcript (Roy et al. 2011). Additionally, a highly conserved 12 nucleotide motif is found at the 

all non-tRNA/rRNA ncRNAs in G. lamblia and  trans-spliced introns 

(Hudson et al. 2012). This motif is cleaved at a conserved position and is important for maturation 

of the  (Hudson 2014). G. lamblia was also the first species in which sdRNA 

resembling miRNAs were identified (Saraiya and Wang 2008), leading to significant subsequent 

searches for similar ncRNA-derived snoRNAs in other species. Analysis of G. lamblia sdRNA 

and other miRNAs found that they may be involved in regulating variable surface protein (VSP) 

expression in G. lamblia (Li,Saraiya, et al. 2011; Saraiya et al. 2011). The first structure of a Dicer 

protein (RNA interference pathway) was obtained using the G. lamblia homolog, exploiting the 

reduction in size and domain complexity of the protein, a feature common to many G. lamblia 

proteins (MacRae et al. 2006). Finally, the G. lamblia spliceosome is highly-reduced, retaining 

homologs of only 63 splicing proteins. G. lamblia snRNAs are also unusual, possessing features 

of both major and minor snRNAs (Hudson, et al. 2012; Hudson et al. 2015).  

The potential power of comparative analysis has been expanded as genomes for additional 

metamonads have been completed (Andersson et al. 2007; Karnkowska et al. 2019; Xu et al. 2020). 

This allows for deeper exploration of the unique function and evolution of these RNPs in G. 

lamblia and related species. 

1.3.3 G. lamblia snoRNAs.  

 A total of 19 C/D and 12 H/ACA snoRNAs have been described in G. lamblia to date 

(Yang, et al. 2005; Luo et al. 2006; Chen et al. 2007; Hudson, et al. 2012). Predicted target 

nucleotides in the G. lamblia rRNA have been identified for 13 of the C/D and 7 of the H/ACA 

snoRNAs, but only a subset of the -O-Me difications have been 

experimentally verified. One of the C/D snoRNAs, GlsR2, is predicted to be a homolog of U14 
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but lacks the processing domain. Another, GlsR1, was suggested to be a U3 homolog but it lacks 

essentially all characterized U3 features and guides a -O-Me in the SSU rRNA, a function not 

observed for any other known U3 snoRNA (Marz and Stadler 2009). RNAs of both classes tend 

to be short and often possess more degenerate box elements than in other eukaryotes (Chen, et al. 

2007). Additionally, no snoRNA of either class has been shown to function as a dual guide. Most 

G. lamblia snoRNAs are found encoded between protein-coding ORFs and are expressed 

individually from their own promoters. However, two cases have been described in which two 

adjacent 

processing motif (Hudson, et al. 2012). Comparative analysis of the more degenerate G. lamblia 

snoRNAs has not been performed as no snoRNAs have yet been identified in other diplomonad 

species, and have only been examined in one other metamonad (T. vaginalis) (Chen et al. 2009; 

Chen et al. 2011). An RNase MRP RNA homolog was also identified in G. lamblia which is 

predicted to target cleavage at a position homologous to the A3 position in yeast.  

1.3.4 Euglena gracilis and ncRNAs 

Euglena gracilis is a unicellular photosynthetic protist and member of the phylum 

Euglenozoa which, like G. lamblia and the metamonads, was previously included in the 

supergroup Excavata but now has a less certain position within the eukaryotic tree (Burki, et al. 

2020). E. gracilis possesses chloroplasts gained through secondary endosymbiosis of a green algae 

and is capable of both autotrophy and heterotrophy (Gibbs 1978; Ogbonna et al. 2002). E. gracilis 

is one of the most well-studied Euglenozoans along with some kinetoplastids including 

Trypanosoma brucei and Leishmania major. A recently completed draft genome of E. gracilis 

determined a predicted genome size of at least 500 Mb (Ebenezer et al. 2019). This may be an 

underestimate as detailed analysis of the genomic structure of E. gracilis has been exceedingly 
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difficult due to a high degree of sequence repetition making genome assembly in many regions 

difficult, leaving only 20% of the genome completely assembled. 

Analysis of ncRNAs and their processing in E. gracilis has revealed many novel features 

that have significantly expanded our understanding of these classes of RNA, including several 

unusual splicing strategies. Approximately 56% of E. gracilis 

leader sequence as their first exon (Yoshida et al. 2016). This leader sequence is added via spliced 

leader trans-splicing, in which an independent ncRNA termed the spliced leader RNA (SL RNA) 

many different pre-mRNAs during maturation, in a spliceosome-dependent manner (McWatters 

and Russell 2017). Additionally, while E. gracilis has protein-coding genes containing many 

conventional spliceosomal introns and conventional snRNAs (Breckenridge et al. 1999; Charette 

and Gray 2009), it also contains unique so called “non-conventional” mRNA introns that lack clear 

splice site and branch point sequences (Muchhal and Schwartzbach 1994; Tessier et al. 1995). 

These non-conventional introns can often form stable secondary structures which bring the 

exon/intron junctions into close proximity (Milanowski et al. 2014). However, the only well- 

conserved structural feature appears to be base-pairing potential between positions +4 to +6 and -

8 to -6 of the introns (positions numbered relative to splice boundaries). Non-conventional introns 

are predicted to be removed in a spliceosome-independent manner, but experimental validation of 

this hypothesis is lacking and an alternative mechanism for their removal has yet to be determined 

.  

1.3.5 E. gracilis snoRNAs 

One of the most striking novelties of E. gracilis RNA biology is its rRNA. Like the 

trypanosome rRNA described above, the E. gracilis LSU rRNA is present as multiple fragments. 
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However, in E. gracilis this has been taken to an even greater extreme where the LSU coding 

sequence is fragmented into 14 pieces each separated by an ITS region. Most E. gracilis rRNA 

species are encoded on an extrachromosomal plasmid (Figure 1.6A) (Schnare et al. 1990; Schnare 

and Gray 1990). The E. gracilis rRNA is also the most highly modified of any rRNA currently 

known. The SSU and LSU rRNA contain 88 and 262 modifications respectively; the significantly 

higher LSU modification density is predicted to help stabilize the assembled fragments (Schnare 

and Gray 2011). Of these modifications, 211 are -O-Me 

modifications suggests many guide RNAs are likely required to guide their addition. Indeed, guide 

snoRNAs have previously been identified for 99 -O-Me st of which possess 

several isoforms, indicating significant redundancy for modification guides (Russell et al. 2004, 

2006; Moore and Russell 2012). However, this leaves many modifications without an identified 

guide RNA,  sites. Additionally, a U14 homolog has been identified which like G. 

lamblia lacks a processing domain. A U3 snoRNA has also been characterized in E. gracilis 

indicating at least part of the SSU pre-rRNA processing pathways from other eukaryotes is retained 

(Greenwood et al. 1996). Similar to T. brucei, additional novel snoRNAs may be involved in LSU 

rRNA processing events in E. gracilis, but none have yet been determined to function in this role.  
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Figure 1.6. Unique pre-rRNA processing features of Euglena gracilis. (A) The 14 LSU rRNA 
fragments are transcribed within a single transcript from an extrachromosomal rDNA circle also 
containing the SSU rRNA. Relative locations of individual LSU fragments and the SSU rRNA are 
indicated and labeled.  (B) -guide snoRNAs detected in E. gracilis thus far consist of a single 

-guide RNA is in black, target rRNA 
in red with the two unpaired nucleotid

C/D snoRNAs in E. gracilis are shorter than in other eukaryotes and often contain more 

-guide snoRNAs detected in E. gracilis to 

date differ significantly from conventional eukaryotic H/ACA snoRNAs. In place of two stem-

AGA sequence (Figure 1.6B) (Russell, et al. 2004; Moore and Russell 2012). With so few 

Euglena rRNA it is unclear whether this 

represents the predominant form of these RNAs. Noteworthy, however, is the identification of

similar single-st (Uliel et al. 2004; 

Liang,Hury, et al. 2007).
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E. gracilis snoRNAs are often encoded in genomic clusters containing several consecutive 

snoRNAs of either C/D only, or mixed clusters with both C/D and -guide types (Moore and 

Russell 2012). The U3 snoRNA is a special case and is found in several genomic loci linked to 

either U5 snRNA or tRNAArg genes (Charette and Gray 2009). Clusters are found as tandem repeats 

in the genome and in at least some cases can span tens of kilobases (Moore 2015). This repetition 

is a source of new C/D snoRNA evolution (Moore and Russell 2012). These snoRNAs are 

transcribed as polycistronic transcripts which are then processed into mature RNAs by an unknown 

mechanism. The presence of far more verified rRNA modifications than snoRNAs suggests there 

are likely many more that remain to be discovered and with the degree of redundancy present in 

the snoRNA isoforms that have been characterized, it is also plausible that unique snoRNA 

functions may also await discovery in E. gracilis, similar to what has been observed in other 

eukaryotic species. 

1.3.6 Genomic expansion and reduction 

G. lamblia and the other diplomonads contrasted with E. gracilis represent relative 

extremes for genome size in unicellular eukaryotes. Both dramatic expansion and reduction can 

lead to significant evolutionary innovation, via necessity generated through loss or from 

opportunity created through excess. A thorough understanding of eukaryotic RNP structure-

function relationships and discovery of novel features can come from broadening the scope of 

organisms from which they are studied. These protists species and others like them therefore 

present a valuable opportunity to gain insight into this diversity.  

1.4 Objectives 

The majority of research on ncRNPs to date has focused on a relatively small number of 

model organisms; while protists, which make up the bulk of eukaryotic evolutionary diversity, 
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remain largely unexplored. Open questions remain about the degree to which our current 

knowledge of these cellular complexes is indicative of eukaryotes as a whole or whether 

substantial variation exists in both form and function of these ubiquitous RNPs in different 

eukaryotic lineages. To this end, the encompassing goal of my research project was to examine 

how eukaryotic ncRNAs, with a primary focus on snoRNAs, and their associated RNPs have 

evolved in cases of significant genomic expansion and reduction by studying members of the 

diplomonads and the Euglenozoan E. gracilis.  

At the onset of my research there had been little success with the in vitro assembly of 

eukaryotic C/D snoRNP complexes which restricted their more detailed study. The first objective 

of my thesis work was to utilize bioinformatic and experimental techniques to characterize the 

components and features of G. lamblia C/D snoRNPs and determine how they may differ from the 

more widely-studied snoRNPs of higher eukaryotes (Chapter 3). Earlier studies in the Russell lab 

had discovered unusual snRNAs in G. lamblia and our later work found further snRNA structural 

divergence in several Spironucleus species (Hudson et al. 2019). Thus, a second focus of my 

research was to examine different ncRNA classes in another Giardia species, Giardia muris; to 

investigate the extent of ncRNA variation within the genus and to determine if the G. lamblia 

end processing motif is conserved across species (Chapter 2). Finally, to explore the impact of 

significant genomic expansion and sequence repetition on snoRNA evolution and function, I used 

a novel RNA-seq method developed in our lab to explore snoRNA function, structure, and 

evolution in E. gracilis (Chapter 4).  
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Chapter 2: Analysis of Giardia muris ncRNAs reveals highly divergent spliceosomal, 

telomerase, and U3 RNAs and uncovers an RNase P-snoRNA diRNP 

2.1 Introduction 

Small non-coding RNAs (ncRNAs) have a vast array of cellular roles across the domains 

of life. These include maintenance of chromosome ends by telomerase RNA (TER) (Musgrove, et 

al. 2018), post-transcriptional RNA modification targeted by small nucleolar RNAs (snoRNAs) 

(Henras et al. 2017), tRNA processing by RNase P RNA (Jarrous 2017), and RNA splicing 

mediated by the spliceosomal small nuclear RNAs (snRNAs) (Zhang, et al. 2019). Advances in 

high throughput -omics technologies have allowed for the identification of RNAs in a broader 

sampling of organismal diversity. This has generated new opportunities to perform comparative 

genomics and RNA-omic analysis, thus resulting in a better understanding of the diverse cellular 

roles and mechanisms of action of ncRNAs in different species, along with their evolution.  

Protists represent the largest proportion of eukaryotic evolutionary diversity but due to 

factors including difficult cultivation and/or lack of detailed genomic sequence information, many 

of these species remain poorly characterized. Metamonada is a eukaryotic phylum composed of 

anaerobic and microaerophilic protists (metamonads) exhibiting high rates of genomic sequence 

evolution and possessing unique mitochondrial-related organelles (MROs) in place of traditional 

mitochondria (Burki, et al. 2020). The metamonads are composed of three major groups: 

Preaxeostyla, Parabasalia, and Fornicata which contain both free-living and parasitic species with 

significant differences in genome size and complexity. The fornicate group Diplomonadida 

contains species responsible for disease in animals including the most well studied metamonad, 

Giardia lamblia, a common human enteric pathogen responsible for an estimated 300 million cases 

of diarrheal disease worldwide each year (Einarsson et al. 2016).  
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Parasitism is commonly associated with significant changes to genome structure, including 

the streamlining of cellular processes through genomic reduction and the evolution of novel 

mechanisms to facilitate the adaptation to a new lifestyle (Jackson et al. 2016; Xu, et al. 2020). 

This parasite-driven minimalization is apparent in the G. lamblia genome where studies have 

found many examples of significant reduction in the number of components in metabolic 

pathways, the kinome, transcription initiation, and RNA processing machinery (Best et al. 2004; 

Morrison et al. 2007; Manning et al. 2011; Xu, et al. 2020). This streamlining is also seen in 

ribonucleoprotein (RNP) complexes such as the spliceosome where only 62 of 167 human 

spliceosomal proteins are identifiable in G. lamblia, compared to 115 in the oxymonad 

Monocercomonoides exilis (Hudson, et al. 2019).  

The study of evolutionarily conserved eukaryotic cellular complexes in species undergoing 

genomic minimalization grants the unique opportunity to identify the most rigid or core features 

of these streamlined complexes, that is, those that have been retained and are essential to perform 

their function. These features may also be complemented with novel “innovations” that have 

evolved in genus like Giardia during the transition to its unique parasitic lifestyle. G. lamblia in 

particular has been the source of a number of important discoveries regarding ncRNAs; including 

solving the first structures of the miRNA processing protein DICER (MacRae, et al. 2006) and the 

discovery of snoRNA-derived miRNAs (sdRNAs) (Saraiya and Wang 2008). Analysis of ncRNAs 

in G. lamblia has also revealed novel features such as structurally-divergent snRNAs and a unique 

general ncRNA processing pathway in this organism (Hudson, et al. 2012).  

Comparative genomics using a variety of G. lamblia isolates has led to valuable new 

insights into intraspecies variation (Morrison, et al. 2007; Franzén et al. 2009; Jerlström-Hultqvist 

et al. 2010; Adam et al. 2013; Ankarklev et al. 2015). The genomes of a number of other 
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metamonads have also been sequenced including the oxymonad Monocercomonoides exilis 

(Karnkowska, et al. 2019), the parabasalid Trichomonas vaginalis (Carlton et al. 2007), and the 

diplomonad Spironucleus salmonicida (Andersson, et al. 2007). However, most analyses 

performed so far have focused on the protein-coding repertoire of these genomes with the only 

detailed description of different ncRNA classes reported for G. lamblia. This lack of information 

has restricted any comparative analysis of ncRNAs from other metamonad species, including the 

diplomonad Giardia muris, an intestinal parasite found infecting a variety of rodent species.  

Identification of ncRNAs in non-model organisms can be challenging as many ncRNA 

classes only conserve short sequence elements while their overall structure and size can vary 

significantly. As a result, RNA expression data is often crucial for accurate ncRNA detection and 

annotation. The lack of ncRNA data from G. muris has in part been due to the inability to cultivate 

it axenically, preventing ready access to sufficient cellular material for the characterization of 

relatively non-abundant ncRNAs using lower throughput techniques (Cacciò et al. 2018; Dann et 

al. 2018). The recent assembly of the G. muris genome (Xu, et al. 2020) provides a first step 

towards ncRNA prediction in this species, but additional experimental data is required for robust 

identification. The G. muris genome is even smaller than G. lamblia (9.8 Mbp vs 12.8 Mbp) 

containing shorter intergenic regions, with mean/median intergenic lengths of 264 bp/37 bp 

between protein-coding sequences in G. muris, among the smallest identified in any eukaryote 

(Xu, et al. 2020). The protein-coding gene density leaves little space for ncRNAs whose mature 

sizes typically range from approximately 20-200 bp in G. lamblia. ncRNA prediction is further 

complicated by a lack of global synteny in the two Giardia species due to many small-scale 

genomic rearrangements. The two genomes do however retain stretches of local synteny.  
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Our previous work uncovered a 12 nt sequence involved in the maturation pathway of all 

previously identified ncRNAs in G. lamblia, excluding ribosomal RNA (rRNA) and transfer RNA 

(tRNA) species (Hudson, et al. 2012). This sequence motif is extremity 

trans-spliced intron halves, indicating a broader role in RNA maturation. The same motif was 

identified at corresponding positions in the G. muris trans-spliced introns (Xu, et al. 2020), but the 

presence and ained 

unexplored as very few G. muris ncRNAs have been identified. In this study, we have analyzed 

the genome of the diplomonad Giardia muris and generated a small ncRNA library to investigate 

the complement of ncRNAs in this species and compared these findings to ncRNA data from G. 

lamblia and other metamonads.  

Our analysis revealed a compact collection of snoRNAs seemingly conserved between 

reduced genomes with different evolutionary histories, corrects the previously misidentified 

Giardia U3 snoRNA leading to new evolutionary insights about metamonad pre-rRNA processing 

machinery, and identified an RNase P–snoRNA fused diRNP capable of targeting tRNAMet for 

methylation at a nucleotide conserved throughout the three domains of life. This work highlights 

the importance of comparative genomic and RNA-omic analysis in diverse eukaryotes and how it 

can reveal important information about both highly conserved ncRNAs and novel innovations in 

ncRNA structure and function.  

2.2 Results 

2.2.1 G. muris ncRNA candidate prediction  

  sequence at the end of G. lamblia ncRNAs provides 

a valuable tool for de novo identification of ncRNAs. The discovery of a similar motif residing in 

the trans-spliced introns of G. muris suggested that this may be a conserved mechanism for ncRNA 
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ocessing in additional Giardia species. We could therefore employ this predicted feature 

as a tool to search the genome and generate a set of ncRNA candidate sequences to be further 

analyzed for features of distinct RNA classes. To explore this possibility, we first performed 

BLASTN searches to the G. muris genome using 40 G. lamblia ncRNAs. This uncovered candidate 

homologs for 10 G. lamblia ncRNAs in G. muris which we then aligned to 

for sequences resembling the processing motif. Thi -

CCTTYNHTNAA- G. muris 

RNA encoding regions, a near identical match to the G. lamblia -CCTTYNHTHAA-

consensus sequence. We next searched the G. muris genome for matches to this motif and collected 

matching sequence hits along with approximately 100 nucleotides (nt) upstream of the motif or 

enough upstream sequence to reach an AT rich putative promoter. We also searched for potential 

ncRNA candidates that may lack the processing motif but have conserved features diagnostic of 

various ncRNA classes using additional software (see Materials and Methods). In total, these 

combined searches generated 219 ncRNA candidates. Three of these were the previously identified 

trans-spliced introns, leaving 216 total ncRNA candidates which were used as the starting point 

for more detailed analyses. 

To examine the cellular expression of these ncRNA candidates, we generated a stranded 

small ncRNA library from mRNA depleted G. muris RNA. Raw 50 nucleotide Illumina reads were 

mapped to the G. muris genome, then assigned to genomic features to quantify RNA abundance. 

short read length and significant secondary structure 

of many ncRNAs. We therefore used read count as the metric for relative abundance rather than 

FPKM, RPKM, or TPM. Of the 21,915,561 reads mapping to the G. muris genome: 11,355,012 

were assigned to rRNA; 2,359,788 to tRNA; and 950,697 to our 216 new ncRNA candidates. The 
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majority of the new ncRNA reads mapped to 104 of the candidates, presumably the most abundant 

RNA species.  

2.2.2 Identification of C/D and H/ACA box snoRNAs in G. muris 

Small nucleolar RNAs (snoRNAs) are split into two classes, C/D and H/ACA, both of 

which act as guides for RNP complexes targeting various RNA species for nucleotide modification 

via base-pairing interactions (See Chapter 1 for a detailed description). Previous research on small 

ncRNAs in G. lamblia identified a total of 31 snoRNAs: 19 Box C/D and 12 box H/ACA (Yang, 

et al. 2005; Luo, et al. 2006; Chen, et al. 2007; Hudson, et al. 2012). Of these, 13 C/D and 7 H/ACA 

snoRNAs have convincing predicted interactions to target rRNA modification sites. The remaining 

snoRNAs are classified as “orphan”, with no currently identified modification targets in other 

RNA species. Using a combination of a covariance model (CM), Patscan, and BLASTN searches 

along with the Snoscan webserver, we examined our ncRNA candidates and searched the G. muris 

genome for homologs of G. lamblia snoRNAs. These searches identified homologs of 14 C/D 

snoRNAs (including a U3 snoRNA discussed below) and 7 H/ACA snoRNAs in G. muris (Table 

2.1 and Figure A.1.1). We refer to these RNAs as GmsR# for Giardia muris small RNA, following 

the naming convention established in G. lamblia, with homologs numbered accordingly (i.e. the 

GlsR1 homolog is named GmsR1).  
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Figure 2.1. G. muris C/D snoRNAs predominantly target rRNA positions also targeted in G. 
lamblia. Predicted base-pairing for G. muris C/D snoRNA antisense elements (ASE) (top) to 
rRNA target sequences (bottom). All three putative GmsR8 targets are shown.
element downstream of the guide for each snoRNA is boxed and labeled based on which ASE 

-O-methylation in the 
rRNA is underlined and indicated by a line connected to a •. Non-Watson-Crick GU pairs are 
indicated as •. The target rRNA subunit and nucleotide position modified are labeled underneath 
the respective base-pairing figure. A minimum of 10 base consecutive pairs was required, and
extended base-pairing is shown when predicted to occur. 
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We found G. muris homologs for 11/13 G. lamblia C/D modification guide snoRNAs based 

on sequence similarity and conserved rRNA targets (Table 2.1 and Figure 2.1). Intriguingly these 

snoRNAs form a distinct grouping among our ncRNAs based on read abundances in our small 

RNA library (Figure 2.2). These are the most abundant RNAs, making up just over 65% of all 

ncRNA reads (Supplemental file 1). Using the Snoscan webserver (Lowe and Eddy 1999) we 

searched for unique G. muris C/D snoRNA modification target sites. We included G. muris C/D 

snoRNAs homologous to G. lamblia snoRNAs with known target nucleotides in these searches as 

-sense elements 

(ASE) to guide modification. This approach was successful in identifying novel interactions for 

two C/D snoRNAs to target sites apparently not being targeted for modification in G. lamblia. The 

first is an  in GmsR13 that is predicted to target position C63 of 

our predicted G. muris U4 snRNA homolog (Figure A.1.2B). GlsR13 and GmsR13 maintain a 

high level of overall sequence similarity with the notable exception of the guide sequences 

This is in stark contrast to nearly all other box C/D 

RNA homologs in the two Giardia species which maintain perfect or near perfect conservation in 

at least one of the two ASE guide regions while the rest of the RNA sequence is divergent (Figure 

A.1.1). These changes are significant enough that GlsR13 in G. lamblia is not predicted to target 

U4 for modification. Box C/D snoRNA/scaRNA-guided modification of snRNAs is seen in many 

eukaryotic lineages including vertebrates and fungi, but no snRNA targeted modifications have 

been previously determined in metamonads.  
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Figure 2.2. G. muris snoRNAs form distinct abundance clusters among ncRNA candidates.
Our predicted C/D and H/ACA snoRNAs form clusters separate from all other ncRNAs in the
RNA-seq data based on read counts. C/D snoRNAs are the most abundant ncRNA class, followed 
by H/ACA RNAs. ‘Other’ refers to all remaining RNA candidates from our 216 predicted 
candidates, excluding the 63 repeated rDNA operon RNAs. Colours correspond to colours 
associated with RNA classes in Supplemental file 1, C/D snoRNAs in blue, H/ACA snoRNAs in 
green, and Other RNAs in gray. *** p < 1 x 10-14 One-way ANOVA, Tukey Post-hoc test for C/D 
snoRNAs against H/ACA snoRNAs

The G. lamblia GlsR8 C/D snoRNA has a known methylation target at position A507 in 

the 28S rRNA. We found that GmsR8 is also predicted to target a homologous position in G. muris,

supported by a compensatory change in the snoRNA-rRNA interaction to maintain base-pairing 

(Figure 2.1). However, we also detected an additional two targets for GmsR8 in the 28S rRNA at 

nearby rRNA positions. One of the new targets is guided by the same D box ASE as the A507 
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modification, the other by box ASE. All three of these guide-target interactions are predicted 

to be at least 10 contiguous Watson-Crick base-pairs in length (Figure 2.1). Upon re-examination 

of the G. lamblia GlsR8 snoRNA we found that the two additional snoRNA-rRNA interactions 

are conserved in this species (Figure A.1.2C). If these additional targets are in fact all modified, 

then GlsR8 and GmsR8 would be the first identified multi-site guide snoRNAs in Giardia and first 

C/D snoRNAs to guide multiple sites for modification using the same guide region to be identified 

in the metamonad lineage.  

Our searches in G. muris also identified homologs of seven G. lamblia H/ACA snoRNAs. 

Of these, four have predicted pseudouridylation target sites in G. muris, all in the LSU rRNA 

(Figure 2.3). As with the C/D snoRNAs, we found that all our predicted H/ACA snoRNAs had a 

comparable number of reads in our small RNA library thus forming a group separate from most 

other RNA classes based on read count (Figure 2.2. And Supplemental file 1). GmsR17 and 

GmsR22 snoRNAs were both identified via sequence conservation with their G. lamblia homologs 

and syntenic positioning in the two species’ genomes but searches for targets in G. lamblia and G. 

muris using both snoGPS software (Schattner et al. 2004) and manual inspection approaches have 

not as yet revealed any plausible targets. 
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Figure 2.3. Newly identified H/ACA snoRNAs from G. muris. Predicted bipartite base-pairing 
for G. muris H/ACA snoRNAs to rRNA target segments. Each H/ACA snoRNA (top) is labeled 
and bipartite tion 

otide pair of the upper H/ACA snoRNA
stem is shown with remainder of the upper stem indicated as a cartoon stem loop. The distance in 
nucleotides to the ACA or H box elements following the second half of the bipartite pairing is 
indicated as (N)x -Watson-
Crick base-pairs are indicated as • for GU

We detected two snoRNAs, one C/D (GmsR29) and one H/ACA (GmsR30) unique to G. 

muris (Table 2.1). Based on read count, GmsR29 groups with the other C/D snoRNAs in our small 

RNA library data

perfect matches to the conventional snoRNA consensus sequences and the C box differs by only a 

single nucleotide (AUGACGA). We identified a perfect 11 base-pair interaction between

ASE of GmsR29 and the G. muris 28S rRNA homolog targeting nucleotide position A2351 of the 

peptidyl transferase center (PTC) (Figure 2.1). This position is homologous to the nucleotide 

targeted by C/D snoRNAs found in humans, yeast, and some archaeal species (Table 2.1). GmsR30

contains the conventional H/ACA sequence and structural features (Figure A.1.3), and manual 

inspection detected a possible target for the pseudouridylation pocket of stem 2 in the 28S rRNA 
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(Figure 2.3). However, one side of the bipartite pairing consists of only three pairs including a 

non-Watson-Crick GA pair making it unclear if the interaction would be stable enough to allow 

for modification.  

15 of the 16 most abundant RNAs in our sequencing data are C/D snoRNAs, with the only 

exception being a single RNA of unknown function (nc151), which contains some C/D snoRNA-

like features and may represent a more evolutionarily divergent RNA of this class. Of the next 14 

most abundant RNAs in the library, 8 are H/ACA snoRNAs creating a second snoRNA-rich read 

cluster. Read count between RNAs can vary significantly, but the close clustering (by abundance) 

of RNAs of the same class further supports our classification of these ncRNAs.  

2.2.3 C/D snoRNA-guided modification sites are conserved between G. muris and the Gu. theta 

nucleomorph rRNAs 

The G. muris genome is over 20% smaller than the G. lamblia genome yet has conserved 

nearly all C/D snoRNAs with known rRNA targets. This led us to pose the question: are a similar 

set of nucleotide positions also being targeted for modification in other distantly related eukaryotic 

species possessing reduced genomes. The cryptomonad Guillardia theta is a eukaryotic species 

that acquired a photosynthetic plastid through secondary endosymbiosis (i.e. through 

endosymbiotic uptake of a eukaryotic algae rather than a cyanobacteria). Even more unusual is the 

fact that in this species the plastid still retains a highly reduced eukaryotic nuclear genome termed 

a nucleomorph (NM), that is the remnant of the algal endosymbiont genome (Zimorski et al. 2014). 

The Gu. theta nucleomorph genome is derived from a red algae but has been reduced to just 551 

kbp in size (Archibald 2007). A recent study on sRNAs in the Gu. theta NM uncovered a collection 

of C/D snoRNAs (designated GtNM-R#) including two that are either homologs or functional 

analogs of G. lamblia GlsR6 (GtNM-R10) and GlsR7 (GtNM-R8) based on CM searches (Åsman 



52 
 

et al. 2019) suggesting the existence of a selective pressure to maintain snoRNA guided 

modification at these positions. Comparison of small RNA complements in Giardia species with 

the nucleomorph of Gu. theta presents a valuable opportunity to study functional commonalities 

of highly reduced but evolutionarily unrelated genomes that were subject to different selective 

pressures towards size compaction. We used our new data on G. muris C/D snoRNAs to compare 

predicted snoRNA guided nucleotide modifications in the Gu. theta nucleomorph and G. muris. 

Aligning the rRNA from the two species revealed that 7 of the 11 Gu. theta NM modified rRNA 

nucleotides targeted by C/D snoRNAs are also targeted for modification in G. muris (Table 2.1 

and Figure A.1.4). Alignment of the snoRNAs targeting homologous positions in their respective 

rRNAs shows little conservation outside of the ASE guide regions and their associated C/D boxes 

(Figure A.1.5) preventing a definitive conclusion as to whether these snoRNAs share common 

ancestry. However, all seven of these rRNA positions are modified in both yeast and humans, and 

four of the sites are targeted by C/D sRNAs in a variety of archaeal lineages (Table 2.1) (Dennis 

et al. 2015; Lui et al. 2018). These four modified positions are among the sites targeted by 

snoRNAs which were previously predicted to trace back to the last eukaryotic common ancestor 

(LECA) (Hoeppner and Poole 2012). Conservation of these modifications over such large 

evolutionary distances and among species that otherwise maintain only a small collection of 

snoRNAs suggests significant functional importance and selective pressure to preserve these 

particular rRNA modifications and the snoRNA-mediated mechanism of targeting them.  

Mapping the G. muris and Gu. theta NM rRNA modification sites onto the human rRNA 

structure shows that many occur in functionally important regions of the rRNA. The majority of 

the conserved modification positions are found in regions homologous to the peptidyl transferase 

center (PTC) and helix 69 (H69) of the B2a inter-subunit bridge in the 28S rRNA as well as helix 
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34 (H34) of the decoding site in the 18S rRNA (Figure A.1.6). Each of these snoRNA-guided 

modifications has been found to play an important role in translation fidelity in yeast (also see 

Discussion).  

2.2.4 An RNase P–snoRNA diRNP targets tRNAMet -O-methylation in Giardia species 

Among the C/D snoRNAs that are conserved between G. muris and G. lamblia are several 

that do not appear to have rRNA targets. Two of these, GmsR14/GlsR14 and GmsR15/GlsR15, 

maintain near perfect sequence conservation in the 10 nucleotides upstream of their D box 

elements for the homologs between species (Figure A.1.1).   This conservation suggests they are 

functional guide elements and share a common RNA modification target in the two species, which 

prompted us to search for potential targets in other classes of ncRNA. We did not detect any 

plausible targets for GmsR14/GlsR14 in currently known ncRNAs; remarkably, both the GmsR15 

and GlsR15 snoRNAs can base-pair extensively with tRNAMet to target position C34, located in 

the anticodon loop for modification. In both cases, the snoRNA-tRNA interaction consists of at 

least 10 contiguous base-pairs, with the GmsR15-tRNAMet pairing able to extend to 17 consecutive 

pairs (Figure 2.4A and B). 
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Figure 2.4. An RNase P-snoRNA fusion RNA and GmsR5 have predicted tRNA targets for 
-O-methylation. Predicated base-pairing interactions between G. muris C/D snoRNAs (A and 

C) or G. lamblia GlsR15 snoRNA (B) and predicted tRNA targets. For the GmsR15-tRNAMet

interaction, the minimal 10 base-pairing (left) and possible extended base-pairing potential (right) 
are both shown. All three predicted snoRNA-tRNA interactions use the anti-sense guide region 
upstream of the D box (boxed and labe -O-methylation is 
underlined and indicated by a line connected to a •.  Non-Watson-Crick base-pairs are indicated 

(D) The G. lamblia RNase P 
transcript is resolved on a 3% agarose gel. The fused RNase P–GlsR15 transcript is indicated. 
Lanes with products from the reaction containing reverse transcriptase (RT) (+) or lacking RT as 
a control (-) are indicated above the lane. The included DNA size ladder lane (L) has bands labeled 
in base-pairs. 

Previous studies in G. lamblia found that the GlsR15 overlaps the 

RNase P RNA by approximately 23 nucleotides (Chen, et al. 2007). The two genes 

were found to be transcribed in at least some cases initially as a single fusion transcript but were

predicted to then be internally cleaved to form two distinct mature RNAs, however this was never 

experimentally examined. Due to the nature of the overlap, such a processing event would likely 

render one of the two RNAs non-functional. Additionally, examination of all the currently 

identified G. lamblia ncRNAs reveals that the RNase P RNA is the only known ncRNA from G. 

lamblia that lacks the in the region of its previously predicted 
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to determine if the mature G. lamblia RNase P transcripts retain the GlsR15 sequence (at the  

end) or are instead cleaved internally utilizing a site-determination mechanism independent of the 

normal ncRNA , as previously proposed (Chen, et al. 2007). RACE 

experiments detected a single prominent band at the predicted size for the RNase P-GlsR15 

“fusion” transcript, which was then verified by DNA sequencing of the RACE product (Figure 

2.4D and Figure A.1.7A). This result indicates that the vast majority (if not all) of the transcripts 

from this genomic region remain as an RNase P–GlsR15 fusion without internal processing, 

 end of GlsR15 

Additional work from our lab found that co-precipitation of RNA and proteins in complex with G. 

lamblia tagged homologs of the C/D snoRNA binding protein Snu13p significantly enriches the 

RNase P RNA and precipitated protein components of the RNase P RNP (see Chapter 3 for 

details). Together these data strongly support formation of a hetero-diRNP containing both an 

RNase P and snoRNA domain assembled on the ‘fused’ RNA. Analysis of the genomic region 

surrounding the newly identified RNase P RNA sequence in G. muris revealed a similar dicistronic 

fused organization for the RNase P–GmsR15 genes in which only GmsR15 possesses the 

 (Figure A.1.7B). This shows that the diRNP structure is conserved 

in these Giardia species. We examined the sequences downstream of RNase P RNA genes in other 

metamonad species to look for potential snoRNA features or antisense elements for pairing to 

tRNAMet but found no evidence of either, in any genus outside of Giardia. The RNase P–snoRNA 

fusion is therefore likely Giardia specific.  

During our analysis of G. muris snoRNAs we also found that GmsR5, which targets G1886 

Ser using its D box 
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ASE to target position U28, with a base-pairing length similar to most ASE interactions of C/D 

snoRNAs in Giardia (Figure 2.4C). The GmsR5 D box ASE is nearly 100% conserved in GlsR5, 

again suggesting a common RNA target in the two species. However, unlike GmsR15/GlsR15, 

this predicted tRNA interaction is not conserved in G. lamblia due to changes in the Gl tRNASer   

sequence preventing proper snoRNA-tRNA pairing. Additionally, no tRNA in Giardia or other 

species has yet been experimentally validated to possess a -O-methylation at position 28. It will 

require further biochemical investigation to determine the modification status of U28 in G. muris.   

2.2.5 Identification and analysis of Metamonad U3 snoRNAs 

As described in Chapter 1 the U3 snoRNA is critical for the processing and cleavage of 

pre-rRNA in eukaryotes. Previous analyses of U3 snoRNAs from diverse eukaryotes only 

examined a single member of the metamonad lineage, G. lamblia. These studies suggested the G. 

lamblia C/D snoRNA GlsR1 as a possible G. lamblia U3 candidate, however this RNA lacks all 

but one of the conserved helices found in other eukaryotic U3 RNAs and possesses a 

extension with no clear base-pairing potential to the pre-18S rRNA (Figure A.1.8A) (Marz and 

Stadler 2009). This would also be the only known U3 snoRNA to target a modification site, as 

GlsR1 guides methylation of C1325 in the G. lamblia 18S rRNA, a site homologous to the 

modification performed by snR70 in yeast (Yang, et al. 2005). To determine if this predicted but 

structurally unusual U3 could be a conserved feature of U3 snoRNAs in the metamonads, we used 

the Infernal software package to perform CM searches using seven metamonad genomes 

including: five fornicates (Kipferlia bialata and four additional diplomonad species: Giardia 

lamblia, Giardia muris, Spironucleus salmonicida and Spironucleus vortens), a parabasalid 

(Trichomonas vaginalis), and two oxymonads (Monocercomonoides exilis and Streblomastix 

strix). Initial searches using the consensus U3 structure obtained from the rFam database yielded 
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plausible U3 snoRNA candidates for S. salmonicida, S. vortens, M. exilis, and S. strix. The absence 

of a putative U3 homolog for both G. lamblia or G. muris suggests that if a U3 homolog is present, 

either as GlsR1/GmsR1 or another RNA, it has diverged significantly from previously described 

U3 structures.   

We searched for possible alternative U3 candidates using the RNA co-precipitation data 

obtained in our lab from co-precipitation with the core C/D snoRNP RNA-binding protein Snu13p 

in G. lamblia (see Chapter 3). Snu13p is a component of the U3 snoRNP in other species and 

would be predicted to bind any U3 snoRNA present in G. lamblia. We found that the ncRNA 

‘Candidate 17’, an ncRNA whose function was not previously determined, was significantly 

enriched in this data. A search of our ncRNA candidates in G. muris revealed a highly expressed 

RNA (nc195) with significant sequence similarity to Candidate 17. Alignment of these two 

Giardia RNAs with the U3 candidates from the other metamonad species highlighted regions 

corresponding to the conserved te surrounding 

nucleotides (Figure 2.5A).  
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Figure 2.5 Metamonad U3 snoRNA candidates maintain critical U3 features.
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Figure 2.5. Metamonad U3 snoRNA candidates maintain critical U3 features. (A) Alignment 
of the 6 predicted metamonad U3 snoRNAs, aligned using ClustalOmega 
(https://www.ebi.ac.uk/Tools/msa/clustalo/) with manual curation. Conserved sequence elements 
are indicated with le), C (green), 
and D (red). * indicates an identical nucleotide present at this position in all 6 RNAs.  (B) Base-
pairing interactions formed between the U3 snoRNA and 18S rRNA homologs for S. cerevisiae 
and the 6 metamonad U3 snoRNAs based on the intermolecular helix II and III that was detected 
recently in yeast SSU processome cryo-EM structures. For S. vortens and M. exilis, only helix II 
and III respectively are shown due to missing rRNA sequences in genomic databases. Roman 
numerals II and III refer to the names of U3-18S intermolecular helices. First and last nucleotides 
of the base-pairing regions are numbered for positions within each RNA. Purple text is 18S rRNA 
sequence, black text is U3 snoRNA sequence. Metamonad U3 secondary structures are shown in 
Figure A.1.9.  

 

The domain of U3 snoRNAs contain a collection of sequences that form critical base-

pairing interactions with the 18S rRNA  of the pre-rRNA. Previous 

biochemical analysis and genetic studies in yeast and humans suggested the formation of five 

helices between the rRNA and U3, designated helix I, II, III, V, and VI, where I-III form within 

the 18S, and V and VI form with the  ETS (Beltrame and Tollervey 1995; Hughes 1996; Méreau, 

et al. 1997). However, recent cryo-EM structures of the yeast SSU processome and mutational 

analysis of the yeast U3 determined that an alternative helix III forms between U3 and a different 

region of the 18S rRNA, and helix I is absent entirely (Barandun, et al. 2017; Sun, et al. 2017; 

Clerget, et al. 2020). Alignment of the metamonad and yeast 18S rRNAs shows conservation of 

nucleotides involved in helix II and the newly identified helix III. Using sequence alignment and 

manual inspection we found that the U3 snoRNAs from S. salmonicida, S. strix and both Giardia 

species are able to form helix II and III with their respective 18S rRNA homologs (Figure 2.5B). 

Only incomplete rRNA sequence data is available for S. vortens and M. exilis but from this we 

were able to the predict formation of helix III in M. exilis and helix II in S. vortens. This data shows 

that the newly identified rRNA-U3 helices are conserved in the metamonads, supporting the 
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evolutionary importance of these interactions and our classification of these RNAs. Plausible 

formation of helix V and VI for G. lamblia and G. muris can also be predicted with the  and 

U3 homologs but high G/C content and poor conservation in this rRNA region between species 

makes accurate prediction of helices difficult and will likely require biochemical verification to 

accurately annotate (data not shown). Based on the conservation of the internal U3 box elements, 

predicted formation of critical base-pairing interactions with the respective 18S rRNAs, and 

significant enrichment of G. lamblia Candidate 17 in Snu13p co-precipitations we conclude that 

these RNAs rather than GlsR1/GmsR1 are the Giardia U3 snoRNAs. Going forward we refer to 

Candidate 17 and nc195 as Gl-U3 and Gm-U3 respectively.  

We next examined the evolution of U3 in the metamonad lineage and compared their 

features to U3 snoRNAs in other taxonomic groups. 97% of U3 snoRNA sequences in the rFAM 

database near  All six metamonads conserve this 

sequence (4/6 “GAC”, 2/6 “GAU”). The distance between the B and C box elements is 

significantly larger in the oxymonad U3s than the diplomonads and sequences are not maintained 

between metamonad groups (Figure 2.5A). Predicted secondary structures for the U3 snoRNAs 

produced using MFOLD and manual curation show this region forms two extended stem loops in 

the oxymonad RNAs that are absent in both Spironucleus and Giardia species (Figure A.1.9). 

These helices correspond to helix M8 and M9, following the terminology of Marz and Stadler 

(Marz and Stadler 2009), which are found in U3 snoRNAs from representatives in all other major 

eukaryotic domains (Figure 2.6A and B). The absence of these and other evolutionarily conserved 

helices in Spironucleus and Giardia result in compact U3 RNA structures. Together this data 

suggests that the ancestor of metamonads possessed a larger, more complex U3 structure that has 

undergone significant size reduction within the diplomonad lineage. Including our newly-
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identified sequences with those analyzed by Marz and Stadler point to a U3 snoRNA with most of 

the additional helices found in higher eukaryotes being present in LECA (Marz and Stadler 2009). 

Loss of many U3 structural features during diplomonad evolution suggests that they are not strictly 

required for the core function of the U3 snoRNP as only helices M1, M2, and M4 are predicted to 

stably form in all four examined diplomonad U3 homologs (Figure 2.6B and C). Other helices may 

form in diplomonad U3s in vivo, including a short, mostly non-Watson-Crick-paired M5, an M9 

helix in Giardia and M3 helix in Spironucleus, but these would still be highly reduced compared 

to those present in higher eukaryotes (Figure 2.6B and Figure A.1.9).  

Figure 2.6. Size redudction of the U3 snoRNA in diplomonads. Organizational schematic for 
the different intramolecular helices in U3 snoRNA secondary structures across various eukaryotic 
lineages (A) and in the diplomonads (C). Helix names and the secondary structure in (A) are based 
on the schematic from Marz and Stadler, 2009. (B) Table of the helices predicted to form in the 
U3 snoRNAs from the six examined metamonads species, GlsR1 snoRNA from G. lamblia and 
the S. cerevisiae U3 snoRNA. Presence of the GAC sequence motif is also indicated. (+) indicates 
that the helix is present, (-) absent, or (?) if a helix does form it would be short, contain many non-
Watson-Crick pairs and likely be relatively unstable.
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2.2.6 Small nuclear RNA candidates from G. muris 

Each of the five conserved snRNAs of the splicesome (Chapter 1): U1, U2, U4, U5, and 

U6 possess highly conserved sequence and secondary structural features important for their 

function. Previous searches for snRNAs in the diplomonads G. lamblia, S. salmonicida, and S. 

vortens have described varying incomplete sets of these RNAs (Hudson, et al. 2012; Hudson, et 

al. 2019). Identified diplomonad snRNAs possess important core spliceosomal RNA elements but 

they are divergent enough to escape detection using conventional search strategies based on 

snRNA features from other eukaryotic snRNAs. Significant sequence and structural differences 

are even found between snRNA homologs of different diplomonad species. This rapid rate of 

divergence in normally well-conserved structures make diplomonads an intriguing lineage for the 

study of snRNAs and their potentially diversified role in splicing.  

We performed BLASTN and CM searches to the G. muris genome using the previously 

identified G. lamblia snRNAs as queries. These searches detected strong candidates for U2, U4 

and U6 which show significant sequence conservation with the G. lamblia snRNAs (Figure 

A.1.10 end processing motif and is well represented in our 

small RNA library, with similar read counts for each of the three RNAs (Supplemental file 1). 

Each candidate was examined for important sequence elements and the ability to form conserved 

inter- and intramolecular helices. In other eukaryotic species, the U4 and U6 snRNAs form an 

extensive network of base-pairs during the early stages of splicing as part of the U4/U6•U5 tri-

snRNP (Bringmann, et al. 1984; Hashimoto and Steitz 1984; Brow and Guthrie 1988; Wilkinson, 

et al. 2020). Our G. muris U4/U6 candidates can pair to form the evolutionarily conserved 

intermolecular helix I and II which meet to form a tri-helical junction with the U4 intramolecular 
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L) (Figure 2.7A). The G. muris can also form the ubiquitous K-turn 

structure critical for U4 snRNP assembly in other eukaryotes (Nottrott et al. 1999).  

Following recruitment of the tri-snRNP to the intron, the intermolecular helices formed 

between U4 and U6 are unwound by helicases allowing U6 and U2 to pair, generating structures 

important for the catalytically active spliceosome (Madhani and Guthrie 1992; Zhang, et al. 2019). 

U6 also base-pairs 

‘ACAGAGA’ sequence while U2 pairs to the intronic branch point sequence (BPS) causing the 

catalytic branch point A to bulge (Parker, et al. 1987; Valadkhan et al. 2009; Zhang, et al. 2019; 

Wilkinson, et al. 2020). U6 snRNAs also contain an ‘AGC’ sequence that forms helix Ib in the 

U2/U6 complex and is key in facilitating splicing (Yu et al. 1995; Mefford and Staley 2009). 

Intermolecular pairing between G. muris U2/U6 forms the conserved helices I-III which facilitates 

formation of the U6 intramolecular stem loop (ISL) (Figure 2.7C). The U6 ISL is a critical structure 

involved in magnesium binding during the catalytic stages of splicing (Valadkhan, et al. 2009; 

Zhang, et al. 2019).  Both a canonical ‘ACAGAGA’ and ‘AGC’ triad sequence are found in the 

G. muris U6, and U2 possesses a stretch of nucleotides between helices I and III capable of base-

pairing with the conserved G. muris BPS ‘ACUAACACGCAG’. Interestingly, the interaction 

between the G. muris U2 and BPS can result in either of two adjacent intronic adenosines to bulge. 

This feature is also observed for the G. lamblia and Spironucleus spp. U2 snRNAs (Hudson, et al. 

2012).  The intramolecular structures SL I-IV of U2 are also conserved in our candidate (Figure 

2.7C).  
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Figure 2.7. Divergent G. muris spliceosomal snRNAs. Predicted intermolecular and 
intramolecular base-pairing for the G. muris U1, U2, U4, and U6 snRNA candidates. (A) U4/U6 
pairing. The U4 kink- The conserved 
ACAGAGA sequence of U6 is also boxed. (B) U1 is depicted base-

trans-spliced intron. The U11-like sequence and 
conserved helices of the ‘cloverleaf’ structure are labeled. (C) U2/U6 pairing. The ACAGAGA 
sequence of U6 is shown pairing 
is depicted pairing to U2 and bulging the catalytic adenosine. The putative U5 structures are found 
in Figure A.1.11.   

 

We next extended our search for more divergent candidates of U1 and U5 since CM 

searches of the G. muris genome were unsuccessful in detecting convincing homologs (Nawrocki 

and Eddy 2013). In other species, the  

via a sequence near the snRNAs  (Mount, et al. 1983; Wilkinson, et al. 2020). A candidate 

U1 snRNA in G. muris should therefore possess a sequence complementary to the G. muris 

Using the rever  of G. muris consensus sequence 

(GU[A/U]UGUG) we queried our identified ncRNA candidates and their upstream regions (+50 

bp). The upstream region (+22-16) of the nc038 candidate RNA contains a stretch of seven 

nucleotides (CACAUAC) complementary to the G. muris  structural predictions 

for this RNA using MFOLD show it can form the conserved U1 ‘cloverleaf’ structure (Figure 

2.7B). Like the G. lamblia U1, nc038 contains a minor spliceosomal U11 snRNA-like SL III 

sequence and lacks both an SL IV structure and U1-70K protein-binding site in SL I (Hudson, et 

al. 2012). In contrast, unlike G. lamblia, both the U1A binding site in the SL II loop and the Sm 

binding site are also absent in our G. muris candidate revealing a considerable degree of sequence 

divergence in normally well conserved regions. The read abundance for nc038 in our small RNA 

library is in slight excess of what is observed for the other three snRNA candidates; consistent 

with findings in humans where U1 is present in approximately 10-fold excess of other snRNAs 

(Baserga and Steitz 1993; Dvinge et al. 2019).  
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U5 snRNA is the only snRNA yet to be definitively identified in G. lamblia. As with U1 

we manually searched uncharacterized ncRNAs in the two Giardia species for conserved U5 

features. We found that G. lamblia ‘Candidate 5’ RNA and G. muris nc158 can form stem 

structures containing a U rich loop, resembling the U5 loop I sequence (Figure A.1.11) (Wilkinson, 

et al. 2020). Loop I of U5 is critical in splicing as it pairs to the end of the adjacent upstream exon 

during splicing, tethering it to the spliceosome following the breakage of the RNAs phosphodiester 

backbone caused by the first transesterification reaction (O'Keefe and Newman 1998). The two 

RNAs are found in syntenic positions in the two Giardia genomes but have divergent sequences 

and vary considerably in stem length. Additionally, nc158 does not group with the other four 

snRNAs based on read count and is poorly represented with only 66 reads mapping to the coding 

strand. In the absence of other candidates, it is plausible these RNAs could act as U5 homologs, 

but we cannot conclude based on our analysis that Candidate 5 and nc158 are definitively the 

Giardia U5 snRNAs without additional experimental verification.  

2.2.7 A highly-reduced Telomerase RNA (TER) component in Giardia spp. 

Telomeres are long stretches of a short repetitive sequence found at the end of eukaryotic 

linear chromosomes that are critical in preventing loss of genetic information during DNA 

replication. Telomeres are generated by the Telomerase RNP complex, composed of a set of 

proteins including a telomerase reverse transcriptase (TERT), and a telomerase RNA component 

(TER) (Musgrove, et al. 2018). TERs can vary dramatically in size from approximately 150 to 

over 2000 nt, but minimally contain four core sequence and structural features: a template 

sequence, template boundary element (TBE), stem terminus element (STE), and pseudoknot 

(Podlevsky and Chen 2016). Template sequences are most often 1.5-2X repeats of the 

complementary sequence to the telomeric repeat (eg. -
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(GGTTAG)n-  the TER is -(CUAACCCUAAC)- ) (Podlevsky and 

Chen 2016). A TERT homolog has been identified in G. lamblia and telomere extension has been 

characterized but no TER has been detected in any Giardia species or other metamonad indicating 

that they could be considerably evolutionarily divergent (Malik et al. 2000; Uzlíková et al. 2017).  

Following our analysis of other ncRNA classes only five ncRNA candidates with >200 

reads remained unassigned. Additionally, in G. lamblia all but three predicted ncRNAs have been 

assigned functions (Hudson, et al. 2012) (Chapter 3 and this work). Pairwise alignment of these 

uncharacterized RNAs from the two Giardia species revealed a high degree of sequence similarity 

between GlsR28 from G. lamblia and nc136 in our G. muris ncRNA library (Figure A.1.12).  

Secondary structure predictions for GlsR28 and nc136 using MFOLD and manual curation found 

that the RNAs fold into nearly identical structures with only minor sequence variation, mostly 

limited to single stranded regions (Figure 2.8A and B). These Giardia TER candidates both contain 

a 10 base-pair long stem with a conserved apical loop capable of pairing with a nearby upstream 

sequence to form the TER pseudoknot. G. lamblia and G. muris share the same telomeric repeat 

-(TAGGG)n- (Morrison, et al. 2007; Xu, et al. 2020). We found that both candidate 

TERs contain a short sequence complementary to the telomeric repeat in a single stranded region 

within the pseudoknot-containing loop, ‘UACCCUA’ and ‘UACCCU’ for G. lamblia and G. muris 

respectively which could act as the template sequence.  Intriguingly, both Giardia TER candidates 

are similar in length to and resemble the secondary structure of the ciliate Tetrahymena 

thermophila TER, with the template and pseudoknot elements residing in similar relative positions 

within the RNA. The TBE (stem II) found in T. thermophila and many other eukaryotic TERs is 

missing from the Giardia TERs (Figure 2.8A-C). We instead propose that the helix enclosing the 

template sequence and pseudoknot region (or T-PK) could act as the TBE in Giardia (Figure 2.8A 
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and B, stem labeled TBE). This type of TBE is strikingly similar to those found in a majority of 

vertebrate and Angiosperm TERs (Figure 2.8E and F) (Chen and Greider 2003; Song et al. 2019; 

Logeswaran et al. 2020). Use of this mechanism is dependent on the distance between the nd 

of the template sequence and the T-PK closing helix for extension boundary definition in studied 

eukaryotes. Intriguingly, this distance is six nucleotides in both Giardia candidates and the 

Arabidopsis thaliana TER (Figure 2.8A, B and F). It therefore appears plausible that this helix 

could function in a similar manner in Giardia as it does in these other eukaryotes. Finally, the 

terminal  ends of the Giardia TER candidates form a long discontinuous stem and helical 

junction. The STE of vertebrate, fungal, and land plant TERs are composed of variations of a 

similar helical junction, proposed to be an ancestral feature of TER, though at a somewhat different 

relative position in the RNA. Given this similarity and small size of the Giardia TERs, this region 

likely also acts as the Giardia STE.  
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Figure 2.8. Comparison of Giardia telomerase RNA (TER) structures with other 
eukaryotic TERs. TER secondary structures are based on MFOLD predictions and manual 
curation for G. lamblia (A), G. muris (B), and the previously characterized T. thermophila 
(C), T. praravorax (D), H. sapiens (T-PK domain) (E), and A. thaliana (T-PK domain) (F) 
telomerase RNAs. Gray lines indicate base-paired nucleotides that are part of the 
pseudoknot structure. Template regions predicted to be used to produce telomeric repeats 
are labeled and indicated in red. The four evolutionarily conserved core TER features are 
labeled: template, template boundary element (TBE), pseudoknot, and stem terminus 
element (STE) for A-C. Identified helices from T. thermophila TER are labeled with roman 
numerals I-IV and with conventional P# nomenclature for H. sapiens and A. thaliana. 
Experimentally validated TBE regions of the RNA are highlighted in green boxes and 
labeled for H. sapiens and A. thaliana. 

 

2.3 Discussion  

2.3.1 Conservation of a ncRNA processing motif in G. muris 

Following our ncRNA analysis, we re-examined the consensus sequence of the G. 

muris 

characterized trans-spliced introns. This consensus closely matches the one identified from 

the first 10 ncRNAs in G. muris -CCTTYDHTNAA-

difference between the motif in the two Giardia species is an apparent bias for a T at the 

position directly upstream of the conserved ‘CCTT’ at the start of the motif in G. lamblia. 

No nucleotide preference was observed for this position in G. muris (Position 1, Figure 

A.1.13). The 

identified ncRNAs in G. lamblia and G. muris shows the processing mechanism is highly 

conserved in the Giardia genus. The cellular machinery responsible for recognition and 

cleavage of the motif has not yet been identified but is therefore likely also conserved. 

Analysis of the limited number of currently identified S. salmonicida ncRNAs failed to 

the evolutionary branching of Spironucleus and Giardia. What could have driven the 
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evolution of such a well conserved and apparently critical processing signal in all non-

rRNA/tRNA ncRNAs in such a relatively short period remains unknown but warrants 

further experimental investigation.  

Only five G. muris ncRNA candidates with >200 reads remain unclassified. This 

includes two RNAs whose sequences partially resemble GlsR24 and GlsR26 H/ACA 

snoRNAs but lack sufficient evidence for definitive classification (data not shown). 

Another of these RNAs contains elements resembling C and D boxes (nc151) and groups 

with the other C/D snoRNAs, based on read count in our library. But nc151 lacks a 

predicted modification target and contains more degenerate box elements than other C/D 

snoRNAs in G. muris. Only one of our predicted ncRNAs, the possible U5 snRNA, has 

below 200 reads. Therefore, our RNA library was robust in detecting ncRNA expression 

and our prediction criteria were appropriately stringent, as RNAs predicted based on 

conserved sequence and structural features made up nearly all well-represented RNAs in 

our library. 

Of the 216 ncRNA candidates included in our analysis, a collection of 63 predicted 

from the genome were found to have identical sequences. These map downstream of the 

mature 28S rRNA homolog sequence of the various rDNA operons found throughout the 

genome (data not shown). They were originally predicted as ncRNAs based on the presence 

stretches of sequence that are also highly conserved between different genomic loci, 

suggesting a functional importance. This likely does not represent a small RNA but instead 

could indicate a role for the motif in rRNA processing. A search for the motif sequence 

downstream of the 28S rDNA in G. lamblia did not detect a similar arrangement.  
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2.3.2 snoRNA repertoires are conserved between Giardia species 

We detected G. muris homologs for nearly all G. lamblia snoRNAs of both classes 

with known nucleotide modification targets. We also detected a G. muris GlsR13 homolog 

(GmsR13) targets the U4 snRNA in G. muris, which is not seen in G. lamblia. In higher 

eukaryotes some snoRNA-like RNAs localize to the Cajal bodies (scaRNAs) and guide 

modification of snRNAs (Jády et al. 2003; Richard, et al. 2003). Identification of GmsR13 

as a potential guide for U4 modification is the first example of a snoRNA-guided snRNA 

modification in a metamonad. SnRNA modification occurs in the Cajal bodies rather than 

the nucleolous in higher eukaryotes; however, Cajal bodies have not been identified in 

Giardia

a shared biogenesis pathway. This could suggest the existence of a central subnuclear hub, 

perhaps the nucleolus, for RNP biogenesis that would allow for GmsR13 to interact with 

U4 without the requirement for special localization signals.  

The additional targets identified for GmsR8/GlsR8 represent the only current 

example of a snoRNA targeting multiple positions in the diplomonads. The ability to target 

multiple positions using a single snoRNA may be advantageous with such a small 

complement of guide RNAs but appears not to be a common feature of Giardia snoRNAs. 

The modification status of the additional target nucleotides predicted for GmsR8/GlsR8 is 

unknown, and it is possible that only a subset of the three positions are actually modified. 

It is unclear what mechanism would be responsible for target site selection in this case, as 

the guide RNAs have equivalent length pairing potential to all three sites. 
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2.3.3 A conserved set of snoRNA-guided modifications present in functionally important 

positions of ribosomal RNA in species with reduced genomes 

Comparative analysis of species that have undergone genomic reduction with 

distinct evolutionary histories provides an opportunity to examine the common features of 

cellular complexes that are being selectively maintained. We identified a set of shared 

snoRNA-guided modifications in G. muris and the distantly-related Guillardia theta 

nucleomorph rRNAs that are predominately found in functionally important regions of the 

rRNA. Clustering of nucleotide modifications in functionally important regions of the 

ribosome is prevalent in eukaryotes and prokaryotes and occurs regardless of the overall 

number of modifications in any particular species (Sergiev et al. 2018). Many of these 

positions have been studied in yeast via snoRNA knockouts to eliminate modifications and 

been determined to play roles in translational fidelity. For example, helix 69 (H69) of the 

LSU rRNA forms part of the B2a intersubunit bridge and contacts tRNA in the A and P 

sites during translation (Yusupov et al. 2001). In yeast this helix contains 5 modifications: 

four -O-methylation (Nm). G. muris and Gu. theta rRNA contain the 

corresponding H69 Nm at the same relative position, guided by GmsR7 and GtNM-R8 

respectively (Figure A.1.4 and A.1.6). Knockouts of the yeast snoRNAs guiding these five 

modifications caused significant growth defects and reduced rRNA stability when >3 

modifications were removed, especially when growth temperatures were elevated (Liang, 

et al. 2007). Knockout of the H69 Nm alone also resulted in changes to both mRNA 

readthrough and frameshifting frequencies (Baudin-Baillieu, et al. 2009). Knockouts of the 

yeast homolog of Candidate 1/GtNM-R12 targeting H34 of the decoding region in the 18S 

rRNA also altered frameshifting, but only affected readthrough in combination with 

removal of other modifications in the same region of the ribosomes 3D structure. Finally, 
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knockout of the yeast GmsR29/GtNM-R11 homolog which targets a nucleotide in the 

peptidyl transferase center causes significant growth defects under a variety of extra-

ribosomal growth challenge conditions, with particularly significant negative effects 

occurring when grown in the presence of chemicals causing redox imbalance (eg. DTT and 

tert-butyl-HOOH) (Esguerra et al. 2008). These modifications may play an even larger role 

in species like G. muris or Gu. theta as they often lack the additional modifications found 

in the same 3D region of the ribosome that are present in these higher eukaryotes. 

The predicted rRNA targets of nearly all C/D snoRNAs not shared between the Gu. 

theta NM and G. muris are modified in both yeast and humans (Table 2.1). This overall 

pattern of conservation of snoRNA-guided modification suggests a model in which a set of 

common “core” snoRNA-guided modifications are preferentially maintained at the most 

functionally critical rRNA sites during genomic reduction (eg. those shared between G. 

muris, Gu. theta NM, yeast and humans) and “supported” by a small number of additional 

beneficial but not as critical rRNA modifications (eg. conserved sites in yeast, humans and 

either G. muris or Gu. theta NM).  

Nearby the GmsR7 guided methylation of H69 in Giardia there is a snoRNA-

guided . The importance of an additional modification in H69 is consistent 

with the cumulative effects of multiple snoRNA deletions in yeast (Liang, et al. 2007). The 

Gu. theta NM genome appears devoid of H/ACA snoRNAs (Åsman, et al. 2019) preventing 

comparison of any snoRNA-guided pseudouridylation sites with G. muris. It is possible 

-O-methylations are sufficient to maintain translational fidelity in Gu. theta NM 

ribosomes. Indeed, different combinations of snoRNA deletions had varying effects on 

ribosome function and translation in yeast, with removal of more modifications through 
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additional snoRNA deletions not always resulting in larger translational effects (Liang, et 

al. 2007; Baudin-Baillieu, et al. 2009). The reduced set of modifications found in Gu. theta 

NM and G. muris could represent a balance in maintaining a modification distribution 

sufficient for efficient core ribosome function while missing other modifications that 

provide additional translational control in higher eukaryotes. We also note that H/ACA 

snoRNAs or stand-alone pseudouridine synthases (protein-only enzymes) imported from 

the Gu. theta nucleus could modify NM rRNA; there has been no experimental mapping of 

rRNA modification to confirm a complete lack of . Determining the full complement of 

modifications in both G. muris and the Gu. theta NM rRNA will be important in 

understanding which modifications are truly key for accurate translation in these 

genomically reduced species.  

2.3.4 Cm34 tRNA modification targeted by the Giardia RNase P-snoRNA diRNP is 

conserved throughout eukaryotes and archaea 

tRNAs are heavily post-transcriptionally modified in species throughout the tree of 

life. Only a handful of these modifications are -O-methylations and only three of these 

(positions 18, 32, and 34) are conserved across bacterial, archaeal and eukaryotic species. 

(Hori 2014; Ayadi et al. 2019). The N34 modification is located at the wobble position of 

the anticodon loop of some tRNA species and is suggested to be important in stabilizing 

the codon-anticodon interaction during decoding. In most tRNA species in many bacteria, 

archaea, and eukaryotes, N34 -O-methylation has been assigned to stand-alone enzymes 

or protein-only complexes (Ayadi, et al. 2019). However, in some archaeal species C/D 

s(no)RNA-guided tRNA modifications have been identified. Pyrococcus abyssi and 

Haloferax volcanii each possess a C/D sRNA that guides Nm modification of C34 and U39 
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in tRNATrp (d’Orval, et al. 2001; Joardar, et al. 2011). An additional four C/D sRNA-guided 

tRNA modifications have been proposed in P. abyssi, three of which target the N34 position 

of a tRNAs, including one in elongator tRNAMet. H. volcanii also contains a C/D sRNA 

that guides Cm34 in elongator tRNAMet, and homologs of these sRNAs have been predicted 

in species throughout Euryarchaea. The first example of a snoRNA-guided tRNA 

modification in eukaryotes was only recently discovered; in an identification of the 

cooperative roles of SNORD97 and SCARNA97 in C34 2 -O-methylation of the human 

elongator tRNAMet (Vitali and Kiss 2019). Potential homologs for SNORD97 and 

SCARNA97 were predicted throughout vertebrates; and SNORD97 homologs were 

bioinformatically detected in some invertebrates such as the tunicate Ciona intestinalis, and 

the plants A. thaliana and Brassica napus. The overall sparsity of identified snoRNA-

guided tRNA modifications in archaea and eukaryotes suggests a barrier to the evolution 

of these interactions, but a shocking proportion of these modifications occur at position 

N34, with a particularly strong apparent bias for tRNAMet. The predicted ability of 

GmsR15/GlsR15 to target tRNAMet C34 in Giardia adds strong support for the wide 

evolutionary distribution and conservation of this snoRNA-dependent modification 

mechanism in eukaryotes. This is among the first lines of evidence suggesting an important 

role for snoRNAs in tRNA modification in eukaryotes and retention of this interaction in 

both studied Giardia species (which each retain such a small repertoire of snoRNAs) 

further emphasizes its functional importance. Identification of snoRNA candidates capable 

of guiding modification of C34 in tRNAMet within the eukaryotic supergroups Obazoa, 

Archaeplastida, and now Metamonada, as well as in archaeal species, indicates that this 

tRNA-modifying guide RNA was present in LECA and has since been lost in some 

eukaryotic lineages or remains to be identified. 
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To our knowledge, the fusion of these Giardia tRNA-targeting snoRNAs to the 

catalytic RNase P RNA is the first case described of any RNase P RNA containing a domain 

belonging to another ncRNA class (Guerrier-Takada, et al. 1983; Kikovska, et al. 2007). 

Our data showing the association of the fused RNA with protein components of both RNP 

classes (described in Chapter 3) strongly supports the hypothesis that both the RNase P and 

snoRNA domains of the diRNP retain their functions, constituting a multi-functional hybrid 

tRNA processing RNP. Fused snoRNP domains have been observed in various RNPs in 

some species; including vertebrate and Trypanosoma brucei telomerase RNPs which 

contain H/ACA and C/D snoRNP domains respectively. However, in these instances the 

snoRNA domain is involved in RNP processing and assembly rather than guiding RNA 

modification (Gupta et al. 2013; Nguyen et al. 2018). This makes the Giardia RNase P-

snoRNA diRNP the first snoRNA-ncRNA fusion to retain its modification-guide function. 

The fused arrangement of RNase P and GlsR15/GmsR15 provides a very plausible 

explanation for how this individual snoRNA could localize to a tRNA target rather than the 

site of pre-rRNA processing in Giardia cells. The mechanism by which tRNAMet 

colocalizes with SNORD97/SCARNA97 for modification in humans remains unresolved. 

If this snoRNA is evolutionary conserved in eukaryotes multiple mechanisms have likely 

evolved to facilitate colocalization of the snoRNA guide and tRNA target. 

2.3.5 Reduction in U3 snoRNA size during metamonad evolution 

Our identification of U3 snoRNA homologs from six metamonad species corrects 

the previous erroneous classification of GlsR1 as the G. lamblia U3 homolog and gives 

significant insight into the sequence and structural evolution of U3 in this lineage. U3 

-pairs with the pre-rRNA (M1 and 
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(M3-M10) (Samarsky and Fournier 1998). Cryo-EM structures of the SSU processome in 

yeast show that the core U3 snoRNP proteins (Snu13p, Nop56, Nop58, Nop1 (fibrillarin), 

and B/C) and the M4/M5 helices that separate the two sets of boxes (Barandun, et al. 2017; 

Sun, et al. 2017). Additional contacts were also detected between the M9 helix and 

Nop56/Nop1 through UV-crosslinking (Granneman et al. 2009). Despite the loss of many 

structural elements found in other eukaryotes, the four diplomonad U3 homologs retain the 

four box elements and M4 helix. Gl-U3/Gm-U3 are also predicted to form a short M9 helix 

which could help facilitate the additional interactions with Nop56 and fibrillarin (Nop1p).  

It is likely the Giardia homologs are near the lower size and complexity limit for functional 

U3 snoRNAs (Gl-U3 ~180 nt and Gm-

would be predicted to disrupt binding of the core U3 snoRNP proteins. Similarly small U3 

snoRNAs found in Trypanosoma brucei (143 nt) (Mottram et al. 1989; Hartshorne and 

Toyofuku 1999) and Euglena gracilis (180 nt)(Greenwood, et al. 1996) have also been 

characterized and support this lower size range.    

Conservation of the recently identified helix III that forms between U3 and the 18S 

rRNA in the metamonad U3 snoRNAs adds further evidence for its formation in place of 

the previously predicted helix III structure. Intermolecular helix I of the U3-18S rRNA 

interaction was not observed in the yeast cryo-EM structures and was subsequently found 

to be dispensable (Sun, et al. 2017; Clerget, et al. 2020). The ‘UUUCU’ sequence of U3, 

previously thought to form part of helix I, is conserved in all metamonads except G. 

lamblia; but only S. salmonicida and S. strix would be capable of forming a stable helix I 
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due to non-compensatory changes in the rRNA sequences of most metamonads (Figure 

2.4A and A.1.14). Conservation of this U3 sequence in the metamonads and across 

eukaryotes without conservation of a paired rRNA sequence to form helix I implies this U3 

sequence performs some other conserved function. Mutation of this sequence in yeast U3 

did not have an observable impact on cell growth or pre-rRNA processing but has been 

suggested to play a role in U3 RNA stability (Clerget, et al. 2020). The change in Gl-U3 to 

‘GUUUU’ could mean that some sequence flexibility is tolerated in this region or that this 

mechanism of RNA stabilization is absent in G. lamblia.  

The similarity in overall structure between the oxymonad U3 snoRNAs and those 

found in higher eukaryotes adds new evidence supporting the hypothesis that a U3 

containing many of the elongated helices found in higher eukaryotes was present in LECA. 

The diplomonad U3 snoRNAs reveal yet another example of RNA structure mirroring 

overall genomic minimalization, an intriguing feature now apparent in a number of 

diplomonad ncRNAs 

2.3.6 Rapid divergence of snRNAs in the diplomonads 

Both the sequence and structures of the U2, U4, and U6 snRNAs are similar in G. 

muris and G. lamblia. The most divergent of the three is the U4 snRNA which shares 

66/107 nucleotides between the Giardia species. Most of the sequence variation occurs in 

the K- ompensatory mutations having occurred to maintain 

base-pairing in the stem (Figure A.1.10). Our previous studies of Spironucleus snRNAs 

only identified candidates for U2 and U5 RNAs (Hudson, et al. 2019), but a complete 

complement of all five snRNAs can be detected using CM searches (with conventional 

snRNA models) in the oxymonad M. exilis. This indicates that the metamonad ancestor 
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likely had more structurally conventional snRNAs. The difficulty in identifying U1, U4 or 

U6 candidates in Spironucleus spp. along with the unusual G. muris U1 and U5 candidates 

shows that rapid sequence and structural evolution has occurred within the diplomonads, 

even in normally well-conserved regions. U1 appears to be the most rapidly evolving as 

considerable differences are observed even between G. muris and G. lamblia U1 snRNAs. 

Intriguingly, a recent analysis of G. lamblia and S. salmonicida spliceosomal proteins found 

no core U1 snRNP proteins when searching for encoding genes in either genome (Hudson, 

et al. 2019). This absence of U1 snRNP protein factors in the diplomonads could have led 

to the observed loss of the typically conserved corresponding protein binding sequences 

and the divergence in structural elements in the G. muris U1 snRNA as they would no 

longer be evolutionarily constrained to maintain protein binding. Similar arguments can 

also be applied to the as yet unidentified Spironucleus U1. It also remains possible that 

these unique U1 features are being driven by the emergence of lineage-specific U1-

associated proteins or rapid evolution of conserved U1 proteins that makes their detection 

by bioinformatic strategies problematic.  

Previous work speculated that the G. lamblia snRNAs may be a hybrid of the U2 

and U12-type snRNAs based on observed sequence and structural features. The newly 

identified G. muris snRNAs retain few of these U12 features. This finding, along with the 

more conventional major spliceosome-like oxymonad snRNAs of M. exilis indicate that the 

U12-type features found in G. lamblia are more likely a result of convergent snRNA 

evolution. None-the-less, the similarities observed between G. lamblia snRNAs and those 

of the minor spliceosome along with other similarities in splicing including close proximity 

 raise interesting questions about the 
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ways in which the splicing mechanisms in these species may compare to those of the minor 

spliceosome. 

2.3.7 Reduced Giardia telomerase RNAs highlight convergent evolution of TBE features  

Like the Giardia U3 homologs, the Giardia TERs are significantly shorter than the 

TERs found in most eukaryotic species, placing them alongside the ciliate TERs as the 

shortest ever described. Both Giardia and ciliate TERs consist essentially of only the TBE, 

STE, pseudoknot, and template with little to no additional sequence. A peculiar feature of 

the proposed Giardia TER is the short three base-pair pseudoknot. The ciliate pseudoknot 

is closest in size, generally consisting of four base-pairs, but a TER has been described 

from Tetrahymena paravorax that also forms a three base-pair pseudoknot (Figure 2.8D) 

(McCormick-Graham and Romero 1995). The Tetrahymena pseudoknot is important for 

catalytic activity but requires the presence of telomerase RNP proteins to correctly form 

(Mihalusova et al. 2011). Three base-pairs may therefore be sufficient to form the TER 

pseudoknot in Giardia, but additional protein factors could be required to help form and/or 

stabilize the structure. A single example of a TER lacking a pseudoknot entirely has also 

been described in the trypanosomes (Gupta, et al. 2013; Podlevsky et al. 2016). The 

presence of a putative pseudoknot in Giardia TERs mean the absence of a pseudoknot in 

trypanosomes is most likely to be secondary loss rather than an ancestral feature as 

previously suggested.  It will be necessary to determine if the Giardia pseudoknot does 

form in vivo and if this is found in other metamonad TERs to better resolve its evolutionary 

history.  

The similarity of the TBE in Giardia spp. to the vertebrate and angiosperm TERs 

(Figure 2.8) is intriguing as it suggests this mechanism of regulating the extension of 
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telomeric repeats arose independently at least three times during eukaryotic evolution. The 

similarity is particularly striking in Giardia and angiosperms where the precise distance 

tendency to utilize this type of TBE mechanism cannot be explained by the reduction in 

size of the TERs as the vertebrate and angiosperm RNAs are much larger than in Giardia, 

and other small TERs use the more common template adjacent stem-loop TBE mechanism. 

Intriguingly, while most ciliates utilize a stem loop II TBE, T. paravorax and a number of 

other related ciliates including Euplotes species also lack the stem loop II TBE element 

(Lingner et al. 1994). Analysis of the Giardia TBE and associated proteins will be key in 

determining how closely the regulatory mechanism resembles telomerase RNPs lacking 

Stem II TBE elements in other species. This will hopefully shed light on possible reasons 

for the recurring evolution of this type TBE.  

Presence of the Giardia specific 3  end processing motif in our TER candidates also 

adds to the already diverse set of biogenesis pathways described for telomerase RNAs. 

Metazoan TERs contain an H/ACA snoRNA/scaRNA domain and mature using the 

snoRNA/scaRNA processing pathway. Ciliate TERs are RNA pol III transcripts and 

terminate transcription with a poly-U stretch  Trypanosome 

TERs have been predicted to share the C/D snoRNA processing pathway, and many fungi 

use the snRNA biogenesis pathway for maturation where they are bound by the septameric 

Sm complex (Podlevsky and Chen 2016). It is intriguing that like in these other groups, the 

Giardia TERs have co-opted a processing pathway used to mature other ncRNA classes. 

As Giardia appears to be the only metamonad genus with a conserved ncRNA processing 

motif, other metamonad TERs likely utilize yet another pathway for biogenesis.  
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2.4 Conclusions 

The findings presented here highlight the impact of comparative -omics on our 

understanding of widespread eukaryotic features and the novel innovations that have arisen 

during evolution under a diverse range of selection pressures. The Giardia U3 and 

telomerase RNAs are among the smallest identified in any eukaryote and comparison to 

other species, including other metamonads, shows this to be the result of a reduction in 

RNA sequence length and compaction or elimination of structural features. These RNAs 

show an intriguing parallel between the reduction in protein content and size, and the length 

of the RNAs in RNP complexes in organisms with compact genomes, refining the list of 

potential core RNP components and features. Retention of select snoRNA species between 

G. muris and Gu. theta indicates the important role of the targeted modifications in 

ribosome function, again uncovered through comparative analysis. The highly diverse 

diplomonad snRNAs are an example of how features that are generally considered to be 

highly conserved or even thought to be functionally critical in eukaryotes when examining 

a limited number of model organisms may not be required across all species.  

The discovery of a Giardia RNase P-snoRNA diRNP represents the only fusion 

(hybrid) RNase P RNP ever described and reveals some of the first evidence for snoRNA-

guided tRNA modification in eukaryotes. This complex is one of many lineage-specific 

innovations that have been uncovered through the study of diverse protist species and 

further analysis will likely lead to a deeper understanding of these RNA classes and their 

cellular roles.  
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2.5 Materials and Methods 

2.5.1 RNA extraction and sequencing 

The protocol for G. muris RNA extraction was adapted from Xu et al. 2020. Briefly, 

Giardia muris Roberts Thomson trophozoites were harvested from the small intestines of 

three experimentally infected C57 mice (day 7 of infection). The cells were lysed in 

TRIzol® and total RNA was extracted by the standard protocol. The RNA was used to 

prepare a strand-specific sequencing library using the TruSeq® Small RNA Sample Prep 

Kit. The stranded small RNA library was sequenced at GATC Biotech (Konstanz, 

Germany) with the Illumina HiSeq 2000 system, yielding 171,734,000 reads of 50 bp.  

2.5.2 Annotation of ncRNAs  

We performed BLASTN searches with -task blastn (which is more sensitive for 

distant matches) of the 40 G. lamblia ncRNAs against the G. muris genome to search for 

conserved homologs. This revealed 10 ncRNAs with E value <0.1 that did not overlap other 

genes.  Alignment of the 10 ncRNAs using MUSCLE v3.8.31 showed a clear motif on the 

3  end, CCTTYNHTNAA, which is similar to what was found in G. lamblia 

(CCTTYNHTHAA). This motif was used to search for other potential ncRNAs in G. muris 

using scan_for_matches (http://blog.theseed.org/servers/2010/07/scan-for-matches.html).  

We then searched the genome for other potential ncRNA candidates using a 

collection of different methods.  First, we performed BLASTN searches against miRBase. 

Next, cmscan from the Infernal software package (v1.1.2) was used to search the G. muris 

Robert Thompson genome against the Rfam database to look for RNAs highly conserved 

across eukaryotes (Nawrocki and Eddy 2013). Infernal was additionally used to search the 

genome for G. lamblia specific RNA homologs using CM models built from individual G. 
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lamblia ncRNAs with cmsearch. We predicted additional small RNAs based on our small 

RNA-Seq data using Shortstack v1.2.4. Sequences for all search and prediction results were 

combined following the rule that ncRNAs do not overlap (or overlap little) with other 

annotated genes or with themselves. We also utilized manual curation efforts to include 

potential ncRNA candidates containing features of various ncRNA classes. These 

approaches combined to generate 219 ncRNA candidates: 16 from similarity searches 

against the G. lamblia genome, 8 from Rfam searches, 17 from Shortstack predictions and 

178 from motif searches. Sequence conservation for candidate ncRNAs with homologs in 

G. lamblia were assessed by pairwise alignments using ClustalOmega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) as a first step before assigning them to an RNA 

class. These strategies identified a large collection of C/D and H/ACA snoRNAs, the U2, 

U4, and U6 snRNAs, and RNase P RNA. New candidate RNAs with predicted classes were 

verified by inspection for conserved structural features and sequences elements (e.g. 

snoRNA box elements, ‘ACAGAGA’ and ‘AGC’ sequences in U6) and the ability to form 

intermolecular helices for U2/U6 and U4/U6.  

The snoScan webserver (Lowe and Eddy 1999) was used to predict target sequences 

for candidate C/D snoRNAs in rRNA, tRNAs, snRNAs, and snoRNAs. snoRNA homology 

between G. lamblia and G. muris was assessed based on sequence and structural similarity 

between RNAs along with target site prediction and genomic synteny. Similar searches 

were performed using G. lamblia C/D snoRNAs targeting the same modified positions as 

predicted for the newly identified G. muris snoRNA homologs. We also searched for RNA 

targets using unclassified ncRNA candidates to look for novel interactions specific to G. 

muris.  
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Searches for the more divergent U1 and U5 snRNAs required additional efforts. 

G. muris intron sequences 

(GU[A/U]UGUG) was used to query the 216 identified ncRNAs and their upstream regions 

(+50 bp). A similar search was done to look for the conserved U5 loop I sequence 

‘UGCCUUUUACY’. Potential candidate snRNAs were manually inspected for conserved 

sequence elements, and MFOLD was used to predict secondary structures. Candidate U1 

snRNAs were chosen based on their ability to base-pair with th G. muris introns 

and form the conserved ‘cloverleaf’ structure. We required that any U5 candidate contained 

a putative loop I sequence closed by formation of a helix of at least 6 base-pairs, allowing 

for bulges.  

To search for divergent telomerase RNAs, we examined ncRNA candidates not yet 

assigned to a class in both G. muris and G. lamblia by individually folding them using 

MFOLD from the UNAFold webserver (http://www.unafold.org/) to look for conserved 

telomerase RNA secondary structure features. Likely candidates were manually inspected 

for sequences complementary to the ‘TAGGG’ Giardia telomeric repeat and potential 

structures corresponding to the conserved template boundary element (TBE), stem terminus 

element (STE) and the pseudoknot adjacent to the template sequence based on structures 

found in various eukaryotic lineages.    

sequences from all identified ncRNA genes and the trans-spliced introns by generating a 

(Crooks et al. 2004). 
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2.5.3 Quantification of ncRNA candidates 

A genome annotation file for our 216 ncRNA candidates in gff3 format was 

generated. The annotation file was used to quantify reads mapping to each of our predicted 

ncRNA candidates using the featureCounts component of the Rsubread R package (v2.2.6) 

(Liao et al. 2019) 

Reads mapping to both strands were quantified using the same 

command but with default strandSpecific settings. These values were used to calculate 

percentage of reads mapping to the correct strand.  

2.5.4 Assessing homologous snoRNA target sites 

18S and 28S ribosomal RNA sequences from G. muris, Gu. theta nucleomorph, S. 

cerevisiae, and human were aligned using MUSCLE webserver 

(https://www.ebi.ac.uk/Tools/msa/muscle/) and snoRNA target nucleotides were mapped 

onto the sequences. Modified nucleotides found at same position within the alignment for 

two species were considered homologous. Modifications were mapped onto the secondary 

structure of the human rRNAs downloaded from RNA Central (https://rnacentral.org/) and 

compared to 3D ribosome structures to assess positioning of modifications in functionally 

important regions of the ribosome.   

2.5.5 Synteny analysis 

MUMmer (v3.23) was used to align the draft genomes of G. muris and G. lamblia 

(Kurtz et al. 2004). Promer was used to align the genome at the protein level. Show-coords 

was used to view a summary of all the alignments produced by Promer. MUMmer_toolkit 
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was used to convert the Promer .coords files into .crunch format compatible with Artemis 

Comparison Tool (ACT). The synteny information between G. muris and G. lamblia 

displayed in ACT was used to manually evaluate if ncRNAs have conserved gene order. 

2.5.6 Bioinformatics identification of diplomonad U3 snoRNA homologs 

Genomes for Giardia lamblia, Giardia muris, Spironucleus salmonicida, and 

Monocercomonodies exilis were downloaded from Giardiadb release 46 

(https://giardiadb.org/giardiadb/). The Spironucleus vortens draft genome was downloaded 

from the Joint Genome Institute (https://jgi.doe.gov/). Genomes for Kipferlia bialata and 

Streblomastix strix were obtained from NCBI. Covariance models (CMs) were generated 

using Infernal (version 1.1.2) software and U3 snoRNA or GlsR1 stockholm files 

downloaded from the rFam database (https://rfam.xfam.org/). CMs were used to search 

genomes using the cmsearch function with default settings to identify sequences with 

conserved features for the U3 snoRNA. Hits were manually inspected for conserved box 

elements and structural elements. Alignments were generated using ClustalOmega 

webserver (https://www.ebi.ac.uk/Tools/msa/clustalo/). U3-18S helix forming regions for 

metamonads were identified by aligning S. cerevisiae and metamonad U3 and 18S RNAs 

and manually inspecting for conserved sequences. The metamonad sequences that aligned 

to the regions of U3 and the 18S involved in forming helices I, II, III, V, and VI in S. 

cerevisiae were obtained and assessed for the ability to base-pair.  

2.5.7 the RNase P-GlsR15 fusion 

transcript 

, poly A tails were added to approximately 70 ng of total 

Giardia lamblia WB C6 RNA using E. coli Poly A polymerase (1 mM ATP, 1 X Poly A 
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reaction buffer (NEB), 5 Units E. coli Poly A polymerase (NEB)). Reactions were 

incubated at 37°C for 30 minutes then inactivated with EDTA. Reverse transcriptase (RT) 

reactions for first strand cDNA synthesis were performed as 20 μL reactions containing: 2 

μL of Poly A tailing reaction, 500 μM each dNTP, 40 pmol oP-94 poly dT reverse primer 

(Table A.4.1), 1X SSIV reaction buffer (Thermo Scientific), 5 mM DTT, 200 U 

SuperScript IV™ reverse transcriptase (Thermo Scientific) according to the manufacturer’s 

instructions. A control reaction was also performed lacking the reverse transcriptase 

enzyme. PCR reactions were performed on tailed first strand cDNA (and minus RT 

controls) with Phusion polymerase (Thermo Scientific) using the oP-94 reverse primer and 

an RNase P specific forward primer (DM129) (Table A.4.1

were resolved on 3% agarose gels and stained with ethidium bromide to visualize DNA 

bands. PCR products for plus RT reactions were cloned into pJET1.2 vector, following the 

manufacturer’s instructions and cloned DNA was then sequenced via Sanger sequencing 

(Psomagen Inc) to confirm the overall sequence, and the location  

the RACE products.  
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Chapter 3: Analysis of two Snu13p homologs and their associated complexes from 

the diplomonad Giardia lamblia 

3.1 Introduction 

As described in Chapter 1, C/D snoRNAs are important for modification and 

processing of rRNA. The intestinal parasite Giardia lamblia is the most well studied of the 

metamonads, and one of only a few in which ncRNAs have been examined. C/D snoRNAs 

were among the first classes of ncRNAs described in G. lamblia, predominantly identified 

based on the presence of the conserved sequence box elements (Yang, et al. 2005; Chen, et 

al. 2007). Many of these RNAs have predicted targets in rRNA, but only a handful have 

been experimentally validated as modified nucleotide sites. Additionally, the box elements 

of G. lamblia C/D snoRNAs are often less well conserved than in other species, making 

definitive classification difficult based on primary sequence alone. These early analyses 

also led to a number of important discoveries, including G. lamblia being the first species 

in which snoRNA fragments with apparent microRNA properties were described (Saraiya 

and Wang 2008).  

Eukaryotic C/D snoRNAs associate with the core C/D snoRNP proteins Snu13p, 

Nop56, Nop58 and the SAM dependent methyltransferase fibrillarin. Snu13p functions as 

the primary RNA binding protein through recognition of the K-turn, a conserved RNA 

structure formed in C/D snoRNAs by interactions between the C and D box motifs. Snu13p 

is a member of the L7Ae protein family and in addition to C/D snoRNAs has been shown 

to bind a K-turn present in the U4 snRNA in all previously examined eukaryotes (Koonin, 

et al. 1994; Nottrott, et al. 1999; Watkins, et al. 2000). Other protein members of the family 

include the ribosomal proteins S30, S12, and L7A, the H/ACA snoRNP protein Nhp2p 
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(Henras et al. 1998; Watkins et al. 1998), and the RNase P protein Pop3/Rpp38 (Wu et al. 

2018). The specialized U3 C/D snoRNA is also bound by Snu13p, both at its conventional 

 box K-turn as well as the U3 specific B/C box K-turn. Snu13p utilizes unique 

sequence features present in the bound K-turn to differentiate between RNAs and dictate 

which additional proteins to recruit, therefore regulating which RNP complex is assembled. 

In yeast the C/D snoRNP proteins Nop56 and Nop58 are recruited to the C/D and 

motifs respectively (Cahill, et al. 2002; Watkins et al. 2002). Prp31 is recruited when 

Snu13p is bound to the U4 snRNA of the spliceosome (Schultz et al. 2006), and in the U3 

snoRNP the Snu13p bound to the B/C box recruits the U3-specific protein Rrp9 (Cléry et 

al. 2007). The ability of Snu13p to differentiate between complexes based on RNA features 

and recruit the appropriate complex-specific proteins is a critical step in the assembly of 

these RNPs.  

To date only a single study examining a Snu13p homolog from G. lamblia has been 

published (Biswas et al. 2011). This work qualitatively demonstrated a weak binding to an 

exogenous C/D snoRNA and intriguingly also found that the G. lamblia Snu13p, but not 

mouse Snu13p, could be substituted for the archaeal L7Ae protein to reconstitute 

catalytically active C/D s(no)RNP complexes with the archaeal proteins Nop5 and 

fibrillarin. This work highlighted the novel protein binding properties of the G. lamblia 

Snu13p compared to other eukaryotes, but no additional analysis has been performed. Our 

recent description of an RNase P-snoRNA diRNP in G. lamblia (Chapter 2) also raised new 

questions about the potential role of Snu13p in this novel RNP complex. Finally, Rrp9 and 

Prp31 are apparently absent from the G. lamblia genome (Feng et al. 2013; Hudson, et al. 
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2019). As both are direct Snu13p binding partners their absence could significantly affect 

how Snu13p nucleates the formation of RNP complexes compared to other eukaryotes.  

In this study, we detected two distinct Snu13p homologs in the G. lamblia genome 

and characterized their associated RNP complexes. This led to the first experimental 

analysis of small subunit processome proteins in a metamonad and validation of our 

predicted Gl-U3 snoRNA (Chapter 2). In vitro analysis also found an important role for 

Nop56, Nop58, and fibrillarin in snoRNA binding in G. lamblia. Additionally, we obtained 

experimental evidence supporting the assembly of a Giardia RNase P–GlsR15 diRNP in 

vivo. RNA and protein co-precipitation data suggests that the G. lamblia U4 snRNP does 

not contain either Snu13p homolog, the first documented instance of a U4 lacking Snu13p 

in any examined eukaryote. Finally, we detected and analyzed three previously 

uncharacterized proteins, unique to Giardia, that appear to associate with the ribosome. 

This new information forms a much clearer picture of the unique properties of many key 

Snu13p containing ncRNPs in G. lamblia and highlights the diversity that exists for these 

complexes within eukaryotes. 

3.2 Results 

3.2.1 Diplomonads possess two distinct Snu13p homologs 

Homologs of the four core C/D snoRNP proteins have previously been described in 

G. lamblia (Narcisi et al. 1998; Russell et al. 2005); however, a search of the genome 

revealed an additional uncharacterized L7Ae family protein with features closely 

resembling Snu13p. To confirm the classification of this protein we collected sequences 

for all L7Ae domain-containing proteins from G. lamblia as well as two diplomonads 

Giardia muris, Spironucleus salmonicida, and an oxymonad, Monocercomonoides exilis. 
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Proteins were analyzed by sequence alignment to examine key conserved amino acid 

residues and phylogenetic analysis was performed using MEGAX. The uncharacterized G. 

lamblia L7Ae protein clustered with other Snu13p homologs, with strong bootstrap support 

for its placement (Figure 3.1A and B). The presence of a second distinct Snu13p homolog 

is conserved in the two other diplomonad species examined, but not for the oxymonad M. 

exilis (Figure 3.1A and A.2.1)). We now designate the previously described homolog as -

Snu13p and newly identified homolog as -Snu13p. 

The diplomonad Snu13p proteins also group together when performing a 

phylogenetic analysis of eukaryotic Snu13p and archaeal L7Ae proteins; a pattern 

suggesting that the second homolog was gained through a gene duplication event that 

occurred at some point within the diplomonad lineage rather than horizontal gene transfer 

(Figure 3.2). Sequence alignments revealed that the diplomonad homologs differ at several 

residues which are otherwise well-conserved in eukaryotes (Figure A.2.2). This includes a 

string of four “signature” Snu13p/L7Ae residues (VSRP in many eukaryotes) that are 

important for RNA binding, located in loop 9 of the proteins structure (Gagnon et al. 2010). 

All six diplomonad Snu13p homologs deviate from the conserved eukaryotic loop 9 

sequence by at least one residue and at another normally highly conserved upstream 

glutamine (Q34 in humans). Retention of two distinct Snu13p homologs in these otherwise 

highly streamlined genomes suggests important functional roles for both proteins. The 

sequence variation in key regions of both Snu13p homologs could suggest that they have 

unique RNA binding properties and may potentially be part of different (novel) RNP 

complexes. 
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Figure 3.1. Diplomonads possess two distinct Snu13p homologs.
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Figure 3.1. Diplomonads possess two distinct Snu13p homologs. (A) A maximum 
likelihood phylogenetic tree of L7Ae domain-containing proteins present in the translated 
proteomes of the metamonads G. lamblia, G. muris, S. salmonicida, and M. exilis. S. 
cerevisiae proteins are also included as well-characterized eukaryotic homologs, along with 
several archaeal L7Ae proteins. Numbers at nodes indicate bootstrap values. (B) Pairwise 

- -Snu13p homologs from G. lamblia generated using 
ClustalOmega, where * represents identical residues, : are residues with very similar 
biochemical properties and . indicates somewhat similar biochemical properties. G. lamblia 
= Giardia lambli, G. muris Giardia muris, S. salmonicida Spironucleus salmonicida, 
M. exilis Monocercomonoides exilis, M. jannaschii Methanocaldococcus jannaschii, 
P. furiosus Pyrococcus furiosus
metagenome, S. cerevisiae Saccharomyces cerevisiae. 

Figure 3.2. Diplomonad Snup13p homologs form a clade within in a phylogenetic tree.
A maximum likelihood phylogenetic tree was generated using eukaryotic Snu13p 
homologs and archaeal L7Ae homologs based on species previously examined in Biswas 
et al. 2011, with the addition of newly identified diplomonad Snu13p homologs. Bootstrap 
values are indicated. Diplomonad homologs are boxed in blue and archaeal L7Ae homologs 
in red. 
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3.2.2 G. lamblia Snu13p homologs bind K-turns more weakly than other eukaryotic 

homologs  

The sequence variation at key RNA binding amino acid residues in the G. lamblia 

Snu13p homologs prompted us to examine each protein’s RNA binding affinities. Using 

Electrophoretic Mobility Shift Assays (EMSA), stem loop of 

the G. lamblia U4 snRNA (Gl U4 SL) and a C/D snoRNA (GlsR9) (Figure 3.3A and B). 

Both these RNA classes contain K-turns and are bound by Snu13p homologs in other 

eukaryotes (Watkins, et al. 2000). We determined dissociation constants (KD -Snu13p 

binding of Gl U4 SL and GlsR9 to be 1.4 ± 0.2 μM and 4.1 ± 0.5 μM respectively versus 

3.1 ± 0.5 μM and 7.7 ± 1.3 -Snu13p, showing marginally tighter binding by -

Snu13p to both RNAs (Figure 3.4). Comparing EMSAs for the two homologs also revealed 

a second “supershifted” complex -Snu13p when binding Gl U4 SL at concentrations 

-Snu13p (Figure 3.3A). This shift likely represents 

-Snu13p protein as the Gl U4 SL RNA contains a single K-turn motif 

and is only 32 nucleotides in length making it unlikely that a second protein could bind to 

the RNA directly. Dimerization of only -Snu13p suggests the two homologs differ in their 

ability to form unique protein-protein interactions. -Snu13p also produced two bands per 

-

Snu13p to the K-

dimerization as it can be observed even at the lowest binding concentrations. This is further 

-Snu13p binding the G. lamblia 

snoRNA GlsR5, which cannot form a second K-turn (Figure A.2.3). The absence of such 

bands in the -Snu13p GlsR9 EMSAs suggest unique binding preferences do exist for the 

two homologs.  
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Figure 3.3. EMSA analysis of G. lamblia - -Snu13p binding to the G. 
lamblia C/D snoRNA. Predicted secondary structures for the Gl U4
(A) and GlsR9 (B) RNAs are depicted (left) with the K-turn structural region outlined on 
one strand. Binding assays representative of those used for KD -Snu13p 

-Snu13p binding affinities for each RNA are shown. RNA indicates free RNA, RNP 
indicates a protein-RNA complex. Each lane contains 100 fmol of labeled 
or GlsR9 snoRNA (B) with a different concentration of protein (0 – .

Figure 3.4. G. lamblia Snu13p homologs bind with relatively low affinity to K-turn 
containing RNAs. Binding curves generated in Prism using ImageJ analysis of EMSAs 

-Snu13p (A and B) in blue, -Snu13p (D and E) in red, binding to the Gl U4 and 
GlsR9 RNAs respectively. S. cerevisiae Snu13p binding to Gl U4 is shown in green in (C). 
(F) A table of the dissociation constants calculated from the curves using Prism (v9.1.0). 
Binding experiments were performed in triplicate.  
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The KD values for the G. lamblia homologs are significantly higher than those 

determined for K-turn binding by any other eukaryotic Snu13p homolog (Chagot et al. 

2019). To ensure neither our particular binding conditions nor the fluorescent RNA labels 

adversely affect the formation of protein-RNA interactions we analyzed binding of the 

well-studied S. cerevisiae Snu13p protein to our Gl U4 SL RNA. From this analysis we 

calculated a KD of 240 ± 19 nM for S. cerevisiase Snu13p, approximately five to ten-fold 

tighter binding than observed with the G. lamblia homologs, and consistent with previously 

determined dissociation constants for yeast Snu13p binding to K-turn containing RNAs 

(Figure 3.4C) (Chagot, et al. 2019).  

We further probed K-turn binding by the G. lamblia Snu13p homologs by 

examining their ability to bind specific sequence variants of the Gl U4 SL RNA. Binding 

of both proteins is essentially completely abolished when performing binding assays with 

a Gl U4 SL RNA ed pairs were replaced with canonical G-

C pairs (U4 GC) to prevent K-turn formation (Figure 3.5B). Therefore, while RNA binding 

is relatively weak, both homologs do require K-turn formation for binding. The G. lamblia 

U4 K-turn also contains a non- ed pairs 

in the non-canonical stem. This feature is commonly found in C/D snoRNAs but is 

essentially absent from U4 K-turns throughout eukaryotes as an additional base-pair in this 

region can disrupt Prp31 recruitment to U4 (McPhee et al. 2014). We tested if this unusual 

non-canonical  pair in Gl U4 is important for binding by the Giardia homologs (Figure 

3.5A). EMSAs using a variant Gl U4 SL lacking the  ) showed no 

clear difference in binding compared to wild-type Gl U4 SL for either Snu13p homolog, 

indicating the  pair is dispensable for binding, though it appears -Snu13p cannot 
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completely bind all the RNA at any tested concentration (Figure 3.5A). This is consistent 

with our finding that the pair is absent from the G. muris U4 snRNA (Chapter 2), 

which also contains the two Snu13p homologs.

Figure 3.5. EMSA analysis of G. lamblia - -Snu13p binding to variant 
Gl U4 K-turn motifs. Predicted s (A) -C 
(B) variant Gl U4 SL RNAs used for EMSAs are shown -
C changed positions are boxed in (B). Representative EMSAs showing the binding of -

-Snu13p to each RNA are shown. RNA indicates free RNA, RNP indicates a 
protein-RNA complex. Each lane contains (A) or Gl U4 SL 

-C variant RNAs with a different concentration of protein (0 – .

3.2.3 Protein-protein interactions and RNA binding properties of G. lamblia Nop56, 

Nop58 and fibrillarin

The comparatively weak binding of the G. lamblia Snu13p homologs to C/D 

snoRNAs led us to hypothesize that the three other core C/D snoRNP proteins (Nop56, 

Nop58, and fibrillarin) could play an enhanced role in RNA recognition and binding. We 

successfully purified recombinant G. lamblia fibrillarin from E. coli, but Nop56 and Nop58
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could not be stably expressed and purified. In archaea Nop5 and fibrillarin form a stable 

duplex in vitro; this led us to attempt co-expression of the two G. lamblia Nop proteins 

with fibrillarin to help increase Nop stability (Gagnon et al. 2012). We found that co-

expression of either Nop56 or Nop58 with His-tagged fibrillarin in the presence of 

equimolar concentrations of glutamine and arginine (Golovanov et al. 2004) allowed for 

co-purification of the proteins as stable complexes (Figure 3.6). Analysis of RNA binding 

by these complexes using EMSA revealed that the Nop56-fibrillarin and Nop58-fibrillarin 

complexes can bind GlsR9 and GlsR5 C/D snoRNAs, while fibrillarin alone does not bind 

RNA at any examined protein concentration (Figure 3.7A and B, Figure A.2.4A and B). 

Binding of GlsR9 by each of the Nop-fibrillarin complexes appears tighter than observed 

for either Snu13p homolog, as a large proportion (>75%) of the RNA is in complex at a 

concentration of 1.6 μM total (800 nM of each Nop-fibrillarin duplex) (Figure A.2.5). Nop-

fibrillarin bands tend to be broader than those for Snu13p, potentially as a result of the 

complexes being more prone to falling apart in the gel matrix during electrophoresis. 

Similar binding results are obtained when using each of the Nop-fibrillarin complexes 

individually or as a combination of both complexes (data not shown), indicating similar 

contribution of each Nop containing complex to RNA binding. Because the Nop proteins 

require the presence of fibrillarin for stable purification we could not assess their binding 

in its absence. As a result, we cannot conclude with certainty if RNA binding is a property 

of the duplex or the Nop proteins alone. We did not determine specific KD values for these 

protein-RNA interactions as our purification of the duplexes results in excess fibrillarin 

rather than stoichiometric amounts of the two proteins. As fibrillarin does not appear to 

bind GlsR9 on its own at these concentrations our measurements likely overestimate the 
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amount of duplexed protein present and available for binding. Therefore, the true binding 

affinity of the complex to snoRNAs is likely tighter than would be predicted by this data.

Figure 3.6. G. lamblia Nop56p and Nop58p co-purify with His-tagged fibrillarin. SDS 
PAGE of Ni2+ affinity purified fibrillarin found to be co-purifying with Nop58 (A) or
Nop56 (B), isolated from E. coli cells that co-expressed Nop58 + fibrillarin (A) or Nop56 
+ fibrillarin (B). Lanes labeled M are protein molecular weight markers, lanes labeled E 
are successive elution fractions obtained during the affinity chromatography. Gels were 
visualized by staining with Coomassie R-250 Brilliant Blue. 

Figure 3.7. Analysis of Nop56-fibrillarin and Nop58-fibrillarin binding GlsR9 
snoRNA in vitro. Agarose gel EMSA analysis of G. lamblia core C/D snoRNP proteins
binding to the GlsR9 C/D snoRNA. -Snu13p (A) -Snu13p (B) using co-
purified Nop56-fibrillarin and Nop58-fibrillarin complex. + for the Snu13p homologs 
indicates that the protein is present at a concentration of 3 μM (1 μM for +*). For the Nop-
fibrillarin duplexes + indicates the duplex is present at a concentration of 1000 nM (600 
nM for +*). All lanes contain 100 fmol of labeled GlsR9 snoRNA. 
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To assess binding specificity for the Nop-fibrillarin complexes, we performed 

additional EMSAs using Nop56, Nop58 and fibrillarin with Gl U4 SL and a fragment of 

the G. lamblia RNase P RNA containing a K-turn. Both these RNAs are components of 

RNPs not predicted to contain Nop56, Nop58, or fibrillarin. We observed no interaction 

between the Nop-fibrillarin complexes and Gl U4 SL and only a very weak (potential) 

interaction with the RNase P fragment (Figure A.2.4C and D). Again, fibrillarin alone did 

not bind either RNA (Figure A.2.4A and B). The complexes formed between the Nop-

fibrillarin duplexes and C/D snoRNAs therefore appears to be specific. 

We next tested for the ability of the G. lamblia core C/D snoRNP proteins to 

assemble complete RNP complexes via agarose EMSA, to resolve larger complexes. 

Nop56-fibrillarin or Nop58-fibrillarin bind GlsR9 to form a single discrete RNP band as 

expected from the results described above (Figure 3.7A and B, lanes 6 and 7). When either 

of the Snup13 homologs is included, we observe the same Nop-fibrillarin band plus a 

second faster running band corresponding to a Snu13p-GlsR9 complex (Figure 3.7A and 

B, lanes 2, 3 and 4). Intriguingly, when both Nop-fibrillarin duplexes and either Snu13p 

homolog are present, both of the previously observed RNP bands become significantly 

fainter and a defuse smear can be observed above the Nop-fibrillarin band (Figure 3.7A 

and B, lane 5). This could indicate that a complex containing all four core proteins is 

forming but is unstable and dissociates during electrophoresis. However, reactions 

containing both Nop56-fibrillarin and Nop58-fibrillarin together in the absence of either 

Snu13p homolog also form a more diffuse, slower running smear (Figure 3.7A and B, lane 

8). These results indicates that the two Nop-fibrillarin complexes are capable of directly 

interacting with each other in the presence of RNA to form a larger complex in vitro even 
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in the absence of Snu13p (though does not exclude association with Snu13p when present), 

or that one of each Nop-fibrillarin complexes can separately bind to the regions around the 

 without stable contacts forming between the 

complexes. Finally, we performed a similar test with the two Nop-fibrillarin duplexes in 

the presence of both Snu13p homologs to determine if a complete C/D snoRNP requires 

both homologs to be present in order to form. We did not observe a difference in these tests 

from reactions including just a single Snu13p homolog (Figure A.2.6 lane 8). Purification 

tests using the core C/D proteins in the absence of RNA were also performed but did not 

indicate the formation of a protein-only complex containing all four proteins (data not 

shown). These data together indicate that it is unlikely these proteins form a stable C/D 

snoRNP complexes in vitro in the absence of additional trans-acting assembly factors, but 

subsets of the proteins may form more transient interactions, at least under these conditions. 

3.2.4 Genes for several C/D snoRNP assembly factors appear to be absent from 

diplomonad genomes 

Research over the last 10 years has identified a collection of protein factors involved 

in the assembly of C/D snoRNPs in both yeast and humans. These include the R2TP 

complex (also known as the PAQosome), a co-chaperone of Hsp90 made up of the proteins 

Rvb1p, Rvb2p, Tah1p (RPAP3), and Pih1p (PIH1) as well as Rsa1p(NUFIP) and the zinc 

finger HIT domain proteins Hit1p(ZNHIT3) and Bcd1p(ZNHIT6) (See Chapter 1 for a 

detailed description) (Baldini et al. 2021). The inability of the core C/D snoRNP proteins 

from G. lamblia to stably assemble independent of such factors prompted us to search 

available metamonad genomes for homologs of C/D snoRNP assembly proteins. Probable 

homologs for each protein can be found in the oxymonad species Monocercomonoides 
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exilis, while the parabasalid Trichomonas vaginalis is missing only Pih1p. The three 

examined diplomonad species appear to be missing homologs for both Pih1p and Hit1p 

(Table 1 and Supplemental file 2). Several potential candidates for Tah1p/RPAP3 were 

detected in the diplomonad species, including G. lamblia, and are predicated to have the 

same domain architecture as human RPAP3 as determined by analysis with Phyre2, but a 

single strong putative candidate could not be identified (Supplemental file 2). The most 

recently described C/D RNP assembly factor, NOPCHAP1, was not also detected in G. 

lamblia or other metamonad genomes by our analysis or others (Abel, et al. 2021). Finally, 

all examined metamonad genomes encode a NUFIP domain containing protein, but none 

of these appear to be strong Rsa1p/NUFIP candidates as they result in very weak matches 

to homologs of these proteins in other species in both BLASTp and domain searches. In 

addition, the diplomonad homologs are significantly shorter in length than homologs found 

in higher eukaryotes or other metamonads, indicating that if these are functional 

Rsa1p/NUFIP homologs they are highly divergent.  

Rsa1p/NUFIP binds directly to Snu13p in an RNA-independent manner in both 

yeast and humans (Rothé, et al. 2013; Quinternet et al. 2016). Despite overall divergence 

from other eukaryotic homologs the putative G. lamblia Rsa1p/NUFIP homolog conserves 

the amino acid residues involved in facilitating the Snu13p-Rsa1p/NUFIP interaction 

(Figure A.2.6A). We therefore experimentally tested whether the unusual putative 

Rsa1p/NUFIP homolog is able to associate with either Snu13p homolog from G. lamblia. 

Co-expression and co-purification experiments similar to those used to detect the Rsa1p-

Snu13p interaction in yeast did not detect an interaction between the G. lamblia 

Rsa1p/NUFIP homolog with either G. lamblia Snu13p (data not shown). Further analysis 
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via EMSA found that a C-terminally truncated NUFIP homolog containing only the 

putative Snu13p interacting domain was unable to form a complex with either Snu13p 

homolog bound to a snoRNA (Figure A.2.6A and 6B, lanes 5-7). Together these results 

show that, in contrast to yeast, the predicted Rsa1p/NUFIP homolog is not able to interact 

directly with the G. lamblia Snu13p homologs in the presence or absence of a C/D snoRNA. 

Therefore, if the G. lamblia Rsa1p/NUFIP does function in C/D snoRNP assembly, the 

mechanism differs significantly from that of the yeast and human systems.  

Table 3.1. Predicted presence of C/D snoRNP assembly factors in metamonad species.  

+ convincing homolog

? inconclusive homolog

- no homolog detected

3.2.5 C/D snoRNAs but not the U4 snRNA co-precipitate with both G. lamblia Snu13p 

homologs

The specific but comparatively weak K-turn binding affinity of the G. lamblia

Snu13p homologs in vitro led us to investigate what RNAs these proteins can stably 

associate with in vivo. RNA co-precipitations were performed using TAP tagged versions

- -Snu13p expressed in G. lamblia cells from recently developed 

expression vectors (Jerlström-Hultqvist et al. 2012). RNAs co-precipitated with each of the 

two homologs were used to construct Illumina sequencing libraries using TGIRT™-III, a 

thermostable reverse transcriptase capable of adapter template switching and processing 

through RNA structure. For each biological replicate a total RNA input control library was 

also constructed using total RNA extracted from soluble cell lysate taken from each sample 
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prior to co-precipitations experiments. Input control libraries were used to calculate 

enrichment values based on RNA abundance pre- and post- precipitation. Expressed protein 

control pull-downs using wild-type G. lamblia WB C6 cells showed essentially no nucleic 

acid is be purified from wild-type cells that are not expressing TAP tagged versions of the 

Snu13p homologs, as assessed by A260 readings and urea PAGE analysis (Figure A.2.7A). 

Comparison of input control libraries from the - -Snu13p replicates show 

very strong correlation between RNA abundances indicating expression of the recombinant 

proteins did not significantly alter normal global RNA expression levels between strains 

(Pearson correlation analysis) (Figure A.2.7B).   

As seen in Figure 3. -Snu13p 

-Snu13p libraries respectively, nearly all of which are C/D snoRNAs. All previously 

predicted G. lamblia C/D snoRNAs were enriched in purifications of both tagged 

homologs, confirming for the first time their association with the C/D snoRNP machinery. 

Universal C/D snoRNA enrichment for both homologs also discounts the possibility that 

individual C/D snoRNAs have strong preferential association with only one homolog. We 

additionally found that two previously predicted ncRNAs of unknown function, Candidate 

12 and Candidate 17, were significantly enriched in our datasets. As described in Chapter 

2, Candidate 17 is predicted to be the G. lamblia U3 snoRNA homolog (Gl-U3). 

Enrichment of Candidate 17 in both Snu13p homolog libraries strongly supports this 

classification, as U3 would be predicted to associate with the C/D snoRNP machinery. 

boxes 

(Figure A.2.8A). This RNA likely escaped previous classification as all four box elements 

diverge from the consensus sequences at one or more nucleotide position. We also 
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identified a potential modification target for Candidate 12 at position G664 of the LSU 

rRNA; a perfect 10 nucleotide base-pairing interaction between the rRNA and the guide 

 is predicted (Figure A.2.8B). Essentially all enriched RNAs 

were more highly enriched -Snu13p co-precipitations; however, differences in the 

purification conditions required for efficient isolation of the protein-RNA complexes could 

have impacted enrichment across experiments so we did not further analyze the (potential) 

differences between the two homologs. 

A small number of RNAs were enriched in the -Snu13p but not the -Snu13p 

libraries (Figure 3.8 and Supplemental file 2). These are mostly H/ACA snoRNAs, all of 

which are enriched just above the threshold values and have relatively low TPM/CPM 

abundances in both input control and experimental libraries compared to other enriched 

RNAs. This enrichment is likely due to indirect purification of H/ACA snoRNPs bound to 

pre-ribosomes which co-purify with Snu13p-associated complexes. Additionally, several 

predicted mRNAs were detected as enriched, but closer inspection of these RNA-seq reads 

found that they are likely erroneously annotated regions near rRNA operon ends rather than 

genuine unique mRNA coding regions (data not shown). 
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-Snu13p

-Snu13p

Figure 3.8. C/D snoRNAs and RNase P are significantly enriched in co-precipitations 
with - -Snu13p.
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Figure 3.8. C/D snoRNAs and RNase P are significantly enriched in co-precipitations 
with - -Snu13p. Volcano plots for RNA-seq data from co-precipitation 
experiments analyzed in edgeR, plotting Log2 fold enrichment (Co-precipitated 
library/input RNA library) versus -log10 P adjusted values (FDR). Each figure represents 
three replicates of paired co-precipitated RNA and input RNA control libraries. Vertical 
black lines indicate the Log2 Fold enrichment thresholds of 1 and -1. The horizontal black 
line marks the -Log10 P adjusted threshold set at P 
are labeled and in red. Blue dots are significantly unenriched. Black dots indicate no 
significant change between input and co-precipitated libraries. 

 

Surprisingly absent from the list of enriched RNAs was the U4 snRNA, which is 

bound by Snu13p homologs in all other examined eukaryotes and was observed to interact 

with both G. lamblia homologs in vitro (EMSAs described above). While still present, U4 

abundance was significantly reduced in co-precipitation RNA-seq libraries for both Snu13p 

homologs compared to input control libraries and found at similar levels to other non-

enriched, non-K-turn containing snRNAs and other ncRNA classes (Supplemental file 2). 

This result strongly suggests that neither Snu13p homolog is a component of the U4 snRNP 

in G. lamblia.  

3.2.6 Ribosome processing complexes co-precipitate with G. lamblia Snu13p homologs 

We next used our tagged Snu13p homologs to perform protein co-precipitation 

experiments to further compare features of their associated complexes. Many G. lamblia 

proteins remain unannotated, therefore during our mass spectrometry analysis we attempted 

to annotate proteins lacking predicted identities. Co-precipitated proteins were assigned to 

one of seven categories based on evidence of association with a particular complex in other, 

more well studied, species (Table 3.2 and Supplemental file 2). Remaining proteins were 

recorded in an “other” category if they; 1) belong to a cellular complex that falls outside of 

the other six categories and showed limited representation in our data (e.g. one or two 
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proteins of a >20 protein complex were detected) or 2) were not successfully annotated as 

a homolog of a described protein.    

In agreement with our RNA-seq analysis, both homologs clearly associate strongly 

with the core C/D snoRNP proteins, which are the strongest hits in the mass spectrometry 

data. More than 50 ribosomal proteins also consistently co-precipitated with each homolog, 

likely due to association of pre-ribosomes with precipitated snoRNPs (Table 3.2). We did 

not detect any of the bioinformatically predicated G. lamblia C/D snoRNP assembly factors 

in the pull-downs for either homolog. This result indicates that either the interactions are 

too transient to be detected by our methods or these proteins do not interact with the G. 

lamblia Snu13p homologs in vivo. This is particularly noteworthy for Rsa1p/NUFIP which 

is a direct binding partner of Snu13p in other species and is consistent with our lack of 

evidence for Snu13p-Rsa1p/NUFIP association in vitro. A relatively large number of 

“other” proteins were also co-precipitated in at least single replicates -

Snu13p. More stringent purification conditions were tested (higher salt and detergent 

concentrations) to reduce potential spurious or non-specific interactions but these either 

significantly destabilized the core C/D snoRNP association or removed essentially all 

indirect interactions (data not shown). Also consistent with the absence of U4 from our 

RNA-seq data, no spliceosomal proteins were detected in any replicates for either Snu13p 

homolog. 
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Table 3.2. Categorization of proteins detected in at least two replicates of protein co-
precipitation experiments.

“Combined – Unique” column indicates the number of non-redundant proteins belonging to each complex (row) found in at least one of 
the six protein co-precipitation datasets

The detection of Gl U3 in our RNA-seq data prompted us to search our protein co-

precipitation datasets for components of the small subunit (SSU) processome. Few SSU 

processome proteins are annotated in the G. lamblia genome database but searches using 

yeast SSU processome proteins revealed homologs for many of these are present in the G. 

lamblia genome. In total we detected 58 putative SSU processome proteins encoded in the

G. lamblia genome including components of all the core sub-complexes (UtpA, UtpB, 

UtpC, Mpp10, and Utp7/Sof1/Utp14) and many additional factors, a combined 56 of which

are present in our mass spectrometry data (Table 3.3 and Supplemental file 2). UtpA is the 

only core sub-complex that is lacking most constituents found in yeast, only containing

three of seven proteins. When considering only the stable core processome complexes:

21/23 and 17/23 protein components present in the G. lamblia genome were detected in at 

le - -Snu13p respectively. This 

indicates that we were able to consistently purify complete or near complete core SSU 

processomes rather than complex-intermediates or individual sub-complexes. As expected, 
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the additional transient factors were less consistently precipitated with only 13 and 1 

additional protein(s) - -Snu13p. However, 

when considering individual replicates these values increase to 19 and 18 proteins, 

reflecting the more transient nature of the interaction between these proteins with the U3 

snoRNP containing core processome. Combined data across pull-down experiments shows 

that 33 of the additional protein factors were detected, leaving only two SSU processome

proteins that are encoded in the G. lamblia genome that were not detected by our co-

precipitation experiments.

Table 3.3. Protein composition of the SSU processome sub-complexes in G. lamblia.
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Figure 3.9. Ucp1-3 proteins detected in protein co-precipitations with G. lamblia 
Snu13p homologs and S4. (A) Pairwise sequence alignment of newly identified and the
highly-similar Ucp1 and Ucp2 proteins. * represents identical amino acid residues, : are 
residues with very similar biochemical properties and . indicates somewhat similar 
biochemical properties.  (B) Schematic of domains predicted by Phyre2 for the Ucp1-3 
proteins detected in G. lamblia Snu13p co-precipitations. RNA binding domains (RBD) 
predicted from different PDB templates by Phyre2 are indicated in different colours (green 
or red). N and C terminal ends are indicated.  

Ucp1      MPIIVKGAKLTDEFMASIKEVAGNVRELFSRKFLSNVRETEKGVEIPCGYHKFFSAIQEK 60
Ucp2      MPIIIKGVKLTEEFTRTLKEIIKGVDGFRSPYLANKARETDKGVEIPCGYGKLLAAVRQK 60
          ****:**.***:**  ::**:  .*  : *  : .:.***:********* *:::*:::*

Ucp1      HSNAELVSPDQIVLRQVFVERNKAFFARFKEQNADYLKSDKNALLVVSSAPDGIIDSEKV 120
Ucp2      YPEADLLPLDQDEARKNCIDRNVSIFTKFKEYNADYLKTSKNVIITVTSAPGEFMDPEKV 120
          : :*:*:  **   *:  ::** ::*::*** ******:.**.::.*:***. ::* ***

Ucp1      IAFLTKTFSKITPAKDHKFKITAKYQVLDAIREKVEADALKDGSGASVKDRCAMMAIRFV 180
Ucp2      VAFLTKTLSKITPAQDHKFKITAKYQVLDAIRGRINAGALKDASGSSVQGRCATMGIRYV 180
          :******:******:***************** :::*.****.**:**:.*** *.**:*

Ucp1      EGRAPQRGTRVAVVVPVSDVEKIFNSLLADGYFERVPSIKFINLEERRKRAQERRERLDS 240
Ucp2      EGRPPQRGTKVAVVVQSSEIEKLFAALSADNLFERVPAIRFINPEKRRKHIQELRERVGS 240
          *** *****:*****  *::**:* :* **. *****:*:*** *:***: ** ***:.*

Ucp1      AGDGSAASDKKKKPSEAAGRAKDKAGTDKADQSGSQSR--RGAQGDKQSSTKKRAADGKR 298
Ucp2      AGDGTLGTKNKQRRHQEAKGGVKKPGAKKATGIRVQLADDQKAAKPKKKQGKKVQSQKER 300
          ****: .:.:*::  : *  . .* *:.**     *    : *   *:.. **  :: :*

Ucp1      LPSFLKVANVPSGVTFDDIKGSLNENEHASILKAIAESHLQRPRRPDSSVISFFCTEENG 358
Ucp2      LPCLLTIAGIPEALAFDDIKENLDKDEHADILKALAESRLRRPKQPNPSEVSFYCTVENG 360
          **.:*.:*.:*..::***** .*:::***.****:***:*:**::*: * :**:** ***

Ucp1      KILMEAFSNMDIDGSKLSVTLEEAR 383
Ucp2      KILRDAFGNMEINGAELRTTVSDVN 385
          *** :**.**:*:*::* .*:.:..
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3.2.7 Three abundant uncharacterized proteins co-precipitate with the G. lamblia 

Snu13p homologs  

In our Snu13p homolog protein co-precipitation data we consistently detected two 

uncharacterized proteins, given the interim names Ucp1 and Ucp2. BLASTp searches to 

the NCBI non-redundant protein database detected no homologs for either protein in any 

species outside of Giardia. Both proteins are present in all three mass spectrometry 

replicates for each Snu13p homolog and are found with peptide spectral match and peptide 

values near those of the core C/D snoRNP proteins. The proteins are nearly identical in size 

and alignments show significant sequence similarity, suggesting they may have arisen from 

a gene duplication event (Figure 3.9A). Using the SWISS-MODEL and Phyre2 webservers 

to predict potential protein domains found Ucp1 and Ucp2 both contain relatively high 

confidence matches to a variety of S-adenosyl-methionine (SAM)-dependent 

methyltransferase-like domains at their N-termini, with Ucp1 also predicted to contain a C-

terminal RNA binding domain (RBD) (Figure 3.9B and Supplemental file 2). Previous 

mRNA sequencing analysis has shown that the Ucp1 and Ucp2 genes are also both very 

highly expressed (>98th percentile of expressed genes) (Franzén et al. 2013). 

To further explore features of these proteins they were cloned into expression 

vectors and used for protein co-precipitation experiments. Both proteins co-precipitate 

nearly all the same ribosomal proteins as the Snu13p homologs along with a small number 

of proteins involved in ribosome biogenesis, however only Ucp1 consistently associated 

with all five C/D snoRNP protein components (Table 3.2 and Supplemental file 2). This 

indicates that the Ucp proteins may be ribosome-associated but likely do not interact 

directly with snoRNPs. Further support for this hypothesis was collected by co-
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precipitations done using a TAP tagged version of the ribosomal protein S4, which resulted 

in a similar pattern of precipitated proteins to Ucp1 and Ucp2 (Table 3.2). A third 

uncharacterized protein, Ucp3, was found as a high abundance hit in the Ucp1 and Ucp2 

pull-downs mass spectrometry data. Ucp3 is also present in all replicates for both Snu13p 

homologs and S4. Ucp3 is much smaller than Ucp1 or Ucp2, and domain predications 

detected a single high confidence central domain that matches to various RNA binding 

domain structures (Figure 3.9B and Supplemental file 2). Co-precipitation of Ucp3 detected 

>50 ribosomal proteins, but essentially no ribosome biogenesis or rRNA modification 

complexes. Both Ucp1 and Ucp2 are seen in all three Ucp3 replicates, but C/D snoRNP 

proteins are not consistently observed across replicates, suggesting precipitation of Ucp3 

with the Snu13p homologs was also indirect. 

Searches of the G. muris genome found potential candidate homologs for all three 

Ucp proteins, but alignment of the Ucp candidates from the two Giardia species show 

significant sequence divergence (Figure A.2.9). Domain prediction analysis revealed 

identical organization for the G. muris and G. lamblia homologs (Supplemental file 2) 

which are of high confidence for G. muris Ucp2 and Ucp3, but prediction confidence scores 

for domains present in Ucp1 are significantly lower than in G. lamblia. The presence of the 

Ucp proteins in both Giardia species could indicate a conserved function for these proteins, 

however the significant sequence divergence observed between predicted orthologs, in 

particular Ucp1, may have also led to unique functions for the Ucp proteins in the two 

species. 
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3.2.8 Cellular localization of G. lamblia Snu13p homologs and Ucp proteins 

To determine if both Snu13p homologs localize to the G. lamblia nucleolus, as 

expected for C/D snoRNPs or if the two proteins differ in their cellular position, we 

analyzed protein localization by confocal immunofluorescence microscopy. An additional 

cell line expressing recombinant tagged Nop58 was also produced, which under normal 

conditions would be predicted to localize exclusively to the nucleolus with C/D snoRNPs. 

All three proteins are clearly concentrated at the apical side of both nuclei in individual 

cells, the previously described location of nucleolar formation in G. lamblia (Figure 3.10A-

C and Supplemental file 3) (Jiménez-García, et al. 2008; Tian et al. 2010) -Snu13p also 

shows a small degree of diffuse localization throughout the nucleus, but not in the 

cytoplasm. These findings agree with our RNA-seq and proteomics data indicating both 

homologs primarily function in ribosome maturation and that the addition of the tag does 

not impact nuclear import or protein localization.  
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Figure 3.10. Cellular localization of tagged G. lamblia proteins. Representative confocal 
immunofluorescence microscopy images of G. lamblia -Snu13p (A), 

-Snu13p (B), Nop58 (C), Ucp1 (D), Ucp2 (E), Ucp3 (F). DNA is stained with DAPI and 
appears blue. The protein of interest is visualized via an Alexa Fluor™ 488 fluorophore 
conjugated antibody and appears in green. Cells were visualized on an Olympus Fluoview 
FV1200 confocal microscope using the FV10-ASW 4.2 software at 60X magnification. 

- -Snu13p, Ucp1 and Ucp2 taken 
on a Cytation™ 5 Cell Imaging Multi-Mode Reader can be found in Supplementary File 2.

We also examined Ucp protein localization using this method. Ucp1 and Ucp2 are 

found at high concentrations at the outer basal side of the nucleus wrapping up each side, 

and in some cases surrounding the entire nucleus, but appear mostly absent from the 

nucleus itself (Figure 3.10D and E, Supplemental file 3). Both proteins are also detected in 

the cytoplasm becoming less concentrated further away from the nuclei. This pattern 

resembles localization of several protein classes previously found in the G. lamblia nuclear 

envelope (NE) and endoplasmic reticulum (ER) (Soltys et al. 1996; Elias et al. 2008; Touz 
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and Zamponi 2017). The similar unique localization pattern along with our proteomics data 

and their similar sequences suggest the two proteins are involved in the same complex. In 

contrast, Ucp3 is found exclusively in the nucleus with no apparent specific sub-nuclear 

localization (Figure 3.10F). Surprisingly, S4 was also found to localize throughout the 

nucleus rather than in the cytoplasm as expected for a ribosomal protein (Figure A.2.10A). 

Efforts to express an additional core ribosomal protein were unsuccessful and it is currently 

unclear why the majority of S4 would localize to the nucleus rather than the cytoplasm. 

3.2.9 G. lamblia nucleoli can form at the basal region of nuclei 

Expression of our tagged nucleolar proteins showed formation of discrete nucleoli 

at the apical side of both nuclei, as previous reported. However, during our analysis we 

found that in a smaller fraction of cases we could also observe instances where one (Figure 

3.11A, C and D) or both nucleoli (Figure 3.11B) formed on the basal side of the nucleus. 

- -Snu13p and Nop58, suggesting a general 

nucleolar phenomenon rather than a feature of any individual protein. Formation of 

asymmetric nuclei is intriguing as it supplies additional evidence for the existence of 

variation between the two nuclei, previously believed to be essentially identical. Basal 

nucleolar formation challenges the previously held notion that apical nucleoli formation is 

a universal feature of G. lamblia nuclei.  
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Figure 3.11. G. lamblia nucleoli can localize to the basal side of one or both nuclei in 
individual cells. Representative fluorescence confocal microscopy images of G. lamblia 

-Snu13p (A and B), Nop58 (C) -Snu13p (D) where one or both 
nucleoli are present on the basal side of the nucleus. DNA is stained with DAPI and appears 
blue. The protein of interest is visualized via an Alexa Fluor™ 488 fluorophore conjugated 
antibody and appears in green. Cells were visualized using an Olympus Fluoview FV1200 
confocal microscope using the FV10-ASW 4.2 software at 60X magnification.

3.2.10 G. lamblia RNase P-GlsR15 RNA forms a hetero-diRNP 

Our earlier observations (see Chapter 2) found that the RNase P RNA (RPR) from 

Giardia species is expressed and maintained as a single fused transcript with the C/D 

snoRNA GlsR15/GmsR15 which is predicted to target modification of tRNAMet. We 

hypothesized that this RNA likely forms a hetero-diRNP containing the protein components 

of both RNase P and C/D snoRNAs and is capable of both RNase P guided tRNA 

-O-methylation. We used our proteomics, RNA-

seq, and EMSA data to further probe this hypothesis. Analysis of our RNA-seq datasets 

showed that RPR is the only non-C/D snoRNA enriched in both the - -

Snu13p libraries and is among the most significantly enriched RNAs, indicating a strong, 

stable association with both homologs (Figure 3.8). Examination of the G. lamblia RPR 

sequence revealed a potential K-turn structure in a region of the RNA known as the P12 
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helix (Figure 3.12A). Archaeal RPR contains a K-turn in a homologous region that is bound 

by the protein L7Ae (Cho et al. 2010) and the human RPR P12 forms a K-turn bound in 

part by the protein Rpp38 (Wu, et al. 2018). Using EMSA we determined that both Snu13p 

homologs can weakly bind the P12 helix of G. lamblia RNase P RNA, but the interaction 

appears significantly less stable than the binding interaction with Gl U4 SL or GlsR9, 

-Snu13p (Figure 3.12B and C). Consistent with our earlier binding analysis, 

yeast Snu13p bound the P12 K-turn at a much lower protein concentration than either G. 

lamblia homolog (Figure 13.2D), but significantly weaker than it bound Gl U4 SL and 

other K-turns. These results indicate that the P12 region of RPR is capable of K-turn 

formation but does not favorably interact with either Snu13p protein. 

Figure 3.12. EMSA analysis of Snu13p proteins binding the G. lamblia RNase P P12 
K-turn. (A) Predicted secondary structure for the P12 region of the G. lamblia RNase P 
RNA used for EMSAs with one strand of K-turn containing region indicated. 
Representative EMSAs for Gl RNase P P12 binding to G. lamblia -Snu13p (B) -Snu13p 
(C), and S. cerevisiae Snu13p (D). RNA label indicates free RNA, RNP indicates a protein-
RNA complex. Each lane contains 100 fmol of labeled Gl RNase P P12 K-turn RNA with 
a different concentration of protein (0 – .
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Like other RNP complexes, RNase P proteins have not previously been annotated 

in the G. lamblia genome. Through BLASTp and domain searches we successfully 

identified putative homologs for the proteins Pop1, Pop4(Rpp29), Pop5, Rpr2(Rpp21), and 

Rpp1(Rpp30) in G. lamblia, but not the remaining four yeast proteins. Of the six tagged G. 

lamblia proteins used for co-precipitations in our study, -Snu13p precipitated RNase 

P proteins. Two proteins, Pop1 and Rpp1, -Snu13p replicates while 

Rpr2 and Pop5 were each found in a single replicate. The putative Pop4 homolog was not 

detected in any co-precipitation experiments. To assess if the absence of RNase P proteins 

-Snu13p pull-downs was due to the shorter incubation time with the Strep-

Tactin® resin compared with the 24- -Snu13p we performed a 

-Snu13p with a 24-hour incubation. This trial contained a single RNase 

P protein, Pop1 (Table A.2.1 and Supplemental file 2). The 24- -Snu13p replicate 

also contained dramatically more proteins overall than our other Snu13p pull-downs, in 

particular for proteins classified in the “other” category (145 “other” proteins compared to 

only 69 and 17 “other” proteins in the most abundant replicates - -Snu13p 

respectively). This indicates the 24- -Snu13p replicate likely contains a larger number 

of non-specific protein interactions. We attempted to perform reciprocal co-precipitation 

experiments using the newly identified RNase P proteins to verify the RNP composition, 

but none were able to produce stable transfectants following insertion of the protein-coding 

regions into the G. lamblia expression vectors. These data support a preference for RNase 

P proteins to associate -Snu13p but suggest that -Snu13p likely also associates with 

the diRNP complex.  
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3.3 Discussion 

3.3.1 Insights into C/D snoRNP assembly in G. lamblia 

The sequence variation observed in the diplomonad Snu13p homologs suggests that 

there is still considerable sequence evolution occurring in this lineage. This differs from 

the relatively high conservation of amino acid residues observed between other eukaryotic 

Snu13p proteins, eg. 78% identical residues between human and Z. mays homologs versus 

39% between G. lamblia and S. salmonicida -Snu13p and 44% between human and G. 

lamblia -Snu13p (Figure A.2.11). Individual positions still often maintain residues with 

similar biochemical properties, eg. 67% for G. lamblia and S. salmonicida -Snu13p, and 

74% for human and G. lamblia -Snu13p. This points towards more selective fine tuning 

of the proteins function rather than divergence in the absence of a selective pressure. 

Retention of the two homologs throughout the genomically reduced diplomonads indicates 

that they do each have a conserved cellular role. Previous studies found replacing individual 

loop 9 residues in the human Snu13p homolog (15.5K) with the corresponding archaeal 

L7Ae loop 9 residues increased KD values anywhere from 3-fold to completely abolishing 

detectable binding (Gagnon, et al. 2010). 15.5K loop 9 and Q34 mutants in that study that 

match or closely resemble the residues found in the G. lamblia and other diplomonad 

homologs have KD values that match well with our experimental observations for binding. 

It is therefore likely the variation at these two positions is a strong contributor to the weaker 

binding of the diplomonad homologs.  

Previous experimental observations of archaeal Nop5 show it makes direct contacts 

with C/D sRNAs in archaea, in part through a highly conserved ALFR sequence which is 

important for efficient RNP formation (Ghalei et al. 2010). The ALFR sequence is 
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conserved in eukaryotic Nop56 and Nop58 and cross-linking experiments have found 

similar contacts for the eukaryotic homologs, but with asymmetric association of Nop58 

with the C/D boxes and Nop56 with the es (van Nues et al. 2011). Nop5-fibrillarin 

duplexes can also independently 

though this interaction is much weaker than the L7Ae-RNA interaction (Tran et al. 2003). 

Our detection of direct and discriminative C/D snoRNA binding by the G. lamblia Nop56-

fibrillarin and Nop58-fibrillarin complexes could be an evolutionary extension of these pre-

existing contacts that have further evolved to compensate for the weaker binding of the G. 

lamblia Snu13p homologs.  

Individual C/D snoRNP complexes in both archaea and eukaryotes contain at least 

two copies of L7Ae/Snu13p  (Cahill, et al. 

2002; Omer, et al. 2002; Szewczak, et al. 2002; Yu et al. 2018; Yang, et al. 2020) Our 

observations suggest that G. lamblia C/D snoRNPs do not require both Snu13p homologs 

be present in a single complex as co-precipitations detected high levels of the tagged 

Snu13p and other core C/D snoRNP proteins but much lower levels of the untagged Snu13p 

homolog. If both homologs were strictly required to form a single snoRNP complex, the 

untagged homolog would be expected to be present at similar levels as the two Nop 

proteins, as these proteins asymmetrically associate with C/D snoRNAs and are each 

present as single copies per RNA. Unfortunately, attempts to precipitate C/D snoRNPs 

using tagged recombinant Nop58 and fibrillarin both failed. fibrillarin did not stably 

express from transfected vectors and Nop58 is degraded following cell lysis under all tested 

purification conditions. Cumulatively our analysis show G. lamblia C/D snoRNPs can form 
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using either Snu13p homolog, and are significantly more reliant on the Nop-fibrillarin 

complexes for RNA recognition than other eukaryotes.  

Both newly characterized snoRNAs, Candidate 12 and Gl U3, were previously 

predicted as ncRNAs of unknown function based on expression data and the presence of 

(Chen, et al. 2007; Hudson, et al. 2012). In our Snu13p 

RNA co-precipitations we detected all currently predicted C/D snoRNAs including these 

This likely means that all C/D snoRNAs in G. lamblia have now been identified and are 

processed by the same shared s.  

3.3.2 C/D snoRNP assembly machinery in G. lamblia 

Despite similarities between archaeal C/D sRNPs and the G. lamblia C/D snoRNPs 

our unsuccessful attempts to assemble a stable C/D snoRNP using only the core G. lamblia 

proteins suggests the complex still requires association with additional factors to properly 

assemble. Absence of detectable Rsa1p/NUFIP binding to either Snu13p in both our in vivo 

and in vitro experiments along with its divergent NUFIP domain sequence all cast doubt 

on a role for this protein in snoRNP assembly in G. lamblia. We attempted to further probe 

the C/D snoRNP assembly pathway using in vivo expression of our predicted Bcd1p 

homolog. Tagged Bcd1p could be stably expressed but attempts to purify it and associated 

proteins were unsuccessful under a variety of tested expression and purification conditions. 

Immunofluorescent localization of the protein found significant accumulation in the 

nucleus, but a strong signal was also observed diffusely throughout the cytoplasm, 

indicating the tagged protein may not properly localize (Figure A.2.10B).   



125 
 

The lack of any C/D snoRNP assembly factor homologs in our co-precipitation 

experiments and absence of several others from the G. lamblia genome entirely suggest 

that G. lamblia may utilize a distinct C/D snoRNP assembly pathway. In yeast, the 

assembly machinery is reliant on many protein-protein interactions between the assembly 

factors. The lack and/or size reduction of several of these factors in G. lamblia would likely 

require significant alteration to the overall structure of the assembly complexes relative to 

the machinery present in metazoans in order to remain functional (Massenet, et al. 2017; 

Yu, et al. 2018). Even highly conserved assembly factors like the G. lamblia Rvb1 and 

Rvb2 may not be involved in C/D assembly as they play a variety of different roles in most 

other eukaryotes and may be conserved in the G. lamblia genome for these other functions. 

G. lamblia may therefore utilize a distinct C/D snoRNP assembly pathway. However, we 

cannot rule out that their absence from our co-precipitation data is due to the transient 

nature of their interactions with the core C/D snoRNP proteins. It is possible G. lamblia 

possesses unique assembly factors, some of which could be present in our data; however, 

we did not detect any convincing evidence for such candidate proteins. 

3.3.3 G. lamblia Snu13p homologs do not interact with the spliceosomal U4 snRNA in 

vivo 

We initially hypothesized that retention of the two Snu13p homologs in G. lamblia 

was a consequence of subfunctionalization of the ancestral role of Snu13p in C/D snoRNPs 

and the U4 snRNP. The lack of U4 snRNA enrichment in our RNA co-precipitations and 

complete absence of spliceosomal components in protein co-precipitations with either G. 

lamblia Snu13p homolog do not support this hypothesis, instead strongly suggesting that 

neither homolog is part of the U4 snRNP in G. lamblia. Snu13p is the only known U4 
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snRNP protein in the G. lamblia genome, making it unlikely that the protein tag on either 

Snu13p was made inaccessible for binding to the purification resin by additional proteins, 

unless additional lineage specific U4 proteins have evolved (Hudson, et al. 2019). Low 

abundance of splicing complexes is also unlikely to explain the absence of splicing proteins 

in our data as we can detect other low abundance proteins like those of -

Snu13p pull downs, indicating our experimental conditions and analysis were sufficiently 

sensitive.  

In other species, the Nop domain containing protein Prp31 associates directly with 

Snu13p in the U4 complex and makes contacts with the U4 snRNA (Nguyen et al. 2016). 

Human Prp31 has also be found to significantly stabilize binding of the human 15.5K to a 

variant U4 RNA only weakly bound by 15.5K on its own (Schultz, et al. 2006). The absence 

of Prp31 from the G. lamblia genome means that unlike C/D snoRNPs there is no known 

secondary protein that could stabilize the relatively weak Snu13p-U4 interaction in vivo, 

potentially preventing complex formation from occurring. The absence of Prp31 from the 

G. lamblia and other diplomonad genomes may have also impacted the evolution of the 

Snu13p homologs in this lineage. Sequence and structural features of the U4 K-turn help 

dictate the selective recruitment of Nop56, Nop58, Prp31, or Rrp9 to the appropriate 

Snu13p-RNA complex (Schultz, et al. 2006; Liu et al. 2007). Giardia U4 snRNAs deviate 

from the sequence important for Prp31 recruitment to Snu13p bound U4 in humans. The 

loss of a need for a specific Prp31 recruitment signal in the U4 K-turn in the diplomonads 

allowed for both sequence variation in the RNA and a relaxation in RNA binding 

requirements for the Snu13p homologs, which do not need to be as discriminative, leading 

to their weaker K-turn binding affinity.  
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It is somewhat surprising that U4 in both G. lamblia and G. muris would retain the 

ability to form a K-turn structure if it is not bound by Snu13p considering the overall rapid 

evolution of their snRNAs (Chapter 2). A possible explanation which is consistent with our 

other data and model is that the association of Snu13p is transient but still important for 

correct folding of U4. L7Ae family proteins in some species can assist in K-turn formation, 

through an induced fit mechanism (Turner et al. 2005). Weak binding of G. lamblia U4 

could mean Snu13p initially associates to facilitate formation of the K-turn, which in turn 

helps folding and association with the U6 snRNA but is not retained due to weak binding 

affinity and lack of Prp31 for stabilization. K-turns can also form in the absence of protein, 

especially in the presence of certain metal ions so we cannot rule out that Snu13p is also 

not required for folding. Regardless, we predict the G. lamblia U4 snRNA is likely still a 

constituent of the spliceosome based on the conservation of extensive base-pairing between 

the U4 and the U6 snRNAs (Hudson, et al. 2012). Even if a lack of U4 proteins impacts 

splicing efficiency this could be tolerated due to the small number of spliceosomal introns 

present in G. lamblia.  

3.3.4 The G. lamblia SSU processome is similar in composition to other eukaryotes 

Our protein co-precipitation data is consistent with a previous bioinformatic survey 

of core components of SSU processome subcomplexes from across eukaryotes, including 

G. lamblia (Feng, et al. 2013), but importantly was successful in identifying additional 

proteins previously thought to be absent. The G. lamblia SSU processome contains many 

of the proteins found in yeast, the notable exception being the absence of several 

components of the UtpA subcomplex. Intriguingly, recent cryo-EM structures of the yeast 

processome found that many of the proteins of the UtpA and UtpB complexes are 
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evolutionarily related based on similarity in structure and domain architecture (Sun, et al. 

2017). One possible explanation for the G. lamblia SSU processome tolerating these 

absences in UtpA but not other subcomplexes could then be that UtpB proteins are 

sufficiently similar to those of UtpA that they are capable of moonlighting in the UtpA 

complex to fill in for the absent proteins. It may also simply be that the missing UtpA 

proteins do not play as critical a role as other proteins in G. lamblia, allowing for their 

absence without significant negative impacts on ribosome biogenesis.  

-Snu13p protein co-precipitation data contained an Rrp9 homolog, a core 

component of the U3 snoRNP which was previously thought to be absent from the G. 

lamblia genome (Supplemental file 2) (Feng, et al. 2013). Nucleotides of the U3 B/C box 

determined to be required for Rrp9 recruitment to Snu13p in other eukaryotic species are 

also present in the diplomonad U3 snoRNAs. These B/C box nucleotides include a 

conserved G at the first position of the K-turn loop (L1) and a G-C that closes either the C 

or NC stem of the K-turn (Cléry, et al. 2007)(See also Chapter 2 for diplomonad U3 

snoRNAs). A model for cooperative RNA binding by Snu13p and Rrp9 has been proposed 

in yeast. In the G. lamblia system, the contribution of Rrp9 to RNA binding could stabilize 

the interaction of Snu13p with the B/C box K-turn in a fashion similar to what we have 

proposed for Nop56 and Nop58 binding to the C/D boxes of modification guide snoRNAs. 

Rrp9 is present in all -Snu13p co-precipitation replicates but -Snu13p 

replicates. However, Rrp9 was detected in our 24- -Snu13p co-precipitation 

data. Gl-U3 is enriched in both the -Snu13p and -Snu13p libraries, and both homologs 

co-precipitate with the majority of other core SSU processome proteins. A potential model 

consistent with these data is the asymmetric association of -Snu13p with the U3 B/C K-
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turn which recruits Rrp9, and association of -Snu13p (or a second -Snu13p) with the U3 

K-turn which recruits Nop58. This model can explain the enrichment of Gl U3 and 

SSU processome proteins in our co-precipitation experiments for both -Snu13p and -

Snu13p, and the less consistent co-precipitation of Rrp9 with -Snu13p being due to a lack 

of direct association between the two proteins. Alternatively, lack of Rrp9 in -Snu13p 

datasets could be a result of less stable association between the two proteins due two 

sequences differences between Snu13p homologs. Both Snu13p homologs are likely 

components of the U3 snoRNP, but further work will be required to precisely determine 

the nature of their interaction with the two K-turn elements of the U3 snoRNA and 

recruitment of the newly identified Rrp9 homolog. 

3.3.5 Giardia specific proteins may be associated with ribosome function 

In our mass spectrometry datasets, Ucp1 is the only protein for which the largest 

classification category of co-precipitated proteins was “other”. Despite efforts to further 

annotate proteins in the “other” category most do not return BLAST hits other than to 

unannotated proteins in Giardia species or very weak generic domain matches. Ucp2 

associates with fewer “other” proteins and most overlap with those detected with Ucp1, 

providing no obvious clues about the potential cellular activities involving these proteins. 

The work presented here provides a strong framework for understanding these proteins and 

hints at the potential for a novel protein complex made up of uniquely Giardia proteins but 

will require additional experimental investigation to better characterize. 

 While we can’t make definitive conclusions about the roles of these proteins, we 

can speculate on plausible functions based on our current findings. For example, of the 

“other” proteins that could be annotated in these datasets a number are translation factors 
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(eg. EF1 and EF2) or nuclear export and quality control/ER associated proteins (eg. NEMF, 

ERP1, and Hsp70) (Supplemental file 2). Ucp1 and Ucp2 localize most strongly to the 

nuclear periphery, which matches the published localization of ER and NE associated 

proteins including members of the SNARE class of membrane associated proteins (eg. 

gQa4 and gQb5) and the ER protein chaperone BiP (Soltys, et al. 1996; Elias, et al. 2008; 

Touz and Zamponi 2017). This along with our prediction that Ucp1/Ucp2 associate with 

ribosomes suggests a possible role in ribosome localization or maturation. G. lamblia lack 

golgi and the ER takes over several roles in protein localization which could mean these 

cells require specialized proteins to help facilitate ribosome retention and interaction with 

this unique membrane. Alternatively, Ucp1/Ucp2 could themselves be specialized 

ribosomal proteins as the profiles of co-precipitated proteins for Ucp1, Ucp2 and S4 are 

strikingly similar (Table 3.2 and Supplemental file 2). Ucp1 could directly facilitate an 

interaction with the rRNA through its RBD and direct Ucp2 through protein-protein 

interactions. Recent publication of the cryo-EM structure of the G. lamblia ribosome did 

not feature the Ucp proteins, but all three are present in the mass spectrometry data of the 

ribosomes utilized for structure determination (Eiler et al. 2020), further supporting direct 

association with ribosomes.  

Based on our protein co-precipitations Ucp3 also appears to associate with 

ribosomes, likely later during assembly as we detected no ribosome biogenesis factors in 

these experiments. Localization of Ucp3 throughout the nucleus matches with the unusual 

S4 localization we detected. Nuclear S4 localization could mean the tagged protein is 

predominantly excluded from mature ribosomes, however our tagged S4 is found in the 

densest fractions in glycerol gradient ultracentrifugation experiments and not in lighter 
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fractions, indicating it is incorporated into larger complexes (Figure A.2.12). Like Ucp3, 

S4 also co-precipitates relatively few ribosome biogenesis factors suggesting much of the 

protein is associated with mature ribosomes rather than assembly intermediates or being 

excluded. This may be the genuine localization for at least some G. lamblia ribosomes as 

they have not previously been localized, but this too will require further validation. As the 

Ucp3 consists predominately of a single RBD we also performed an initial investigation 

into the RNA binding properties of Ucp3. These tests were successfully used to co-

precipitate Ucp3 associated RNAs. Urea PAGE analysis of Ucp3 associated RNAs shows 

an enrichment of RNAs between 200-600 nt in length, and retention of several large RNAs 

not observed in the Snu13p homolog co-precipitations (Figure A.2.13).  Future RNA-seq 

analysis of these RNAs will help significantly in determining the specific role it plays in 

the cell and its association with ribosomes.  

3.3.6 G. lamblia nucleoli can be present at the apical or basal side of each nuclei 

Localization of nucleoli to the basal side of the nucleus in one or both nuclei of a 

G. lamblia cell could be the result of errors in the processes of nuclear division causing 

nuclei to be flipped in daughter cells. G. lamblia utilizes semi-open mitosis meaning the 

nuclear envelope does not completely disassemble during cell division (Sagolla et al. 2006). 

Additional work also suggests that nucleoli persist during this process and may even remain 

partially active (Lara-Martínez et al. 2016).  Retention of intact nucleoli in a case where the 

nuclei was erroneously flipped during division would result in their basal localization as 

the nucleoli would not have the opportunity to reform at the usual apical side of the nucleus 

from diffuse nucleolar material following cytokinesis. Our consistent observation of these 

“flipped” nucleoli across cell lines expressing a variety of nucleolar proteins suggests 
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however, that this may represent a normal cellular alternative to apical nucleolar formation. 

These are the first reported cases of basal nucleolar formation in G. lamblia and 

identification of the mechanism through which basal nucleoli form and if this change has 

an impact on cellular processes will grant a better understanding of inter-nuclear diversity 

in G. lamblia, a topic which has garnered increased attention in recent years. 

3.3.7 G. lamblia forms an RNase P-snoRNA diRNP in vivo 

Co-precipitation of the RPR with both G. lamblia Snu13p homologs and the 

-Snu13p mass spectrometry datasets add 

experimental support for our hypothesis (Chapter 2) that a composite RNase P-snoRNA 

diRNP forms on a single RNA from components of both RNPs in Giardia. The complement 

of RNase P proteins in G. lamblia is very similar to the archaeal RNase P complex, 

containing the same number of proteins (five) and only differing in that it is missing a Pop3 

homolog (L7Ae in archaea) and contains a Pop1 homolog (absent in archaea) (Esakova and 

Krasilnikov 2010). This again adds to the list of G. lamblia features that either through 

ancestry or genomic reduction resemble archaeal features. Pop3/Rpp38 is a eukaryote 

specific L7Ae family protein which has been shown to bind the P12 K-turn of RPR in yeast 

and humans. Pop3/Rpp38 is absent from the G. lamblia genome which could support a 

hypothesis in which one of the Snu13p homologs fills this role. However, the very weak 

binding of the RPR P12 K-turn by both Snu13p homologs suggests that precipitation of the 

diRNP complex is more likely due to association of the homologs with the GlsR15 C/D 

snoRNP domain. An additional protein could associate with Snu13p when bound to the 

RPR P12 and stabilize the interaction as we have proposed for Nop56/Nop58 and Rrp9 

with C/D snoRNAs, but we currently have found no evidence for such an interaction. Of 



133 
 

note the G. muris RNase P does not contain the P12 K-turn but maintains the RNase P-

snoRNA fused orientation and two Snu13p homologs, casting further doubt on a role for 

the Snu13p homologs in direct binding to this region of the RPR (Chapter 2). Finally, early 

tRNA maturation by RNase P occurs in the nucleolus in other eukaryotes, like yeast 

(Bertrand et al. 1998; Hopper et al. 2010). Localization of the Snu13p homologs to the G. 

lamblia nucleolus is consistent with a role in RNase P, assuming tRNA processing occurs 

similarly. This localization could also be a driving force in the immergence and evolution 

of the diRNP. Protein components of RNase P have been proposed to play a role in 

localization of the RNP (Esakova and Krasilnikov 2010). The absence of several of these 

proteins, including Pop3, could therefore be problematic for correct localization of RNase 

P. Presence of the snoRNP domain may therefore help facilitate proper localization of 

RNase P to the nucleolus for tRNA processing while also ensuring GlsR15 encounters its 

tRNA target rather than pre-rRNA. 

Based on the enrichment of RPR and GlsR15 in the -Snu13p RNA-seq data at 

-Snu13p it seems highly likely this homolog also associates with the 

diRNP complex. The presence of Pop1 in the 24- -Snu13p replicate could suggest 

that like we have proposed for the U3 snoRNP the Snu13p homologs associate 

asymmetrical with the K-turns of RPR and GlsR15. In this case, more consistent 

-Snu13p would likely mean that this homolog more 

likely associates with the RPR K-turn while -Snu13p exclusively associates with the 

GlsR15 domain.  However, as described above our data in not entirely in line with this 

interpretation as it seems unlikely that either Snu13p homolog associates with the RPR K-

turn. An alternative interpretation is that differences in RNase P protein co-precipitation is 
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due to differences in the purification conditions required for the two homologs. Again, in 

this case both homologs most likely associate with the GlsR15 K-turn exclusively. To help 

resolve this uncertainty, we attempted to perform reciprocal co-precipitations for proteomic 

analysis using four different RNase P proteins but were unable to generate stable 

transfectants. The consistent issues expressing proteins from this complex indicates 

overexpression of RNase P proteins or inclusion of tags on these proteins may be cytotoxic, 

perhaps due to interference with the tRNA processing pathway. Open questions remain 

regarding the exact composition of the complex and structure of the G. lamblia diRNP but 

the analyses presented here strongly support the formation of an RNase P-snoRNA diRNP 

in G. lamblia, making it the first RNase P fusion RNP ever reported.  

3.4 Conclusions 

Our proposed model requiring that additional protein factors be present to assist 

with K-turn binding in G. lamblia is unique among eukaryotes, but an extension of contacts 

already present early in the evolution of these RNPs. Absence of important C/D snoRNP 

assembly factors further highlight the presence of an unusual assembly pathway in G. 

lamblia. This model can explain both the tolerance for weak binding by Snu13p and the 

involvement in some RNP complexes but not others observed in other eukaryotes. Our 

findings support that the functions of the two Snu13p homologs are at least in part 

overlapping in G. lamblia but that they may differ in some regards including the manner of 

their association with the U3 and RNase P RNAs. Experimental evidence for the 

involvement of the Snu13p homologs in the RNase P-GlsR15 diRNP also show unique 

roles for Snu13p in Giardia that are not observed in other eukaryotes and reveal a unique 

tRNA processing complex. Additional distinct cellular roles for one or both Snu13p 
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homologs in G. lamblia may yet be uncovered and the sequence variation between Snu13p 

orthologs in diplomonads could reveal that their roles are variable even between species in 

this lineage. Finally, the identification of three abundant proteins (Ucp) that appear to 

associate with the ribosome but for which no homologs are found outside of Giardia could 

be important pieces in understanding the unusual G. lamblia protein transport systems and 

present yet another intriguing example of intriguing cellular innovation within protist 

lineages  

3.5 Materials and Methods 

3.5.1 Culturing of Giardia lamblia 

Giardia lamblia cultures were grown in 22 mL glass screw cap tubes at 37°C in 

TYI-S-33 medium supplemented with bovine bile salts. Cultures tubes were placed at a 45° 

angle to increase cell adherence and grown to > 90% confluence. Every 3-4 days cells were 

subcultured into 50 mL glass screw cap tubes under the same conditions for experiments to 

increase yield. For cultures expressing recombinant proteins from either pAN or pAC 

vectors media was supplemented with 50 g/mL of puromycin for selection. 

3.5.2 Phylogenetic analysis of L7Ae domain proteins 

L7Ae domain containing proteins were predicted using the GenomeNet motif tool 

(https://www.genome.jp/tools/motif/) using translated proteomes downloaded from 

http://www.giardiadb.org. Sequences for proteins containing the requisite domains were 

downloaded and analyzed in MEGAX to produce a Maximum likelihood tree using an LG 

+ G settings with 500 bootstraps. Sequences for Snu13p analysis were selected based on 

those included Biswas et al. 2011 and downloaded from GenBank. Phylogenetic analysis 

was performed using the same settings as above.  
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3.5.3 Cloning of G. lamblia proteins into pAC and pAN expression vectors 

Protein coding genes were amplified from G. lamblia WB C6 (ATCC 30957) 

genomic DNA by PCR. PCRs were performed as 50 μL reactions in 1 x Phusion HF buffer, 

0.2 mM each dNTPs, 20 pmol of forward and reverse oligonucleotide primers containing 

restriction digest sites (Table A.4.1), 100 ng G. lamblia genomic DNA and 1 U of Phusion® 

DNA polymerase (NEB). PCRs were typically run with an initial 98°C denaturing step of 

3 min, followed by 35 cycles of denaturing at 98°C for 10 sec, annealing for 15 sec (at the 

melting temperature of the primer pairs), and extension at 72°C for 45 seconds, followed 

by a final 5 min extension at 72°C. Successful PCR reactions were cleaned up using the 

E.Z.N.A.® cycle pure kit (Omega Bio-tek) following the manufacturers instructions.   

For cloning into pAN both the vector and gene insert PCRs were restriction digested 

with BamHI-HF and EcoRI (NEB) in a single reaction 50 μL reaction: 20 U BamHI-HF, 

20 U EcoRI, 1 X NEB Buffer 4, and 1500 ng of pAN vector or 1000 ng of gene coding 

PCR. Restriction digests were incubated at 37°C for 1 h, then inactivated at 65°C. Vectors 

were treated with 10 U of Calf Intestinal Alkaline Phosphatase (NEB) for 1 h at 37°C then 

cleaned up with E.Z.N.A.® cycle pure kit. Inserts were ligated into pAN in 20 μL reactions 

with 3:1 insert:vector ratios in 1 X T4 ligase buffer (50 mM Tris-HCl, 10 mM MgCl2, 10 

mM DTT, 1 mM ATP, pH 7.5) (NEB) and 400 cohesive end units T4 DNA ligase (NEB) at 

16°C overnight. Ligation reactions were used directly to transform chemical competent E. 

coli DH5 cells and grown overnight at 37°C on 100 μg/mL ampicillin LB agar plates. 

Colonies were screened for inserts by PCR and vectors from positive colonies were sent 

for DNA sequencing (Psomagen Inc.).  
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3.5.4 Transfection of G. lamblia cells with pAC and pAN vectors 

Cells collected from 200 mL of G. lamblia WB C6 (ATCC 30957) culture at >90% 

confluence were detached from tubes on ice for 30 minutes, then centrifuged for 10 mins 

at 1000 x g, 4°C. Old medium was removed and cells were resuspended in fresh TYI-S-33 

supplemented medium to a concentration of approximately 4.0 x 107 cells/mL. For each 

transfection 400 μL of cells were added to electroporation cuvettes (4 mm gap) on ice. 20 

μL of the appropriate vector at a concentration of 2.5 μg/μL was added to cuvettes and 

incubated on ice for 5 minutes. Electroporations were performed using a Bio Rad Gene 

Pulser Xcell Electroporation system with the settings: 350 V, 1000 μF, 700 Cuvettes 

were placed back on ice for 10 minutes, then cells were transferred to culture tubes 

containing fresh TYI-S-33 supplemented medium containing no antibiotic and placed at 

35°C to grow for 24 hours. The following day puromycin was added to the cultures to a 

final concentration of 50 μg/mL. After 3-4 days under puromycin selection medium was 

replaced with fresh medium containing puromycin and allowed to grow until adherent cells 

were observed at >80% confluence. 

3.5.5 Cloning of G. lamblia proteins for expression in E. coli 

Coding sequences for G. lamblia proteins were amplified for G. lamblia genomic 

DNA with Phusion® DNA polymerase (NEB) as described above, see Table A.4.1 for 

specific oligonucleotide primer combinations. PCR products were cleaned up using the 

E.Z.N.A.® Cycle Pure kit (Omega Bio-tek) following the manufacturers instructions. 

Coding sequence products and either pET28a or pETDuet vectors were double digested 

with various combinations of restriction enzymes. Restriction digests were incubated for 1 

h at 37°C, then heat inactivated for 20 mins at 65°C. Vector digests were treated with 10 U 
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of calf intestinal phosphatase for an additional 1 h at 37°C. All digests were cleaned up 

using E.Z.N.A.® cycle pure kit. Ligations were set up as described above for pAN vectors 

and incubated overnight at 16°C. 

Ligation reactions were used to transform chemically competent E. coli DH5 cells 

then plated on LB + 100 μg/mL Amp agar and grown overnight at 37°C. The following day 

cells were screened for the correct insert by colony PCR. Colonies with inserts of the correct 

size were cultured overnight in liquid LB broth + 100 μg/mL Amp and plasmids were 

purified and sent for DNA sequencing (Psomagen) to confirm integrity of the coding 

sequences. Plasmids containing the correct coding sequences were used to transform either 

BL21 (DE3) or Rosetta II E. coli expression strains by heat shock transformation. 

3.5.6 Overexpression and purification of recombinant G. lamblia proteins in E. coli 

E. coli BL21 (DE3) or Rosetta II strains containing vectors to express recombinant 

G. lamblia proteins were inoculated into liquid LB medium with appropriate antibiotics (50 

μg/mL Kan for cells containing pET28a vectors, 100 μg/mL Amp for cell containing 

pETDuet vectors, 34 μg/mL Chloramphenicol for Rosetta II E. coli strain) and grown to an 

OD600 of 0.4-0.6. Cultures were induced with Isopropyl -D-1-thiogalactopyranoside 

(IPTG) to a final concentration of 1 mM and allowed to express protein for 4 hours at either 

37°C or room temperature (Nop56 and Nop58 expressions) with gentle agitation. Cells 

were collected and resuspended in either Arg-Glu wash lysis buffer 20 (300mM NaCl, 50 

mM NaH2PO4, 20 mM imidazole, 50 mM L-Arginine, 50 mM L-Glutamine) for cells 

expressing Nop56-fibrillarin and Nop58-fibrillarin, or wash/lysis buffer 20 (300 mM NaCl, 

50 mM NaH2PO4, 20 mM imidazole) for all other protein expressions. Cells were lysed by 

French® press at an internal cell pressure of 14,000 psi. Lysate was cleared by 
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centrifugation at 10,000 rpm for 1 h, 4°C in an Eppendorf F-34-6-38 rotor. Cleared lysate 

was added to 2 mL of Ni2+ NTA His-Bind® bed resin (Novagen) and incubated on ice with 

gentle agitation for 1 h. For -Snu13p and -Snu13p purifications resin was transferred into 

1mL of benzonase nuclease buffer (50mM NaCl, 1.5 mM MgCl2, 50 mM Tris Base, pH 

8.0) and incubated at room temperature for 1 h with 125 U of benzonase (NEB), then 

washed twice with 5 column volumes of high salt benzonase nuclease buffer (500 mM 

NaCl, 1.5 mM MgCl2, 50 mM Tris Base, pH 8.0) to removed free oligonucleotides. Proteins 

were eluted from resin 6 times, each with a half column volume of Ni2+ elution buffer (250 

mM imidazole). Eluted protein was buffer exchanged into complex assembly buffer (150 

mM NaCl, 20mM HEPES, 1.5mM MgCl2, 0.1 mM EDTA, 0.75 mM DTT, 10% glycerol, 

pH 7.0) and concentrated, then quantified by Bradford assay. 

3.5.7 In vitro transcription of Fluorescently labeled RNA 

Template DNA for in vitro transcriptions was generated by PCR amplification of 

the desired gene from either 100 ng of G. lamblia WB C6 DNA (for RNAs >50 nt) or by 

hybridization of overlapping forward and reverse primers (RNAs <50 nt) with forward 

primers containing T7 RNA polymerase promoter sequence (Table A.4.1). PCRs were 

performed as 50 μL reactions in 1 x Phusion HF buffer, 0.2 mM each dNTPs, 40 pmol (or 

200pmol for Gl U4 SL and associated variant RNAs) of both forward and reverse 

oligonucleotide primers and 1 U of Phusion® DNA polymerase (NEB). For <50 nt RNAs 

PCRs were run with an initial denaturing step at 98°C for 3 minutes, followed by 35 cycles 

of denaturing for 10 sec at 98°C, annealing of primers for 20 sec at 68°C, and extension of 

primers for 10 sec at 72°C. This was followed by a final elongation at 72°C for 5 min. For 

RNAs >50 nt conditions were the same as described above for gene amplification for 
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cloning into bacterial expression vectors. PCR reactions were purified by phenolic 

extraction using one reaction volume of phenol (pH 6.6), followed by two chloroform 

washes. DNA was then ethanol precipitated in 2.5 reaction volumes of 99% ethanol with 

1/10th reaction volume of 3M sodium acetate (pH 5.2) in the presence of linear acrylamide 

carrier and incubated overnight at -20°C. Precipitated DNA was pelleted by centrifugation 

at 17, 000 x g for 10 min, then washed twice with 75% ethanol to remove salt, dried, and 

resuspended in ddH2O.  

Fluorescently labeled RNAs were generated by in vitro transcription using purified 

DNA templates. For a 1X in vitro transcription reactions consisted of 20 μL reactions 

containing 1X T7 RNA polymerase buffer (40 mM Tris-HCl, 6 mM MgCl2, 1 mM DTT, 2 

mM spermidine, pH 7.9), 100 to 200 ng DNA template, 1 X Fluorescein 12-UTP label mix 

(Roche), 40 U RNase inhibitor murine (NEB), and 100 U T7 RNA polymerase (NEB), in 

DEPC ddH2O. Reactions were incubated at 37°C for 2 h, then treated with 2 U of DNase I 

for 10 min at 37°C. Reactions were immediately phenol/chloroform extracted, then ethanol 

precipitated as described and resuspended as above but in DEPC treated ddH2O. RNAs 

were size selected on an 8 M Urea 15% PAGE gel. Fluorescent RNA was visualized on an 

Amersham™ Typhoon™ and bands of the correct size were gel extracted, crushed, and 

mixed with oligonucleotide elution buffer (0.5 M ammonium acetate, 10 mM magnesium 

acetate) and an equal volume of phenol (pH 6.6). Extracts were incubated overnight at room 

temperature with end-over-end rotation. Aqueous phases were removed and washed twice 

with chloroform then ethanol precipitated as described above and resuspended in complex 

assembly buffer. RNAs were quantified by running RNA samples along with serial 

dilutions of the Fluorocein-12-UTP labeling mix on 8 M Urea 15% PAGE gel then 

quantifying fluorescence intensity using ImageJ software and generating a standard curve. 
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3.5.8 Electropheretic mobility shift assays (EMSA) 

Fluorescently labeled RNA was folded by heating to 65°C then cooling at 4°C/min 

to a final temperature of 4°C. Recombinant protein was diluted in complex assembly buffer 

to the desired concentrations in 10 μL reactions, also including 100 fmol fluorescently 

labeled RNA, and 2.5 μg E. coli tRNA. Reactions were incubated for 10 mins at 37°C then 

resolved on either a native PAGE gel containing 2% glycerol, run in 50 mM potassium 

phosphate pH 7.0 at 4°C, or on an agarose gel in 1 X TBE at room temperature. Fluorescent 

RNA was imaged using an Amersham™ Typhoon™. Where dissociation constants (KD) 

calculations were performed EMSA gels were run in triplicate and fluorescence intensity 

of unbound and protein-bound RNA was quantified using ImageJ software. Data output 

from ImageJ were used to generate curves and calculate dissociation constants by plotting 

protein concentration against proportion of RNA bound using Prism (v9.1.0).  

3.5.9 Western blotting of tagged G. lamblia proteins 

G. lamblia cell pellets were thawed on ice for 20 minutes then resuspended in 2.5 

mL of buffer A (50 mM Tris-Hcl [pH 7.5], 100 mM NaCl, 5 mM MgCl2, 1 mM EDTA, 

10% glycerol, 0.5% Nonidet P-40, 0.5 mM DTT, 1 mM Na3VO4, 2X Complete Mini 

Protease inhibitor tablet [Roche]) and lysed by Dounce homogenization followed by 

sonication (Output control 6, 50% duty cycle). Total cell lysate, Precision Plus Protein™ 

Dual Color Standard (Bio-Rad) and FLAG containing total lysate as a primary antibody 

control were resolved on separates lanes of a 15% SDS-PAGE gel at 250V. Gels were then 

equilibrated in western transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol) for 

15 minutes. Proteins were electroblotted by wet transfer to polyvinylidene difluoride 

(PVDF) membranes (activated in 100% methanol for 1 minute). Electroblotting was run 
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for 2 h 30 min at 20V, 4°C. Western blots were performed using Chemiluminescent Western 

Blotting Kit (Rockland Inc), according to manufacturers instructions. Briefly, 1 L of 

mouse IgG antibody was added to membrane as a secondary antibody control. Each 

membrane was blocked for 1 h at room temperature in TBS + 0.1% Tween-20 + 1% bovine 

serum albumin (BSA). Primary mouse anti-FLAG antibody was diluted in TBS + 0.1% 

Tween-20 (TTBS) to 1:1000 and incubated with membrane for 1 h at room temperature 

with gentle agitation. Membranes were then washed 3 times with 1 X TTBS for 5 minutes 

each. Horseradish peroxidase (HRP) conjugated anti-mouse IgG antibody diluted to 

1:20,000 in TTBS was then added to the membranes and incubated at room temperature for 

1 h with gentle agitation. Membranes were again washed 3 times with 1 X TTBS for 5 

minutes each. FemtoMax™ Supersensitive Chemiluminescent substrate was added to each 

membrane and FLAG-tagged proteins were visualized with an Amersham™ Imager 600. 

3.5.10 Protein co-precipitations with G. lamblia Snu13p homologs 

G. lamblia cultures were placed on ice for 30 minutes to allow cells to detach from 

culture tubes. Cells were then transferred to 50 mL falcon tubes and pelleted by centrifuging 

at 1000 x g for 10 minutes at 4°C. Cell pellets from 500 mL of culture were pooled and 

stored at -80°C. Purification protocol for TAP tagged proteins was adapted from Jerlstr m-

Hultqvist et al. (2012). G. lamblia cell pellets from TAP-tagged protein expression cultures 

were removed from -80°C and placed on ice to thaw, then resuspended in 5mL of buffer A 

or stringent buffer A (buffer A containing 1 M NaCl and 1% Nonidet P-40) and incubated 

on ice for 20 minutes. Resuspended cells were lysed by Dounce homogenization, followed 

by sonication (Output control 6, 50% duty cycle), then cleared of cell debris by 

centrifugation at 12,000 rpm in a Eppendorf F-34-6-38 rotor for 10 minutes at 4°C. 200 L 
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of Strep-Tactin® Superflow™ beads (IBA) 50% slurry (100 L bed resin) was washed 

twice by suspending in buffer A, then pelleting by centrifugation at 950 x g for 5 minutes 

at 4°C and removing supernatant. Soluble cell lysate was added to the washed Strep-

Tactin® resin and incubated for 1 h ( -Snu13p(1h), Ucp1, Ucp2, Ucp3, S4) or overnight 

-Snu13p, -Snu13p(24h)) at 4°C with end-over-end rotation. Resin was pelleted by 

centrifugation (950 x g, 4°C, 5 minutes), and supernatant was collected as unbound flow 

through. Resin was resuspended in 400 L of buffer Strep (buffer A with 0.1% instead of 

0.5% Nonidet P-40) and transferred to Pierce Spin Cap Spin Columns (Pierce). Columns 

were centrifuged at 900 x g for 1 min at room temperature, and flow through collected as 

wash 1. An additional 400 L of buffer Strep was added to the resin and incubated for 2 

minutes at 4°C with end-over-end rotation. Columns were centrifuged as before. This 

process was repeated for a total of 6 washes. Bound protein was eluted twice from the resin 

by addition of 500 L of desthiobiotin elution buffer (50 mM Tris-HCl [pH7.5], 150 mM 

NaCl, 5 mM MgCl2, 1 mM EDTA, 10% glycerol, 2 mM D-desthiobiotin [IBA]) to the 

column followed by a 10-minute incubation at 4°C with end-over-end rotation. Columns 

were centrifuged at 900 x g for 1 minute at room temperature to collect the first elution, 

then repeated for a second elution. 

Samples were concentrated for mass spectrometry via acetone precipitation by 

adding 4 volumes of ice cold 80% acetone containing 15 mM NaCl (Crowell et al. 2013), 

then incubated at -20°C overnight. The following day precipitated proteins were pelleted 

by centrifugation at 17,000 x g for 10 minutes, then washed twice with ice cold 80% 

acetone. Protein pellets were dried under vacuum to remove trace acetone, then 

resuspended in ddH2O. Elutions containing protein were resolved on 15% SDS-PAGE gels 

then stained with Coomassie Brilliant Blue R-250. Regions containing visible protein bands 
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were extracted as a single piece and sent to the Alberta Proteomics and Mass Spectrometry 

Facility for mass spectrometry analysis.  

3.5.11 Analysis and annotation of G. lamblia proteins 

Unannotated proteins detected in the co-precipitation experiments with G. lamblia 

Snu13p homologs were searched against the NCBI non-redundant protein database using 

BLASTp for potential homologs. Proteins that remained unannotated were analyzed using 

Phyre2 (Kelley et al. 2015) and classified based on identified domain architecture compared 

to homologous proteins in yeast or humans wherever possible. To identify SSU processome 

proteins in the G. lamblia genome we downloaded sequences for all known small subunit 

processome from the Saccharomyces Genome Database (https://www.yeastgenome.org/) 

and used them in BLASTp searches to the G. lamblia proteome in Giardiadb 

(https://giardiadb.org/giardiadb/). Reciprocal searches were then performed using BLASTp 

against the NCBI non-redundant protein database to support annotation. BLASTp searches 

of the Ucp 1-3 proteins to the nr protein database in NCBI and giardiadb were performed 

to look for potential protein homologs. Additional domain predictions were performed 

using Phyre2, SWISS-MODEL, I-TASSER, and GenomeNet Motif tools 

(https://www.genome.jp/tools/motif) using default settings. G. muris homologs were 

identified using BLAST searches to the G. muris genome in giardiadb using the G. lamblia 

homologs.  

To identify metamonad C/D snoRNP assembly factors searches were performed 

with BLAST in giardiadb using S. cerevisiae C/D snoRNP assembly factor protein 

sequences as the query. Hits from giardiadb were used to perform reciprocal BLAST 

searches to the NCBI non-redundant (nr) protein database. A second approach was also 
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employed by searching metamonad annotated proteomes (downloaded from giardiadb) for 

domains using the GenomeNet Motif tool (https://www.genome.jp/tools/motif/) to the 

Pfam database on default settings (E value < 1.0). Results of this search were examined for 

conserved domain architecture found in either the H. sapiens or S. cerevisiae C/D snoRNP 

assembly factor proteins. Proteins containing the correct relevant domains were used in 

reciprocal BLASTp searches to the NCBI nr protein database to look for related homologs 

in species outside of yeast and humans.  

3.5.12 Immunofluorescence microscopy  

G. lamblia cell cultures expressing recombinant FLAG-tagged proteins were grown 

as described above. Cell cultures at >90% confluence were detached from culture tubes by 

placing on ice for 10 minutes. 7 mL of each culture was centrifuged for 10 minutes at 1000 

x g, 4°C to pellet cells. Medium was aspirated off and cell pellets were resuspended in 1 

mL of TYI-S-33 supplemented medium. Resuspended cells were transferred to 6 well plates 

containing a sterile glass microscope coverslip in each well. Cells were incubated at 37°C 

in a humidified chamber for 1 h to allow adherence to the cover slips. Medium was removed 

and cells were fixed with 2 mL of 4% paraformaldehyde in 1X phosphate buffered saline 

(PBS) for 20 minutes at room temperature. The fixing agent was removed, and wells were 

washed twice with 1 mL 1 X PBS. A single combined blocking and permeabilization step 

was performed by adding 2 mL IFA blocking/permeabilization buffer (3% BSA, 0.1% 

Triton X-100, in 1 X PBS) to each well and incubating for 1 h at 37°C in a humidified 

chamber. Primary mouse IgG antibody (Rockland Inc) was diluted to 1:100 in 1 X PBS + 

0.1% Tween-20 (PBST) + 3% BSA, 1 mL was added to each well and incubated for 1 h at 

37°C in a humidified chamber.  Each well was washed 3 times with 2 mL PBST for 5 min. 
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Alexa Fluor™ 488 fluorophore conjugated secondary rabbit anti-mouse IgG antibody 

(Invitrogen) was diluted to 1:400 in PBST and added to each well, then incubated at room 

temperature in a humidified chamber in the dark for 1 h. The secondary antibody solution 

was removed, and wells were washed 3 times with 2 mL PBST for 5 minutes each. 300 nM 

DAPI in PBST was added to each well and incubated at room temperature for 10 minutes 

then washed 3 times with 2 mL PBST for 5 min each. Cover slips were removed from 6 

well plates and mounted onto glass slides using Prolong™ Gold Antifade Mountant 

(ThermoFisher Scientific) then left to cure for 24 h before visualizing. Cells fixed to 6 well 

plates were visualized using a Cytation™ 5 Cell Imaging Multi-Mode Reader at 20X 

magnification. Immunofluorescence slides were visualized on an Olympus Fluoview 

FV1200 confocal microscope using the FV10-ASW 4.2 software at 60X magnification. 

3.5.13 RNA co-precipitations with G. lamblia Snu13p homologs 

The same protocol used to co-purify tagged proteins with cellular proteins for mass 

spectrometry was followed to co-purify associated RNAs up until the wash steps. The only 

exception being that following the clearing of the cell lysates, 100 μL of the cleared lysate 

was collected for RNA extraction to make RNA input control libraries. For washes, resin 

with bound protein was resuspended in 400 μL of buffer strep and transferred to a Pierce 

Spin Cap Spin Column (Pierce). Columns were centrifuged at 900 x g for 1 min and 

flowthrough collected as the first wash. 400 μL of buffer strep was added to each column 

and incubated for 2 mins at 4°C with end-over-end rotation. Columns were centrifuged 

again at 900 x g for 1 min and flowthrough collected. This process was repeated for a total 

of 6 washes for -Snu13p and 8 washes for -Snu13p (optimized for the least number of 

washes required to ensure no RNA is detected in final wash). For the respective final wash, 
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resin and buffer strep were transferred to 1.5 mL microcentrifuge tubes incubated for 2 

mins at 4°C with end-over-end rotation then centrifuged for 1 min at 900 x g. Supernatant 

was removed and 1 mL of TRIzol® reagent was added to the resin and corresponding 100 

μL of soluble cell lysate then mixed by pipette and incubated for 5 minutes at room 

temperature. 200 μL of chloroform was added to each extraction tube and shaken manually 

for 15 seconds then incubated at room temperature for 3 minutes. Extractions were then 

centrifuged for 15 minutes at 12,000 x g. The aqueous phase containing RNA for each 

extraction was collected and precipitated by adding 1 μL of linear acrylamide carrier, 1/10th 

volume of 3 M sodium acetate (pH 5.2) and 2.5 volumes of ice cold 99% ethanol, then 

incubating at -20°C overnight. The following day precipitations were centrifuged at 17,000 

x g for 10 minutes to pellet RNA. RNA pellets were washed twice with ice cold 75% ethanol 

then dried under vacuum and resuspended in 20uL of DEPC treated ddH2O. 

3.5.14 TGIRT™-III library preparation for RNA-seq  

Resuspended RNA was fragmented to an average size of 70-100 nucleotides using 

the NEBNext® Magnesium RNA Fragmentation Module (NEB) according to the 

manufacturer’s instructions, incubated at 94°C for 7 mins. Fragmentation reactions were 

cleaned up using the RNA Clean and Concentrator™ Kit (Zymo Research) following a 

modified version of the manufacture’s instructions where 8 volumes of ethanol were used 

to increase retention of small RNAs. Fragmented RNAs were treated with T4 

Polynucleotide kinase (NEB) (1 x T4 PNK buffer (70 mM Tris-Hcl, 10 mM MgCl2, 5 mM 

DTT, pH 7.6) 1 U T4 Polynucleotide kinase) to ensure all -OH ends. 

Reactions were cleaned up again using RNA Clean and Concentrator™ Kit (Zymo 
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Research) as described above. Treated RNAs were analyzed on an Agilent Bioanalyzer 

2100 with an RNA pico 6000 chip to assess size distribution of fragments.  

RNA-seq libraries were prepared using the TGIRT™-III Kit (InGex). 10X Primer 

Mix containing R2 RNA and R2R DNA (Table A.4.1) was denatured for 2 minutes at 82°C 

then allowed to anneal by cooling to 25°C at a constant rate of 0.1°C/s. First strand cDNA 

was synthesized using template switching TGIRT™-III reverse transcriptase with control 

input RNA and co-precipitated RNA samples as template (1X Reaction buffer (450 mM 

NaCl, 5 mM MgCl2, 20 mM Tris-Hcl, pH 7.5), 10 mM DTT, 100 nM of annealed R2 

RNA/R2R DNA, 500 nM TGIRT™-III) and incubated at room temperature for 30 minutes. 

dNTPs were added to each reaction to a final concentration of 1.25 mM each, then 

incubated at 60°C for 15 minutes. Reactions were inactivated by addition of 5M NaOH and 

incubation at 95°C for 3 mins then cooled to room temperature and neutralized with 5M 

HCl. RT reactions were cleaned up twice sequentially with the MinElute® Reaction 

Cleanup Kit (Qiagen). 

Kit (NEB). s were then ligated to the first strand DNA 

DNA/RNA ligase (1x NEBuffer 1 (10 mM Bis-Tris-Propane-Hcl, 10 mM 

MgCl2, 1 mM DTT), 5 mM MnCl2, 40 pmol 

adenylated R1R DNA), incubating for 2 hours at 65°C, then inactivating at 90°C for 3 

minutes. Ligation reactions were cleaned up using MinElute® Reaction Cleanup Kit 

(Qiagen). PCR amplification of cDNA for final library construction was done using 

Phusion DNA polymerase (NEB) (1X HF Buffer, 200 μM each dNTPs, 1 U (2000U/mL) 

Phusion polymerase, 200 nM Illumina Multiplex primer, 200 nM Illumina Barcode Primer 

(Table A.4.1)) and thermocycler parameters: 98°C 5s, (98°C 5s, 60°C 10s, 72°C 15s) x 14 
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cycles. Final PCR amplified libraries were cleaned up using AMPure XP beads (Beckman 

Coulter) at a 1.4X ratio, according to the manufacturer’s instructions. 

Size distribution and ligated adapter contamination was analyzed on an Agilent 

Bioanalyzer 2100 with a DNA HS chip. Libraries were quantified using the NEBNext® 

Library Quant Kit for Illumina® according to the manufacturer’s instructions. Quantified 

libraries were pooled in a single tube to a final concentration of 7 nM each for sequencing. 

Libraries were sent to GENEWIZ® for sequencing on an Illumina HiSeq system with 

paired end 150 bp reads.  

3.5.15 Analysis of RNA sequencing libraries 

RNA-seq library sequence quality was assessed with FastQC, then adapter 

sequences and short reads were removed from sequence read files in fastq format using the 

Cutadapt software (v2.10) (Martin 2011) (with settings -a 

AAGATCGGAAGAGCACACGTCTGAACTCCAGTCAC, -A 

GATCGTCGGACTGTAGAACTCTGAACGTGTAG, -j 6, -m 20). Low quality 

nucleotides were removed using Trimmomatic v0.39 (with settings TRAILING:30). In 

order to map reads an index was created for the RNA-seq aligner STAR (v2.7.6a) (Dobin 

et al. 2012) using Giardia lamblia genome version 49 and the Giardia lamblia annotation 

gff file (both acquired from giardiadb.org) manually supplemented with non-coding RNAs 

using the parameters --genomeSAindexNbases 10, --sjdbGTFtagExonParentTranscript 

Parent, --sjdbOverhang100 and all other parameters default. Reads were then aligned to the 

Giardia lamblia genome version 49 using STAR and the following parameters: --

alignIntronMax 65, --outSAMtype BAM Unsorted, --outReadsUnmapped Fastx, --
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outSAMprimaryFLAG AllBestScore, --outFilterScoreMinOverLread 0.5, --

outFilterMatchNminOverLread 0.5, and all other parameters default. 

 Aligned reads for each library were assigned to genomic features using the 

featureCounts feature of the R package Rsubread (v2.2.6) (Liao, et al. 2019). Additional 

modifications to the gff annotation file including removal of small predicted open reading 

frames overlapping other features and addition of rRNA fragment annotations were made 

prior to genomic feature assignment. The following parameters were used for 

featureCounts: isGTFAnnotat

parameters set to default. Raw counts from featureCounts were used to calculate 

normalized counts per million (CPM) and transcript per million (TPM) as previously 

described (Boivin et al. 2018). 

Enrichment values for co-precipitated RNAs were calculated by comparison of 

precipitated RNA reads and control input RNA reads using the glmFIT function from the 

edgeR (v3.30.3) package in R. Only genes with at least 5 counts per million (CPM) in each 

replicate were further considered for analysis, using a significance threshold of FDR P < 

0.05 and >1 log2 fold change up or down in read count. FDR P values were calculated in 

R using the P value obtained from edgeR analysis. To check for potential novel ncRNAs 

the small number of unassigned reads for RNA-seq libraries were extracted from the 

processed FASTQ files using custom Python3 scripts and filterbyname.sh from the BBmap 

suite (v38.89) (https://sourceforge.net/projects/bbmap/). Unassigned reads were mapped to 

the genome with STAR as described above, then reads were used to generate features using 

Cufflinks (Trapnell et al. 2012). 
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3.5.16 Glycerol gradient ultracentrifugation of tagged S4 cell lysate 

G. lamblia cell lysates were prepared from cell pellets from 450 mL of culture as 

described for protein and RNA co-precipitations above. Glycerol gradients were prepared 

from 10-30% glycerol in buffer A lacking protease inhibitor. 2.5 mL of soluble cell lysate 

was loaded onto a 35 mL gradient and centrifuged for 20 h at 26, 000 rpm, 4°C in an SW28 

rotor. Following centrifugation, the gradients were collected as 2 mL fractions starting with 

the densest fractions using an ÄKTA prime plus system. Large complexes that ran through 

the entire gradient to form pellets on the bottom of the centrifugation tubes were then 

resuspended in buffer A + 10% glycerol, then acetone precipitated as described for protein 

mass spectrometry preparation to concentrate. Gradient fractions and resuspended pellets 

were analyzed via western blot as described above to determine protein locations within 

the gradient or protein pellet.  
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4.1 Introduction 

As described in Chapter 1, non-coding RNAs (ncRNAs) have essential roles in an 

array of gene expression mechanisms in all organisms (Huttenhofer et al. 2005; Mattick 

and Makunin 2006; Matera et al. 2007; Goodrich and Kugel 2009; Mercer et al. 2009; Faust 

et al. 2012). Comprehensive strategies to identify ncRNAs have been developed utilizing 

deep sequencing technologies in the form of RNA-seq. During this procedure it is 

advantageous to fractionate and enrich the ncRNA population of interest from total cellular 

RNA prior to cDNA library creation to remove very abundant cellular RNAs that would 

otherwise dominate the sequence reads. This allows for the more efficient and cost-

effective identification of less abundant and novel non-coding RNA species. Commercial 

kits have been developed to remove rRNA during library preparation; however, they are 

only available (or work efficiently) for a limited number of model organisms. They also 

increase the number of sample handling steps which can further increase the likelihood of 

generating unnatural RNA degradation products.  Such kits are not yet available for most 

protists, a collection of primarily single-celled eukaryotic organisms that includes Euglena 

gracilis, the organism investigated in this study. 

E. gracilis is a particularly interesting organism in which to characterize ncRNAs 

because of the many unusual features of its cellular biology and gene expression strategies 

that suggest it may contain a large collection of ncRNAs (Ebenezer et al. 2017; McWatters 

and Russell 2017).  mRNA transcriptome studies have been performed (O'Neill et al. 2015; 

Yoshida, et al. 2016; Ebenezer, et al. 2019) that indicate that E. gracilis has extensive 

protein-coding potential and it has been suggested that expression of nuclear protein-coding 

genes is extensively controlled at the post-transcriptional level. This organism contains a 
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large subunit (LSU) rRNA that is naturally fragmented into 14 discrete pieces (compared 

to 2 in most other eukaryotes) by post-transcriptional processing events (Schnare, et al. 

1990; Schnare and Gray 1990). E. gracilis rRNA is also the most extensively modified of 

any examined organism to date, containing 211 2 -O-methylations (Nm) and 116 

pseudouridine ( ) modifications (Schnare and Gray 2011). The LSU rRNA is more 

extensively modified than the non-fragmented small subunit (SSU) rRNA, which instead 

has a similar amount of modification as its human counterpart. These extra modifications 

are predicted to help stabilize the highly fragmented LSU during ribosome assembly 

(Schnare and Gray 2011).  

This extensive degree of modification and pre-rRNA processing makes snoRNAs, 

-O- methylation and  formation along with targeting 

pre-rRNA cleavage, of particular interest in E. gracilis. Since E. gracilis has so many rRNA 

modifications and processing sites it is predicted to also contain a large collection of 

targeting snoRNAs. Previously we had identified snoRNAs that guide 47% of the 

experimentally mapped rRNA 2 -O-methylation sites but only 11% of the  sites. Two of 

the E. gracilis 

different rRNA species. We had not yet uncovered any snoRNA species capable of 

targeting these sites and thus the mechanism of modification was still unclear.  

The small number of E. gracilis -guide RNAs identified previously structurally 

differ from the H/ACA box snoRNAs first characterized in other eukaryotes. The 

prototypical structure consists of two extended stems, either or both of which are 

interrupted by single-stranded regions that base-pair to rRNA to form pseudouridylation 

guide pockets (see Figure 1.2B, Chapter 1). A single-stranded linker region containing the 
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H box sequence (ANANNA) separates the two stems, and an ‘ACA’ consensus sequence 

 

(Watkins and Bohnsack 2012). In contrast, the small number of Euglena -guide RNAs 

identified previously possess only a single-stem structure (no H box) and possess an AGA 

(Russell, et al. 2004; Moore and 

Russell 2012). AGA box -guide RNAs have also been identified in trypanosome species 

(Liang et al. 2005; Eliaz et al. 2015). Whether or not this is a structurally common form for 

these RNAs in Euglenozoa, the evolutionarily-diverse phylum containing the euglenids 

(including Euglena species), kinetoplastids (including trypanosomes) and many other 

classes of protist organisms, requires a more comprehensive characterization of -guide 

RNAs in E. gracilis and its relatives (Russell, et al. 2004, 2006; Moore and Russell 2012). 

In this study, we used a newly developed RNA library preparation strategy for 

RNA-Seq experiments to identify and characterize a large collection of small ncRNAs in 

E. gracilis. These ncRNAs shed new light on the events of rRNA maturation, the evolution 

of -guide RNAs in E. gracilis, and provide new information on the structural and 

sequence characteristics of small nucleolar RNA classes. 

4.2 Results and Discussion 

4.2.1 Preventing amplification of unwanted RNAs during RNA-Seq library construction 

 In E. gracilis the large subunit rRNA is naturally fragmented into 14 discrete pieces 

most of which fall within the size range of many other small ncRNA species. This 

complicates the generation of small RNA libraries in E. gracilis and other Euglenozoa since 

high levels of rRNA dominate the sequence reads from even a carefully size-selected 

library. To address this issue we have developed a strategy adapted from a technique 
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previously described for eliminating unwanted DNA sequences from environmental 

samples (Vestheim and Jarman 2008). This strategy utilizes blocking oligonucleotides 

amplification step of cDNA library construction to prevent amplification of targeted 

sequences.  

A set of blocker 

A.3.1a). To be effective, the blocker oligonucleotides must anneal efficiently to the 

unwanted target cDNAs while not significantly affecting the amplification of all other 

found that having a 10-fold excess of each blocker oligonucleotide relative to adaptor-

specific general amplification oligonucleotide greatly diminished the amplification of 

specific LSU sequences (Figure 4.1b and Figure A.3.1b). Without employing blocker 

oligonucleotides, LSU fragments that are prevalent in a size-selected (< 400 nt) E. gracilis 

RNA fraction are efficiently amplified. This can be detected by including specific LSU 

reverse primers with the adapter-specific amplification primers during the PCR step of the 

procedure (Figure 4.1b, lanes 1 and 4). When an LSU fragment-specific blocker 

oligonucleotide is also included during the PCR step, the targeted LSU sequence is either 

greatly reduced or undetectable following PCR amplification (Figure 4.1b, lanes 2, 3, 5 and 

6, and Figure A.3.1b). Importantly, this was also observed when multiple blocker 

oligonucleotides were used in the same PCR amplification (data not shown). Using this 

approach, the relative number of rRNA sequence reads in RNA-Seq data is greatly reduced.  
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b)

Figure 4.1. Primer blocking strategy to prevent rRNA amplification during small 
RNA library preparation.
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Figure 4.1. Primer blocking strategy to prevent rRNA amplification during small 
RNA library preparation.  a) Cartoon schematic of the rRNA oligo blocker strategy. In 

linker (blue) is ligated to the RNA. The RNA is reverse transcribed, and a short linker oligo 
is annealed to the first strand cDNA (dark red) followed by PCR amplification. In cases 
where the ncRNA is an rRNA fragment (green), following reverse transcription, a blocker 
oligo containing a C3 hydrocarbon spacer, which is present in excess, base-pairs across the 

- rRNA boundary specifically recognizing rRNA fragment sequence and 
preventing the universal linker oligo from annealing. The C3 hydrocarbon spacer then 
inhibits polymerase extension of the oligo on rRNA cDNAs. b) Forward oligonucleotides 
that anneal to LSU fragments and reverse oligonucleotides that anneal to the linker were 
used to amplify specific LSU fragments (LSU 1, 10, 11, and 12) from the library (lanes 1 
and 4). Excess of blocker oligonucleotide specific to each fragment was added to assess 
blocking efficiency (lanes 2, 3, 5, and 6). PCR products were resolved on a 6% native 

 

 

The efficiency of blocking was further assessed, prior to library deep sequencing, 

by shotgun cloning cDNA library products and sequencing 178 clones by Sanger 

sequencing of PCR products obtained via bacterial colony PCR. When no blocker 

oligonucleotides were used, 30% of the total unfiltered reads were rRNA (Figure 4.2a). 

After removing reads that were poor quality (29%) and also those less than 20 nucleotides 

in length, the remaining sequence reads we termed ‘informative sequences’. Of these 

informative sequences, 75% were rRNA fragments. Initially, blocker oligos had only been 

designed to the 10 smallest LSU species, whose mature sizes fall in the range of small 

ncRNAs. Following amplification including these blockers, rRNA still dominated the 

informative reads; however, most of the rRNA sequences were now fragments of the 4 

largest LSU species (i.e. the blocking of smaller LSU species was successful). Additional 

blocker oligonucleotides were then designed such that all 14 LSU species were targeted for 

depletion during library construction to also reduce amplification of these LSU rRNA 

degradation productions. This was very effective, resulting in only 3% of all reads matching 

rRNA sequence and a significant enrichment of informative ‘other’ sequences (36%); that 
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is, sequences that consist of ncRNAs other than rRNA and tRNA were now evident (Figure 

4.2a). This indicates that adding blocker oligonucleotides targeting all 14 E. gracilis LSU 

fragments at the PCR amplification step of library synthesis is very effective in reducing 

the number of rRNA sequences in the final library, especially when considering that in 

studies in other organisms, RNA-Seq data from total RNA samples with no rRNA depletion 

step typically contain >90% rRNA reads (He et al. 2010; Chen and Duan 2011; O'Neil et 

al. 2013; Peano et al. 2013). 

Figure 4.2. Sequencing results of a Euglena gracilis small RNA library before and 
after use of primer blocking to prevent amplification of rRNA fragments. a) PCR-
amplified library products were cloned and sequenced using Sanger sequencing to assess 
the efficacy of the primer blocking strategy. Sequence reads that were legible and longer 
than 20 nt were considered informative sequences. b) Proportion of reads attributed to 
rRNA for the size-selected, TMG-capped, and combined and dereplicated small RNA 
libraries generated using RNA-Seq.  
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Two different LSU rRNA-depleted E. gracilis small RNA libraries were created, a 

size-selected (< 400 nt) library and a trimethyl guanosine (TMG) cap pull-down non-size-

selected library, and both were individually sequenced using paired-end 250 bp sequencing 

on an Illumina MiSeq platform (Genome Québec). In total, following quality control 

filtering, there were 3,080,604 high-quality reads when combining the reads from the size-

selected and TMG-cap pull-down libraries. In the size-selected library reads, 9.4% of reads 

were rRNA sequence, and 12.6% of the TMG-capped library reads were rRNA (Figure 

4.2b).  Following dereplication of the combined library reads, there were 727,447 unique 

reads and searching for previously annotated E. gracilis RNAs revealed that approximately 

4% of these reads were rRNA, 19% were snRNAs, 1.4% were known tRNAs (only one 

nuclear-encoded but a complete set of chloroplast tRNAs had been previously characterized 

in this organism) and <1% were previously characterized snoRNA sequences. 

Cumulatively, this indicated that our rRNA depletion strategy was very successful and 

worked similarly when employed on the two independently processed library fractions 

(size-selected and TMG cap pull-down). It is also the first indication of the apparent 

diversity of ncRNAs in this organism.   

The strategy described here is very useful for RNA-Seq experiments in any 

organism for which no commercial rRNA depletion kit is available and is also adaptable 

because theoretically any unwanted (or previously characterized) RNA species that would 

otherwise dominate the library reads can be depleted at this stage.  This can serve as a useful 

tool for RNomics in less-studied species (such as protists) where there is currently a lack 

of information regarding the abundance and diversity of ncRNAs. 
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4.2.2 Identification of new snoRNAs    

Previously identified modification-guide snoRNAs in E. gracilis displayed a 

relatively uniform size distribution, between 50 and 90 nt, so we focused on examining 

sequence reads in that size range. First we identified candidates by scanning for conserved 

sequence and structural features (Russell, et al. 2004, 2006; Moore and Russell 2012), and 

then requiring that candidates be able to base-pair to corresponding rRNA target 

modification sites (Schnare and Gray 2011). This approach identified 82 new box C/D 

snoRNAs, 31 box AGA RNAs (Figures A.3.2, A.3.3, and A.3.4) and numerous isoforms 

of both types – we define isoforms as those sequence-related RNAs predicted to target the 

same modification site. Cumulatively, including all biochemically, genomically (PCR-

mediated), and now RNA-Seq identified RNAs, we have characterized snoRNAs that guide 

modifications of approximately 88% of the -O-methylated sites and 45% of 

pseudouridylated sites in E. gracilis rRNA, 227 unique snoRNA species in total.  

In order to examine snoRNA representation in our data set we used single end reads 

from both the size-selected and TMG-capped libraries to calculate reads per million (RPM) 

for each newly identified snoRNA and all previously identified snoRNAs. We found that 

RPM for the newly identified snoRNAs were consistent with the range of RPM values 

found for previously identified snoRNAs in both our libraries (Table A.3.3). Additionally, 

when comparing reads found in the two libraries we observed that RNAs from the size-

selected library consisted of a variety of both mature and precursor forms while the TMG-

capped reads were generally more uniform in size and had a higher proportion of reads 

representing mature RNAs. All but 4 methylation guide and 2 pseudouridylation guide 

RNAs were detected in the size-selected library while only 78% and 51% of each type 
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respectively were found in the TMG-capped library. When considering the very large 

observed relative enrichment of the U3 snoRNA and U2 snRNA in the TMG-capped library 

(Table A.3.3), two ncRNAs anticipated to have hypermethylated caps, the lack of 

significant enrichment (or even complete absence) in this library of most E. gracilis 

modification guide snoRNAs may suggest that a large fraction of these RNAs do not 

possess hypermethylated caps.   

All of the 82 new Box C/D snoRNAs identified by RNA-Seq appear to be single-

guide RNAs and predominantly utilize the region upstream of the D  box to target 

modification, similar properties to the previously characterized E. gracilis box C/D RNAs 

(Russell, et al. 2004, 2006; Moore and Russell 2012). Double-guide RNAs are exceedingly 

rare in E. gracilis and of the 182 different box C/D RNA species now identified, only 2 

appear to be double-guides and in both cases, each species utilizes its two guide regions to 

-O-Me sites. This is noticeably different from what is observed in other 

eukaryotes and even more so, in archaeal organisms where double-guide box C/D RNAs 

constitute a much higher fraction of the total modification-guide RNA repertoire. The 

Euglena snoRNAs identified so far are also more uniform and smaller in size than those in 

other characterized eukaryotes and show closer resemblance to their archaeal counterparts.      

4.2.3 Importance of rRNA spacer regions and timing of snoRNA-guided rRNA 

modification  

Two of the new snoRNAs identified by RNA-Seq have the required base-pairing 

potential to target the modification sites found at the 3  extremities of rRNA species. The 

first, Eg-m121 guides 2 -O-methylation at position LSU3906, near the 3  end of LSU 

species 12. Base-pairing interactions between the snoRNA and rRNA are typical of the 
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length most commonly observed between box C/D RNAs and rRNA in E. gracilis (10 bp) 

and most interestingly, this base-pairing interaction extends into the (intergenic) spacer 

region that separates LSU species 12 and 13 on the primary rRNA transcript (Figure 4.3a). 

The second, Eg-p38 RNA guides  formation at position SSU2305, the penultimate 

nucleotide at the 3  end of the SSU rRNA and the base-pairing interaction between the 

snoRNA and rRNA extends into ITS 1, the spacer between SSU rRNA and LSU species 1 

(Figure 4.3b). In fact, the entire interaction between the 5  half of the snoRNA bi-partite 

base-pairing interaction to form the pseudouridine pocket with the rRNA target site occurs 

using only the ITS region. To our knowledge, these are the first examples of modification 

guide snoRNAs predicted to employ base-pairing interactions to mature rRNA-spacer 

sequence boundaries.  

The way in which rRNA modifications coordinate with other maturation steps such 

as pre-rRNA cleavage is not well understood. Co-transcriptional modification has been 

observed in yeast prior to pre-rRNA cleavage (Kos and Tollervey 2010), but it is unclear if 

this a common feature among different eukaryotes. This is particularly interesting in the 

case of E. gracilis as the fragmentation of the LSU, along with the high degree of rRNA 

modification, results in significant enrichment of rRNA modifications near cleavage sites 

compared to other eukaryotes. For the two snoRNAs described above, the interaction 

between snoRNA and rRNA must occur before pre-rRNA cleavage that removes these 

particular spacer regions during the biogenesis pathway that generates the mature 3  ends. 

It is commonly suggested that snoRNA-rRNA base-pairing interactions occur very early in 

the ribosome biogenesis pathway (Watkins and Bohnsack 2012). In E. gracilis, the LSU is 

highly modified and naturally fragmented into 14 pieces indicating a high degree of 
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complexity in pre-rRNA processing and ribosome assembly. It is interesting to consider 

that these rRNA modifications and associated modification complexes may also play some 

role in removal of these spacer sequences to generate mature LSU rRNA fragments as 

appears to be the case for maturation of the six LSU fragments from Trypanosoma bruci 

(Chikne, et al. 2019).

Figure 4.3. Identified E. gracilis snoRNAs whose guide regions base-pair with pre-
rRNA intergenic sequence.
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Figure 4.3. Identified E. gracilis snoRNAs whose guide regions base-pair with pre-
rRNA intergenic sequence. Two snoRNAs were identified that each guide a modification 
site found at 3  extremities of rRNA subunit species with their guide regions base-pairing 
to intergenic sequence. a) Eg-m121 snoRNA guides a 2 -O-methylation at position A3906 
which is located 3 nucleotides from the mature 3  end of LSU fragment 12. The snoRNA 
guide region pairs with 4 nucleotides of the spacer region (inset, bolded nucleotides) 
between LSU fragments 12 and 13. b) Eg-p38 snoRNA guides a  modification at position 
U2305 which is located 2 nucleotides from the mature 3  end of the SSU rRNA. The entire 
5  portion of the pseudouridine pocket (relative to the snoRNA) is formed by base-pairing 
to the internal transcribed spacer 1 region (bolded nucleotides), the pre-rRNA region 
located between the 3  end of the SSU and the 5  end of the 5.8S rRNA (LSU 1). 

 

4.2.4 Identification and characterization of novel -guide snoRNAs  

In previous studies, only 12 E. gracilis -guide RNA species had been identified, 

RNAs) (Russell, et al. 2004; Moore and Russell 2012). The small number identified was 

due to the inefficient immunoprecipitation of these RNA-containing complexes when using 

antibodies targeted at the protein Cbf5p, the more challenging nature of identifying 

encoding regions for these structurally more complex RNAs compared to identifying box 

C/D RNAs within PCR-amplified Euglena genomic snoRNA cluster regions, and the fact 

that genomic amplification primers were primarily based on identified box C/D RNA 

sequences that presumably favor amplification of clusters encoding primarily box C/D 

RNAs.  Bioinformatic analysis of the small ncRNA library has now significantly increased 

those identified to 45 -guide snoRNA species with predicted rRNA target sites. Even 

though we allowed for much greater size variation when searching the library, the size 

range of these RNAs is 60 – 72 nt, with an average size of 66 nt, a remarkably uniform size 

distribution compared to -guide RNAs characterized in other eukaryotes.  It has 

previously been observed that the interaction between the target rRNA and the snoRNA is 
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responsible for positioning the target substrate uridine (and  pocket) 13 – 16 nt from either 

an ACA or H box sequence for the typical two-stem -guide RNA structure characterized 

in other eukaryotes (Ganot, et al. 1997; Ni, et al. 1997). The Euglena -guide RNAs share 

this property (distance from their AGA box) with the exceptions of Eg-p7, Eg-p30 and Eg-

p37 (17-18 nt, Table A.3.4). It is currently uncertain whether structural differences in 

Euglena -guide snoRNP structure may allow for such variation while still efficiently 

targeting a modification site since we cannot definitively rule out the possibility that other 

isoforms of these RNAs may exist with more optimal distances that weren’t amplified or 

detected in our library.   

 The increased number of characterized -guide snoRNAs now allows for a more 

thorough examination of the common structural features of these RNAs (see Table A.3.4 

and A.3.5). When considering all E. gracilis extended ‘single-stem’ -guide snoRNAs 

discovered to date, the basal stems vary from 4 – 9 bp in length (6 bp median) and the 

majority have predicted canonical base-pairing interactions in this region. There also 

appears to be a preference for higher G-C content in the basal stem (4 G-C bp median), 

with only a single RNA possessing a basal stem containing <50% G-C content.  There are 

only 7 instances where this stem appears to be interrupted by bulged nucleotides. The 

average size of the more variable apical stem is 12 bp (range of 7 – 16 bp) and the majority 

of the identified snoRNAs have at least one mismatch or bulged nucleotide in this region. 

When the nucleotide changes observed in the various identified isoforms of a -guide RNA 

species are mapped onto its predicted RNA secondary structure, sequence variation is 

common in the apical stem and predicted to affect secondary structure (Figures 4.4 and 

A.3.6). Much less frequently do sequence changes occur that alter the structure of the basal 
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stem. This indicates that sequence and structural variability in the apical stem is likely 

accommodated in Euglena -guide snoRNP complexes. This is consistent with what has 

been observed in yeast, where basal stems are essential for snoRNA accumulation while 

the apical stems do not contribute as significantly to snoRNA stability (Balakin et al. 1996; 

Bortolin et al. 1999). Both stems are however essential for the pseudouridylation reaction 

(Bortolin, et al. 1999). Nucleotide substitutions between isoforms in Euglena are also very 

commonly found in the apical loop region (Figure 4.4) seemingly indicating a lack of strict 

structural/sequence motifs for snoRNA stability and possibly functionality, in those 

regions. 

Figure 4.4. Examples of predicted secondary structures of E. gracilis AGAUGN box 
snoRNA species and isoforms. The boxed nucleotides highlight the AGAUGN box 
consensus sequence element and arrows indicate sequence variation between characterized 
isoforms. Nucleotide changes most frequently occur in the stem above the internal single-
stranded loop regions that form the pseudouridylation pocket and/or in the apical loop 
region. Each different color represents the nucleotide changes present in a single isoform 
species. Black = Eg- - - - -
p#.5. See Figure S6 for additional examples.
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In the collection of Euglena -guide snoRNA sequences, 50% contain a uridine 

immediately downstream of the AGA box (‘AGAU

end sequence ‘AGAUGN’ (Figure A.3.4). We therefore define a new consensus motif for 

these RNAs and refer to them as AGAUGN box -guide RNAs. It is also noteworthy that 

(UGAUGA) of the methylation guide box C/D snoRNAs.  

Additional programs such as snoSeeker (Yang et al. 2006), snoGPS (Schattner, et 

al. 2004), and Psiscan (Myslyuk et al. 2008) have been developed to search for snoRNAs 

in sequence data libraries. However, they are either based on conserved yeast or 

mammalian snoRNA features, many of which are not present in E. gracilis snoRNAs, or 

depend on a computational pipeline based on trypanosome sequence analysis and 

comparison. Some of these programs were tested for their ability to successfully find 

already characterized Euglena snoRNA sequences in the library sequence data, but were 

largely unsuccessful. Therefore, we found that manually inspecting the initial hits provided 

through pattern search parameters (see methods) generated the best overall results. This 

strategy is based on the features of the previously identified snoRNAs in E. gracilis and 

hence it is possible that the remaining “missing” snoRNAs may be significantly structurally 

different from those already characterized. Perhaps a set of Euglena -guide RNAs exist 

which contain multiple extended stem-loop structures. However, as no double-stem 

H/ACA-like snoRNAs were identified using the software listed above which are optimized 

to search for such structures, any Euglena RNAs of this variety would have to be 

significantly structurally divergent from other eukaryotic (yeast and human) H/ACA box 

snoRNAs on which the programs were trained.  
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Single stem -guide snoRNAs possessing conserved AGA sequences have also 

been identified in trypanosomes, a group of organisms within the Euglenozoans. Analysis 

of Leishmania major (Eliaz, et al. 2015) and Trypanosoma brucei (Liang, et al. 2005) -

guide snoRNAs reveals significant structural similarity to the RNAs identified in our study. 

Some AGA box -guide RNAs in trypanosomes exceeding 100 nucleotides in length have 

recently been identified but these RNAs appear to still maintain the extended single stem 

secondary structure (Eliaz, et al. 2015). The genome-wide search for snoRNAs in these 

trypanosomes found rRNA modification sites with no apparent corresponding snoRNA 

guide. It has been proposed that these modifications might be carried out by protein-only 

enzymes (Liang, et al. 2005; Eliaz, et al. 2015). This may also be the case in E. gracilis as 

there still remains a collection of rRNA modifications for which no snoRNA guide has 

been identified. The unusual rRNA processing pathway could require the cooperative 

action of both stand-alone enzymes and snoRNA-guided modification complexes.  

-guide snoRNA species in Euglena 

During the analysis of the newly identified AGAUGN box snoRNAs we found a 

few sequence isoform groups in which the isoform members displayed more sequence 

-guide species. The first pair, Eg-p32 

and Eg-p33 were initially clustered in our bioinformatics analysis as a single snoRNA 

species; however, closer inspection revealed that these two RNAs contain significant 

-

modification sites (Figure 4.5a and 4.5b). Similarly another pair, Eg-p36 and Eg-p42, 

possess a high degree of sequence similarity to each other but contain significant changes 

in their guide regions (Figure 4.5a and 4.5b). The predicted structural differences that are 
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evident when comparing pairs such as Eg-p32 and Eg-p33 (Figure 4.5c) further illustrates 

the previously described properties of this class of Euglena ncRNA. This includes the 

lengthening of the basal stem in Eg-p33 without creating bulges or mismatches, apparent 

tolerance of a few different mismatches/bulges in the apical stem of isoforms of Eg-p32 

and significant sequence and length variation in the apical loops of the pairs. In both cases, 

these -guide snoRNA pairs are evolutionarily-related and the encoding genes have likely 

evolved by a mechanism similar to that previously characterized for box C/D snoRNA and 

rRNA target site evolution (Moore and Russell 2012). Euglena snoRNA genes are often 

found within tandemly repeated clusters containing multiple unique snoRNA isoforms of 

one or both classes (Russell, et al. 2004; Moore and Russell 2012).  snoRNA gene 

duplication followed by sequence divergence within modification guide regions allows the 

targeting and emergence of new modification sites (Moore and Russell 2012). This 

mechanism of snoRNA evolution has also been observed in plants (Barneche et al. 2001; 

Brown et al. 2001), nematodes (Zemann et al. 2006), and trypanosomes (Eliaz, et al. 2015). 

-guide RNA homologs between different trypanosome species, Eliaz et 

al. observed both snoRNA gene duplication and sequence divergence in the 

pseudouridylation pockets of the RNAs that allows the targeting of different rRNA 

nucleotides, similar to what we observe with the Euglena -guide snoRNA paralogs (see 

above).   
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Figure 4.5. Evolution of E. gracilis -guide snoRNA species. a) Alignment of library 
cDNA sequences of isoforms of -guide snoRNAs. Two different sequence isoform 
clusters were found to have extensive sequence similarity (isoforms of Eg-p32 are similar 
to Eg-p33, Eg-p36 to Eg-p42) yet display sequence divergence in the regions that form the 
pseudouridylation pocket thus targeting different rRNA modification sites. Regions 
containing the nucleotides corresponding to the pseudouridylation guide pocket for each of 
the RNAs are labeled. Letters on a black background indicate identical nucleotides present 
at that position in 100% of isoforms, dark gray background indicate 1 isoform differs, light 
gray indicates 2 isoforms differ, and white background >2 isoforms differ at that position 
b) Illustration of the predicted base-pairing interactions between the snoRNAs (top) and 
target rRNA pseudouridylated sites (bottom). Experimentally confirmed pseudouridine 
sites are indicated as “ ”. Within the AGAUGN box elements the highly conserved AGA 
sequence is highlighted and the number of nucleotides (N) to the base-paired region is 

E. gracilis LSU 
“fragment” species where the modification site resides is indicated in parentheses. Full-
length snoRNA sequences are shown in Figure S4. c) Predicted secondary structures of the 
Eg-p32 and Eg- -p#.1; 

-p#.2.  
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Multiple isoforms are present for many of the newly identified E. gracilis snoRNA 

species of either class. Up to 9 isoforms were found for a single -guide RNA species 

(Figure A.3.4). This further highlights the high frequency of snoRNA gene duplication and 

abundance of this class of RNA in Euglena. The apparent frequency of snoRNA duplication 

events is likely the mechanism that allows for the extensive RNA modification in this 

organism and may be an adaptation to allow for (or even cause) the complex ribosomal 

biogenesis pathway; both extensive fragmentation and modification.  

4.2.6 Orphan snoRNAs in Euglena gracilis 

In addition to snoRNAs predicted to target rRNA, numerous potential orphan 

“snoRNAs” were identified (Figure A.3.5). These RNAs are similar in size to rRNA 

targeting snoRNAs, have canonical sequence box elements and in the case of AGAUGN 

box RNAs, contain the conserved secondary structural features. However, no mapped 

modified nucleotide is present in the rRNA in regions that show any limited base-pairing 

potential to the appropriate regions of these RNAs. Of the newly identified AGAUGN box 

RNAs found in our library, 8 (20%) were orphans. For box C/D class snoRNAs, 17 (17%) 

of the newly identified RNAs were considered orphans. In total, orphan “snoRNAs” 

represent 11% of the combined total of all snoRNA species identified so far in Euglena.  

These orphan RNAs also do not appear to be involved in modifying snRNAs based on 

examining any base-pairing potential to the mapped Euglena snRNA modification sites or 

other snRNA regions not yet experimentally examined for modifications. Previous analysis 

of trypanosome snoRNAs also failed to identify any guides for snRNA modifications, with 

the exception of the spliced-leader RNA (Eliaz, et al. 2015). The apparent scarcity of 
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snRNA modification-guide RNAs in Euglenozoa may indicate that these modifications are 

performed by stand-alone protein enzymes or guided by structurally novel RNAs. 

While we do not know the function of these orphan Euglena RNAs, the discovery 

of pseudouridylation of mRNA species in yeast and humans (Carlile, et al. 2014; Lovejoy 

et al. 2014; Schwartz, et al. 2014) raises the possibility that these orphans may be used to 

target modification sites in mRNA or other cellular RNA species. Alternatively, they could 

be involved in Euglena’s unique rRNA processing/assembly pathway, similar to what has 

been observed in some trypanosomes, or be processed into other types of ncRNA (Eliaz, et 

al. 2015; Chikne, et al. 2019). Our method for identification of box C/D snoRNAs relied 

primarily on the presence of the consensus sequence box elements at expected positions 

-pairing interactions to 

modified sites in E. gracilis rRNA. Comprehensive identification of all potential box C/D 

RNAs in the library sequences is particularly challenging for orphans (without rRNA base-

pairing) because of the short length of C and D box elements, the even more sequence 

conservation in this class of Euglena snoRNA. Consequently, we are likely underestimating 

the abundance of “snoRNAs” that target modification or perform other functions on non-

rRNA species.  The conserved ‘AGAUGN’ box and secondary structural features makes it 

somewhat easier to identify orphan RNAs within this other “snoRNA” class. Recent 

publication of a draft Euglena genome estimates only 1% of the genome is coding, but is 

predicted to be only 20% assembled and did not analyze ncRNAs (Ebenezer, et al. 2019). 

This further suggests there is likely a large number of uncharacterized ncRNAs remaining 
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in the E. gracilis genome and highlights the need for distinct ncRNA analysis to detect 

these unusual RNAs.  

4.2.7 tRNA identification 

 As a result of sparse genomic sequence information very few E. gracilis nuclear 

tRNAs have been identified to date. Using the tRNA identification program ARAGORN 

(Laslett and Bjorn 2004) to detect library sequences with requisite conserved primary and 

secondary structural potential, we have identified 14 tRNAs in our library which do not 

map onto the complete E. gracilis chloroplast genome sequence (Hallick et al. 1993). 

Analysis of the E. gracilis mitochondrial genome failed to identify any tRNA coding genes, 

suggesting that these 14 tRNAs are encoded in the nuclear genome. We cannot rule out that 

some of these tRNAs may function in the mitochondria (Dobáková et al. 2015).  These 

tRNAs include single tRNA isoacceptors for Met (CAU), His (GUG), Ser (AGA), Cys 

(GCA), Leu (CAG), and multiple isoacceptors for Glu (CUC and UUC), Gln (UUG and 

CUG), Pro (UGG and CGG), and Ala (AGC, CGC, and UGC) (Figure A.3.7). While some 

abundance of nucleoside modifications in E. gracilis tRNAs likely explains the higher 

representation of precursors and the incomplete representation of all tRNA species in the 

library as many tRNA modifications block reverse transcriptases from extending beyond 

the modified site, requiring additional enzymatic treatments of the RNA prior to RT in 

order to obtain full-length cDNAs (Wilusz 2015). The limitation of sequence size for 

Illumina sequencing may also explain the absence of tRNA precursors containing introns 

from being identified in the library. Correct identification of the new Euglena tRNAs was 
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further confirmed through alignment to the tRNA isoacceptors in Trypanosoma and 

Leshmania species. This showed close sequence similarity of tRNAs between all these 

species (Tessier et al. 1991). We found performing PCR based assays like those used to 

examine snoRNA repeats shows at least some tRNAs are also found in genomic repeats 

(data not shown). This further highlights the degree of repetition found for nearly all 

ncRNA classes in E. gracilis. 

4.2.8 U1 snRNA sequences wit  

During analysis of our small RNA library, we found a collection of 836 unique U1 

snRNA sequences that each differ from the previously published E. gracilis U1 snRNA 

sequence (Breckenridge, et al. 1999). Examination of these variant sequences revealed the 

described in Chapter 1, in addition to conventional spliceosomal introns, E. gracilis 

contains non-conventional mRNA introns that do not conform to the typical spliceosomal 

removal of Euglena non-conventional introns is currently unknown (McWatters and 

Russell 2017). It is intriguing to consider the possibility that E. gracilis could employ a 

large collection of variant U1s to recognize the diverse splice boundaries of these non-

conventional introns. However, only a single gene locus had been detected that contains 

the previously characterized U1 snRNA (Breckenridge, et al. 1999) and our attempts to 

PCR amplify genomic repeats of U1 snRNAs (assuming they would exist in such an 

arrangement) by designing oligonucleotides targeting several of the variants did not 

generate detectable PCR amplicons (data not shown).  
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 These variant U1 RNAs are often represented as single reads in the RNA-Seq 

libraries. It is possible these are artifacts of the library construction method, but it is unclear 

how they would have been generated as it seems to be a phenomenon restricted to the U1 

sequences (the other snRNAs in the library do not display this) and often times only a few 

nucleotides differ from the conventional sequence in any given U1 RNA sequence read. 

Variation could also be the result of misincorporation (mismatching) of nucleotides during 

reverse transcription caused by U1 modified nucleotide or differentially edited sites, but 

this would indicate an incredibly high density of modifications in U1 that had not 

previously been detected (Breckenridge, et al. 1999) and these sites are also heavily biased 

towards the 5  third of the U1 sequence (Figure 4.6).  This unusual finding clearly warrants 

further investigation as it could functionally affect the splicing pathways and additional 

deeper sequencing of E. gracilis ncRNAs and co-precipitation experiments targeting U1 

complexed proteins will be possible first steps towards further exploration. 
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Figure 4.6. Sequence logo of variant E. gracilis U1 sequences. The logo was prepared 
from 836 variant U1 snRNA sequences identified when combining the two E. gracilis small 
RNA libraries. Nucleotides are numbered based on positioning relative to the primary U1 
isoform previously identified (Breckenridge, et al. 1999). Individual nucleotide height is 
proportional to frequency of appearance at that position with a bit score of 2 indicating 
100% conservation. Generated using the WebLogo webserver.  
 

4.3 Materials and Methods 

4.3.1 Library construction 

E. gracilis total RNA (~112 μg) was resolved on a 15% denaturing polyacrylamide 

gel and RNA fragments less than 400 nt in size were excised and isolated (Sambrook and 

Russell 2001). A poly- -selected RNA (Rederstorff 

and Huttenhofer 2011). The tailing reaction contained size-selected or TMG cap-enriched 
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Euglena RNA, 1X Poly(A) Polymerase (PAP) buffer (USB), 0.5 mM GTP, 60 U of yeast 

PAP (USB) and 20 U of RNase Inhibitor (NEB) incubated at 37oC for 60 min. The reaction 

was extracted once with phenol:chloroform (1:1), then twice with chloroform and the 

aqueous phase was ethanol precipitated with added acrylamide carrier. The RNA was then 

treated with 10 U of Tobacco Acid Pyrophosphatase (TAP) (epicentre®) in a 10 μL reaction 

containing 1X TAP buffer (epicentre®) and 20 U of RNase Inhibitor (NEB) at 37oC for 60 

min and the RNA was extracted and precipitated (as above).  

 -treated 

RNA (Rederstorff and Huttenhofer 2011). The RNA was first mixed with 200 pmol of 

linker and incubated at 65oC for 5 min. The ligation reaction containing 10 U of T4 RNA 

ligase (NEB), 1 mM ATP, 1X T4 RNA ligase buffer (NEB), and 20 U of RNase Inhibitor 

(NEB) was then performed at 4oC overnight (16 hrs), after which another 10 U of T4 RNA 

ligase was added and the reaction further incubated at 37oC for 30 min. The RNA was then 

extracted and precipitated.  

  An antisense primer containing an adaptor sequence and poly C stretch was 

-G tail. This primer (100 pmole) was incubated with 10 μL 

of prepared RNA from the previous step and dNTPs (500 μM) at 65oC for 5 min and then 

immediately chilled on ice.  Superscript II RT (Invitrogen) was used to synthesize cDNA 

at 47oC for 60 min following the manufacturer’s protocol. The cDNA was then used as 

template for PCR amplification with Phusion Taq Polymerase (Thermo Scientific) using 

-

without the addition of blocking primers (also see below and Table A.3.1 for 

oligonucleotide sequences; Table A.3.6 for PCR conditions). When assessing relative 
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levels of rRNA (and not employing the blocking primers), PCR products were purified by 

gel-extraction and cloned into the pJET1.2/blunt vector following the manufacturer’s 

protocol. Transformed E. coli cells were then used for colony PCR screening, using primers 

that anneal upstream and downstream of the cloning site. Automated DNA sequencing of 

these PCR product clones was performed by Macrogen Corp USA. 

4.3.2 Preventing amplification of large subunit rRNA fragments 

Blocking primer sets were designed with a C3 spacer (3 hydrocarbon) modification 

-targeted individual LSU rRNA fragment 

(see Table A.3.2 for blocker oligonucleotide sequences). At the PCR amplification step of 

library preparation, in addition to the general amplification primers, each blocking primer 

was also added to the reaction to a concentration of 5 pmole/μL to prevent amplification of 

the unwanted rRNA species. The final resulting PCR-generated cDNA library was purified 

using the E.Z.N.A ® Cycle-Pure Kit (Omega) and sent to Genome Québec for high-

throughput sequencing using the Illumina MiSeq 250 platform.  

4.3.3 Bioinformatic analysis 

 The Illumina MiSeq sequence reads, for both size-selected and TMG-enriched 

Barcode Splitter tool from the FASTX-Toolkit 

sequences were then removed (allowing 2 mismatches) using the Trim Ends tool in 

Geneious v8.0.4 software and cutadapt software package. Typically, the sequence quality 

downstream of a poly G tract 12 nt long. The two most highly abundant sequences were 
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also removed from the collection. The UCLUST algorithm, a component of the USearch 

(Edgar 2010) software package, was used to cluster related sequences together based on 

pair-wise alignments, using an identity threshold of 0.8. To remove previously 

characterized Euglena RNAs from the newly formed sequence clusters, databases of E. 

gracilis snoRNAs, rRNA, snRNAs and tRNAs were created. First, the UBlast algorithm 

(Edgar 2010) was used to find matches between the database and the RNA-Seq library 

sequences using an E-value of 1e-9. Then to ensure removal of as many sequences as 

possible, searches using the USearch global algorithm were performed with an id value of 

1.  Matches to these databases were subsequently removed prior to library analysis.  

Two approaches were used to identify new snoRNAs. First, trimmed sequences 

between 50 – 80 nt in length were extracted (using Geneious) and then scanned for E. 

gracilis snoRNA features using the pattern matching program ‘Scan for Matches’(Dsouza 

et al. 1997). A consensus pattern was created based on all previously identified Euglena 

snoRNAs including size, sequence box elements, and secondary structure potential. To 

identify additional box C/D snoRNAs, trimmed sequences between 55 – 90 nt were 

analyzed using the Snoscan webserver (Lowe and Eddy 1999) with E. gracilis rRNA 

sequence, including internal transcribed spacer sequences, as potential modification targets.   

Positive hits from both approaches were then further manually inspected as 

previously described (Moore and Russell 2012).  Sequences that strictly maintained 

conserved features of snoRNAs but did not display significant base-pairing potential to any 

mapped modified rRNA site were sorted into the orphan ‘snoRNA’ category. Reads per 

million (RPM) for snoRNA species were calculated using quality filtered single end reads 

from size-selected and TMG-capped libraries. Individual RNAs were quantified using 

USearch algorithm searches with an id value of 0.95, then normalized for library size.   
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  For tRNA identification, the USearch algorithm was used to BLAST characterized 

T. brucei tRNAs against our trimmed and dereplicated library. Potential candidates from 

the library were then further analyzed using the ARAGORN webserver (Laslett and Bjorn 

2004) to look for conserved sequence and structural elements indicative of tRNAs.  
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Chapter 5: Conclusions and Future Directions 

In this thesis study, I examined ncRNA and RNP repertoires in the diplomonads G. 

lamblia and G. muris, and the Euglenozoan E. gracilis, leading to a number of novel 

insights regarding ncRNA function and evolution. These insights include: i) the presence 

of an RNase P-snoRNA diRNP in both Giardia species capable of targeting a conserved 

modification in elongator tRNAMet; ii) structurally reduced telomerase and U3 RNAs in 

Giardia; iii) two unique diplomonad Snu13p homologs involved in various complexes that 

may require secondary proteins for stable K-turn binding in vivo and iv) a large collection 

of E. gracilis -guide snoRNA structure, evolution, and the 

timing of pre-rRNA processing. 

In Chapters 2 and 3, I describe a novel RNase P-snoRNA diRNP from the species 

G. lamblia and G. muris, that contains at least one of the Snu13p homologs. The snoRNA 

domain of the diRNP is capable of targeting elongator tRNAMet -O-methylation. The 

snoRNA-tRNA base-pairing is maintained in both species, supporting this proposed 

function; however, the methylation status of the target tRNAMet nucleotide is yet to be 

experimentally examined and reliance of this modification on the GlsR15/GmsR15 domain 

will also be required. This could be determined through primer extension-based 

methylation mapping assays and anti-sense/morpholino hybridization to the snoRNA guide 

region to prevent guide-target base-pairing. Beyond this, obtaining structures of the diRNP 

in the presence and absence of the presumed substrates, using techniques like cryo-EM, 

will be important in understanding the mechanism by which it can perform both functions. 

This will be particularly interesting for the diRNP in complex with pre-tRNAMet which 

would be a substrate for both 5  end processing and 2 -O-methylation by RNase P and 
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GlsR15/GmsR15 respectively. The ability to further investigate the RNase P-snoRNA 

diRNP is complicated by the difficulty in initial attempts to generate stable transfectants 

containing tagged RNase P proteins in G. lamblia (data not shown) and may require 

alternative strategies such as the production of antibodies against RNase P proteins that 

target the native complex to facilitate this type of analysis.  

In Chapter 3, two Snu13p homologs were described in diplomonads and shown to 

be components of C/D snoRNPs in G. lamblia by using protein and RNA co-precipitation 

experiments. Analyzing the role of the G. lamblia Snu13p homologs found that the 

presence of additional proteins including Nop56, Nop58, and Rrp9 may be required for 

stable K-turn binding and RNP assembly in vivo. We were not able to definitively 

determine if the two homologs play any distinct roles in the cell as we had initially 

hypothesized, but my data suggests they could associate differently with the U3 snoRNP 

and RNase P-snoRNA diRNP. In the case of U3, in vitro binding assays of each homolog 

to the two unique K-

assessing these potential differences. For the diRNP, co-precipitations targeting RNase P 

specific proteins should reveal whether one or both Snu13p homologs associate with the 

complex. Additionally, cross-linking based RNA-seq techniques like CLIP-seq could be 

applied to specifically localize the regions of RNA bound by the two homologs (Hafner et 

al. 2021). Cross-linking based protein analysis could also be utilized to enhance our protein-

protein interaction analysis. This would address the potential association between the U3 

specific protein Rrp9 or RNAse P protein components and the Snu13p homologs and could 

be used to probe the association of the Ucp1-3 proteins with each other, core ribosome 

components, and endoplasmic reticulum and nuclear envelope proteins under more 
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stringent conditions. Validation of these interactions could then be done using yeast two-

hybrid (Y2H) assays to assess direct protein-protein interactions.   

Developing a system to obtain gene knockouts, such as CRISPR-Cas9, has been 

slow in G. lamblia as the use of genetic tools like this are complicated by the presence of 

its two nuclei. Recently, methodologies were developed to allow CRISPR interference 

(CRISPRi) based knockdowns in G. lamblia which are promising for the study of gene 

function (McInally et al. 2019; Jex et al. 2020). Use of this CRISPRi tool to knockdown 

the two Snu13p homologs individually and assess the effects on cell viability and growth, 

along with the impact on various Snu13p containing complexes and pre-rRNA processing 

would also help unravel differences in their cellular roles.   

In Chapter 2, homologs for four snRNAs, U1, U2, U4, and U6 were detected in G. 

muris. U1 has diverged significantly from the U1 of G. lamblia showing the relatively rapid 

evolution within diplomonads of normally well-conserved eukaryotic RNAs. Our inability 

to detect a strong candidate for U5 in either examined Giardia species, despite having 

characterized what appears to be a large proportion of all ncRNAs in these species, could 

mean that a functional homolog of U5 is truly not present in Giardia. Additional support 

for this hypothesis comes from the absence of Prp31 and Prp6 homologs, proteins that 

facilitate the interaction of U4/U6 with U5 snRNPs in humans and yeast (Makarova et al. 

2002; Nguyen, et al. 2016). While a handful of U5 proteins are present in Giardia including 

a Prp8 homolog, these could associate with the splicing machinery through other contacts 

independent of the U5 snRNA. This would be novel due to the importance of U5 in 

anchoring the 5  exon during splicing but could conceivably be achieved through protein 

contacts. Purification of a (tagged) conserved U5 protein or the structurally non-canonical 
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candidate U5 snRNA will be required to draw more definitive conclusions. The apparent 

absence of both Snu13p homologs from the U4 snRNP (Chapter 3) adds to the list of 

unusual features of the U4/U6•U5 tri-snRNP complex and may require additional 

validation.  

The G. lamblia G. muris ncRNAs 

described so far and the motif consensus sequences are nearly identical in the two species 

(Chapter 2). This indicates a strong selective pressure to maintain this processing pathway 

and suggests it could be conserved throughout all Giardia species. Despite its importance, 

we currently have little understanding of the mechanism by which the motif is processed, 

or the machinery involved. It is unclear as to what could have driven the evolution of a 

ncRNA processing pathway shared between so many distinct ncRNA classes. Intriguingly, 

a recent structural analysis of the human RNase MRP complex determined a consensus 

-*RCRC-  previous biochemical 

-*CUC-

cleavage site (Esakova et al. 2011; Lan, et al. 2020). RNase MRP is primarily known for 

targeting pre- -*ACACAA- also found to target 

other RNA species for cleavage. These sites resemble the Giardia 

-UCCUUU*ACUCAA-

(Hudson 2014). It could be that the 

RNase MRP complex evolved this specialize role in Giardia species. The presence of the 

processing motif downstream of the 28S rRNA operon in G. muris may also indicate RNase 

MRP could further contribute to pre-rRNA processing through cleavage of the motif as 
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well. Future analysis should explore the possible involvement of the Giardia RNase MRP 

 

We described 113 new snoRNAs from E. gracilis (Chapter 4) allowing us to 

characterize conserved features of t -guide RNAs and their evolution. While 

we have identified many modification-guide snoRNAs, the mechanism by which the 16 

ITS sequences are processed out of the E. gracilis pre-rRNA transcript is still unclear. The 

description of at least 15 snoRNAs in trypanosomes involved in pre-rRNA processing 

suggests there may be a large collection of snoRNAs also involved in removal of these 

novel ITS regions in Euglena (Chikne, et al. 2019). This could include previously identified 

snoRNAs, or the orphan snoRNAs described in Chapter 4. With the reduction in cost and 

increased efficiency of RNA-seq technologies, larger scale small RNA libraries produced 

using a thermostable RT like TGIRT could help identify additional ncRNAs previously not 

readily amplified due to the stability of their secondary structure, including the remaining 

snoRNAs. Further development of a procedure for snoRNA knockdowns in E. gracilis like 

those used in T. brucei will also be paramount in unraveling the role of snoRNAs in 

particular processing events.   

Finally, the appearance of 836 variant U1 snRNAs in our small RNA library could 

represent a unique solution to splicing of the Euglena non-conventional introns. However, 

these RNA sequences are typically represented by very few RNA-seq reads and I was 

unsuccessful in detecting genomic repeats containing the variant U1 sequences. I have 

produced polyclonal antibodies against the predicated E. gracilis U1A protein and 

optimized RNA co-precipitation conditions. If the variant U1 snRNAs are genuinely 

present, expressed, and involved in splicing they are predicted to be associated with U1A 
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based on their sequence and structural features. U1A co-precipitations may give insights 

into non-conventional splicing regardless of variant U1 function if the spliceosome is 

involved. Additional experiments including cross-linking, ligation, and sequencing of 

hybrids (CLASH) or psoralen analysis of RNA interactions and structures (PARIS) may 

also be valuable in assessing the RNAs associated with the non-conventional introns (Kudla 

et al. 2011).  

The totality of my findings highlight the value in studying diverse sets of species. 

This type of inquiry can lead to a deeper understanding of cellular complexes, even those 

well-studied in model species, and uncover novel innovations that have evolved under 

diverse conditions and novel selective pressures. Comparative analysis of ncRNPs and 

other complexes in a greater variety and number of species will undoubtably greatly expand 

our knowledge of the type of variation that is possible in nature and help undercover the 

most core and ancestral features of these molecular machines. 
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Appendix 1 – Supplementary Material for Chapter 2: 

 

Analysis of Giardia muris ncRNAs reveals highly divergent spliceosomal, telomerase, 
and U3 RNAs and uncovers an RNase P-snoRNA diRNP 
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GlsR1             ---------GTCCACTGGCCTCTCCTGAGGCAGATGATG--ACTTTGCGACGGGCGGACG 49 
GmsR1(nc157)      CGACTTTACCGCGACCGGCCCCTCCCCAAAAAAGCAATGAGGATGCTCGACGGGCGG--- 57 
                             * ** **** ****  *   *    ***    *   **********    
 
GlsR1             GAGGGACGCGTGACGAAGTTTGTCGTATTCTGAATTCCTT 89 
GmsR1(nc157)      -ACTGACTTCTGAGGATGCAAGTCGATTGCTGAACCTT-- 94 
                   *  ***   *** ** *   ****  * *****       

 
GmsR1(nc157)      CGACTTTACCGCGACCGGCCCCTCCCCAAAAAAGCAATGAGGATGCTCGACGGGCGGACT 60 
GmsR1(nc162)      CGACTTTACCGCGACCGGCCCCTCCCCAAAAAAGCAATGAGGATGCTCGACGGGCGGACT 60 
                  ************************************************************ 
 
GmsR1(nc157)      GACTTCTGAGGATGCAAGTCGATTGCTGAACCTTCACTAAATGGCCTC 108 
GmsR1(nc162)      GACTTCTGAGGATGCAAGTCGATTGCTGAACCTTCACTAAATGGCCTC 108 
                  ************************************************ 

 
 

GlsR2             ---TGTAGCGAAC--CCACGCGCAAGCGTTGCTACGAGGCGATGGAGACAAAAGCAGTTA 55 
GmsR2(nc033)      GAGAAAAAGAAATGCGAGAACCCAATTGACTCGCAGGAGTGATGCTGACAAGGGATTTTA 60 
                        *   **        * ***  *   *   *  * ****  *****  *   *** 
 
GlsR2             CGTT-CGCAACTCTCTGAGGGTTCCTGATGCTTCCTTGGATGTCCGAGCCTT---- 106 
GmsR2(nc033)      CGTCCGCCGACGAACTGAGTGAGCATGATGCTTCCTTGGATGTCGAAGCTCCCCTT 116 
                  ***    * **   ***** *  * *******************  ***       

 
 

GlsR4             TGTCTCCATGACGAGAATTACGCCGCCCCAGTCTGACCCCTGAC-GAACGGCTTCTCTGA 59 
GmsR4(nc135)      -----TTCGATGATGAAGTATGCCGCCCCAGTCTGATATCCTGCTGACTGGCTTTTCTGA 55 
                                *** ** ***************   *   * **  ***** ***** 
 
GlsR4             TCATT 64 
GmsR4(nc135)      CCTT- 59 
                   * *  

 
GlsR5             AATTAAAAGCTGTGATGACAGGTTCTTGCCCCGTATGACCCTGCGATGAGTTATACAAAA 60 
GmsR5(nc199)      ---------ATGATGAGAATGCTTCTTGCCCCGTCTGACACGACGATGAGTGACGCCAAG 51 
                            **    **  * ************ **** *  ******** *  * **  
 
GlsR5             GAACGCATCCAAGCCAACCGGCTGAGCTCCTT--- 92 
GmsR5(nc199)      AA--GACTACAAGCCAACCGTCTGAGCCACCCCTT 84 
                   *  *  * *********** ******  *      

 
GlsR6             -----AATGATGGCTTGTTATCCCTGTCTGAGGTCAATACCTTGATTAGACGATTTGACA 55 
GmsR6(nc189)      AAATATGATGAGCGTTGTTATCCCTGTCTGATATGTGACGA------AAACGA-----CT 49 
                             *  *****************  *             * ****     *  
 
GlsR6             GAGCATCCTT 65 
GmsR6(nc189)      CCTGACCCTT 59 
                      * **** 

 
GlsR7             --CCGCGATGATTACCGAATCACAGCGATACACGATGAAGCACTCATAGTTACTCTGAGC 58 
GmsR7(nc013)      GATGGTGATGACGAG--CCTAATCAACCTGACTCCTGATGGTGTCATAGTTACTCGGAGC 58 
                      * *****  *     * *      *      *** *   ************ **** 
 
GlsR7             GGTCCTT-- 65 
GmsR7(nc013)      CCTCGCCTC 67 
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GlsR8             CGTAGATGAAGAGAGATAAATCAGCTACCGCTGAGCCCAACGTGAGGA--AGAAACCGCC 58 
GmsR8(nc160)      ACTGAA--TGATGACGGTTACCAGCTACCGCTGAGCCCAGCGTGATGAGCACAAACCACC 58 
                    *  *      **     * ****************** ***** **  * ***** ** 
 
GlsR8             TTTCGTCTGACCCTT 73 
GmsR8(nc160)      TTTCGTCTGAGCCTT 73 
                  ********** **** 

 
 

GlsR9             TAGCAACCCGTGATTTGCAACGCTTAGTCCGTGTTTCGGAGTGTCTTGCACGCTGATGAG 60 
GmsR9(nc018)      -CTACGGCCGATGACTGTCAAGCTTGGTCCGTGTTTCGGAGTGCTTCGTGCTTTGATGAG 59 
                         ***     **  * **** *****************  * *  *  ******* 
 
GlsR9             TGAAAGCACACATGAGGTTCCTT--- 83 
GmsR9(nc018)      ATCAACAAGCTAAGAGGCCTTACCTT 85 
                     **  *   * ****          

 
 
GlsR13             ATCCATTCGTATGAGATATGATGATTGGGAGCGACCTATC-TTGAGGACGACGGCCGCCC 59 
GmsR13(nc029)      -----------------GTGATGATTGGACTCTTCTGATCCTTGATGAGGTCGGCTGCCT 43 
                                     **********   *  *  *** **** ** * **** ***  
 
GlsR13             GTCTTACCTTGTGACGTTTGCCGTCTTACAATGCTCTGACCCTT 103 
GmsR13(nc029)      ACTTCACCTTGTAGTAGTTGCCGA-TGGAGGTGTTCTGACCTT- 85 
                      * *******     ******  *     ** ******* *  

 
GlsR14             AAATGATGACAATGCGCATTTGTCAGAAGGCTCACTTCTGATGATTCCTCTGTCCATTCC 60 
GmsR14(nc093)      AAATGATGAGAAAGTGCATTTGTCTAAGGGCTTACCGCTGAAGACACAAAGATCCATTCT 60 
                   ********* ** * *********  * **** **  **** **  *     *******  
 
GlsR14             CCTGATCCTT 70 
GmsR14(nc093)      CCTGACC--- 67 
                   ***** *    

 
GlsR15             AACCCGATTCAGACTACTCCTTGGTTCCTCGCAGAATGAT---TATCTGTCTCCGAG--- 54 
GmsR15(nc092)      ---------------ACTCCTTACTTTCTCAAACGATGATGATTCTCTATAACTACGGCT 45 
                                  *******  ** ***  *  *****   * *** *  *   *    
 
GlsR15             -------CAAG---CACGACTATGAGCTTACTTATGAGATCTGACTCCTT 94 
GmsR15(nc092)      ATGTGCACCGTGAAGGGTGTGTGCCGATGGCTTATGAGATCTGACCCTT- 94 
                          *                 * *  *************** * *  
 
 
 
Candidate1               --------------CAAAAGCAGACGAAAAAATAAATGAAGACAGAACCACAGACCTGTA 46 
GmCandidate1(nc096)      CGGTCGAGACGTGGAACGTGTCCGCCATGAAAAAAA-TGAGGACTCAACGCAGACCTGTG 59 
                                        *   *    * *  *** ***   **     * * *********  
 
Candidate1               CTGACCCTTGATGTTAGTTGTCGCTCTGATATCCTT 82 
GmCandidate1(nc096)      CTGACCTTTGCCTGATGACG-CGTTGTACTGACCTT 94 
                         ****** ***      *  * ** * *  *  **** 

 

 
Candidate13              ------TGAT--TACTCCAACACGACGGTCTACTGAGAACCCAGTATCTTTAGACTGCTG 52 
GmCadidate13(nc012)      GTGATGCGATGATTTCAACACACGACGGTCTTCTGAGTGAACAACAG------CCTGCTG 54 
                                ***  *      ************ *****    **  *        ****** 
 
Candidate13              AGACAGTGTTATATGATTTCCTT 75 
GmCadidate13(nc012)      ACCCTGTGTTTGATGAGCCTT-- 75 
                         *  * *****  ****      
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H/ACA snoRNAs 
GlsR17             GTGAGGATCCGGGGCACTGAGCAATCCCCAGGACACAGGCGGAGCGGAAGGCACGGCTGC 60 
GmsR17(nc140)      ATAGTGATGCGGGGCACTGAGGGATCCGTAGGGGAGAGGAGGGCTGGTGGGCATGGTCGC 60 
                    *   *** ************  ****  ***  * *** **   **  **** **  ** 
 
GlsR17             GCCACGCAGCCTAATCACCGCCCCTATAGTCCTT 94 
GmsR17(nc140)      ATC-GGCGGCCAAATCACCAGTCTCACA-TCCTT 92 
                     *  ** *** *******   *  * * ***** 

 
GlsR18             -CCGCTGGCGCTTGCGAGC-----GTGCACAGGCCTACATCCAGGGTCATAGGTGGGGAG 54 
GmsR18(nc141)      CCGGCGACAGACTGCAATGCGGCGCCCCGCTGGCCAATAGG-ATGGACCTTGGTGGGT-- 57 
                    * **    *  *** *          * * **** * *   * ** * * ******     
 
GlsR18             CGGATCCCGTCCATCCTCAATCCGGGCCCGCACAGTCCTT 94 
GmsR18(nc141)      CGGACGCAGTCTGGGCTCAATCCAGTCCGCAAACCTT--- 94 
                   ****  * ***    ******** * **   *   *     

 
 
GlsR19             AAAAGCAAGCAGAAGCCCAGTTTGGTCTCTACCGGCGTATGCATGTGCATAGGCTGGCCA 60 
GmsR19(nc202)      GTACTCAACCGTGACCTCCGTTCTGGAGCTATCGGGGCGGGCGTGGCGTGGGACGGGC-G 59 
                     *  *** *   * * * ***  *   *** *** *   ** **      * * ***   
 
GlsR19             AGCATCGTT-----------GATAGAAGCTGCTCTTGGTCACCGGAGGGTCTCCGGTTTC 109 
GmsR19(nc202)      AGGAGACTTGCGCCTGCACGACGAAGATCCGCTGTCTTTGATCACCGCGGGAGCGGTTTC 119 
                   ** *   **              *  * * *** *   * * *   * *    ******* 
 
GlsR19             ATACGCAGAGACATCCTT 127 
GmsR19(nc202)      AGCGGCAGGAACACCTT- 136 
                   *   ****  *** * *  

 
 
GlsR20             -----AAAAATGCCAGCTGAGTTACGTCTGTGTGCACAGGCGCGTCAGAGGCCGG-CTAG 54 
GmsR20(nc011)      GGCCGCGTTGCGCTCACAAAGATGCTTCTGTGAG------CGCGTCAAACGCCGGGCGAG 54 
                              **   *  ** * * ****** *      ******* * ***** * ** 
 
GlsR20             AGCGCGACTGGTTGAGTTCCCAGA--GCGATCTGGGTGATTAGCAGTCATACAGTCCTT 111 
GmsR20(nc011)      ACCTCGGCTGGTGAGTATCTGCGCCTTTGGCGGAGACAATTGACGGCCGCATAGACCTT 113 
                   * * ** *****     **   *     *     *   ***  * * *  * ** **** 

 
 
GlsR22             ACGCAAGCCCTCTAGCAAGATGCAGGCCGGAGCCTGTGTCTCGTTCCCTGGGGCGATAGC 60 
GmsR22(nc192)      --TGGAGCCCTACAGCAAGATGCATGCCGGAGCATGTGTCTCGTTCCCTTGGGCCAGAGC 58 
                        ******  *********** ******** *************** **** * *** 
 
GlsR22             TCTTGCTGGCAGGTCTTGCAGTGTCCATACCCGGGCAACACGTTTTCCAGCTACACCTT 119 
GmsR22(nc192)      GATGCCTTGTAACTTTGAGTGCTGGGCA--------CACACCTT--------------- 94 
                     *  ** * *  * *    *                **** **               

 
 
GlsR27             AGCTCACCCAAAGTCAACGGAGCG-CCAGCTACGTGTTATGGGCAGCGAAAGTACCAGAG 59 
GmsR27(nc095)      -ATGCATGTGCAGTCAGCGAGCTCCTGGAGATCGTGTTAGGCCATGCGATAGGCGCCAAG 59 
                       **     ***** **             ******* *    **** **   *  ** 
 
GlsR27             CCAAAGAGTTCCTCT---GATCGCCTGGCCGGAGCACATTTGTG--------ATCTCCTA 108 
GmsR27(nc095)      CCGCCCGGGTCTTCCGGGAATGGTGAGGCTCGCGG-TATCTCGAAGCCCGAGTGCCGCCA 118 
                   **     * ** **     ** *   ***  * *   ** *             *  * * 
 
GlsR27             TACCTT 114 
GmsR27(nc095)      CACCTT 124 
                    ***** 
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Candidate16         AGATCAAAAGCAAGGCTAGAGCCATGGAGCGCGGATCTGCGCTCTGCCAGATACGCCGAC 60
GmCan16(nc036)      -----------CCTGCCACGACGGCCGAGACCGGATCGTGCCTCGCGCAC------GGCC 43
                                  ** *   *    ***  ******    ***   **        * *

Candidate16         AGAAAGCACCAAGGAAGGATGT-GGATCTCCATGTCTGCCGTGTGCGCGCATATCCTT-- 117
GmCan16(nc036)      TGCGCCCGTCTAGGAAGGGGGCCGTCTGACGACTCCTGCCAACGACGCAGACAGCCTCCA 103
                     *    *  * *******  *  *  *  * *   *****     ***  * * ***   

Candidate16         ------------- 117
GmCan16(nc036)      ATCAACTTCCCTT 116

Figure A.1.1. Most snoRNA homologs from Giardia muris and Giardia lamblia diverge 
significantly outside of guide regions. Pairwise alignments of homologous snoRNAs 
from G. lamblia (Gl) and G. muris (Gm). Candidate# labels are G. lamblia homologs. For 

-
sense element guide regions that pair to target RNAs are underlined. For H/ACA snoRNAs 
H box and ACA elements are highlighted in yellow where present and both sides of the 
bipartite guide regions that base-pair to rRNA are underlined. For both RNA classes the G. 
muris GeneID (nc#) for putative ncRNAs used during our analysis are indicated following 
the name of the snoRNA (These correspond to GeneID numbers found in Supplemental 
File 1). 

Figure A.1.2. Predicted base-pairing of G. muris C/D snoRNAs to RNA targets.
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Figure A.1.2. Predicted base-pairing of G. muris C/D snoRNAs to RNA targets. Base-
pairing predictions for C/D snoRNAs GmsR14 (A) GmsR13 (B) that are not conserved in 
G. lamblia. The GmsR14 targeting uses an anti-sense element upstream of a 

(C) 
Conserved base-pairing for the three unique targets for GmsR8 and GlsR8 snoRNAs in 
their respective species rRNAs. Target rRNA nucleotides are underlined and indicated by 
a line connected to a •. 
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Figure A.1.3. G. muris H/ACA snoRNA candidates form conserved dual hairpin 
structures
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Figure A.1.3. G. muris H/ACA snoRNA candidates form conserved dual hairpin 
structures. Secondary structure predictions for newly identified H/ACA snoRNAs from 
G. muris. Predicted using MFOLD webserver and manual curation. Nucleotides that are 
part of the H box and ACA sequences are in red.  

 

18S rRNA alignment 
Gmuris_18SrRNA         CAUCCGGUUGAUCCUGCCG-GAGUACUACGCUACCCCCAAGGACAAAAGCCAUGCAAGCG 59 
Gutheta_nucleo_18S     -ACCUGGUUGAUCCUGCCAGUAGUCAUAUGCUUGUCUUAAGGAUU-AAGCCAUGCAUGUC 58 
                        * * *************   ***  ** ***   *  *****   ********** *   
 
Gmuris_18SrRNA         ------GACACGAG------GUAUGAAGUGGCGGACGGCUCGGUACAACGGUACGAGUCU 107 
Gutheta_nucleo_18S     UCAGUACAAACAAGAUUGUACCGUGAAACUGCGAAUGGCUCAAUACAACAGUUAUAGUUU 118 
                              * ** **         ****   *** * *****  ****** **   *** * 
 
Gmuris_18SrRNA         GACCGGGGGUGA-AGGCUAGACGGAUACCGCUGGCAA-CCCAGCGCCAAGACG------- 158 
Gutheta_nucleo_18S     AUUUGAUCGUGCGGGGCUACGUGGAUAACCGUAGGAAUUCUAGAGCUAAUACAUGCACCA 178 
                           *   ***   *****   ***** *  * * **  * ** ** ** **         
 
Gmuris_18SrRNA         ------------------------------------------------------------ 158 
Gutheta_nucleo_18S     UCGCUGUCAGGGACGGUCUAUACCGAGAACGCCUUUCAUCUGUAGGGCGUUCUCUGACGA 238 
                                                                                    
 
Gmuris_18SrRNA         ----------------------AGUGCUCA---AGAGCGGGGAAG------G-------- 179 
Gutheta_nucleo_18S     ACCGGUGCCCGUGUUUUUUGGCUGUGCUCAUCCUGAGAGGAGAUGUACAACGAAAAGGUU 298 
                                              *******    *** ** ** *      *         
 
Gmuris_18SrRNA         ------------------------------------------------------------ 179 
Gutheta_nucleo_18S     GAGCCACCAAGGUCGUUUUCUAAACUUCGUUGGGCAUUGAUUCGUCAACCCUUACCUGCA 358 
                                                                                    
 
Gmuris_18SrRNA         -------------------AAAGCACG------------CGAUG---GAGCGAAUGCCCG 205 
Gutheta_nucleo_18S     GCGGGAUUUAUUAGAUCAAAAACCAAUCGCAUCUCCCUUCCAUGGGCGAGUGCGUGGCGG 418 
                                          *** **              * ***   *** *  ** * * 
 
Gmuris_18SrRNA         GAUGA------------------------------------------------------- 210 
Gutheta_nucleo_18S     GAUGAAUCAUAAUAACUUUUUUUUUUUUUUUUUUCCGAACCGUAUGGCUUCCAAUUCUCA 478 
                       *****                                                        
 
Gmuris_18SrRNA         ----------------------GGUUCCGAGGUAUUACC--UAGUCGGUAGAGUAGUGGU 246 
Gutheta_nucleo_18S     UGGCCGGCGGUAAAUCAUUCAAAUUUCUGCCCUAUCAACUUUCGAUGGUUGGGUAGUGGC 538 
                                               *** *   *** * *  * *  *** * *******  
 
Gmuris_18SrRNA         CUACGGAGGGGAUGAUGCCUGGCGGAGGAUCAGGGUUUGACUCCGGAGAACGGGCCUGAG 306 
Gutheta_nucleo_18S     CAACCAUGGUGUUGACGGGU-ACGGGGAAUUAGGGUUCGAUUCCGGAGAGGGAGCCUGAG 597 
                       * **   ** * *** *  *  *** * ** ****** ** ********  * ******* 
 
Gmuris_18SrRNA         AGACGGCCCGUACAUCCAAGGACGGCAGCAGGCGCGGAACUUGCCCAAUGCGUGAAGGCG 366 
Gutheta_nucleo_18S     AGAUGGCUACCACAUCCAAGGAAGGCAGCAGGCGCGAAAAUUACCCAAUCC-UGAUUCAG 656 
                       *** ***    *********** ************* ** ** ****** * ***    * 
 
Gmuris_18SrRNA         UGAGGCAGCAACGGGGGAUCCC-------------AUGAA--------AUGGGAAGACUG 405 
Gutheta_nucleo_18S     GGAGGUAGCGACAAGAAAUAACGGUAGUGGACUCGUUCGAGUCUGCUCAUCGGAA---U- 712 
                        **** *** **  *  **  *              *  *        ** ****   *  
 
Gmuris_18SrRNA         GGGGGUAGAUGACCCC--------AGCA-CAAGUCGAGGGAAAGGUCUGGUGCCAGCAGC 456 
Gutheta_nucleo_18S     GAGGAUAGUUUACACCCCUUCUCGAGGAUCCAUUGGAGG-GCAAGUCUGGUGCCAGCAGC 771 
                       * ** *** * ** **        ** * * * * ****   * **************** 
 
Gmuris_18SrRNA         CGCGGUAAUUCCAGCUCGGCAGGCGUCGUACGGCGCUGUUGCAGUUAAAACGUCCGGAGU 516 
Gutheta_nucleo_18S     CGCGGUAACUCCAGCUCCAAUAGCGUAUACUAAAGUUGCUGCAGUUAAAAAGCUCGUAGU 831 
                       ******** ********     ****        * ** *********** *  ** *** 
 
Gmuris_18SrRNA         CGAGACGUCCAGCCGGGAGGAAAGAGGAGCGCU-----------UAAG-----GC----- 555 
Gutheta_nucleo_18S     CGAAUUGGAUCAUAGAGAGGAGAGUCGCGCGCACUCCCUCUGGUUGAGUGGACGCGCGCG 891 
                       ***   *       * ***** **  * ****            * **     **      
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Gmuris_18SrRNA         -----------------------GGGAGUGAGU---ACGAGAAAGCC------------- 576 
Gutheta_nucleo_18S     CUCUUUCUGUGAUCAACCUUUCUGGGAGGGUCUCUGAAGAGGAUGCCUCUGUAUUCAGAC 951 
                                              ***** *  *   * *** * ***              
 
Gmuris_18SrRNA         -----CGGGACGGACAUGAAGGU------------------------------------- 594 
Gutheta_nucleo_18S     CCCUCUUGGAUGUAUUUUACUGUGAACAAAAUAGAGUGUUCAUGGCAGGCCUUUUGAAUU 1011 
                              *** * *  * *  **                                      
 
Gmuris_18SrRNA         ------------------------------------------------------------ 594 
Gutheta_nucleo_18S     AGGCUUAGAUACCAUAGCAUGGAAUAAUAGAAUAGGACUUCCGGUUCUGUUUUGUUGGUU 1071 
                                                                                    
 
Gmuris_18SrRNA         --------------------------GAAUGGGUAAGGGCAUGUGUAUUGGUGGGGGACG 628 
Gutheta_nucleo_18S     UUUGGAGCCGAGGUAAUGAUUAACAGGGAUAGUUGGGGGCACCCGUACUCCGUUGUCAGA 1131 
                                                 * ** * *  *****   *** *     *  *   
 
Gmuris_18SrRNA         GGUGAAAUAGGAUGAUCCGACCAAGACAGACAAAGGCGUAGGCACUUGCCAAGACCAUAU 688 
Gutheta_nucleo_18S     GGUGAAAUUCAUGGAUUAACGGAAGACGAACAACUGCGAAAGCAUCUGCCAAGGAUGUUU 1191 
                       ********     ***      *****  ****  *** * ***  *******    * * 
 
Gmuris_18SrRNA         CAGUCGAACCAGGACGAAGCCCGGGGGCGAGAAGGCGAUUAGACACCACCGUAUUCCCGG 748 
Gutheta_nucleo_18S     UCAUUGAUCAAGAACGAAAGUUAGGGGAUCGAAGACGAUUAGAUACCGUCGUAGUCUUAA 1251 
                          * ** * ** *****     ****   **** ******** ***  **** **     
 
Gmuris_18SrRNA         GCGUAAACGAUGCCACCGAGAGACUGGCCAG-----------------GUCGUCAGGAUC 791 
Gutheta_nucleo_18S     CCAUAAACUAUGCCAACUGGGGAUUGGUAGAAGUACCAAAUAAACGACUCUAUCAGCACC 1311 
                        * ***** ****** *  * ** ***                         **** * * 
 
Gmuris_18SrRNA         -GAAGGGAAACCGAUCAGGGUACGGGCUCUGGGGGGAGUAUGGCCGCAAGGCUGGAACUU 850 
Gutheta_nucleo_18S     CUAAGAGAAAUCAA--AGUCUUUAGGUUCUGGGGGGAGUAUGGUCGCAAGGCUGAAACUU 1369 
                         *** **** * *  **  *   ** **************** ********** ***** 
 
Gmuris_18SrRNA         GAAGGCAUUGACGGAGGGGUACCACCAGACGUGGAGUCUGCGGCUCAAUUUGACUCAACG 910 
Gutheta_nucleo_18S     AAAGGAAUUGACGGAAGGGCACCACCAGGCGUGGAGCCUGCGGCUUAAUUUGACUCAACA 1429 
                        **** ********* *** ******** ******* ******** *************  
 
Gmuris_18SrRNA         CGA-ACACCUUACCAGGCCCAGACGUACGGAGGAUCGACG-GUUGAGAGGACCUUCGUGA 968 
Gutheta_nucleo_18S     CGGGGAACCUUACCAGGUCCGGACAUAGGGAGGAUUGACAGAUUGAGAGCUCUUUCUUGA 1489 
                       **    *********** ** *** ** ******* ***   *******  * *** *** 
 
Gmuris_18SrRNA         UCGUACGAGUGGUGGUGCAUGGCCGUUCACAGCCCGUGGCUUGAGCCGUCUGCUUGACUG 1028 
Gutheta_nucleo_18S     UUCUAUGGGUGGUGGUGCAUGGCCGUUCUUAGUUGGUGGAGUGAUUUGUCUGGUUAAUUC 1549 
                       *  ** * ********************  **   ****  ***   ***** ** * *  
 
Gmuris_18SrRNA         CGACAACGAGCGAGACCCUAACCUGGA---------------UGGGACCGCCA-----AU 1068 
Gutheta_nucleo_18S     CGUUAACGAGCGAGACCUUGACCUGCUAAUUAGCCCCGUCGGUGGCAACGCCUUCGUGAU 1609 
                       **  ************* * *****                 *** * ****      ** 
 
Gmuris_18SrRNA         GGUGA---------------------AU-------UGGAGGAAGGUGGGGCGAUAACAGG 1100 
Gutheta_nucleo_18S     GGCUUCUUAGAGGGACGAUCCGCGUUAUUAGUGGAUGGAGGA--AUGAGGCAAUAACAGG 1667 
                       **                        **       *******   ** *** ******** 
 
Gmuris_18SrRNA         UCUGUGAUGCCCUUAGACGCCCUGGGCUGCACGCGUACUACACUGUGGGG----AUGAAA 1156 
Gutheta_nucleo_18S     UCUGUGAUGCCCUUAGAUGUCCUGGGCCGCACGCGCGCUACAAUGGUGCAGACAAUGAGU 1727 
                       ***************** * ******* *******  ***** **  *      ****   
 
Gmuris_18SrRNA         CCACGUCG------------AGUUGUGAAGCUUGAUGAGAUCAAACCCCCACGUGGUUGG 1204 
Gutheta_nucleo_18S     GCUGCUCCUGGUCCGAAAGGAUUGGGGAAUCUUG-------GAAACUGCAUCGUGAUAGG 1780 
                        *   **             * * * *** ****        ****  *  **** * ** 
 
Gmuris_18SrRNA         GAUCGUGGACUGGAACG--UCCUCGUGAACCUGGAAUGUCUAGUAGGCGUAGGUCAUCAA 1262 
Gutheta_nucleo_18S     GAUAGAUGAUUGCAAUUUUUCAUCUUGAACGAGGAAUGCCUUGUAAGCGCGAGUCAUCAA 1840 
                       *** *  ** ** **    ** ** *****  ****** ** *** ***   ******** 
 
Gmuris_18SrRNA         UCUACGCCGGAUACGUCCCUGCCCCUUGUACACACCGCCCGUCGCUCCUACCGACUGGGU 1322 
Gutheta_nucleo_18S     CUCGCGCUGAAUACGUCCCUGCCCUUUGUACACACCGCCCGUCGCUCCUACCGAUUGGAU 1900 
                           *** * ************** ***************************** *** * 
 
Gmuris_18SrRNA         CUUCUGGCGAGCUCCUGGGAGGGAUGAACCGAACAGGGACGAAC---------------- 1366 
Gutheta_nucleo_18S     GGCCCGGUGAAAUGCUCGGACGAGUGUUCAGAGCCGCCACGAUCGUGGCGCUCUUCCUCG 1960 
                          * ** **  * ** *** *  **  * ** * *  **** *                 
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Gmuris_18SrRNA         -------CGCGAGGCU-------UGGAGGAAGGAGAAGUCGUAACAAGGUAUCCGUAGGU 1412 
Gutheta_nucleo_18S     GAAGUGCAGUGAGCCUUGUCAUCUAGAGGAAGGAGAAGUCGUAACAAGGUUUCCGUAGGU 2020 
                               * *** **       * ************************* ********* 
 
Gmuris_18SrRNA         GAACCUGCGGAUGGAUCCAUC 1433 
Gutheta_nucleo_18S     GAACCUGCGGAAGGAUCAUG- 2040 
                       *********** *****     

28S rRNA alignment 
Gmuris_28SrRNA         UCCCCCCCCACUCCGAUGAAGAUGACGGGUGGAACUUAAGCAUAUCAGUACGCCCAGGAG 60 
Gutheta_nucleo_28S     CACGGUCUCAGGUCGGGCGGGAAUACCCGUCGAACUUAAGCAUAUCAAUAGACGGAGGAA 60 
                         *   * **   **     **  **  ** **************** **  *  ****  
 
Gmuris_28SrRNA         AAGACACCAACCGGGAUUCCUUGAUUAGCGGCGAGCGAUCCAGGAGUAGUCCGACCUCG- 119 
Gutheta_nucleo_28S     AAGAAACUAACCAGGAUUCCCUUAGUAGCGGCGAGCGAAUCGGGAUCAGCUCAAGAUUUU 120 
                       **** ** **** ******* * * *************  * ***  **  * *  *    
 
Gmuris_28SrRNA         AAG------------CGAUGAG----CGUUGU----------------GAGGACUGGGGG 147 
Gutheta_nucleo_28S     AAUCGGCAGUGGUUCCUAUGAUCCACCGCUGAGAUGUAGUCCUAAGUGGCGCACUCGGGA 180 
                       **             * ****     ** **                 * * *** ***  
 
Gmuris_28SrRNA         GAUGUCCUAAACCCGAAGAUGGGUUGAAAC-CCACACCAAGGAGGGUGCCAGUCCCGUAG 206 
Gutheta_nucleo_28S     GAAGUGGUAUAUU--AAG-UCUUUUGGAACAAAGCGCCAUAGAGGGUGAUAGCCCCGUCU 237 
                       ** **  ** *    *** *   *** ***    * ***  *******  ** *****   
 
Gmuris_28SrRNA         GGAUGGACACAA-------------------------CCCCAACGACGAGUACCUCUGCU 241 
Gutheta_nucleo_28S     GUGUAUACCAAGUCGUCUGAGCCUCUCCCUGCCGAUGCGCCACUCGUGAGUCGGGUUGCU 297 
                       *  *  **  *                          * ***     ****     **** 
 
Gmuris_28SrRNA         UGAGAGUGUAGAGGGAAGAGGAGGUGGUACCCU---UCUAAGGCUAAAUACCGCCCCGAG 298 
Gutheta_nucleo_28S     UGGGAGUGCAGCCUAAAUAG--GGUGGUAUACUUCAUCCAAAGCUAAAUAUGGACAGGAG 355 
                       ** ***** **    ** **  *******  **   ** ** ********  * *  *** 
 
Gmuris_28SrRNA         ACCGAUAGAGGACCAAGUAGUGCGAACGAAAGGUGAGAAGGAUGCCGA------------ 346 
Gutheta_nucleo_28S     ACCGAUAGCG-AACAAGUACCGCGAGGGAAAGAUGAAAAGAACUUUGGAAAGAGAGUGAA 414 
                       ******** * * ******  ****  ***** *** *** *    *              
 
Gmuris_28SrRNA         ------------CCC--------------------------AGGCACGUCAAAAGACCCU 368 
Gutheta_nucleo_28S     AUAGUGCUUGAAACCAUUGGGGGGAAAGCGAAUGGAGCUUCCGUAAUAUCGAAGGAUCUC 474 
                                    **                           *  *  ** ** ** *   
 
Gmuris_28SrRNA         GAACCCG-------------------------------------------G--------- 376 
Gutheta_nucleo_28S     GAGCCAGCGCUUUGGUUGGAUCUGGUGUAAUGACUUCGAUGAUGCGUCCGUGAGUUUUUU 534 
                       ** ** *                                                      
 
Gmuris_28SrRNA         ----------------------------------------------------------GA 378 
Gutheta_nucleo_28S     CCCUUCUCGUGCGUGCGUUGAACACAACGAAAGAAUUCACUGGCUUCUUCCUCCGUGUGA 594 
                                                                                 ** 
 
Gmuris_28SrRNA         GG---------------------------------------------CGA---------- 383 
Gutheta_nucleo_28S     GGCAGAAGCUUUGAGCUGGAGUCUUUCCUUUUUGUUGUUGUUGGAAUCGACACAGAAGGG 654 
                       **                                             ***           
 
Gmuris_28SrRNA         --------------------------CUCCCGACCUGUCGAU------------------ 399 
Gutheta_nucleo_28S     CUCUUCGUGAGAGUUUCGAUUUUUGUUUCUCCACCUCUCCCUUUUUUUUCCAAAGGUUGG 714 
                                                  ** * **** **  *                   
 
Gmuris_28SrRNA         ----------------------GA------UCGAUUGGUCGGGCCCGUCUCGAAACACGG 431 
Gutheta_nucleo_28S     UGGAGGUCCAAAGAUUGGCAAUGGACGUAGGGGCUUCCUUCGACCCGUCUUGAAACACGG 774 
                                             *         * **  *  * ******* ********* 
 
Gmuris_28SrRNA         ACCGAGGAGUUAGGACCGAUCGCGAGUCAUGUGGCAAA-----------------GGG-A 473 
Gutheta_nucleo_28S     ACCAAGGAGUCCGGUAUGAGCGCGAGUGCUCGGGAAAGUUACACCCAUGCGCGUAGCGAA 834 
                       *** ******  **   ** *******  *  ** **                  * * * 
 
Gmuris_28SrRNA         AGUCAAGACUU------------------------------------------------- 484 
Gutheta_nucleo_28S     AGCAAUGACUGGAAUCUGUUCAUCGAGAACGCUGAUAGACAUUUCCCUCGUUACGAGAGA 894 
                       **  * ****                                                   
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Gmuris_28SrRNA         --------------CAAGGGGCCCCUUACA--------------A--------------- 501 
Gutheta_nucleo_28S     UCUCUAGAGUCUUUCAAUCUUCUCCUUGAAUAGGUAGGUUCUUAAGGUGAGAAAUUUGGC 954 
                                     ***    * ****  *              *                
 
Gmuris_28SrRNA         -----------------------------------------GG---------------GC 505 
Gutheta_nucleo_28S     UAAGCUCCAUAUUGCAUCAUCGUCCAACCUAUCUGCCCUUAGGGUCGAUUGGCUUGUGAU 1014 
                                                                **                  
 
Gmuris_28SrRNA         AGAGCGAUCGGUCCUAGACCCGAAAGGUGGUGAUCUACACUUGACCAGGGUGAAGCCAGA 565 
Gutheta_nucleo_28S     UGAGCGCUCAUACUGGGACCCGAAAGAUGGUGAACUAUGCCUGAGCAGGAUGAAGCCAGA 1074 
                        ***** **   *   ********** ****** ***  * *** **** ********** 
 
Gmuris_28SrRNA         CGAAAGCCUGGUGGAGGCCCAUCCCGGUGCUGACGUGCAAAUCGCUCGGUCGAGUUGAGU 625 
Gutheta_nucleo_28S     GGAAACUCUGGUGGAGGUCCGAAGGCGUUCUGACGUGCAAAUCGAUGCUCAGACUUGGGU 1134 
                        ****  ********** **      ** *************** *     ** *** ** 
 
Gmuris_28SrRNA         GUAGGGGCGAAAGACUCAUCGAACCACCUGGUAGCUGGUUACCUCCGAAAUGUCUCCCAG 685 
Gutheta_nucleo_28S     AUAGGGGCGAAAGACCAAUCGAACCGUCUAGUAGCUGGUUCCCUCCGAAGUUUCCCUCAG 1194 
                        **************  ********  ** ********** ******** * ** * *** 
 
Gmuris_28SrRNA         GAUAGCCGACAUCAUGAACAGCUGCCCUAGGUAAGGC-CACGAUCGGUGGGAGUAGGGAG 744 
Gutheta_nucleo_28S     GAUAGCUGGAGCUG-UAGCAGUCUUAUCCGGUAAAGCGAAUGAUUAGAGGAAUCGGAGAG 1253 
                       ****** *        * ***        ***** **  * ***  * ** *   * *** 
 
Gmuris_28SrRNA         GU--CACUCCUUAUCCACCCCUCGAACCAUGAACAAGGGUGGAGCGGGGCCAACUUGUGU 802 
Gutheta_nucleo_28S     UCCAAACUCUUUGACCUAUUCUCAAACUUUAAACAGGUAAGG---------AAGUUGUGU 1304 
                            **** **  **    *** ***  * **** *   **         ** ****** 
 
Gmuris_28SrRNA         GGGCCCCCUCAACAG----------UGUUGA-UGUCGAGUGGGCCUCUCCUGGUAAGCAG 851 
Gutheta_nucleo_28S     UGCUUAGAUGAACACAGCUGGACGAUGGUUAGCUCUUAGUGGGCCAUUUUUGGUAAGCAG 1364 
                        *      * ****           ** * *      ********  *  ********** 
 
Gmuris_28SrRNA         GACGGGCAAGACGGGAUGAACCGACAGUCGGGGGAAGGUGUGGAAGUGUAUGCUCGAU-- 909 
Gutheta_nucleo_28S     AACUGGCGAUGCGGGAUGAACCGAGAGUGGUGUUAAGGCGCCCAACUACGCGCUCAUUAG 1424 
                        ** *** *  ************* *** * *  **** *   ** *    ****  *   
 
Gmuris_28SrRNA         ------CAAACGGUGUCCGUCGAUCGUGACAGCUGGAAGGUGGCCUUAACAGUAGGAAGC 963 
Gutheta_nucleo_28S     AUCCCAGGAAAGGUGUAGGUGCGUAUGGACAGCAGGACGGUGGUCAUGGAGGUCGACAUC 1484 
                               ** *****  **   *   ****** *** ***** * *    ** *  * * 
 
Gmuris_28SrRNA         CUCUAAGGAGUGUGUAACAACCCACCAGCCGAAUCGAGGGGCCCGGAAAAUGGAACACGC 1023 
Gutheta_nucleo_28S     CGCUAAGGAGUGUGUAACAACUCACCUGCCGAACGCAUCAGCCCUGAAAAUGGAUGGCGC 1544 
                       * ******************* **** ******   *   **** *********   *** 
 
Gmuris_28SrRNA         CGAAGCAUACGAUCGGAACCCGACCG---------AGAUGUGUCUC----GGGUAGGAGG 1070 
Gutheta_nucleo_28S     UCAAGCGCGUGGCCGAUACACCACCGCCGGCGUACAGAAUUUGCUCCGGUGUGUAGGAGG 1604 
                         ****    *  **  ** * ****         ***  *  ***    * ******** 
 
Gmuris_28SrRNA         UCGUCAUGA--UCGAGUCGAAGCCAU-GGGGUGACACGUGGUGGAUCGAGUCAUGAUUGC 1127 
Gutheta_nucleo_28S     GCGUCGUGCCUUUGCGUCGAAGCCUUUGGCGUGAGCCUUGGUGGAGC-AGGCUCGAGUGC 1663 
                        **** **   * * ********* * ** ****  * ******* * ** *  ** *** 
 
Gmuris_28SrRNA         UGAUCUCGGUAGUAGUAGCCAUUACUCC-------AUCUGGAGGCCUGACGUGGAGAUGG 1180 
Gutheta_nucleo_28S     AGAUCUUGGUGGUAGUAGCAAAAAUUCAAGCGAGAAUCUUGAGGACUGGAGUGGAGAAGG 1723 
                        ***** *** ******** *  * **        **** **** ***  ******* ** 
 
Gmuris_28SrRNA         GUUCCGUAUCC-CUGUCGAUCAGAUACGGGUGACACGAUCCUAAGUCCGAUGGUGUACGC 1239 
Gutheta_nucleo_28S     UUUCCAUGCAAACUGUG-UUUGAGCAUGGGUGAGUCGAUCCUAAGAGAA-UGGGUAAUUC 1781 
                        **** *     ****   *     * ******  **********     ***   *  * 
 
Gmuris_28SrRNA         CGUACCA-------UGGGGUCAUCCUCACAGGACGAUAGGGCUGACCGGUUAACAUCCCG 1292 
Gutheta_nucleo_28S     CGUUAGAGUUGUGCUUCGGGCAUGUUCCA---UCGA-AAGGGAAACGGGUUAAUAUUCCC 1837 
                       ***   *       *  ** ***  **      *** * **   ** ****** ** **  
 
Gmuris_28SrRNA         GUGGUAUGAUGGGGUCUUGG--UGACAUCCUUU---CACAACGGUACAUGAACGAAGCAC 1347 
Gutheta_nucleo_28S     GUACCAUGAUGCGGAGUUUAAGCGGCAACGCAAACGAUCUUGGGGACAUCGGUGUGGACA 1897 
                       **   ****** **  **     * ** *         *   ** ****    *  *    
Gmuris_28SrRNA         AUGGUGGGAGUCAUCCCGUCCUACCC--CAGUC----CCCCCAUGGCCAGUAGUACUUCA 1401 
Gutheta_nucleo_28S     CUGGAGAGAGUACUCUUUUC-UAAUUAACAGCACCAUCAACCAUGGA---------AUCA 1947 
                        *** * ****  **   ** **     ***      *  ******           *** 
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Gmuris_28SrRNA         GGUCGUGCAUG---------GCCAUGAUGGAUCACAUGUCCCUUCGGUC----------- 1441 
Gutheta_nucleo_28S     GGUUGUCUGGAGAAGUGGUGGUGUGUCUGGAAGAGCGGUGCCUUCGCGCAUCGUCUGGUU 2007 
                       *** **              *      ****  *   ** ******  *            
 
Gmuris_28SrRNA         -----------AUCCAUGAAACCCGU------------UGUGUCCCCCCCAUCCUGAUCG 1478 
Gutheta_nucleo_28S     AGUUCAUAACGAUCCUUGAAAACCCGAGGGAGAAAAUCUGACUCCCGC---GCAUGGUCG 2064 
                                  **** ***** **              **  **** *    * ** *** 
 
Gmuris_28SrRNA         UAC-CACAACCGCAACAGGACUCCAAGGUGAUCAGCCUCUAGGCGGGAGA-GACCAUGAC 1536 
Gutheta_nucleo_28S     UACCCAGAACCGCAUCAGGUCUCCAAGGUGAGUAGCCUCGAGUCGGUAGACGAAGGUAAG 2124 
                       *** ** ******* **** ***********  ****** ** *** *** **   * *  
 
Gmuris_28SrRNA         UCAGGGAAGUCGGCAAACUAGCUCCGUAACCUCGGGAGAAGGAGUGGCUCUGAUCGA--- 1593 
Gutheta_nucleo_28S     UAAGGGAAGUCGGCAAAAUGGAUCCGUAACUUCGGGACAAGGAUUGGCUCUAAGGGUUGA 2184 
                       * *************** * * ******** ****** ***** ******* *  *     
 
Gmuris_28SrRNA         ------------------------------------------------------------ 1593 
Gutheta_nucleo_28S     GCAUCGUCGCACGUUUCCUGCGGUUCUUGAGCGCGUGUUCGAGAGACUCGAUGCUCUCGA 2244 
                                                                                    
 
Gmuris_28SrRNA         ------------------------------------------------------------ 1593 
Gutheta_nucleo_28S     GUCUCUCCUCGGCUCAUACCAUGCUUCUUUGCAGGAGGCUAUAGAGAGAUAUAGGAGUUC 2304 
                                                                                    
 
Gmuris_28SrRNA         ------------------------------------------------------------ 1593 
Gutheta_nucleo_28S     UCGGAUCUUCCUCUUCCACUGAGAACCAUCUGAACUAUGGUGCACGAUUGUGAAUAAAAC 2364 
                                                                                    
 
Gmuris_28SrRNA         -------UCAGAACCGGCACGGACCGAGGGAUCCCGACUGUCUACUAACAACAUAGCGUC 1646 
Gutheta_nucleo_28S     AACCAGCUUAGAACUGGUACGGACAAGGGGAAUCCGACUGUUUAAUUAAAACAUAGCAUU 2424 
                              * ***** ** ******   ****  ******** ** * * ******** *  
 
Gmuris_28SrRNA         GUGCCAGUCG-UCAUGGAUGCGUACACGACGUGAUUUCUGCCCAGUGCCAUGACCGUCAC 1705 
Gutheta_nucleo_28S     GCGAUGGCCGGAAAUCGGUGUUGACGCAAUGUGAAUUCUGCCCAGUGCUCUGAAUGUUAA 2484 
                       * *   * **   ** * **   ** * * **** *************  ***  ** *  
 
Gmuris_28SrRNA         CAUGAAGAGGUUCAUCCAAGCCCUGGUAAACGGCGGGAGUAACUAUGACUCUCUUAAGGU 1765 
Gutheta_nucleo_28S     UGUGAAGAAAUUCAAGGAAGCGCGGGUAAACGGCGGGAGUAACUAUGACUCUCUUAAGGU 2544 
                         ******  ****   **** * ************************************ 
 
Gmuris_28SrRNA         AGCCAAAUGCCUCGUCGGGUAAUUUCCGACGUGCAUGAAUGGAUCAACGAGGAUCCCACU 1825 
Gutheta_nucleo_28S     AGCCAAAUGCCUCGUCAUCUAAUUAGUGACGCGCAUGAAUGGAUGAACGAGAUUCCCACU 2604 
                       ****************   *****   **** ************ ******  ******* 
 
Gmuris_28SrRNA         GUCCCAAGUCAUGCCUCCGUGAACCUACAGACCCGGGAACGGGCGGGUGUUGGUCGGCGG 1885 
Gutheta_nucleo_28S     GUCCCUACUUACCAUCUAGCGAAACCACAGCCAAGGGAACGGGCUUGGAAGAAUCAGCGG 2664 
                       ***** * * *       * *** * **** *  **********  *      ** **** 
 
Gmuris_28SrRNA         GGCAAGAAGACCCUUUUGAGCU-UGACUCCAAUCCGAUCCUGGGGGAUGGGAUCAUCGGU 1944 
Gutheta_nucleo_28S     GGAAAGAAGACCCUGUUGAGCUUUGACUCUAGUCUGGUUUUGUGGAAUGAGUCGAGAGGU 2724 
                       ** *********** ******* ****** * ** * *  ** ** *** *   *  *** 
 
Gmuris_28SrRNA         GCAGCAUACAGGGGAGG--CCGCUUCCAUGAGAUACCCUGACGUU-GUUCACCAUCCCAC 2001 
Gutheta_nucleo_28S     GUAGCAUAAGUGGGAGCUUCGGCAACAGUGAAAUACCACUACUCUUGGUC-UUUUUCCAC 2783 
                       * ******   *****   * **  *  *** *****   **  * * **    * **** 
 
Gmuris_28SrRNA         UCACCGACUUA------------------------------------------------- 2012 
Gutheta_nucleo_28S     UCACCCCGUUAGUCCGGAGGCGGCCUCGGUUGUUUACCUAGGCUCUCCUUUAUUGUUUGU 2843 
                       *****   ***                                                  
 
Gmuris_28SrRNA         ---------------------------------------CAUCG-------GCACACGGU 2026 
Gutheta_nucleo_28S     GUAAUCUGGGAGAACAUCUCCCUCUCGGGAAGUUUCUCCUACCGGUACGGAGGACAUAAC 2903 
                                                               * **       * ***     
 
Gmuris_28SrRNA         CGGAUGGGGAGUUUGGCUGGGGCGGCGCGCCUGCUAGAUCACACCGCAGGCGUCCUAUGG 2086 
Gutheta_nucleo_28S     CAGGUGGGGAGUUUGGCUGGGGCGGCACAUCUGCUAAAAGAUAACGCAGGUGUCCUAAGA 2963 
                       * * ********************** *  ****** *  * * ****** ****** *  
 
Gmuris_28SrRNA         UAAGCUCAGUGAGGUCGGAAACCUCACGUGGAGCAUAAGGGCAUAAGCUUACUUGACUAG 2146 
Gutheta_nucleo_28S     UGAGCUCAGUGAGAACAGCAAUCUCAUGUGGAGUAGAAGGGCAAAAGCUCAUUUGAUUUG 3023 
                       * ***********  * * ** **** ****** * ******* ***** * **** * * 
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Gmuris_28SrRNA         UACCCCCUGUCCCGGUACUUGCCGUGAAAGCGUGGCCUAACGAUCCUUCAACCGCUCCGG 2206 
Gutheta_nucleo_28S     GAUUUUCAGUACGAAUACAAACUGUGAAAGCAUGGCCUAUCGAUCCUUUACGACUUC--G 3081 
                        *    * ** *   ***   * ******** ******* ******** *     **  * 
 
Gmuris_28SrRNA         UAAUCCGAGCGUGGAGGUGACAGAAAAGUUACCACAGGGAUAACUGGCUUGUGGCCGCCA 2266 
Gutheta_nucleo_28S     AAGUAUGAAGCUAGAGGUGUCAGAAAAGUUACCACAGGGAUAACUGGCUUGUGGCAGCCG 3141 
                        * *  **   * ****** *********************************** ***  
 
Gmuris_28SrRNA         AGCGCCCAUAGCGACGUGGCUUUUUGAUCCUUCGAUGUCGGCUCUUCCUACCGUCCGCAU 2326 
Gutheta_nucleo_28S     AGCGUUCAUAGCGACGUUGCUUUUUGAUCCUUCGAUGUCGGCUCUUCCUAUCAUUGUGAA 3201 
                       ****  *********** ******************************** * *    *  
 
Gmuris_28SrRNA         GCAUCGGUGCGGAAGCGUCGGAUUGUUCACCCGU-CUAAGGGAUCGUGAGCUGGGUUUAG 2385 
Gutheta_nucleo_28S     GCAGAAUUCACAAAGCGUUGGAUUGUUCACCCACUGACAGGGAACGUGAGCUGGGUUUAG 3261 
                       ***    *    ****** *************      ***** **************** 
 
Gmuris_28SrRNA         ACCGUCGUGAGACAGGUUAGUUUUAUCCUACCGACCAUCUCC-AUGCGUCCAGUACGUCG 2444 
Gutheta_nucleo_28S     ACCGUCGUGAGACAGGUUAGUUUUACCCUACUGAUGACAGGUCGUCGUGAUAGUAAUUCA 3321 
                       ************************* ***** **  *       *      ****  **  
 
Gmuris_28SrRNA         GGUCAGUACGAGAGGAACACCCGUCGCGAGCCUCCGAUCUCCCGGUUGUUUGACUUGACA 2504 
Gutheta_nucleo_28S     GCUCAGUACGAGAGGAACCGUUGAU-------UCAGAUAAU-UGGUCUUGGCACUUGGCU 3373 
                       * ****************    *         ** ***     ***  *   ***** *  
 
Gmuris_28SrRNA         GU------GCCGGUCUGUC----GCGCUCGGGGGACUAGCACUGAACGCCUCUAAGUGUC 2554 
Gutheta_nucleo_28S     GAGAAGCUAUCGGUGCGGAGCUACCAUCUGUCGGAUUAUGGCUGAACGCCUCUAAGCCAG 3433 
                       *         ****  *       *    *  *** **   ***************     
 
Gmuris_28SrRNA         CAUCCCACCUACUCGCAUGGGUUGAGGGGCUUCCCCUCGAUUCGCC-------------- 2600 
Gutheta_nucleo_28S     AAGCCUUGCUAGAAACGACGAUAGACAAUC-UCUCCUGGUUUCGAUGUGAUAUCCACAGG 3492 
                        * **   ***    *   * * **    * ** *** * ****                 
 
Gmuris_28SrRNA         ----------------CGGGUUGACGACCCUUUUC---UCCGACCUACUGUACGGC-GUG 2640 
Gutheta_nucleo_28S     GCAUAGUGUAAGAGCAAUGGGGGUAAACCCUUUUGCUCUUGUGCCGAAUGUACCCGUGUC 3552 
                                         **  *   ********    *    ** * *****    **  
 
Gmuris_28SrRNA         GAGC------------UUCUUGCGACCGCCUGAGGUUUGGUUCGGGUUGGCAU---UC-- 2683 
Gutheta_nucleo_28S     AAUCAGAGUAACGGUGAGCGUGGGAGUGAGUGAUGACUCGUUGUGUAUAUCUUACUUCUU 3612 
                        * *              * ** **  *  *** *  * ***  *  *  * *   **   
 
Gmuris_28SrRNA         ------------------------------------------CCCCCGAG---------- 2691 
Gutheta_nucleo_28S     UUCGUUAAGAAUGGAGAGGACACAUCGUGUUUUCAGUAUAUCUCUACGAGGAUAAACGGG 3672 
                                                                  *  ****           
 
Gmuris_28SrRNA         ------------------------------------------------------------ 2691 
Gutheta_nucleo_28S     AGGGUACAAAGGGGUUGCUUUUUCCCUUUUUUUUUUUUAUCCCGCAGCCUCCUUCUUCCG 3732 
                                                                                    
 
Gmuris_28SrRNA         ------------------------------------------------------------ 2691 
Gutheta_nucleo_28S     UAUAACCCUCCGCGCGGAAAUCUAUCACGCUGUAGGUGGUUGCGCGUGAUGCCGGUGCAA 3792 
                                                                                    
 
Gmuris_28SrRNA         ------------------------------------------------------------ 2691 
Gutheta_nucleo_28S     CUCCUCUUUCUUUUGUUAUAGGUGGAGUUGUCUUUACAUCCUCAGUUUUGUUUUUCCUGA 3852 
                                                                                    
 
Gmuris_28SrRNA         ------------------------------------------------------------ 2691 
Gutheta_nucleo_28S     AGAGAAAGAAAAGGAAAGGGCGGGCCUGGAGAGGGAGAUCCCUUGUAGACGACUUGGGAG 3912 
                                                                                    
 
Gmuris_28SrRNA         ------------------------------------------------------------ 2691 
Guutheta_nucleo_28S     CGGGGACAGGUAUUGUAAGGAGUAGAGUAGCCUGGUUUUUUUUGCUACGAUCUCUUGAGA 3972 
                                                                                    
 
Gmuris_28SrRNA         --------------------------- 2691 
Gutheta_nucleo_28S     UUUAGCCUGAGCCACCCAGAUCUGUGU 3999 
 

Figure A.1.4. Conserved snoRNA guided modification sites in G. muris and the Gu. 
theta nucleomorph. 
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Figure A.1.4. Conserved snoRNA guided modification sites in G. muris and the Gu. 
theta nucleomorph. Large and small subunit rRNAs from G. muris and Gu. theta 
Nucleomorph aligned using ClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/). 

-O-methylation by snoRNAs are highlighted in 
yellow (Gu. theta nucleomorph) and green (G. muris). Green highlighted nucleotides are 
also targeted in a homologous position in G. lamblia, while the nucleotide highlighted in 
blue, guided by GmsR29, is not conserved in G. lamblia. * indicate identical nucleotides at 
that position. 

 
 
GmsR2        --GAGAAAAAGAAATGCGAGAACCCAATTGACTCGCAGGAGTGATGCTGACAAGGGATTT 58 
GtNM-R9      TTGCTATGATGATTTGC--------------TCCTCAACTGTTC-GCTTATAAATTC-TT 44 
               *  *  * **  ***                * **   **   *** * **     ** 
 
GmsR2        TACGTCCGCCGACGAACTGAGTGAGCATGATGCTTCCTTGGATGTCGAAGCTCCCCTT 116 
GtNM-R9      GAAAAATTCTACTATAAGAATTATTCGTAAGTAATCCTTGGATGTCTGAGCTTT---- 98 
              *      *      *   * *   * * *    ************  ****    
 
 
 
GmsR6         ---AAATATGATGAGCGTTGTTATCCCTGTCTGATATGTGACGAAAACGACTCCTGACCC 57 
GtNM-R10      GTGAAATTTTAATGATGTTGTTATCCCTGTATGAAATTTTGATTGTTCAAATCTGACTTA 60 
                 **** * *     ************** *** ** *        * * **        
 
GmsR6         TT- 59 
GtNM-R10      CTT 63 
               *  
 
 
 
GmsR7        ---GATGGTGATGACGAGCCTAATCAAC---CTGACTCCTGATGGTGTCATAGTTACTCG 54 
GtNM-R8      TCACATGATGACAACTAATTAAATGAAATTATTAATGACACTTAACCTCATAGTTACACT 60 
                 *** ***  ** *    *** **     * *   *   *    ********** *  
 
GmsR7        GAGCCCTCGCCTC 67 
GtNM-R8      GATTAA------- 66 
             **          

 

 
GmsR8         ACTGAATGATGACGGTTACCAGCTACCGCTGAGCCCAGCGTGATGAGCACAAACCACCTT 60 
GtNM-R13      TTTTAATGATTA--------------TTATTTGTGCTGAATTTCTTGAAATATTCATCTT 46 
                * ****** *                 *  *  * *  *     * *  *  ** *** 
 
GmsR8         TCGTCTGAGCCTT 73 
GtNM-R13      TCGAATGAATAAT 59 
              ***  ***    * 

 

 
GmsR29-m         TGCAATGACGATAACACCCAGCTCACTCTGAT-CATGATGAGGATGTGGTGTCTGAGC-- 57 
GtNM-R11         -ACAACTATGATG-TTCTTAGCTCACATTGATTAATGATTAAATCATATAAACTGAGCTT 58 
                   ***  * ***    *  *******  ****  ***** *     *     ******   
 
GmsR29-m         --------- 57 
GtNM-R11         TGTTAGTAT 67 
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Candidate13 and GtNM-R7 conserve their ASE guide sequence but are sufficiently 
divergent to not properly align this region 
GmCandidate13      GTGATGCGATGATTTCAACACACGACGGTCTTCTGAGTGAACAACAGCCTGC-TGACCCT 59 
GtNM-R7            -----------ATATAAATAAATGATGATAGTTTGACGGTCTAATGATATCAATGAAAAT 49 
                              ** * ** * * ** * *  * ***  *   **     *   ***   * 
 
GmCandidate13      GTGTTTGATGAGCCTT 75 
GtNM-R7            CAATTCACCTGAACT- 64 
                      **        **  

 
GmCandidate1      CGGTCGAGACGTGGAACGTGTCCGCCATGAAAAAAATGAGGACTCAACGCAGACCTGTGC 60 
GtNM-R12          -------------------------AATTAAAATTATGATTAT--AATGACGGTATCTGA 33 
                                            ** ****  ****  *   ** *  *   * **  
 
GmCandidate1      TGACCTTTGCCTGATGACGCGTTGTACTGACCTT- 94 
GtNM-R12          AGTAATATGATAATAACAGACCTATAATGATTTAT 68 
                   *   * **         *   * ** ***  *   

 

Figure A.1.5. G. muris and Gu. theta nucleomorph C/D snoRNAs share little conserved 
sequence outside of their guide elements. Pairwise alignment of C/D snoRNAs from G. 
muris (Gm) and the Gu. theta nucleomorph (GtNM) aligned using ClustalOmega 
(https://www.ebi.ac.uk/Tools/msa/clustalo/). Anti-sense guide regions that base-pair to 
rRNA sites are underlined for each snoRNA. * indicates identical nucleotides at that 
position.  
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Figure A.1.6. G. muris and the Gu. theta nucleomorph snoRNAs target homologous 
positions to human snoRNAs in functionally important regions of the rRNA.
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Figure A.1.6. G. muris and the Gu. theta nucleomorph snoRNAs target homologous 
positions to human snoRNAs in functionally important regions of the rRNA.
Secondary structures of human 18S (A) and 28S (B) rRNAs. S -O-
methylations in G. muris and Gu. theta nucleomorph were mapped onto the human
structure based on sequence alignments with human rRNAs. (C) An enhanced view of three 
functionally important regions of the rRNA containing conserved modifications in humans, 
G. muris, and Gu. theta, and boxed in (A) and (B), rRNA region names labeled in purple.
Nucleotides boxed in blue are homologous to the nucleotides targeted by snoRNAs in all 3 
species G. muris, Gu. theta nucleomorph, and human, nucleotides boxed in yellow are 
targeted by snoRNAs in Gu. theta nucleomorphs and humans, and those boxed in green are 
targeted by snoRNAs in G. muris and humans. Modification sites are labeled with the name 
of the human snoRNA targeting that position. Human rRNA structures were obtained from 
RNA Central (https://rnacentral.org/), green nucleotides indicate those modified compared 
to the template in RNA Central, red are inserted nucleotides, and blue are repositioned 
compared to the template in RNA Central.   

A

B
GmsR15               ------------------------------------------------------------ 0
GmRNaseP_GmsR15      AGAAAAAAGTAAGAGAGACGCTTCAGACTGTGGTCTGGGGAAGGTCCAAGGGCAAGCTCG 60
GmRNaseP             AGAAAAAAGTAAGAGAGACGCTTCAGACTGTGGTCTGGGGAAGGTCCAAGGGCAAGCTCG 60
                                                                                 

GmsR15               ------------------------------------------------------------ 0
GmRNaseP_GmsR15      CGAGGAGAGGCGTGGAAGCGCCAGGGCCAGACCAGAAACGCATGCCCGGGGGATCGCGAG 120
GmRNaseP             CGAGGAGAGGCGTGGAAGCGCCAGGGCCAGACCAGAAACGCATGCCCGGGGGATCGCGAG 120
                                                                                 

GmsR15               ------------------------------------------------------------ 0
GmRNaseP_GmsR15      ACTCTATGAGTAGCGGCCGAGGCATCTGGAAGCGGCCTGCCGTCGTCCGTTCAGTTCGAT 180
GmRNaseP             ACTCTATGAGTAGCGGCCGAGGCATCTGGAAGCGGCCTGCCGTCGTCCGTTCAGTTCGAT 180
                                                                                 

GmsR15               ---------------------------------------------ACTCCTTACTTTCTC 15
GmRNaseP_GmsR15      GCGTCTACCCCCTTTCCATATGGAAGAGGGACCTCAATTTGGACTACTCCTTACTTTCTC 240
GmRNaseP             GCGTCTACCCCCTTTCCATATGGAAGAGGGACCTCAATTTGGACTACTCCTTACTTTCTC 240
                                                                  ***************

GmsR15               AAACGATGATGATTCTCTATAACTACGGCTATGTGCACCGTGAAGGGTGTGTGCCGATGG 75
GmRNaseP_GmsR15      AAACGATGATGATTCTCTATAACTACGGCTATGTGCACCGTGAAGGGTGTGTGCCGATGG 300
GmRNaseP             A----------------------------------------------------------- 241
                     *                                                           

GmsR15               CTTATGAGATCTGACCCTT 94
GmRNaseP_GmsR15      CTTATGAGATCTGACCCTT 319
GmRNaseP             ------------------- 241

Figure A.1.7. The mature form of RNase P-GlsR15 is a single transcript and is 
conserved in G. muris.                        
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Figure A.1.7. The mature form of RNase P–GlsR15 is a single transcript and is 
conserved in G. muris. (A)

G. lamblia WB genome. The previously 
proposed overlap between RNase P and GlsR15 is highlighted in green with the previously 

Met is 
underlined and the D box element is highlighted in purple. (B) Alignment of the complete 
coding sequence for the genomic region containing RNase P and GmsR15 from G. muris. 
* indicate the region overlapping sequence between the two genes, showing they “overlap”
in the same manner as the G. lamblia genes. 

Figure A.1.8. GlsR1 lacks many key features of U3 snoRNAs. MFOLD predicted G. 
lamblia GlsR1 snoRNA secondary structure (A) and experimentally determined S. 
cerevisiae U3 secondary structure (B). Box elements are coloured corresponding to the 
colours found in Figure 2.5A for U3s. GlsR1 lacks most of the conserved features of U3 
snoRNAs found in other eukaryotes. 
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A

B

Figure A.1.9. Secondary structure predictions for metamonad U3 snoRNAs.
Secondary structures for the Giardia U3 snoRNAs (A) and other identified metamonad U3 
snoRNAs (B). Structures are based on MFOLD predictions and manual curation to pair the 
box elements. Conserved box elements are coloured following the colour scheme in Figure 
2.5A.
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Gl_U1      ACUUACCUCAAGGGUGGCGACGAGCCAGUGUUCGGGCCAGGCUGG-UGCUGCGCAUACCG 59 
Gm_U1      AC---------UGCCACAUACGAGCAAUUCUUCCGCA-ACGAUAAAAAGAUCGCAUUCGA 50 
           **          *      ****** * * *** *   * * *        ***** *   
 
Gl_U1      CGC-------UGGCACUGGUCACGGGGCAGUGCUCUCAGACCUGCUACCGUACCCUUUUA 112 
Gm_U1      AGCCAUGCGGAAUGCAUGGUCAAAG----GCGGUCUGAGACC--CUGGCGGACGCUUCGA 104 
            **             ******  *    * * *** *****  **  ** ** ***  * 
 
Gl_U1      AUUUU----------UCCUU 122 
Gm_U1      CUCGACGCCGUACACGCCUU 124 
            *              **** 

 
Gl_U2      UAAAUCAGAGUC-GGCUUCGACUUUAGUGUAGUUACUGUUU-CGUCGGCUUAACCGCCGA 58 
Gm_U2      -CAAUCAGAGCCUUGCUUUGACCU--GUGUAGUGAACGUUACCGCCGGCCCGACCGCUGG 57 
             ******** *  **** *** *  ******* *  ***  ** ****   ***** *  
 
Gl_U2      UCCACUACAUGCAAGGGGCAGCCGGGCUGUGAGGCAGCUGCCAGGAUGGUCCUGCCCUUG 118 
Gm_U2      CACCAUGCAAGGCAGGGGUGGCCCGACCGCGAGGCAGUCACCAGGAUGGUCCCGUCCAUG 117 
             *  * ** *  *****  *** * * * *******   ************ * ** ** 
 
Gl_U2      UCCCGGCUGGCGCCGUCCACCUU 141 
Gm_U2      UUCCGACAGGCGCCGUCCACCUU 140 
           * *** * *************** 

 
Gl_U4      GACUCUAGGCUGAAGCUGCCAAGGUGCGUGAUCC--CUCGGUGAUGCCUUGAGUGUUGCU 58 
Gm_U4      GACUCUAGACCGUAGCUGACAGACAACAUGACUCGGUUCGAGGAGUGUCUGGGUGUCGCU 60 
           ******** * * ***** **     * ***  *   ***  **     ** **** *** 
 
Gl_U4      UCACCAAAGAACAACCACACGGCA-CAGCCGAAUCUCUCAUU----- 99 
Gm_U4      UACGAUCAGAAGAACCACACGGCUUCUGCCGAAUUUCUCACUUCCUU 107 
           *      **** ***********  * ******* ***** *      

 
Gl_U5      AAAACAAAAUGGCUA---GCAACACGAGGAAACGAGUGUUUCGCCGGGCAUAACUGGGCA 57 
Gm_U5      ------AAAUGGCAUAUAGCGA-ACAAUUAA-AAAG--------------UCAGCGUUCU 38 
                 *******     ** * ** *  **   **              * *  *  *  
 
Gl_U5      UGCAUUUUCCUUGCCCAGUCUGCCUCCAUACUAAUUUCU--CCUU 100 
Gm_U5      UGUGUUUUCCUUGUACGCUC-----ACUCACCAAUUUCUGUCCUU 78 
           **  *********  *  **      *  ** *******  **** 

 
Gl_U6      GUGGUUAACAAAAACAGAGACAGUUAGCACCAGCUUCAGUCUAGAGUCGCUGGGGGACCU 60 
Gm_U6      GUGGUUAACAGAAACAGAGAAAGUCAGCACCAGCUUCGGUCUAGAGUCGCUGGGUUACCU 60 
           ********** ********* *** ************ ****************  **** 
 
Gl_U6      CUGGUUUCGCGGGAGCCCGUUGGCGCGUGCUUGCACCCCGCUCCUU 106 
Gm_U6      CUGGUUACGCG---------------GUGCUUGCAC--CGCUCCUU 89 
           ****** ****               **********  ******** 
 

Figure A.1.10. Comparison of snRNA sequences from G. muris and G. lamblia. 
Alignments of the G. lamblia (Gl) and G. muris (Gm) snRNA homologs done using 
ClustalOmega. The uridine rich loop I region of U5 is highlighted in yellow, the conserved 
U6 ‘ACAGAGA’ and ‘AGC’ triad are highlighted in green and blue respectively, and 
putative Sm binding sites in U4 and U5 are highlighted in purple. * indicate identical 
nucleotides at that position.  
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Figure A.1.11. Secondary structure predictions for Giardia U5 snRNAs. Comparison 
of the secondary structures of putative G. lamblia and G. muris U5 snRNAs based on 
MFOLD predictions. Sm binding sites are boxed and U rich loop I indicated. 
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Figure A.1.12. Alignment of telomerase RNAs (TER) from Giardia species. Alignment 
of telomerase RNA candidates from G. muris (Gm) and three G. lamblia (Gl) isolates: GS, 
WB, and P15, produced using ClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/). 
* indicate identical nucleotides at that position for all TERs. The template guide sequence 
is highlighted in yellow. 

Figure A.1.13. G. muris 
G. muris ncRNAs and motif containing trans-

(Crooks et al., 2004). 

Figure A.1.14 Helix I base-pairing potential between U3 and the 18S rRNA is not 
conserved in all metamonads

Gm TER                           GAGAAAACAAAAGCCGCATCTCT-CGCTACCAGCCGGTGTGTCTCCCCATACCCTGCAC-
Gl GS TER                        -------AAAAAACTGCACCCTTGCGTCACCC-CTGGTGTGTTCTTTATTACCCTACTCT
Gl WB TER                       -------AAAAAACTGCACCCTTGTGTTACT--CTGGTGTGTTCTTTATTACCCTACTCT
Gl P15 TER                      -------AAAAAACTGCACCCTTGCGTTACT--CCGGTGTGTTCTTTATTACCCTACTCT
                                         **** * *** *  *  *  **   * *******       ****** * * 

Gm TER                           -------GCCCACCCACGGACAGTTCTCCTCGCAGGCGTCTCTGCCAAAGAAGCCTGCAC
Gl GS TER                        GTCTAGTGATCTCTCACCACCAGTTCTTCTCGCAGTGGTCTCTGTCAAAGACTGCCGCAT
Gl WB TER                       GTCTCGTGAACCCTCACCACCAGTTCTTCTCGCAGTGGTCTCTGTCAAAGACTGCCGCAC
Gl P15 TER                      GTCTCGTGAATTCTCACCACCAGTTCTTCTCGCAGTGGTCTCTGTCAAAGACTGCCGCAT
                                        *    * ***   ******* *******  ******* ******   * *** 

Gm TER                           GAAGCACCGGACGTGAGAGAGCAGGAT--CAACCGTGCGGCCCTT--------------
Gl GS TER                        GGTACACCAGAAGCAAGGGAA-AGGAACCCATCCACGCAGTCCTT--------------
Gl WB TER                       GGTACACCAGAAGCAAGGGGA-AGGATCCCATCCACGCAGTCCTT--------------
Gl P15 TER                      GGTACACCGGAAGCAAGGGGA-AGGATCCCATCCACGCAGTCCTT--------------
                                 *   **** ** *  ** *   ****   ** **  ** * ****     
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Figure A.1.14. Helix I base-pairing potential between U3 and the 18S rRNA is not 
conserved in all metamonads. Work preceding the yeast SSU processome cryo-EM 
structures predicted formation of helix I, which has since been determined not to form. • 
indicat
for each RNA are indicated. Regions targeted in the rRNA for the metamonads is based off 
sequence alignments with the S. cerevisiae rRNA. No plausible helix I base-pairing could 
be predicted for either Giardia U3, supporting the absence of this helix.  
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Appendix 2 – Supplementary Material for Chapter 3: 

 

Analysis of two Snu13p homologs and their associated complexes from the 
diplomonad Giardia lamblia 
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A 

 
B 

 
Figure A.2.1. Two Snu13p homologs are present in G. lamblia, G. muris and S. 
salmonicida. Multiple s -Snu13p (A) -Snu13p (B) protein 
sequences found in G. lamblia, G. muris and S. salmonicida. Residues previously 
determined to be at key positions involved in RNA binding in other species or that are 
highly conserved throughout eukaryotes or archaea are coloured. Red indicates the residue 
matches the general eukaryotic consensus, blue matches the archaeal consensus and green 
diverges from the conserved identity observed for eukaryotes or archaea. * represents 
identical residues, : are residues with very similar biochemical properties and . indicates 
somewhat similar biochemical properties.  

 

S. salmonicida -Snu13p     --MDPRATPLATKNLEGQIYNLIETAQKQSSLKVGINEATKQAMRGQAALIIIAANASPL 58 
G. lamblia -Snu13p         MQIDPRAIPFANEELSLELLNLVKHGASLQAIKRGANEALKQVNRGKAELVIIAADADPI 60 
G. muris -Snu13p           -MVDPRATPFAPESLTVALLNATKQATSYQAVRRGANEALKQINRGRAALVLIAADAEPL 59 
                              :**** *:* :.*   : *  : . . .::: * *** **  **:* *::***:*.*: 
 
S. salmonicida -Snu13p     EVALALPLVCEDKGIPYVFVSEQEGIGRAAQVSRSAGAVAILNSID-----VSAMLHQIE 113 
G. lamblia -Snu13p         EIVLHLPLACEDKGVPYVFIGSKNALGRACNVSVPTIVASI-GKHDALGNVVAEIVGKVE 119 
G. muris -Snu13p           EIVLNIPLVCEDRGVPYVFLGSKEALGRACGVSVPTVVASL-NKHDLLNSTLEELIGQIE 118 
                            *:.* :**.***:*:****:..::.:***. **  : ..:: .. *     :  :: ::* 
 
S. salmonicida -Snu13p     ML- 115 
G. lamblia -Snu13p         ALV 122 
G. muris -Snu13p           ALI 121 

S. salmonicida -Snu13p     MTD-SRITISAKSIQDDVLAIVKQAKTINRIARGINECTKQAAKSRTRLVVIAADAVPIE 59 
G. lamblia -Snu13p         MPDARAVPLASEAQSKRIYELVDLAKNSRSISRGMNEVTKALNKGKARLVVLSADALPLE 60 
G. muris -Snu13p           -MDPRAIPLANEKQVSRIYEMVMQAKGIRGSARGVNEVTKALNKGRARLVLIAADALPLE 59 
                              *   : :: :   . :  :*  **  .  :**:** **   *.::***:::***:*:* 
 
S. salmonicida -Snu13p     IALHLPELCEDKGIICVFVNSRVELGRACGLGRPAVACCIKNANKETPLDKKVAEVILKI 119 
G. lamblia -Snu13p         LVLHLPEVCEDKGIAYIFVPSRQELGRSVGISRQAVAVAIKAPRQGTALDDKLNIFLTEL 120 
G. muris -Snu13p           LVLHLPDVCEDKGVAYIFVPSRQELGKAAGLSRSCVAIAIKNPRSGTILEDKLNAFLMEL 119 
                            :.****::*****:  :** ** ***:: *:.* .** .**  .. * *:.*:  .: :: 
 
S. salmonicida -Snu13p     EM 121 
G. lamblia -Snu13p         GH 122 
G. muris -Snu13p           GH 121 
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Figure A.2.2. Diplomonad Snu13p homologs deviate from the general eukaryotic and 
archaeal consensus sequences at key residues. 

A. fulgidus L7Ae            ----------MYVRFEVPEDMQNEALILLEKVRESGKIKKGTNETTKAVERGMAKLVYIA 50 
S. solfataricus L7Ae        ---MNAMSKASYVKFEVPQDLADKVLEAVRKAKESGKIKKGTNETTKAVERGQAKLVIIA 57 
A. pernix L7Ae              ------MSKPIYVRFEVPEDLAEKAYEAVKRARETGRIKKGTNETTKAVERGLAKLVVIA 54 
P. furiosus L7Ae            ------MAKPSYVKFEVPKELAEKALQAVEIARDTGKIRKGTNETTKAVERGQAKLVIIA 54 
P. abyssii L7Ae             -MEGWMMAKPSYVKFEVPKELAEKALQAVEIARDTGKIRKGTNETTKAVERGQAKLVIIA 59 
S. salmonicida -Snu13p     -------MDPRATP-LATKNLEGQIYNLIETAQKQSSLKVGINEATKQAMRGQAALIIIA 52 
G. lamblia -Snu13p         -----MQIDPRAIP-FANEELSLELLNLVKHGASLQAIKRGANEALKQVNRGKAELVIIA 54 
G. muris -Snu13p           ------MVDPRATP-FAPESLTVALLNATKQATSYQAVRRGANEALKQINRGRAALVLIA 53 
T. thermophila Snu13p       -----MEISERATP-LADDTLSKELTNLVTSCSTQKQVKKGANEATKALNRGLAEIIIIA 54 
T. cruzi Snu13p             ---MTAEISEKAFP-LAGDRLTQTILDLVQEASNAKMIKKGANEATKALNRGIADLIVLA 56 
B. bovis Snu13p             --MTGEDNTSKAFP-LATEEMNSVLLDLVQQACNYKQLKKGANEATKSLNRGLAEIVVLA 57 
S. cerevisiae Snu13p        ----MSAPNPKAFP-LADAALTQQILDVVQQAANLRQLKKGANEATKTLNRGISEFIIMA 55 
C. albicans Snu13p          ----MSAPNPKAFP-LADSALTQQILDVVQQSQNLRQLKKGANEATKTLNRGISEFIIMA 55 
D. melanogaster Snu13p      ---MTEEVNPKAFP-LADAQLTAKIMNLLQQALNYNQLRKGANEATKTLNRGLADIVVLA 56 
Z. mays Snu13p              ---MESAVNPKAYP-LADAQLTIGIIDIIQQAANYKQLKKGANEATKTLNRGISEFVVMA 56 
B. mori Snu13p              MAETEAAVNPKAYP-LADAALTAKILNLVQQATNYKQLRKGANEATKTLNRGLSELIIMA 59 
H. sapiens Snu13p           --MTEADVNPKAYP-LADAHLTKKLLDLVQQSCNYKQLRKGANEATKTLNRGISEFIVMA 57 
M. musculus Snu13p          --MTEADVNPKAYP-LADAHLTKKLLDLVQQSCNYKQLRKGANEATKTLNRGISEFIVMA 57 
X. laevis Snu13p            --MTEPEVNPKAYP-LADAQLTKTLLDLVQQSANYKQLRKGANEATKTLNRGIAEFIVMA 57 
S. salmonicida -Snu13p     ------MTD-SRIT-ISAKSIQDDVLAIVKQAKTINRIARGINECTKQAAKSRTRLVVIA 52 
G. lamblia -Snu13p         ------MPDARAVP-LASEAQSKRIYELVDLAKNSRSISRGMNEVTKALNKGKARLVVLS 53 
G. muris -Snu13p           -------MDPRAIP-LANEKQVSRIYEMVMQAKGIRGSARGVNEVTKALNKGRARLVLIA 52 
                                                                    * **  *   :. : :: :: 
 
A. fulgidus L7Ae            EDVDPPEIVAHLPILCEEKNVPYIYVKSKNDLGRAVGIEVPCASAAIINEGDLRKELGS- 109 
S. solfataricus L7Ae        EDVQPEEIVAHLPLLCDEKKIPYVYVSSKKALGEACGLQVATASAAILEPGEAKDLVDE- 116 
A. pernix L7Ae              EDVDPPEIVMHLPLLCDEKKIPYVYVPSKKRLGEAAGIEVAAASVAIIEPGDAETLVRE- 113 
P. furiosus L7Ae            EDVDPEEIVAHLPPLCEEKEIPYIYVPSKKELGAAAGIEVAAASVAIIEPGKARDLVEE- 113 
P. abyssii L7Ae             EDVDPEEIVAHLPPLCEEKEIPYIYVPSKKELGAAAGIEVAAASVAIIEPGKARDLVEE- 118 
S. salmonicida -Snu13p     ANASPLEVALALPLVCEDKGIPYVFVSEQEGIGRAAQVSRSAGAVAILNSIDVSAMLHQ- 111 
G. lamblia -Snu13p         ADADPIEIVLHLPLACEDKGVPYVFIGSKNALGRACNVSVPTIVASIGKH-DA--LGNVV 111 
G. muris -Snu13p           ADAEPLEIVLNIPLVCEDRGVPYVFLGSKEALGRACGVSVPTVVASLNKH-DL--LNSTL 110 
T. thermophila Snu13p       ADTTPLEIVLHLPLLCEDKNVPYVFVSSKKDLGRACGTSRNVVAVAIVKN-DRSNQTEKI 113 
T. cruzi Snu13p             GDTNPIEILLHLPLLCEDKNVPYVFVPSKTALGRAAQVSRNAVALAILQS-ENSPVSAKV 115 
B. bovis Snu13p             ADAEPLEIILHLPLVCEDKNIPYIFVKSKIALGRACGVSRPVVSCAIISR-EGSPLNQQI 116 
S. cerevisiae Snu13p        ADCEPIEILLHLPLLCEDKNVPYVFVPSRVALGRACGVSRPVIAASITTN-DASAIKTQI 114 
C. albicans Snu13p          ADTEPIEILLHLPLLCEDKNVPYVFVSSKAALGRACGVSRPVIAASVTSN-DASSIKNQI 114 
D. melanogaster Snu13p      GDAEPIEILLHLPLLCEDKNVPYVFVRSKQALGRACGVSRPIVACSVTTN-EGSQLKSQI 115 
Z. mays Snu13p              ADTEPLEILLHLPLLAEDKNVPYVFVPSKQALGRACGVTRPVIACSVTSN-EGSQLKQQI 115 
B. mori Snu13p              ADAEPLEIVLHIPILCEDKNVPYVFVRSKQALGRACGVSRPIISCSITIN-EGSQLKPQI 118 
H. sapiens Snu13p           ADAEPLEIILHLPLLCEDKNVPYVFVRSKQALGRACGVSRPVIACSVTIK-EGSQLKQQI 116 
M .musculus Snu13p          ADAEPLEIILHLPLLCEDKNVPYVFVRSKQALGRACGVSRPVIACSVTIK-EGSQLKQQI 116 
X. laevis Snu13p            ADAEPLEIILHLPLLCEDKNVPYVFVRSKQALGRACGVSRPVIACSVTIK-EGSQLKPQI 116 
S. salmonicida -Snu13p     ADAVPIEIALHLPELCEDKGIICVFVNSRVELGRACGLGRPAVACCIKNANKETPLDKKV 112 
G. lamblia -Snu13p         ADALPLELVLHLPEVCEDKGIAYIFVPSRQELGRSVGISRQAVAVAIKAPRQGTALDDKL 113 
G. muris -Snu13p           ADALPLELVLHLPDVCEDKGVAYIFVPSRQELGKAAGLSRSCVAIAIKNPRSGTILEDKL 112 
                             :  * *:   :*  .::: :  ::: .:  :* :          .:    .         
 
A. fulgidus L7Ae            --LVEKIRGIRK---- 119 
S. solfataricus L7Ae        --IIKRVNEIKGKTSS 130 
A. pernix L7Ae              --IVEKVKELRAKAGV 127 
P. furiosus L7Ae            --IAMKVKELMK---- 123 
P. abyssii L7Ae             --IAMKVRELMK---- 128 
S. salmonicida -Snu13p     ------IEML------ 115 
G. lamblia -Snu13p         AEIVGKVEALV----- 122 
G. muris -Snu13p           EELIGQIEALI----- 121 
T. thermophila Snu13p       KNIKDKCERLFINA-- 127 
T. cruzi Snu13p             QAVKLEIERLL----- 126 
B. bovis Snu13p             VEAKDHIERLLV---- 128 
S. cerevisiae Snu13p        YAVKDKIETLLI---- 126 
C. albicans Snu13p          YGIKDKIETLLI---- 126 
D. melanogaster Snu13p      TSIQQEIERLLV---- 127 
Z. mays Snu13p              QGLKDSIEKLLI---- 127 
B. mori Snu13p              QTIQQEIERLLV---- 130 
H. sapiens Snu13p           QSIQQSIERLLV---- 128 
M. musculus Snu13p          QSIQQSIERLLV---- 128 
X. laevis Snu13p            QSVQQAIERLLV---- 128 
S. salmonicida -Snu13p     AEVILKIEM------- 121 
G. lamblia -Snu13p         NIFLTELGH------- 122 
G. muris -Snu13p           NAFLMELGH------- 121 
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Figure A.2.2. Diplomonad Snu13p homologs deviate from the general eukaryotic and 
archaeal consensus sequences at key residues. Eukaryotic Snu13p and archaeal L7Ae 
proteins used to generate the phylogenetic tree in Figure 3.2 were aligned using MUSCLE. 
Residues located at key positions for RNA binding or that are very highly conserved 
throughout eukaryotes and archaea are coloured. Red indicates the residue matches the
general eukaryotic consensus, blue matches the archaeal consensus and green diverges 
from the conserved identity in eukaryotes or archaea. * represents identical residues, : are 
residues with very similar biochemical properties and . indicates somewhat similar 
biochemical properties. 

Figure A.2.3. EMSA analysis of G. lamblia -Snu13p binding to the G. lamblia GlsR5
C/D snoRNA. The predicted secondary structure of GlsR5 (left) is displaced with K-turn 
and K-loop motifs indicated. EMSA displaying binding of GlsR5 by -Snu13p is also 
shown (right) with protein concentrations indicated at the top of each lane in μM. RNP 
indicates protein-RNA complexes, RNA indicates free RNA. 
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Figure A.2.4. Nop56-fibrillarin and Nop58-fibrillarin duplexes from G. lamblia
specifically bind C/D snoRNAs. EMSA analysis of Nop-fibrillarin complexes binding the 
C/D snoRNA GlsR5 or RNase P P12 K-turn (A) (C) show combinations
of Nop56-fibrillarin and Nop58-fibrillarin specifically recognize C/D snoRNAs. (A) and 
(B) show fibrillarin on its own does not bind any of the three RNAs. (D) Agarose EMSA 
showing that larger complexes observed for Nop-fibrillarin complexes (Figure 3.7) are not 
detected for Nop56-fibrillarin or Nop58-f -
fibrillarin and Nop58-fibrillarin are each present at the concentration indicated at the top of 
the lane - -Snu13p respectively at 1.5 μM 
concentration. R indicates an RNA only lane. Concentrations of fibrillarin protein in the 
lanes of (B) for each RNA are 0 nM, 500 nM, 1000 nM. All lanes for A-D contain 100 fmol 
of the respective labeled RNA transcript.
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Figure A.2.5. Nop56-fibrillarin and Nop58-fibrillarin bind to C/D snoRNAs more 
tightly than either Snu13p homolog. Native PAGE EMSA showing the binding of a 
combined Nop56-fibrillarin and Nop58-fibrillarin complex to the GlsR9 C/D snoRNA.  
Comparison of binding in AB (lanes 1-3) and MAB (lanes 4-6) buffers. Concentration of 
Nop-fibrillarin duplexes are indicated at the top of the lane

fied assembly buffer (containing 50 mM Arg and 50 mM Glu – See Methods: 
Chapter 3). Similar results are observed using each of the two duplexes on their own (data 
not shown).   
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A
Gl-NUFIP Full length
MSSELIPATVRRLTPQQREGGETWTSERKRNYPTARNKQEREDARRRLRESGAYTSPPETNRFKQGYTQR
MVERGRRSQVLLVEKPPSLMDRLLYASIHSTDSLVLEMLTFIRDSNWLEDE

Gl-
MSSELIPATVRRLTPQQREGGETWTSERKRNYPTARNKQEREDARRRLRESGAYTSPPETNRFKQGYTQR
MVERGRRSQVLLVEKPPSLMDRLLYASIHSTDSLVLE

B

Figure A.2.6. Truncated form a complex with either G. lamblia 
Snu13p homolog. (A) Sequences of the
homolog from G. lamblia. Residues highlighted in blue correspond to the residues found 
to be important for association with Snu13p in humans and yeast. (B) EMSA experiment 
examining G. lamblia - -Snu13p 
(lane 5), and Yeast Snu13p (lane 7). Lane 8 contains all core C/D snoRNP proteins 
including both Snu13p homologs to examine the affect of both homologs being present 
during complex formation. + and – indicate presence and absence of the protein 

- -Snu13p concentrations are 3 μM, Yeast Snu13p is 400 nM, 
Nop56-fibrillarin and Nop58-fibrillarin duplexes 
wherever present. Concentrations were selected to be near the KD of each protein binding 
to a C/D snoRNA or other comparable K-turn. 
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Figure A.2.7. RNA specifically precipitates with TAP tagged proteins and input 
libraries are consistent between transfected G. lamblia strains. (A) Urea PAGE gel 
analysis of a control RNA co-precipitation using wild-type G. lamblia WB C6 lysate. Lanes 
contain: pBR322 MspI ladder, RNA extracted from complete soluble cell extract (Sol), 
flowthrough from Strep-Tactin® resin purification (FT), wash 6 from purification (Wash 
6) and directly extracted from the resin following the final wash (Wild-type RNA). The 
length of key bands of pBR322 MspI ladder standard are indicated in nucleotides. (B)
Pearson correlation analysis of the mean RNA abundances in TPM from control input RNA 
libraries from - -Snu13p RNA co-precipitation 
experiments. Values are in transcripts per million (TPM) with R and p values indicated. 

A
>Candidate12

C D C D
CAACCCGATGACGAATAGCTGTCCTGGCGGAGGCGGTCATGACGACGAAGCC
ATCACGTAGGATCCCTT

B

Figure A.2.8. G. lamblia ncRNA Candidate 12 is a C/D snoRNA. (A) Sequence of the 
(B)

Predicted base-
element is boxed and predicted target nucleotide in the rRNA is indicated by a line 
connected to a •. 
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Ucp1            MPIIVKGAKLTDEFMASIKEVAGNVRELFS-RKFL-SNVRETEKGVEIPCGYHKFFSAIQ 58 
GMRT_12883      MPIVVHSAKLDSVRDKLV--------SICRSHDYQKPRIDQEGDDVVLRTGWRVILDSVK 52 
                ***:*:.*** .     :        .:   :.:   .: :  ..* :  *:: ::.::: 
 
Ucp1            EKHSNAELVS-----PDQIVLRQVFVERNKAFFARFKEQNAD-YLKSDKNALLVVSSAPD 112 
GMRT_12883      GAFPDNEVELTPLTKDAAMTISRDAAEKG---LRLFKEHEGESIMSSEEKTALFTFTAPL 109 
                  . : *:          :.: :  .*:.   :  ***::.:  :.*:::: *.. :**  
 
Ucp1            GIIDSEKVIAFLTKTFSKITPAKDHKFKITAKYQVLDAIREKVEADALKDGSGASVKDRC 172 
GMRT_12883      KFSGGEEAAGVLKSSVKKITIADNAKFRIFVRNSAYDPVSAVLERREVVDAKGTVITADI 169 
                 : ..*:. ..*..:..*** *.: **:* .: .. * :   :*   : *..*: :.    
 
Ucp1            A-MMAIRFVEGRA--PQRGTRVAVVVPVSDVEKIFNSLLADGY--FERVPSIKFINLEER 227 
GMRT_12883      AKVIRIRSSSKQENRLYLNFRYYVPIPGSTVQAVYDEFVKNPELVPGCCPRIKFMNPEKM 229 
                * :: **  . :      . *  * :* * *: :::.:: :        * ***:* *:  
 
Ucp1            RKRAQERRERLDSAGDGSAASDKKKKPSEAAGRAKDKAGTDKADQSGSQSRRGAQGDKQS 287 
GMRT_12883      KKNGKK-----------S-ASTKKRSPTQKPGAPVVS---DKKKDASKGAKKDSKPKSED 274 
                :*..::           * ** **:.*::  *    .   ** .::.. :::.:: ..:. 
 
Ucp1            STKKRAADGKRLPSFLKVANVPSGVTFDDIKGSLNENEHASILKAIAESHLQRPRRPDSS 347 
GMRT_12883      VSKKRTDKPARHPCTIKISSFPPGIAFDNIIAALTDQSSDA-KRMISESKT--RSSRDGL 331 
                 :***: .  * *. :*::..* *::**:* .:*.::.  :  : *:**:       *.  
 
Ucp1            VISFFCTEENGKILMEAFSNMDIDGSKLSVTLEEAR 383 
GMRT_12883      SANIFCSEENFSQLKTIFEALTINGSKLEIETKKD- 366 
                  .:**:*** . *   *. : *:****.:  ::   

Ucp2            MPIIIKGVKLTEEFTRTLKEIIKGVDGFRSPYLANKARETDKGVEIPCGYGKLLAAVRQK 60 
GMRT_15151      MPIVIRSMQLSEIRDCILEAC------KEQNYMNPRIKERDGDVIVCNGWKSIQEGIKSR 54 
                ***:*:.::*:*     *:         .. *:  : :* * .* :  *: .:  .::.: 
 
Ucp2            YPEA--DLLPLDQDEARKNCI---DRNVSIFTKFKEYNADYLKTSKNVIITVTSAPGEFM 115 
GMRT_15151      LPNATVDLVSLDIEDAKDIAREYNERRLAAFKKDIEGSAIPIDSPERHAICAITAPYMFS 114 
                 *:*  **: ** ::*:. .    :*.:: *.*  * .*  :.: :.  * . :**  *  
 
Ucp2            DPEKVVAFLTKTLSKITPAQDHKFKITAKYQVLDAIRGRINAGALKDASGSSVQGRCATM 175 
GMRT_15151      VKEKAVEFLIAAVSKITSCDSHKFKISIKRDTYKDVFDAIKADKIRDSTGATINGRSNVL 174 
                  **.* **  ::**** .:.*****: * :. . : . *:*. ::*::*::::**. .: 
 
Ucp2            GIRYVEG--RPPQRGTKVAVVVQSSEIEKLFAALSADNLFE-RVPAIRFINPEKRRKHIQ 232 
GMRT_15151      TIRPSKNKDRRPFLNARFHVVVSGKDILPIYEALSAVQIIPGCIVRVRFIDPESKKEHNK 234 
                 **  :.  * *  .::. ***...:*  :: **** :::   :  :***:**.:::* : 
 
Ucp2            ELRERVGSAGDGTLGTKNKQ---RRHQEAKGGVKKPGAKKATGIRVQLADDQKAAKPKK- 288 
GMRT_15151      RVSSKTGAATHSNKGKSGAPVVSDKKKDASKGAK------------------KDSKPKSE 276 
                .: .:.*:* ... *...      ::::*. *.*                  * :***.  
 
Ucp2            KQGKKVQSQKERLPCLLTIAGIPEALAFDDIKENLDKDEHADILKALAESRLRRPKQPNP 348 
GMRT_15151      DVSKKRTDKPARHPCTIKISSFPPGIAFDNIIAALTDQSS-DAKRMISESKTRSS--RDG 333 
                . .**  .:  * ** :.*:.:* .:***:*   * .:.  *  : ::**: *     :  
 
Ucp2            SEVSFYCTVENGKILRDAFGNMEINGAELRTTVSDVN 385 
GMRT_15151      LSANIFCSEENFSQLKTIFEALTINGSKLEIETKKD- 369 
                 ...::*: ** . *:  *  : ***::*.  ...   
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Figure A.2.9. Ucp protein sequences differ significantly between G. lamblia and G. 
muris. Pairwise sequence alignments of G. lamblia proteins Ucp1-3 with putative 
homologs from G. muris, where * represents identical residues, : are residues with very 
similar biochemical properties and . indicates somewhat similar biochemical properties. G. 
muris homologs are named as ID numbers from giardiadb (https://giardiadb.org/).

Figure A.2.10. Localization of ribosomal protein S4 and putative Bcd1 candidate in
G. lamblia. G. lamblia expression of TAP tagged S4 ribosomal protein (A) and putative 
C/D assembly factor protein Bcd1 (B) both show significant localization to both G. lamblia 
nuclei. Bcd1 also localizes throughout the cytoplasm. DNA is stained with DAPI and 
appears blue. The protein of interest is visualized via an Alexa Fluor™ 488 fluorophore 
conjugated antibody and appears in green. Cells were visualized using an Olympus 
Fluoview FV1200 confocal microscope using the FV10-ASW 4.2 software at 60X 
magnification.

Ucp3            MTQNYRIKQLEERVDFLQSLILQQAGQGPRASVKLANQATKEGVWYVFVKNLPDGLTWRE 60
GMRT_15799      MSENNSIKALEKRISQLEQCIFSKRKGGGMHGYMPI------NQAAILVKNLPVEIDHKQ 54
                *::*  ** **:*:. *:. *:.:   *   .          .   ::*****  :  ::

Ucp3            VQDEVFSLYKKSITRVTKIQETEWALRFKSREDAQNCANKYKNAKVNDHVIKCFVKLVQD 120
GMRT_15799      VREQVFACYTKSILYAESLGKGTWRVLFNSESVANQCLAKYRDARVNGIRIHCQLEGANG 114
                *:::**: *.***  . .: :  * : *:*.. *::*  **::*:**.  *:* :: .:.

Ucp3            EKELKVGSGLSTTFKKRRRIFKNNRNKEKSGSSETVKKY 159
GMRT_15799      NRNPRNTRSGD----KRPRSRRPN-----TATAE----- 139
                ::: :   . .    ** *  : *     :.::*     
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Table A.2.1. Categorization of proteins from a -Snu13p protein co-
precipitation experiment incubated with resin for 24 hours prior to elution.

A

B

C

Figure A.2.11. Sequence divergence between Snu13p homologs in different 
diplomonads and other eukaryotes. Pairwise sequence alignments of eukaryotic Snu13p 
homologs generated using ClustalOmega comparing H. sapien and Z. mays (A), G. lamblia 

-Snu13p and S. salmonicida -Snu13p (B), and H. sapien Snu13p and G. lamblia -
Snu13p (C). * represents identical residues, : are residues with very similar biochemical 
properties and . indicates somewhat similar biochemical properties.

H_sapiens_Snu13p      MTEADVNPKAYPLADAHLTKKLLDLVQQSCNYKQLRKGANEATKTLNRGISEFIVMAADA 60
Z_mays_Snu13p         -MESAVNPKAYPLADAQLTIGIIDIIQQAANYKQLKKGANEATKTLNRGISEFVVMAADT 59
                        *: ***********:**  ::*::**:.*****:*****************:*****:

H_sapiens_Snu13p      EPLEIILHLPLLCEDKNVPYVFVRSKQALGRACGVSRPVIACSVTIKEGSQLKQQIQSIQ 120
Z_mays_Snu13p         EPLEILLHLPLLAEDKNVPYVFVPSKQALGRACGVTRPVIACSVTSNEGSQLKQQIQGLK 119
                      *****:******.********** ***********:********* :**********.::

H_sapiens_Snu13p      QSIERLLV 128
Z_mays_Snu13p         DSIEKLLI 127
                      :***:**:

VKHGASLQAIKRGANEALKQVNRGKAELVIIAADADPI 60
--MDPRATPLATKNLEGQIYNLIETAQKQSSLKVGINEATKQAMRGQAALIIIAANASPL 58

                              :**** *:*.::*. :: **:: . . .::* * *** **. **:* *:****:*.*:

120
DVS----AMLHQIEM 114

                            *:.* ***.*****:****:..::.:***.:**  : ..:* :   :.     :: ::* 

122
- 115

                            * 

H_sapiens_Snu13p        MTEADVNPKAYPLADAHLTKKLLDLVQQSCNYKQLRKGANEATKTLNRGISEFIVMAADA 60
---MQIDPRAIPFANEELSLELLNLVKHGASLQAIKRGANEALKQVNRGKAELVIIAADA 57

                            :::*:* *:*: .*: :**:**::... : :::***** * :*** :*::::****

H_sapiens_Snu13p        EPLEIILHLPLLCEDKNVPYVFVRSKQALGRACGVSRPVIACSVTIKEGSQLKQQIQSIQ 120
--LGNVVAEIV 115

                        :*:**:***** ****.*****: **:******.** *.*..*:  ::.  * : : .* 

H_sapiens_Snu13p        QSIERLLV 128
- 122

                         .:* *: 
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Figure A.2.12. Tagged G. lamblia S4 rprotein sediments in glycerol gradients. Western 
blot analysis of cell lysate from G. lamblia cells expressing TAP tagged S4 rprotein 
resolved on a 10-30% glycerol gradient for 20h at 26,000 rpm. Pellet lanes contain 10 and 
30 μL of resuspended protein pellet that ran through the gradient. ‘17’ lanes contain 10 and 
30 μL of fraction 17, one of the lightest fractions, expected to contain free protein not found

-stained molecular weight protein reference 
standard. Western blot of all gradient fractions did not detect S4 in lighter fractions (data 
not shown). 

Figure A.2.13. Ucp3 co-precipitation enriches distinct RNAs. RNAs associated with 
Ucp3 were co-precipitated in the same manner as the Snu13p homologs. RNAs extracted 
from the complete soluble cell lysate (S), post purification flowthrough (FT), wash 8 of the 
purification (W8), and precipitated protein bound to resin following all washes (RIP) were 
resolved on a Urea PAGE gel to examine for
ladder. 
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Appendix 3 – Supplementary Material for Chapter 4: 

 

RNA-Seq employing a novel rRNA depletion strategy reveals a rich repertoire of 
snoRNAs in Euglena gracilis including box C/D and -guide RNAs targeting the 

modification of rRNA extremities. 
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a)

5 linker & 3 tail
gcugauggcgaugaaugaacacugcguuugcuggcuuugaugaaaCCAACACCCCGCCCAGACCAGGCU

GGAUCUGCGGCGAGUGUAAGUGUUCAGAGGUUAUGggg(N)

cDNA

ctcccgcttccagatctcgagc(15)g/a/tCATAACCTCTGAACACTTACACTCGCCGCAGATCCAGC
CTGGTCTGGGCGGGGTGTTGGtttcatcaaagccagcaaacgcagtgttcattcatcgccatcagc

Oligonucleotide design

ctcccgcttccagatctcgagc(15)g/a/tCATAACCTCTGAACACTTACACTCGCCGCAGATCCAGC

CTGGTCTGGGCGGGGTGTTGGtttcatcaaagccagcaaacgcagtgttcattcatcgccatcagc

b)

Figure A.3.1. Illustration of the oligo blocker strategy containing sequences and 
experimental results. a) After the 5 linker and 3 poly G tail are added to the RNA, it is 
reverse transcribed into cDNA. ‘Universal’ oligonucleotides that anneal to the linker and 
tail are used to amplify the cDNA products. A blocker oligonucleotide primer is designed 
to prevent extension of one of the universal oligos by annealing to the junction of the linker 
region of the cDNA and the rRNA species being targeted. Lower case letters represent 

tail), upper case letters represent 
rRNA LSU fragment 13, in this example.  Arrows indicate ‘universal’ oligonucleotides and 
the X-arrow represents the blocker oligonucleotide. b) Additional examples of primer 
blocking to reduce rRNA amplification during small RNA library preparation.
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Figure A.3.2. Identified E. gracilis box C/D snoRNAs and their predicted target sites 
in the rRNA for 2 -O-methylation events. The predicted base-pairing interaction between 
the snoRNA (top strand) and the target region in the rRNA (bottom strand) is depicted. 
Experimentally confirmed methylation sites (Schnare and Gray, 2011) are underlined and 
highlighted with a filled circle. 

E. gracilis 
LSU “fragment” species where the modification site resides is indicated in parentheses.  
Full-length snoRNA sequences are shown in Figure A.3.4. Eg-m121 is shown in Figure 
4.3.
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Figure A.3.3. Identified box AGAUGN snoRNAs and their predicted rRNA target 
sites for pseudouridine ( ) formation in E. gracilis. Bipartite base-pairing interactions 
of the snoRNA (top strand) and the region in the rRNA (bottom strand) are shown, with the 
intervening stem-loop structure within the snoRNA shown schematically. Experimentally 
confirmed pseudouridine sites are indicated as “ ” (Schnare and Gray, 2011). The AGA 
box element is highlighted and the number of nucleotides (N) to the base-paired region is 
indicated. E. gracilis LSU 
“fragment” species where the modification site resides is indicated in parentheses. Full-
length snoRNA sequences are shown in Figure A.3.4. Eg-p38 shown in Figure 4.3.
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Box C/D snoRNAs 

The 2 -O-methylated rRNA nucleotide targeted by each snoRNA is indicated in square 
brackets and, when applicable, the species of the large subunit rRNA where the 
modification resides is shown in parentheses. The nucleotides predicted to pair to the rRNA 
are underlined and the predicted box elements are shown in the following colors: C box, D  
box, C  box and D box (shown in 5  to 3  direction). When one or more isoforms of a 
snoRNA species has been identified, sequences are aligned and asterisks show positions of 
nucleotide identity. For Eg-m100 a 3   RACE experiment identified additional isoforms. 
 
Eg-m100 [LSU936 (5)]  
Eg-m100 TGGATGATGAATCCTTCTTGGTCCGTGTACTGATGTTTGATGACCGTATTTCTGACTG   
Eg-m100.1 --GATGATGAATCCTTCTTGGTCCGTGTACTGATGATTGATGACCGTATTTCTGACTG   3’RACE 
Eg-m100.2 --GATGATGAATCCTTCTTGGTCCGTGTACTGATGTTTGATGACCGTATTTCTGATT-   3’RACE 
            ********************************* ******************* * 
 
Eg-m101 [LSU2853 (8)]  
 TGGATGATGACTCCTTTGGATGACGTGCCGTGATCTGATTCTTGTTCCCTTGGTTGTCTGAC 
 
Eg-m102 [LSU2806 (8)]  
 CAGATGATGTTTTGTTCTCGTTGATCCACTGACGCCCTGCTGAGGCTACCATTTTCCTGACC 
 
Eg-m103 [LSU3187 (9)] 
 TTGATGATGAGCCCATTTTCTTTGCTGATCGCCAATATGCTGACAAATGTCCCAGCCAATCTGAGG 
 
Eg-m104 [SSU1037] 
Eg-m104   GCCATGATGCACT-GAACACTGAGTTTTCTGAAT--CTTGAAGTCAATCCTCTCCTGAG  
Eg-m104.1 TTCATGATGCTTTCAAACACTGAGTTTTCTGATTGTCATGAAGTCAAAGCTTTCCTGA-  
            ********  *  ***************** *  * *********  ** ******  
 
Eg-m105 [LSU1502 (6)] 
 AACGTGATGAAGTCTCAATCAGCACTGCTTCTGACATTTGATGATTCAAACAGCTGACA 
 
Eg-m106 [LSU39 (1)] Eg-m106.2 D box [LSU2981 (9]?  
Eg-m106   CAAGTGATGTCATGCTTTGTGTCCTTCCCCTGACCACTGATGCCGCTCTGTCTGTAGCTGATT  
Eg-m106.1 -CCGTGATGTCATGTTTTGTGTCCTTCCCCTGACCGATGATGTTGCTCTTTCTGCAGCTGATC 
Eg-m106.2 GGCATGATGGCATGCTTTGTGTCCTTCCACTGACTGGTGATGTTGTTTTTTCTGCAGCTGATT 
              ***** **** ************* *****   *****  * * * **** ******* 
 
 
Eg-m107 [LSU3315 (9)] 
Eg-m107 ACAAGGATGTCTGGATTAAGCACGTTTCGGCTGACGGCCTTGGGTGATTTCAGCTCCACCGCTGAGT 
Eg-m107 ----GGATGTCTGGATTAAGCACGTTTCGGCTGACGGCCTTGGGTGATTTCAGCTCCACCGCTGA-- 
              ************************************************************* 
 
Eg-m108 [LSU1039 (5)] 
Eg-m108   GCTGTGATGC--GTTGTTCCATGCACCTGACACTGCGTGATGCGCTTTTCTGGTCTGAT 
Eg-m108   GCTGTGATGC--GTTGTTCCATGCACCTGACACTGCGTGATGCGCTTTTCTGGTCTGA-  
Eg-m108.1 GCTATGATGTTTGTTGTTCCATGCAACTGATATTG-GTGATGCGGTTTTCTGGTCTGA-  
          *** *****   ************* **** * ** ******** ************* 
 
Eg-m109 [LSU1608 (6)]  
Eg-m109   TGCAGGATGACACCATTTCATGGCCACCTCTGATTGCCATGCTGAGGCCCCTTTCTGCTATCCCAACTCTGAGG  
Eg-m109.1 TGCAGGATGACACCATTTCATGGCCACCTCTGATTGCCATGCTGAGGCCCCTTTCTGCTATCCCAACGCTGAGG  
          ******************************************************************* ****** 
 
 
Eg-m110 [LSU1819 (6)] 
Eg-m110   CGCCTGATGACCATTTGCTTTTGATT-CCTGATCATTCCAAACCAAGATCTGTTCTGATG- 
Eg-m110.1 CGCCTGATGACTATTTGCTTTTGATT-CCTGATCATTCCAAACCAAGATCTGTTCTGATCG  
Eg-m110.2 AGATTGATGACC-CGTGCTGTTGATTGCCTGATTGTCTGAAACCAAGATCTGTTCTGACT- 
           *  *******    **** ****** ******  *   *******************   
 
Eg-m111 [LSU2768 (8)] 
 GCAGGGATGACCCCTTTGAGGCATTTGGCCTGACCGTTCCGCATGATTTCACCCGAAGCGGCTGAGC 
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Eg-m112 [LSU1081 (5)] 
Eg-m112   GGGATGATGAACCATTTGCAAGCACTCGCTGACCACTGATGCCGAGTTTCATCTGAG-  
Eg-m112.1 ATGATGATGAACCATTTGCAAGCACTCGCTGACCACTGATGCAGAGTTTCTTCTGATG  
            **************************************** ******* *****   
 
Eg-m113 [LSU2993 (9)] 
 CAAATGATGCTGTGTTAGGTAGTGGACTGATCCGATTATGCTGCAGCATTTGTACGGACTGA 
 
Eg-m114 [LSU2005 (7)] 
 TGGATGATGATTTGAAACTTGCCTGTTTGGCTGATGCGTTGATGCTTGCTTGTGTATTGCTGAC 
 
Eg-m115 [LSU3694 (10)] 
 CGCATGATGTTATTCTCAGTCAGTATCTTCTGACCTCGGATGCTGTGCCGCTTTGGCTGA 
 
Eg-m116 [SSU2180] 
Eg-m116   TGAATGATGTTGTATCAACCTCCTGATTCTGAGTTCGCTTTGAGGAGCCTCTT---TTCTGAT- 
Eg-m116.1 CATGTGATGCCTGA--AACCTCCTGATTCTGATT-CTTATTGATGAGCCTTTT--TCTCTGACT  
Eg-m116.2 TTCATGATGTCCAA--AACCTCCTGATGCTGAA--CTCCTTGATGTGCTTTTT-CCTCCTGACC  
Eg-m116.3 ----TGATGTCCAA--AACCTCCTGATGCTGAA--CTCCTTGATGTGCTTTTTTCCTCCTGA--  
              *****    *  *********** ****   *   **** * ** * **     ****  
 
Eg-m117 [LSU2776 (8)] 
 ATGATGATGACAAGCATTTGGTTGACGAGTCTGAGCCAATCTGAAGCACAACGATGGTGTCTGATT 
 
Eg-m118 [LSU2909 (8)] 
 TTCATGATGTAGCTTTCAAACTAGAGTCTCTGACGAGGCGTGATTACAGCATGCAGCTCTGATCT 
 
Eg-m119 [LSU3208 (9)] 
Eg-m119   CAAATGATGTGATCAACGTTGTGTTGTAACCTGACGTCTTTTTGATGACCATGCATCCCTGATT 
Eg-m119.1 CAAATGATGTGATCAATGTTGTGTTGTAACCTGACGTCTTTTTGATGAACATGCATCCCTGAAT 
          **************** ******************************* ************* * 
 
 
Eg-m120 [LSU3374 (9)] 
 CCTTGGATGAGACACCTCTGGCTTGCTGACCTGACGTGACTGAAGGCATTAATGCTTTCTGAGG  
 
Eg-m121 [LSU3906 (12)] *binds in intergenic spacer region 
 CCTGTGATGAGTTAAGGTCTCTGTTGCTGAACGTCATGACTGCGAACCCTGTACCGTCTGAT 
 
Eg-m122 [LSU2849 (8)] 
 
 CAGATGATGCTCAATGTGTAGTCTGAGATTTAATGACTGCTGCCTGGCCCTGATGTCGCTGGTGGTTGGGCTGGATT 
 
Eg-m123 [LSU3688 (10)] 
 TTTTTGATGAATTGCTTGTATCCGTCACTGCTGACCCATATGATTTCTCTTGCCCTGCTGACC 
 
Eg-m124 [LSU41 (1)] 
Eg-m124 ------------ATCGTGATGATTTCCTATGCTGTGTCCTTTCTGATCTTTTTGACTGATATCATTCTCTTCTGA 
Eg-m124 TTGCTGCTGTGAATCGTGATGATTTCCTATGCTGTGTCCTTTCTGATCTTTTTGACTGATATCATTCTCTTCTGA 
 
Eg-m125 [LSU3367 (9)] 
Eg-m125   CAAGTGATGTATCTCAAGGCTTCGATACCACTGACTGAGATCTGAAGGCTATTTCCTCCCTGA-- 
Eg-m125.1 CAAGTGATGCATCTCAAGGCTTCGATATCACTGACCGAGATCTGAAGGCTATT-CTTCCCTGATG 
          ********* ***************** ******* ***************** * ******** 
 
Eg-m126 [LSU1683 (6)] 
 TGCATGATGAGCATTTTTGGGCACCATTCTGATTTATTTTGATGTGCTTGCACTCTGAAC 
 
Eg-m127 [LSU1738 (6)] 
 TGTGGGATGACTCCTGTGATGCTCTGCCACTGAGACTTAGGATGGAATGGACAGTTGTCTGACA 
 
Eg-m128 [LSU1121 (5)] 
  CATATGATGTATGAATCAGAACGGTATATCTGAAAGGATGAAGTGTCTTGTGAGGCTGAC 
 
Eg-m129 [LSU2953 (8)] 
Eg-m129       CAGAGGATGTACACACCTCCCACTTTTGACGGATTTGATGCAACCCTGTTTCCACTGACT        
Eg-m129.1     CAGAGGATGTGAACACCTCCCACCTTTGACGGATTTGATGCAACCCTGTTTCCACTGATT 
Eg-m129.2     CAGAGGATGTAAACACCTCCCACCTTTGACGGATTTGATGCAACCCTGTTTCCACTGATT 
Eg-m129.3     CAGAGGATGTAAACACCTCCCACTTTTGACGGATTTGATGCAACCCTGTTTCCACTGACT  
              **********  *********** ********************************** * 
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Eg-m130 [SSU1966] 
  TTTATGATGACCAGCTCCATCTTGAAAAGACATGATGCTTGTTGATACACCTTCACTGCCTGATC 
 
Eg-m131 [SSU1736] 
  TGTGTGATGGATGGCAATGTCTCACTCGTCTGACTCCTGCTGCTGTCACATGCTCTGACTGA 
Eg-m132 [LSU2685 (8)] 
  CAGATGATGATAACATTTGAGCACTGGGTTCTGATGTTTTGATGTTGAATTGATTGAACACTGAT 
 
Eg-m133 [SSU110] 
  CAAATGATGACCTCCAGATGGATGACTGCTTCTGAGATTCTTGAAGATACATCTATCTGAAC  
 
Eg-m134 [LSU1189 (5)] 
  ACCGTGATGAAACACTCTCAGGCTACACACTGAAACCACTGATGCATTTCTGTAATACTGATT 
 
Eg-m135 [LSU1452 (5) 
Eg-m135       GCAATGATGTTTCATACATGCTCAGAATGTGATGACTGCATGATCC-ACTTCTTT-GCTGACG 
Eg-m135.1     ACAATGATGTT-CA---ATGCTCAGAATGTGATAATTTCATGATCTTACCTCTTTTGCTGA-- 
                     ********** **   **************** * * *******  ** ***** **** 
 
Eg-m136 [LSU491 (3)] 
  CGAATGATGACTTTGTTCAAACTGCAGTCTCTGATACTTGATGAACCAATTTCTCTGAAG 
 
Eg-m137 [LSU2146 (7)] 
Eg-m137      ---CCAAAGATGAAACACAGCCCGCGTGTCTGAAGGTTTTGATGCTTCCTTCCTGGCTGAGG  
Eg-m137.1    GATGGACGGATGAAATACAGCCCGCGTGTCTGAA--TTTTGATGCTCTCCTCTCGGCTGATTGCGGGATTTGAAGAA  
                  *  ******* ******************  **********  * **  ****** 
 
Eg-m138 [LSU1888 (6)] 
Eg-m138       CCCATGATGAAAAATCTGTTCAGACCTTGCTGATGAGTTTCATCCAGTCCTCAAACTGATG  
Eg-m138.1     CAAATGATGAAACATTTGCACAGATCAGAGTGATGAGTTTCATCCAGTCCTCAAACTGATG  
              *  ********* ** **  **** *    ******************************* 
 
Eg-m139 [LSU483 (3)] 
  TATGTGATGACATTCAAAATCCCAAGCCATCTGAATGCAGTGATTGATGCATCTGGCTGAAG  
 
Eg-m140 [SSU57] 
  TCTGTGATGACGGTCTGAAGCAGGTGATTCCTGATCAACTGCAGCGCTGAGACGTGTCTGA 
 
Eg-m141 [LSU1312 (5)] 
  CAAATGATGTACCGTTTTTGCTTTACCGGATTCTGCCCTGTGATGATGCTCTCCCACTGACC 
 
 
Eg-m142 [SSU485] 
Eg-m142       CATTTGATGACACCTGGCTCCCTCTACTGAGGTGATGAGGAGATTCTGCATCGAACCCAT 
Eg-m142.1     CTCGTGATGACACCCGGCTCCCTCTACTGAGGTAATGAGGAGACTCTCCACCGAACCCAT 
              *   ********** ****************** ********* *** ** ********* 
Eg-m142         TTTCTCTGAAG 
Eg-m142.1       TTCTTCTGAGG 
                **  ***** * 
 
Eg-m143  [LSU2982 (9)] 
Eg-m143      CACATGATGGTTACATTTCACTGCACTGACGTCGGCTGAAGA-GCGAGTTCTGCTGAGT---- 
Eg-m143.1    CATATGATGGTTTCATTTCACTGCACTGACGCCAGTTGATGACACTCTTCCCTCTGATTTAGC 
             ** ********* ****************** * * *** **  *   * *  **** *  
 
Eg-m144 [LSU2713 (8)]  
     ACACTGATGCAGAGCAAATGGCTGAATCTTCCGACGGCAGACTTGAGGTTCACTGATGAGATTCTGAGGG 
 
Eg-m145 [LSU1898 (6)] 
Eg-m145       TGGATGATTCAATTTCTATCGCAGACCAATGACGACTTATTGACAACCTGCTTCACTCTATGACT 
Eg-m145.1     TGGATGATTCGATTTCTATCGCAGACCAATGACGACTTATTGACAACCTGCTTCACTCTATGAC- 
              ********** ***************************************************** 
 
Eg-m146 [LSU74 (1)] 
     ACGATGATGAGACCATAGACTCTGCGTATCTGACTGCTGGATGAAACACAATCTGCTGAAC  
 
Eg-m147 [LSU2981 (9)] 
Eg-m147      CCCATGATGGTGAACTTCACTGCACTTGACCCAAGCTGATGAGCACGCCCCAACTGA-- 
Eg-m147.1    CAGATGATGGTGAATTTCACTGCACTTGACCCAAGCTGATGAGGACGCTGGTGCTGATT 
             *  *********** **************************** ****     ****  
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Eg-m148 [LSU1836 (6)] 
     GTGATGATGAACCAAGAGTACTCGCTACCTGAGACTTCTGTGAACGAGAGTCTTACCGCCTGAC 
 
Eg-m149 [LSU2883 (8)] 
     TGCATGAGGAGAATGTCTTCTTTCCCCGACTGACGGAGATGCTGCAGTTTGTCACGTCTGAGC 
 
Eg-m150 [SSU1616] 
     TGGATGATGAGCTTTCTTTGACCTGGTAACATTCTGACATTTTGATGAGGTTTATTTCCTGA 
 
Eg-m151 [SSU42] 
     CTGATGATGACCATTTGTTGCTTAGCCCTTGCTGACATCTCCTGATGTTTATTTGTTTCTGA 
 
Eg-m152 [LSU3355 (9)] 
     CTGATGATGTTTTCCAGAATTCGCGCTCTGACGGAAGCTGATGCTCTGCTATTTACTGATC 
 
Eg-m153 [LSU2825 (8)] 
     CGCAGGATGAACCATACGACTAGGGACAACTGAAGTGCTGTGAAGCAATCTTCTTCTTCTGAGC 
 
Eg-m154 [LSU2242 (8)] 
     CGGAGTGATGTTTCCATCTGTTCATTGGAACACTGCATACTGATGTTTATTTTTATGCCTGAC 
 
Eg-m155 [SSU565] 
     AGCGATGATGATTGCTTTTGATGAGTCCCATGATTCAACTTTTGTTCGTCGCTGACTCTGAGC 
 
Eg-m156 [LSU1999 (7)] 
     TTGGGGATGAGATTTTGACCTGTTTGCCATTCTCTGAGCATTGATGCTGTTCTGAAGCCTGAC 
 
Eg-m157 [LSU2313 (8)] 
     GGAATGATGACTTTTTGCTGCGCTGGAGATCCTGACAGTTTGCATTAGTCGAGGAGAGCTGACC 
 
Eg-m158 [LSU3636 (10)] 
     GATGTGATGATCTTTAACCAAGGGGAGTGTCTGACCGCTGAATGCCGCAATTATTTTGCTGATT 
 
Eg-m159 [SSU1063] 
     GTGATGATGTGATTTATATGTCCAGAATGAAATGATGAGATTCTCAGCCGTCGCACTGAAA 
 
Eg-m160 [SSU723] 
     CAGATGATGACCATGCCATGTGTGATATCTGAGCCTGTCAAAAGCAAGTGTTTTAACGCTGACG 
 
Eg-m161 [SSU649] 
     GACAGGATGAGTGATACCTCCGGTTGACCTGATTCTCTTGAAGTGAACGCATGGTTTCTGACA 
 
Eg-m162 [LSU1562 (6)] 
     CTTGGTGATGTTTCTGTTGATCTGAGTATTCTGAGCATTCGTGAAGGCAGACCATACTCTCTGA 
 
Eg-m163 [SSU393] 
     GAGGTGATGAGCAGTGGAACTTCTGAAAGGCTGATTAATTTCCTCTTGCGATCTCTGACC 
 
Eg-m164 [SSU1912] 
     GTCCTGATGAATTTTTTTCATCACAGACCTGTTCTGAGCAATGATGTTATGTATTTCTGACA 
 
Eg-m165 [SSU2046] 
     CACATGATGCCGCTTCTTTCCCCTGACTGTCCTGACGGCTTCAGAAACCATCTATCCCACTGATC 
 
Eg-m166 [SSU99] 
     TCGCTGATGACTGTGTTCCCATGACCTTCCTGGATGTATTGATGCTGATGTGAGGAGTCTGATT 
 
Eg-m167 [LSU2835 (8)] 
     GCTGTGATGTTTTCTCAGAATCTGACCCGATTTGATGTGCATTTCTTCACCAGACAGCAACTGA 
 
Eg-m168 [LSU3347 (9)] 
     TGCGTGATGACCTCTCCTTGCACACTTGACCCACGACGGCGATGTGAGTTTCCCGTTTGGTCTGA 
 
Eg-m169 [SSU1899] 
     TCCGTGATGATTTGCGGACTGTTGGCTCTAGTTTCGATCTGTCATGAAACCACCTGCTGGCTGAC 
 
Eg-m170 [LSU541 (3)] 
     GACAGGATGAATTTTTCGGTCCCAGACTGAACATTATGAAGGAAGCAAAGCATTCACCTGACT 
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Eg-m171 [LSU1562 (6)] 
     GCAATGATGTGTTCTCGTCTCTGATATCTTGCTGAGTAGCTGCGCACTACTGAGT 
 
Eg-m172 [LSU2832 (8)] 
     ATCATGATGGAAGTCTCCAGCACAGCGACTACTGACATGTATGAAGTGTACCTTCGATCTGACC 
 
Eg-m173 [LSU3222 (9)] 
     GTTGTGATGATTTTCTGCTTCAGGACGCCTTCTGACGCCAACATGAGAGCACCTCTGCGGTCTGACA 
 
Eg-m174 [SSU179] 
     GCGATGATGACACCCCCTGTTGTATTAGCCACAAGCTGAGGAGATGATGTTTCCGCATCTTTGGACTGAGC 
 
Eg-m175 [LSU2348 (8)] 
     GGCGTGATGACAACCCATCCCTTAGCTGCATGCCGATCCCCCGTGAGGCATTGATTTTTCAGCCTGAGG 
 
Eg-m176 [SSU1744] 
     TGCCGTGATGTCGCTGTTTGAGGCAGATGTGCTGACTTTGCACTGATTAGGGCATTTTCAAACCGTCTGAGC 
 
Eg-m177 [LSU2988 (9)] 
     GGACGTGATGTTATCTCGAGTAGTGGTATTTGCTGACGACGAATGAGGCCAGAGTCTGTTTCTGATC 
 
Eg-m178 [SSU1685] 
     CTGATGATGACAATATTCCTCTCTATTCTGATGAACTCATGACGTCATCTTCCATGCACCACCGTCTGATG 
 
Eg-m179 [LSU2925 (9)] 
     CAGGATGATGATTTTTTTTGTGGCGGACTCGCAACGTGACAGTCTCAAACCATGTTGTTGCACAGCTGAC 
 
Eg-m180 [LSU3504 (9)] 
     GGCTATGATGTTTGCTTTCTGAACAATCCAACACTGAACGGTGCCTGAGGATCTTATCTTGCACTGAAG 
 
Eg-m181 [LSU3377 (9)] 
     CAAGTGATGATCCACATCCTGACACCTCTTGTCTGACGCCACTTGAGACTCACAACCCTCTGCCTGACG 
 
Eg-m182 [SSU1096] 
     TCGATGATGCCAACCCACAAGTCTTCTGCTCTGTGATGCACATCTCAACTTGGTCGATGCCACTGAGG 
 
 
 
 
 

 
Box AGAUGN snoRNAs 
The pseudouridylated rRNA nucleotide targeted by each snoRNA is indicated in square 
brackets and, when applicable, the species of the large subunit rRNA where the 
modification site resides is shown in parentheses. The nucleotides that pair to the rRNA are 
underlined and the predicted AGA box elements are shown in red. When isoforms have 
been identified, sequences are aligned and asterisks show nucleotide identity.  
 
 
Eg-p14 [LSU3235 (9)] 
Eg-p14     AGGGGCACCCTCTGAGGCATCCTGGAGGCGCGCTGGCTCTCTCCTGGGTGCATGCTGTGGTGCCCAGATGG 
Eg-p14.1   GGGGGCACCCTCTGAGGCATCCTGGAGGCGCGCTGGCTCTCTCCTGGGTGCATGCTGTTGTGCCCAGATGG 
Eg-p14.2   -GGGGCACCCTCTGAGGCATCCTGGAGGC--GCTGGCTCTCTCCTGGGTGCATGCTGTGGTGCCCAGATGG 
            ****************************  *************************** ************ 
 
Eg-p15 [LSU2752 (8)] 
Eg-p15     TGCACTTTTAAGAGCCCCCGGCCCTGCCTTTCGGCATCGTGGGCTGTGGGGTGTCATAGGGTGCAGAGATGA 
Eg-p15.1   TGCACTTTTAAGAGCTCCTGGCTCTGCCCTTCGGCATCGTGGGCTGTGGGGTGTCATAGGGTGCAGAGATGA 
Eg-p15.2   TGCACTTTTACGAGCCCCCGGCCCTGCCTTTCGGCATCGTGGGCTGTGGGGTGTCATAGGGTGCAGAGATGA 
           ********** **** ** *** ***** ******************************************* 
 
Eg-p16 [SSU1592] 
Eg-p16     AAGCAGGACGTCAAATCCATGGGGGCAGATGCTGTGGTCCCTTTCGGAGCTAAATCCTGCCAGAAG- 
Eg-p16.1   -AGCAGGACGTCAAATCCCTGGGGGCACATGCTGTGGTCCCTTTCGGAGCTAAATCCTGCCAGA--- 
Eg-p16.2   AAGCAGGACGTCAAATCCATGGATGCAGATGCTGTGGTCCCTTTCGGAGCTAAATCCTGCCAGAAGA 
            ***************** ***  *** ************************************ 
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Eg-p17 [LSU3701 (10)] 
Eg-p17     CAGCACAAACGCGTTACGTCGGTATCAGTCTCATGGTGCCGGGGTGTCAGATGTTGTGCCAGACCC 
Eg-p17.1   CAGCACAAACGCGTCACGTCGGTATCACTCTCATGGTGCCGGGTTGTCAGATGTTGTGCCAGACC- 
Eg-p17.2   CAGCACAAACGCGTCACGTCGCTATCAGCCTCATGGTGCCGGGGTGTCAGATGTTGTGCCAGACC- 
Eg-p17.3   CAGCACAACCGCGTTACGTCGGTATCAGTCTCATGGTGCCGGGGTGTCAGATGTTGTGCCAGACC- 
Eg-p17.4   CAGCACAAACGCGTTACGTCGGTATCAGTCTCTTGGTGCCGGGGTGTCAGATGTTGTGCCAGACCC 
Eg-p17.5   CAGCACAAACGCGTTACGTCGGTATCAGTCTCATGATGCCGGGGTGTCAGATGTTGTGCCAGACCC 
Eg-p17.6   CAGCACACACGCGTTACGTCGGTATCAGTCTCATGGTGCCGGGGTGTCAGATGTTGTGCCAGACC- 
Eg-p17.7   CAGCACAGACGCGTTACGTCGGTATCAGTCTCATGGTGCCGGGGTGTCAGATGTTGTGCCAGACCC 
Eg-p17.8   CAGCACAAACGCGTTACGTCGGTATCAGTCTCATGGTGCCGGGGCGTCAGATGTTGTGCCAGACC- 
           *******  ***** ****** *****  *** ** *******  ******************** 
 
Eg-p18 [SSU1393] 
Eg-p18     GTGCTGTGATCTGATGCCTGTGCCGGTGCCTTCTCTGGCACGGGTTCTTTCCCACAGCAAGAT-- 
Eg-p18.1   GCGCTGTGATCTGATGCCTGTGCTGGTTCCCACTCTGGCACGGGTTCTTTCCCACAGCAAGAT-- 
Eg-p18.2   GTGCTGTGATCTGATGCCTGTGCCGGTGCTTTATCTGGCACGGGTTCTTTCCCACAGCAAGATGA… 
           * ********************* *** *    ****************************** 
 
Eg-p19 [LSU3953 (13)] 
     CAGTGCCTGGCCTCTGAAACAGCGCGTGGGTGGCGTCCCCGCGCTGTCTTAAGCAGGCAGAGA 
 
Eg-p20 [LSU2915 (8)] 
Eg-p20     ACAGGGGTGCAGTATCGGGCAGATGGCAGCCTGGGTCAGTTGCATTTGCCTACTAAACCACCCCGAGATG- 
Eg-p20.1   -CAGGGGTGCAGTATCGGGCAGATGGCAGCCTGGGTCAGTTGCATTTGCCTATTAAACCACCCCGAGATGT 
Eg-p20.2   ACAGGGGTGCAGTATCGGGCAGATGGCAGCCTGGGTCAGTTGCATTTTCCTACTAAACCACCCCGAGATG- 
           ********************************************** **** ***************** 
 
Eg-p21 [LSU2914 (8)] 
Eg-p21     CTGCCAGGATTTTATCACCCCTCCTGACACATTTATTGTTGGAGGGGCTAGAGGTCCTGGTAGATGT 
Eg-p21.1   ATGCCAGGCTTTTCTCACCCCTCCTGACAAATTTATTGTTGGAGGGGCTCGAGGTCCTGGTAGATGT 
Eg-p21.2   CAGCCAGGATTTTATCACCCCTCCTGACACATTCATTGTTGCCGGCGCTAGAGGTCCTGGTAGATGT… 
Eg-p21.3   -TGCCAGGACTTTATCACCCCTCCTGACACATTTATTGTTGGAGGGGCTAGAGGTCCTGGTAGATGT…   
             ******  *** *************** *** *******  ** ********************* 
Eg-p22 [LSU1023 (5)] 
Eg-p22     ATCGAGGTACTAGCCCAGGGCATGCGATCTTTCTGCATATCCCTTCTCAATGGCCTCGTAGACCT 
Eg-p22.1   ATCGAGGTACTAGCCCAGGGCATGCGATCTTTCTGCATATCCCTTCTCAATGTCCTCGTAGAT-- 
           **************************************************** ********* 
 
 
Eg-p23 [LSU1266 (5)] 
Eg-p23     CATGCACTTTCAGCACCTCTCCTTAAATCTTGAGGCTGGGGTTCCTGAGAGTGCACAGATCC 
Eg-p23.1   CATGCACTTTAAGCACCTCTCCTTAAATCTTGAGGCTGGGGTTCCTGAGGGTGCACAGATCC 
Eg-p23.2   CATGCACTTTAAGCACCTCTCCTTAAATCTTGAGGCTGGGGTTCCTGCGGGTGCCCAGATCC            
Eg-p23.3   CATGCACTCCACGCACCTCTCCTTAAATCTTGAGGCTGGGGTTCCTGAGGGTGCACAGATCC 
Eg-p23.4   CATGCACTCTAAGCACCTCTCCTTAAATCTTGAGGCTGGGGTTCCTGGGGGTGCACAGATCC  
Eg-p23.5   CATGCACCTTAAGCACCTCTCCTTAAATCTTGAGGCTGGGGTTCCTGAGGCTGCACAGATCC 
           *******     *********************************** *  *********** 
 
Eg-p24 [LSU280 (2)] 
Eg-p24     CTGGCAATATTTTCAGGCGGAGCTCAGTCCCGTCTCTGCTCCGGAGTGCAATTTGCCGAGATTG 
Eg-p24.1   CTGGCAATATTTTCAGGCGGAGCTCAGTCCCGTCTCTGTTCCGGAGTGCAATTTGCCGAGATTG 
           ************************************** ************************* 
 
Eg-p25 [LSU1235 (5)] 
     CGTGGTGCTGGAACCAGCTCTGCACTGCACTGTGCAGTTGCAGACTAGAATGCACCACAGATGC 
 
Eg-p26 [LSU3697 (10)] 
Eg-p26     AAGGCAGCTCCAGAGCACCTTGGAAGCCAGTGCTTTTCCATGGTGCGTATCCTGCTGCCAAGATTG 
Eg-p26.1   AAGGCAGCTCCAGCGCACCTTGGAAGCCAGTGCTTTTCCATGGTGCGTATCCTGCTGCCAAGATTG… 
Eg-p26.2   AAGGCAGCTCCCGAGCACCTTGGAAGCCAGTGCTTTTCCATGGTGCGTATCCTGCTGCCAAGATTG… 
           *********** * **************************************************** 
 
Eg-p27 [LSU3568 (9)] 
     ATGCACTGCTAAAGGCTTCGCAAGCATCGATGTTGTTGCTTGCGGAGAAACCAACGGTGCAAGATT 
 
Eg-p28 [LSU3042 (9)] 
     ACCGCTCAGACGACCACCTGCTGCAACATACAATGAGCTGCAGGTGGCATATGGTGCGGAGATCC 
Eg-p29 [SSU1660] 
Eg-p29     CCGCCTGTGATCAAGGGTGTTTCGGGCTTTTGCATGGCCGCTACATCAGAAAGGCAGGCAAGAATC 
Eg-p29.1   CCGCCTGTGATCAAGGGTGTTTTGGGCTTTTGCATGGCCGCTACATCAGAAAGGCAGGCAAGAATC 
           ********************** ******************************************* 
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Eg-p30 [SSU2065] 
Eg-p30     CCGGCGGCCCAAGGGGCGTGCGCTGGACACCGGGTTCCGCCACGCTGACAGATGGCCGGCCCAGACAT 
Eg-p30.1   CCGGCGGCACAAGGGGCGTGTGCTGGACACCGGGTTCCGCCACGCTGACAGATGGCCGGCCCAGACAT   
Eg-p30.2   CCGGCGGCACAAGGGGCGGGCGCTGGACACCGGGTTCCGCCACGCTGACAGATGGCCGGCCAAGACAT 
Eg-p30.3   CCGGCGGCACAAGGGGCGTGCGCTGGACACCGGGTTCCGCCACGCTGACAGATGACCGGCCCAGACAT 
Eg-p30.4   CCGGCGGCACAAGTCGCGTGCGCTCGACACCGGGTTCCGCCACGCTGACAGATGACCGGCCCAGACAT 
Eg-p30.5   CCGGCGGCACACGGGGCGTGCGCTGGACACCGGGTTCCGCCACGCTGACAGATGACCGGCCCAGACAT 
Eg-p30.6   CCGGCGGCCCAAGGGGCGTGCGCTGGACACCGGGTTCCGCCACGCTGACAGATGACCGGCCCAGACAT 
           ******* ** *  *** * ********************************* ************** 
 
Eg-p31 [LSU2119 (7)] 
Eg-p31     GCCCACCAGGAAACGACCCCTGCCCACACCCTTCACTCTGTGCAGGGGACTTGAAGGTGGAAGAAAC 
Eg-p31.1   GCCCACCAGGAAACGACCCCTGCCCACACCCTTCACTCTGTGCAGGGGACTCGAAGGTGGAAGAAAC 
Eg-p31.2   GCCCACCAGGAAACGACCCCTGCCCACAGCTTTCACTCTGTGCAGGGGACTCGAAGGTGGAAGAAAC 
           **************************** * ******************** *************** 
 
Eg-p32 [LSU3591 (10)] (related to Eg-p33) 
Eg-p32     CCGTGCACCTATTGCATGGCCAGGACAGCGCCTCCTTTGTCTGGCCATCGCCCCCCGTGCACCAGATCC 
Eg-p32.1   CCGTGCACCTATTGCATGGCCAGGACAGCGCCTCCTTTGTCTGGCCATCGCCTCCCGTGCACCAGATCC 
Eg-p32.2   CCGTGCACCTATTGCATGGCCAGGAAAGCGCCTCCTTTGTCTGGCCATCGCCCCCCGTGCACCAGATCC 
           ************************* ************************** **************** 
 
 
Eg-p33 [LSU2943 (8)] (related to Eg-p32) 
Eg-p33     CCCGTGCACATTATGTGTAGGCACGGCTTCGGAAGCCATACCGTGTCTACCGCCCATGTGCACCAGATGT 
Eg-p33.1   CCCGTGCGCATTATGTGTAGGCACGGCTTCGGAAGCCATACCGTGTCTACCGCCCATGTGCACCAGATGT 
Eg-p33.2   CCCGTGCACATTATGTGTAGGCACGGCTTCGGAAGCCATGCCGTGTCTACCGCCCATGTGCACCAGATGT 
           ******* ******************************* ****************************** 
 
Eg-p34 [SSU2116] 

   AACAAGGCGGGACAGGGAGCCGGCATTCAGATGCTGGTGTCCCATCGTGAAGCCTTGGAGATCC 
 
Eg-p35 [LSU3542 (9)] 
Eg-p35     AAGCACCGGGACGGTCGCACCGCTGGCTCGCC-TTTGTGCCGGCGGTGCATCCCAACGTGCCAGATGG 
Eg-p35.1   AAGCACCGGGACGGTCGCACCGCTGGCTCGCC-TTTGTGCCGGCGGTGCATCCCAGCGTGCCAGATGG 
Eg-p35.2   AAGCACCGGGACGGTCGCACTGCTGGTTCGAT-TTTGTGTTGGCAGTGCATCCCAACGTGCCAGATGG 
Eg-p35.3   ACGCACCGGGACGGTCGCACCGCTCGCTCGTTGCTTGTGCGGGCGGTGCATCCCAACGTGCCAGATGG 
Eg-p35.4   AAGCACCGGGACGGTCGCACCGCTCGCTCGTCATTTGTGCGAATGGTGCATCCCAACGTGCCAGATGG 
Eg-p35.5   AAGCACCGGGACGGTCGCACCGCTGGCTCGCC-TTTGTGCCGGCGGTGCATCCCAATGTGCCAGATGG 
           * ****************** *** * ***    *****      ********** ************    
 
Eg-p36 [SSU1068]  (related to Eg-p42) 
Eg-p36     CACGCACCCATCCACATTGGGGCCACCACATCCTGCTTGCCGGACCCCGCCACACGGGTGCCAGATAT 
Eg-p36.1   -ACGCACCCATCCACATTGGGGCCCCCACACCCTGCTTGCCGGACCCCGCCACACGGGTGCCAGATAT 
Eg-p36.2   -ACGCACCCATCCACATTGGGGCCACCACATCCTGCTTGCCGGACCCCGCCACACGGGCGCCAGATAT 
Eg-p36.3   -ACACACCCATCCACATTGGGGCCACCACATCCTGCTTGCCGGACCCCGCCACACGGGTGCCAGATAT 
Eg-p36.4   CACGCACCCATACGCATTGGGGCCACCACATCCTGCTTGCCGGACCCCGCCACACGGGTGCCAGATAT 
           ********** * ********** ***** *************************** *********   
 
Eg-p37 [LSU480 (3)] 

    ACTCCATCCCAAGCGGTTCTCAGTTTGCATAACTGATGAATCCTCCTCTGATGGAAAGAGTCTCG 
 
 
Eg-p38 [SSU2305] * bp to intergenic region 
Eg-p38     CAGGCACTCCAAAACTGGCACCCGACCCCC---GCTGGGTTGAGGTGTATGATCCGGTGCCCAGACCG 
Eg-p38.1   CAGGCACTCCAAAACTGGCACCCGACCCCC---ACTGGGTTGAGGTGTATGATCCGGTGCCCAGACCG   
Eg-p38.2   CCGGCACTCCAGAACTGGCATCTGACCCCTCTTGATGGGCCGCGGTGTATGATCCGGTGCCCAGACAC 
Eg-p38.3   CCGGCACTCCAAAACTGGCATCTGACCCCTCTTGATGGGCCGCGGTGTATGATCCGGTGCCCAGACAC 
           * ********* ******** * ******      ****  * ***********************  
 
Eg-p39 [LSU1407 (5)] 
Eg-p39     CCGGGGCTATGTGGCGCCTGCGACAGCTGTCAGTGCTGATCCAGGGAAGCATGCCCCCAGACCG 
Eg-p39.1   CCGGGGCTATGTGGCGCCTGCGACAGCTGTCAGTGCTGATCCAGGGAAGCATGCCCCTAGACCG 
Eg-p39.2   CCGGGGCTCTGTGGCGCCTGCGACAGCTGTCAGTGCTGATCCAGGGAAGCATGCCCCCAGACCG 
           ******** ************************************************ ****** 
 
Eg-p40 [LSU567 (3)] 
Eg-p40     CAGCAGCTCCTCCTTCGCTCAGTGGACCTTTTGATGCTGGGCTCACGTGGGCTGCCAGAAAT… 
Eg-p40.1   CAGCAGCTCCTCCTTCGCTCCGTGGACCTTTTGATGCTGGGCTCACGTGGGCTGCCAGAAAT… 
Eg-p40.2   CAGCAGCTCCTCCTTTGCTCAGTGGACCTTTTGATGCTGGGCTCACGTGGGCTGCCAGAAAT… 
           *************** **** **************************************** 
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Eg-p41 [LSU1926 (6)] 
CAGGTGACGCACATTCCCTGGGTAGCATGAAACTTGCTTCCTTGGCGACTGTTCACCGAGATT 

 
Eg-p42 [SSU89]  (related to Eg-p36) 
Eg-p42     TTGCACTCTGCCATTGGATCAGGCGATTATGCTTGTCGCCTGGTCCCAGAAAGGAGTGCCAGATTT… 
Eg-p42.1   GTGCACTCTGCCATTGGATCAGGCAATTATGCTTGTCGCCTGGTCCCAGAAAGGAGTGCCAGATTT 
Eg-p42.2   TTGCACTCTGCCATTGGATCAGGCGATTATGCTTGTCGCTTGGTCCCAGAAAGGAGTGCCAGATTT 
Eg-p42.3   TTGCACTCTGCCATTGGATCAGGCGATTACGCTTGTCGCCTGGTCCCAGAAAGGAGTGCCAGATTT… 
Eg-p42.4   TTGCACTCTGCCATTGGATCAGACGATTATGTATGTCGCCTGGTCCCAGAAAGGAGTGCCAGATTT… 
           ********************* * **** *  ****** ************************** 
 
Eg-p43 [LSU2746 (8)] 
Eg-p43     ACGCACGTGCCAGAGTCAGCAGGCCTGCCGGGAGTGCAGTGCCATGTGTTATGCATGTGCCAGAAGG 
Eg-p43.1   ACGCACGTGCCAGAGTCAGCCGGCCTGCCGGGAGTGCAGTGCCATGTGTTATGCATGTGCCAGA--- 
Eg-p43.2   ACGCACGTGCCCGAGTCAGCAGGCCTGCCGGGAGTGCAGTGCCATGTGTTATGCATGTGCCAGAAGG 
Eg-p43.3   ATGCACGTGCCAGAGTCAGCAGGCCTGCCGGGAGTGCAGTGCCATGTGTTATGCATGTGCCAGA--- 
           * ********* ******** ******************************************* 
 
Eg-p44 [SSU1624] 
  AAGCCTTGTTATCCTCCAGCCGCCTTCTCTGGGCTCTGGCCTTCCCTCAAGGCAAGATTC 
 
Eg-p45 [LSU2837 (8)] 
Eg-p45     GCGCATGACTCACCAGCCGCAGGCTCTCGTGGATGTCGCGCCATGCGGCCAGCAGGAATGCAAGAGGT 
Eg-p45.1   GCGCATGACTCACCAGCCGCAGGCCCTCGTGGATGTCGCGCCATGCGGCCAGCAGGAATGCAAGAGGT 
           ************************ ******************************************* 

Figure A.3.4. Newly identified Euglena gracilis snoRNA sequences. Description for C/D 
and AGAUGN RNAs appear at the start of their respective list of RNAs above.
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Orphan C/D box snoRNAs 
 
>Eg-m-Orphan1 
TGATGACNATTGAAGCATTGGACGCCAGATGACATTCTGAAACAATCCAACTCTTTCTGA 
 
> Eg-m-Orphan2  
TCTTGATGATGATGGCGACGATGATAATGATGATGATGTTGATGCTGATGAT 
 
> Eg-m-Orphan3 
GCGATGATGATTGCTTTTGATGAGTCCCATGATTCTGCCCAACTTTTGTTCGTCGCTGACTCTGA
G 
 
> Eg-m-Orphan4 
TGATGACCTAACGATGCATGCCGACCATGTCTGATGTTCGAGACCCTGA 
 
> Eg-m-Orphan5 
CAGAGGATGGATGTGAATCTCGTTGAACCGAACGCATTGTGAAGGAGATGGCTTGGATTGCTGAC
CN 
 
> Eg-m-Orphan6 
TGATGTTTCTGTTGATCTGAGTATTCTGAGCATTCGTGAAGGCAGACCATACTCTCTGA  
 
> Eg-m-Orphan7 
GGATGTCCACTGGTTTGCACCGCTGATGAGGTTTGATGTGATTCTCTTTTGACTGA  
 
> Eg-m-Orphan8 
GGATGAATTCATTTGTAGTGTTCTCTGACTCCGATGACGTCCACCAGGATCTGA 
 
> Eg-m-Orphan9  
TGATGTTTTTAATTCAAGTTCTGATTCGAGTTCATCTGATTCCGATTCCAATTCCGATTCTGA  
 
> Eg-m-Orphan10  
TGATGTTTTTCCAGAATTCGCGCTCTGACGGAAGCTGATGCTCTGCTATTTACTGA  
 
> Eg-m-Orphan11 
CAAATGATGTGTCACATTTCCCTGGCACTGAGGTGCACGCCACCACTGATGCTTTTCATCCCTGA
CCC 
 
> Eg-m-Orphan12  
TGATGGCCATTGCTGACATCCTTACTGAATCTGTTGATCACCCAGACTGA  
 
> Eg-m-Orphan13 
TGATGAGAGCGGTGGGTGGACTGTCTCTGAATTTCCACTTCTTTTGCTTGCTTTGCTGA  
 
> Eg-m-Orphan14  
TGATGATCCACATCCTGACACCTCTTGTCTGCCGCGCACTTGGGCCCTGA  
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> Eg-m-Orphan15 
TGATGGCACGCCCAAACGTGAGCAGTGAAATTTCTTGAATGAAGGCTCACTGGCTGA  
 
> Eg-m-Orphan16 
TGATGATCACCCCCACCGCCCCCGAGTTCCGAATCCAATGCTGGACGTCACCCTTGGCTGA  
 
> Eg-m-Orphan17 
TGATGCCGCACTTCGTCGCTGAATGCACACTCCTCTTGCTGGCTTTGCTGA  
 
Orphan box AGAUGN snoRNAs  
 
>Eg-p-Orphan1 
TGGCACTGCCACAGGCTCCACCTGCGCCCACGCTCTCGCTTGTGGAGAAACCAACGGTGCCAGAT
GCTCGCT  
 
>Eg-p-Orphan2 
GTGCAGCTTCAAAGCGACTGCTCCATGTGTGTGTGGATGCCAGTTTCATCCTGAGCTGCAAGAGG
T 
 
>Eg-p-Orphan3 
CCCGAGGCAACTTGGTTGGGACCAGCTTGCTCTCATGCTTGTCACCGGCTTCATACCTCGAAGAT
CT 
 
>Eg-p-Orphan4 
AAGCCTTGTTTGCGTTCCATGGCTTCTCATGAGCTTTGGACCTTCCCTCAAGGCAAGATTT 
 
>Eg-p-Orphan5  
ATGCAGCTTTTACGCGACTGCCGCCTGCATGGTTGCCAGTCACATCCTGAGCTGCAAGATTT 
 
>Eg-p-Orphan6 
CCGGTGTCTTGTACAAAGGCCTGCGCTCTCTGTGCGGAGGTCTTCTGGCAAAGGCACCCAGATGC 
 
>Eg-p-Orphan7 
GAGCCTTGTTTAACCTCCAGCAGCCTGCTTGTTTGGGCTCTGGACTTCCCTCGAGGCAAGATTT 
 
>Eg-p-Orphan8 
CTGCCCTGCCCGTAGTATACCTTGTGCTCGCTGCGCTTGGTAAGCAAATGCAGGGCAAGATAT 
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Figure A.3.5. Sequences of predicted orphan snoRNAs identified from a Euglena small RNA 
library. These RNAs do not target any known rRNA or snRNA modification sites. The box 
elements are highlighted as in Figure A.3.4. Predicted secondary structures for orphan AGAUGN 
snoRNAs formatted the same as in Figure A.3.6. 
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Figure A.3.6. Predicted secondary structures of identified E. gracilis box AGAUGN
modification guide snoRNAs. In the structures, within AGAUGN box elements the highly 
conserved AGA sequence is highlighted and arrows indicate sequence variation between isoforms. 
Each color represents the nucleotide changes present in a single isoform. Black = Eg-
Eg- -p#.3; - - - -p#.7; 

-p#.8
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Met (CAT) 
gcgagcttggcgcagtcggtagcgcgtaggtctcataatcctaaggtcgtgagttcgatcctcacagctcgca 
 
His (GTG) 
gggaagatagtttaggggcagaacatcacgttgtggccgtggatacccgggttcgattcccggtcttccctcca 
 
Glu (CTC) 
tccccgatagtatagtggctagaacatcggcttctcacgccgaaaacccgggttcaattcccggtcggggagcc 
 
Glu (TTC) 
tccctgatagtatagtggttagaacacctggctttcacccaggagacccgggttcaattcccggtcagggagcca 
 
Ser (AGA) 
gcactcatacccaagcggttacgggggtggactagaaatccactgtgatcttcacgcgcaggttcgagtcctgctgagtgcg 
 
Gln (TTG) 
gctcccatagtgtagtggtcagcacccaggactttgaatcctgtgaccccggttcgagtccgggtggagtgcc 
 
Gln (CTG) 
ggtcctatagtgtagcggttagcacatgggattctgattcccataaccccggttcgaatccgggtaggacctcca 
 
Cys (GCA) 
gggttcatagctcagtggtagagcattcggctgcaatccgagtggtccctggttcaaacccgggtgggccct 
 
Pro (TGG) 
ggccgtttggtctaggggcatgattctcgctttgggtgcgagaggtcccgggttcgattcccggaacggccc 
 
Pro (CGG) 
ggccgcttggtctcggggcatgattctcgctccgggtgcgagaggtcccgggttcgattcccggagcggccc 
 
Ala (AGC) 
cggcgtgtagctcagtggtagagcgctcgctcagcatgcgagaggtcctgggatcgatgcccagctcgtcca 
 
Ala (CGC) 
gggcgtgtagctcagtggtagagcgcccgcttcgcatgcgggaagtccagggttcgatcccctgttcgtcca 
 
Ala (TGC) 
tgggcgtttagctcagtggtagagcgcccgctttgcatgcgggatgtcgtgggttcaaaccccacatcgtccag 
 
Leu (CAG) 
tggtcagatggtcgagcggtccaagacggcagcttcaggtgctgttctcctccgggggcgtgggttcaaatcccactctgatcag
c 
 
Figure A.3.7. Newly identified tRNA sequences from E. gracilis. DNA sequences of 
newly identified tRNAs with anti-codon sequence in parentheses.  
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Table A.3.1. Oligonucleotides used during synthesis of the E. gracilis small/capped 
RNA library 

 
Oligonucleotide 

 
Sequence Description 

5’ RNA linker 5’ GCUGAUGGCGAUGAAUGAACACUGCGUUUGCU 
GGCUUUGAUGAAA 3’ 

RNA linker ligated to the 5’ 
ends of size-selected or capped 

enriched RNA 

oAR8 5’ CTCCCGCTTCCAGATCTCGAG(C)15G/A/T 3’ 

Poly-C oligo used during 
cDNA synthesis and 

subsequent PCR amplification  
(Rev) 

oAM265 5’ GTTTGCTGGCTTTGATGAAA 3’ 
Anneals to the 5’ linker (+26 to 
+45) during PCR amplification 

(Fwd) 
 
Table A.3.2. Blocker oligonucleotides used during PCR amplification of cDNA 
synthesized from E. gracilis small RNA or cap-enriched RNA. Oligos used to prevent 
amplification of E. gracilis specific LSU rRNA fragments are listed with blocker and linker 
nucleotides indicated in capital and lowercase letters respectively. 

 
Oligonucleotide 

 

LSU fragment 
targeted Sequence 

oAM264 14 5’ GGCTTTGATGAAAtgtccgatccgtt/3SpC3/ 3’ 
oAM284 11 5’ GGCTTTGATGAAAggagcatcgaggc/3SpC3/ 3’ 
oAM286 13 5’ GGCTTTGATGAAAccaacaccccgcc/3SpC3/ 3’ 
oAM288 12 5’ GGCTTTGATGAAAcggagtgattgcc/3SpC3/ 3’ 
oAM290 4 5’ GGCTTTGATGAAAtgaccaagcgtct/3SpC3/ 3’ 
oAM292 2 5’ GGCTTTGATGAAAgtgacctggcgca/3SpC3/ 3’ 
oAM294 1 5’ GGCTTTGATGAAAacctgttgtggtg/3SpC3/ 3’ 
oAM296 10 5’ GGCTTTGATGAAAtgggcgtgacaat/3SpC3/ 3’ 
oAM298 7 5’ GGCTTTGATGAAAcgggcaggaatgg/3SpC3/ 3’ 
oAM300 3 5’ GGCTTTGATGAAActcgatcggcttt/3SpC3/ 3’ 
oAM301 6 5’ GGCTTTGATGAAAcgttgaacaatgg/3SpC3/ 3’ 
oAM302 9 5’ GGCTTTGATGAAAggtgcgagcctgc/3SpC3/ 3’ 
oAM303 5 5’ GGCTTTGATGAAAtcgctggtggttg/3SpC3/ 3’ 
oAM304 8 5’ GGCTTTGATGAAAaagtggcagtcac/3SpC3/ 3’ 

Nucleotides 1-13 (capital letters) of each blocker oligonucleotide are sense to the 3’ end of the 5’ RNA linker. 
Nucleotides 14-26 (lowercase letters) of each blocker oligonucleotide are sense to the 5’ end of the LSU species 
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Table A.3.3. Reads per million (RPM) for RNAs found in single end reads for size-
selected and TMG-capped small RNA libraries. RNAs identified in previous studies are 
displayed on a gray background. *indicates these RNAs were found in a separate library 
file not used for RPM calculations.  
 
 

 Reads per million (RPM)   Reads per million (RPM) 

RNA 
name 

Size-selected 
Library 

TMG-capped 
library RNA name 

Size-
selected 
Library 

TMG-
capped 
library 

Methylation Guide snoRNAs  Eg-m130 2.621776608 2.45956273
9 

Eg-m1 19.00788041 11.47795945 Eg-m131 7.209885671 2.45956273
9 

Eg-m2 2.621776608 17.21693917 Eg-m132 11.14255058 25.4154816
4 

Eg-m3 126.5007213 5.738979724 Eg-m133 6.554441519 0 

Eg-m4 137.6432719 4.099271232 Eg-m134 7.865329823 32.7941698
5 

Eg-m5 62.26719443 14.75737643 Eg-m135 5.243553215 4.91912547
8 

Eg-m6 98.97206694 0.819854246 Eg-m136 19.66332456 9.83825095
6 

Eg-m7 8.520773975 0 Eg-m137 9.176218127 0 

Eg-m8 62.26719443 14.75737643 Eg-m138 2.621776608 0 

Eg-m9 30.15043099 27.05519013 Eg-m139 2.621776608 0 

Eg-m10 59.64541782 0.819854246 Eg-m140 1.310888304 1.63970849
3 

Eg-m11 8.520773975 2.459562739 Eg-m141 1.310888304 0 

Eg-m12 36.04942835 0.819854246 Eg-m142 15.07521549 4.09927123
2 

Eg-m13 28.18409853 0 Eg-m143 1.310888304 0.81985424
6 

Eg-m14 64.88897104 74.60673641 Eg-m144 410.3080391 227.099626
2 

Eg-m15 84.55229559 127.8972624 Eg-m145 17.6969921 19.6765019
1 

Eg-m16 260.2113283 4.099271232 Eg-m146 0.655444152 0 

Eg-m17 487.650449 0 Eg-m147 1.966332456 0 
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Eg-m18 31.46131929 22.9559189 Eg-m148 11.79799473 0.81985424
6 

Eg-m19 211.7084611 98.38250956 Eg-m149 5.243553215 1.63970849
3 

Eg-m20 11.79799473 0 Eg-m150 4.588109063 8.19854246
3 

Eg-m21 20.31876871 6.55883397 Eg-m151 81.93051899 114.779594
5 

Eg-m22 2.621776608 0 Eg-m152 11.79799473 6.55883397 

Eg-m23 58.33452952 64.76848546 Eg-m153 56.36819706 2.45956273
9 

Eg-m24 49.81375554 11.47795945 Eg-m154 1.310888304 9.83825095
6 

Eg-m25 21.62965701 0.819854246 Eg-m155 0.655444152 0 

Eg-m26 150.0967108 20.49635616 Eg-m156 43.91475818 74.6067364
1 

Eg-m27 58.98997367 25.41548164 Eg-m157 5.243553215 0 

Eg-m28 45.22564648 2.459562739 Eg-m158 106.1819526 0.81985424
6 

Eg-m29 13.10888304 1.639708493 Eg-m159 2.621776608 0.81985424
6 

Eg-m30 110.7700617 77.06629915 Eg-m160 14.41977134 0.81985424
6 

Eg-m31 21.62965701 2.459562739 Eg-m161 14.41977134 3.27941698
5 

Eg-m32 1.310888304 6.55883397 Eg-m162 20.31876871 0 

Eg-m33 210.3975728 0 Eg-m163 5.243553215 0 

Eg-m34 5.898997367 1.639708493 Eg-m164 1.310888304 1.63970849
3 

Eg-m35 5.898997367 0.819854246 Eg-m165 58.98997367 10.6581052 

Eg-m36 27.52865438 0 Eg-m166 0 0.81985424
6 

Eg-m37 70.7879684 0 Eg-m167 2.621776608 0 

Eg-m38 205.1540195 24.59562739 Eg-m168 54.40186461 244.316565
4 

Eg-m39 68.1661918 20.49635616 Eg-m169 41.94842572 2.45956273
9 

Eg-m40 13.76432719 1.639708493 Eg-m170 3.277220759 0 
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Eg-m41 1.310888304 0 Eg-m171 9.831662278 1.63970849
3 

Eg-m42 64.88897104 0 Eg-m172 3.932664911 0 

Eg-m43 35.3939842 1.639708493 Eg-m173 13.10888304 6.55883397 

Eg-m44 3.932664911 0.819854246 Eg-m174 26.87321023 3.27941698
5 

Eg-m45 5.243553215 0.819854246 Eg-m175 138.2987161 2.45956273
9 

Eg-m46 15.73065965 2.459562739 Eg-m176 11.79799473 9.83825095
6 

Eg-m47 40.63753742 2.459562739 Eg-m177 32.11676344 4.09927123
2 

Eg-m48 12.45343889 0.819854246 Eg-m178 57.02364122 7.37868821
7 

Eg-m49 2.621776608 1.639708493 Eg-m179 1.310888304 7.37868821
7 

Eg-m50 26.87321023 4.919125478 Eg-m180 17.04154795 19.6765019
1 

Eg-m51 0 0.819854246 Eg-m181 184.8352508 4.91912547
8 

Eg-m52 49.15831139 0 Eg-m182 61.61175028 18.0367934
2 

Eg-m53 98.97206694 17.21693917 Pseudouridylation Guide snoRNAs 

Eg-m54 13.10888304 122.9781369 Eg-p1 74.72063332 1.63970849
3 

Eg-m55 56.36819706 3.279416985 Eg-p2 83.24140729 0.81985424
6 

Eg-m56 254.9677751 73.78688217 Eg-p3 244.4806687 1.63970849
3 

Eg-m57 9.831662278 18.85664767 Eg-p4 15.73065965 0.81985424
6 

Eg-m58 1.966332456 0 Eg-p5 4.588109063 1.63970849
3 

Eg-m59 59.64541782 11.47795945 Eg-p6 20.97421286 0 

Eg-m60 3.277220759 0.819854246 Eg-p7 505.3474411 23.7757731
4 

Eg-m61 79.30874238 0.819854246 Eg-p8 0.655444152 0.81985424
6 

Eg-m62 2.621776608 0 Eg-p9 19.00788041 10.6581052 
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Eg-m63 72.75430086 46.73169204 Eg-p10 0.655444152 0 

Eg-m64 135.6769394 4.919125478 Eg-p11 59.64541782 0 

Eg-m65 1.966332456 0 Eg-p12 0.655444152 0 

Eg-m66 17.6969921 0 Eg-p14 9.831662278 0 

Eg-m67 4.588109063 0 Eg-p15 10.48710643 2.45956273
9 

Eg-m68 1.966332456 1.639708493 Eg-p16 76.03152162 0 

Eg-m69 1045.433422 30.33460711 Eg-p17 344.1081797 4.09927123
2 

Eg-m70 49.15831139 13.11766794 Eg-p18 5.898997367 0 

Eg-m71 134.3660511 11.47795945 Eg-p19 1.310888304 0 

Eg-m72 92.41762542 64.76848546 Eg-p20 5.898997367 0 

Eg-m73 0 0 Eg-p21 7.865329823 0 

Eg-m74 7.865329823 14.75737643 Eg-p22 3.277220759 0 

Eg-m75 15.73065965 1.639708493 Eg-p23 14.41977134 0 

Eg-m76 4.588109063 2.459562739 Eg-p24 9.176218127 19.6765019
1 

Eg-m77 39.98209327 4.919125478 Eg-p25 0.655444152 0.81985424
6 

Eg-m78 48.50286724 6.55883397 Eg-p26 98.31662278 0.81985424
6 

Eg-m79 33.42765175 27.87504437 Eg-p27 0.655444152 0 

Eg-m80 72.75430086 1.639708493 Eg-p28* 0 0 

Eg-m81 193.3560248 4.919125478 Eg-p29 25.56232192 1.63970849
3 

Eg-m82 81.27507484 1.639708493 Eg-p30 164.5164821 4.09927123
2 

Eg-m83 0.655444152 2.459562739 Eg-p31 5.243553215 0 

Eg-m84 151.4075991 1.639708493 Eg-p32 239.2371154 3.27941698
5 

Eg-m85 43.25931403 214.8018125 Eg-p33 151.4075991 0 

Eg-m86 170.4154795 19.67650191 Eg-p34 0.655444152 0 

Eg-m87 30.80587514 9.018396709 Eg-p35 63.57808273 17.2169391
7 

Eg-m88 25.56232192 50.01110903 Eg-p36 228.750009 13.1176679
4 
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Eg-m89 2.621776608 0.819854246 Eg-p37* 0 0 

Eg-m90 165.1719263 6.55883397 Eg-p38 172.3818119 1.63970849
3 

Eg-m91 12.45343889 4.919125478 Eg-p39 50.4691997 0 

Eg-m92 0.655444152 0 Eg-p40 106.1819526 3.27941698
5 

Eg-m93 0 0 Eg-p41 15.07521549 0 

Eg-m94 26.21776608 27.87504437 Eg-p42 47.19197894 0 

Eg-m95 541.3968695 29.51475287 Eg-p43 139.6096044 38.5331495
8 

Eg-m96 150.7521549 4.099271232 Eg-p44 7.209885671 0 

Eg-m97 1.966332456 0 Eg-p45 90.45129296 2.45956273
9 

Eg-m98 148.1303783 9.018396709 Orphan snoRNAs 

Eg-m99 9.831662278 1.639708493 Eg-m-Orphan1 7.209885671 0 

Eg-m100 47.19197894 27.05519013 Eg-m-Orphan2 1.966332456 0 

Eg-m101 12.45343889 3.279416985 Eg-m-Orphan3 40.63753742 22.9559189 

Eg-m102 49.81375554 12.29781369 Eg-m-Orphan4 68.1661918 0.81985424
6 

Eg-m103 12.45343889 7.378688217 Eg-m-Orphan5 81.27507484 1.63970849
3 

Eg-m104 1.310888304 0 Eg-m-Orphan6 19.66332456 0 

Eg-m105 7.209885671 0 Eg-m-Orphan7 1.310888304 1.63970849
3 

Eg-m106 57.67908537 12.29781369 Eg-m-Orphan8 11.79799473 0 

Eg-m107 76.03152162 1.639708493 Eg-m-Orphan9 0.655444152 0 

Eg-m108 31.46131929 55.75008875 Eg-m-
Orphan10 11.79799473 6.55883397 

Eg-m109 903.8574855 13.11766794 Eg-m-
Orphan11 1.310888304 0 

Eg-m110 16.3861038 5.738979724 Eg-m-
Orphan12 3.277220759 0 

Eg-m111 41.94842572 1.639708493 Eg-m-
Orphan13* 0 0 

Eg-m112 79.30874238 14.75737643 Eg-m-
Orphan14 0.655444152 0 
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Eg-m113 210.3975728 20.49635616 Eg-m-
Orphan15 0.655444152 0 

Eg-m114 33.42765175 36.89344108 Eg-m-
Orphan16* 0 0 

Eg-m115 47.84742309 12.29781369 Eg-m-
Orphan17* 0 0 

Eg-m116 32.77220759 2.459562739 Eg-p-Orphan1 0.655444152 0 

Eg-m117 3.277220759 0 Eg-p-Orphan2 10.48710643 0 

Eg-m118 7.865329823 0 Eg-p-Orphan3 5.243553215 0.81985424
6 

Eg-m119 55.05730876 0 Eg-p-Orphan4 0.655444152 0 

Eg-m120 9.831662278 1.639708493 Eg-p-Orphan5 0.655444152 0 

Eg-m121 23.59598947 2.459562739 Eg-p-Orphan6 19.00788041 0 

Eg-m122 0.655444152 0 Eg-p-Orphan7 399.8209327 4.09927123
2 

Eg-m123 1.966332456 0.819854246 Eg-p-Orphan8 178.9362535 4.09927123
2 

Eg-m124 53.0909763 109.860469 Additional RNAs 

Eg-m125 3.932664911 0.819854246 U2 snRNA 530.909763 15220.5940
8 

Eg-m126 4.588109063 4.919125478 U3 snoRNA 35.3939842 43934.3493
5 

Eg-m127 22.94054532 2.459562739 All rRNAs 93965.7845 126064.068
3 

Eg-m128 20.31876871 27.05519013    

Eg-m129 203.8431312 22.9559189    
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Table A.3.4. Characteristics of box AGAUGN snoRNAs identified in Euglena gracilis 
 

Box 
AGAUG
N RNA 

Size 
(nt) 

Target 
site 

Target 
match* 

Distance 

pocket 
(nt) 

Basal Stem 
(nt) 

Apical Stem (nt) Apical 
loop 
(nt) 

Eg-p5 66 LSU34
51 

4/0 + 4/0 15 6 10; 0+1 nt bulge 8 

Eg-p6 64 SSU10
5 

5/0 + 8/1 15 5 11; 1 m.m. 7 

Eg-p7 70 LSU33
32 

5/0 + 6/0 18 8 9; 1 m.m. 10-12 

Eg-p8 60 LSU13
65 

4/0 + 6/0 14 6 11; 0+1 nt bulge 6 

Eg-p9 69 LSU35
03 

5/0 + 5/0 15 6 15; two 0+1 nt bulges 7 

Eg-p10 68 LSU28
42 

4/0 + 6/0 15 9; 1 nt bulge 11; 0+1 nt bulge 8 

Eg-p11 72 SSU54
4 

4/0 + 9/0 16 6 14; 1 m.m. 0+1 nt bulge 5 

Eg-p12 66 LSU29
04 

4/0 + 4/0 13 7 10; 0+1 nt bulge 12 

Eg-p13 67 LSU15
68 

4/0 + 4/0 15 9; 1 nt bulge 13; 0+2 nt bulge 7 

Eg-p14 71 LSU32
35 

5/0 + 5/0 15 7 14-16; 2 m.m. 0+1 nt 
bulge 

4 - 6 

Eg-p15 72 LSU27
52 

5/0 + 5/0 15 8 12; 0+1 nt bulge & 0+4 
nt bulge 

4 

Eg-p16 67 SSU15
92 

4/0 + 7/0 15 6 11; 2+3 nt bulge 10 

Eg-p17 66 LSU37
01 

5/0 + 5/0 16 6 12; 1 m.m. 6 

Eg-p18 67 SSU13
93 

5/0 + 6/0 15 7 11 8 

Eg-p19 63 LSU39
53 

4/0 + 8/0 14 6 12; 1+0 nt bulge 6 

Eg-p20 70 LSU29
15 

4/0 + 8/0 15 6 14; 1+0 nt bulge 8 

Eg-p21 67 LSU29
14 

6/0 + 4/0 15 7 12; 1+0 nt bulge 7 

Eg-p22 65 LSU10
23 

3/0 + 8/0 16 6 13; 1+2 nt bulge 4 

Eg-p23 62 LSU12
66 

6/0 + 6/0 15 6 13; 1+2 nt bulge 3 

Eg-p24 64 LSU28
0 

4/0 + 9/0 16 6 10; 2+2 nt bulge 6 

Eg-p25 64 LSU12
35 

4/0 + 9/0 15 7 11; 0+1 nt bulge 5 

Eg-p26 66 LSU36
97 

6/0 + 6/1 15 6 15; 1 m.m. 0+2 nt bulge 4 

Eg-p27 66 LSU35
68 

7/0 + 4/1 15 7 11 10 

Eg-p28 65 LSU30
42 

4/0 + 8/2 16 8; 0+1 nt 
bulge 

8; 1 m.m. 12 

Eg-p29 66 SU166
0 

3/0 + 7/0 14 6 10; 2 m.m. 12 

Eg-p30 68 SSU20
65 

4/0 + 5/0 17 7; 0+1 nt 
bulge 

14; 0+1 nt bulge, 1 m.m. 5 

Eg-p31 67 LSU21
19 

4/0 + 7/0 14 5 10; 1 m.m. 12 
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Eg-p32 69 LSU35
91 

5/0 + 5/1 16 6 13; 1+0 nt bulge 8 

Eg-p33 70 LSU29
43 

5/0 + 5/0 15 8 10 14 

Eg-p34 64 SSU21
16 

4/0 + 6/0 16 6 13; 0+1 nt bulge 4 

Eg-p35 67 LSU35
42 

8/1 + 7/0 14 4 11 10 

Eg-p36 68 SSU10
68 

3/0 + 5/0 15 6 7; 0+1 nt bulge 17 

Eg-p37 65 LSU48
0 

7/2 + 6/0 15 6 12; 0+1 nt bulge 5 

Eg-p38 65 SSU23
05 

7/0 + 4/0 15 6 12; 0+1 nt bulge 5 

Eg-p39 64 LSU14
07 

7/0 + 6/0 14 5 12; 1+0 & 0+1 nt bulges 7 

Eg-p40 62 LSU56
7 

4/0 + 6/1 15 8; 1+0 nt 
bulge 

8 10 

Eg-p41 63 LSU19
26 

7/1 + 7/0 14 5 11; 2 1+1 nt bulges 7 

Eg-p42 66 SSU89 4/0 + 6/0 15 7 12 7 

Eg-p43 67 LSU27
46 

5/0 + 7/0 15 8 12; 2 0+1 nt bulges 7 

Eg-p44 60 SSU16
24 

3/0 + 4/0 16 6 10; 2+1 nt bulge 5 

Eg-p45 68 LSU28
37 

4/0 + 5/0 14 8; 2 m.m. 10; 0+1 nt bulge 15 

* Target match indicates the number of canonical & G U base-pairs /mismatches. The two sets of numbers for each 
snoRNA represent the regions of base-pair interactions upstream and downstream of the uridine targeted for 
modification. See Figure S3 for further clarification.  

 
 

Table A.3.5. Identity of the first nucleotide upstream of the basal stem of AGAUGN 
snoRNAs in Euglena gracilis. Invariant nucleotides have this identity in all isoforms of 
that RNA species at this position. Variable nucleotides indicate that isoforms of a single 
RNA species have one of two nucleotides at this position. Does not include orphan RNAs.  

Invariant 
Number of 
Sequences 

A 16 

C 15 

G 5 

U 5 
  

Variable  

A or C 2 

C or U 1 
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Table A.3.6. PCR conditions used for amplification of cDNA during library 
construction. 

Cycle Temperature Duration Reaction Components 

1 cycle 98°C 2 min 
1 X Phusion HF buffer (Theromo 
Scientific), 200 μM dNTPs, 0.5 M each 
oligonucleotide, 5 μL (of 20 μL reaction) 
of cDNA, 1 U of Phusion Taq Polymerase 
(Thermo Scientific) 

35 
cycles 

98°C 10 s 

60°C 15 s 

72°C 30 s 

1 cycle 72°C 7 min 
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Appendix 4 – Table of oligonucleotides used in this thesis: 

Table A.4.1. Oligonucleotide primers used in experimental Chapters 2-4.  
Oligo 
Name  Description 

DM1 GCTGTAATACGACTCACTATAGGCA
AGGTGCGTGCTCCCTCGGTG 

Forward primer for G. lamblia U4 5' K-turn 
mutant for GA to GC in NC stem in vitro 

transcription 

DM2 CAAGGCAGCACCGAGGGA 
Reverse primer for G. lamblia U4 5' K-turn 
mutant for GA to GC in NC stem in vitro 

transcription 

DM3 GGCGCATATGTCTGCCCCAAACCCA
AAGGCTTTC 

Forward primer for cloning of Yeast Snu13p 
CDS into pET28a expression vector  

DM4 GGACGAATTCTTAAATTAATAATGT
TTCAATCTTGTCC 

Reverse primer for cloning of Yeast Snu13p 
CDS into pET28a expression vector 

DM7 GCTGTAATACGACTCACTATAGGGA
GCCTCTGTGCTTATGCC 

Forward primer for in vitro transcription of 
K-turn containing stem of G. lamblia RNase 

P 

DM8  GAGCACTCTCAGTCGGGCAAGG 
Reverse primer for in vitro transcription of 

K-turn containing stem of G. lamblia RNase 
P 

DM9 GCTGTAATACGACTCACTATAGGCA
AGGTGCGTGACCCTCGGG 

Forward primer for in vitro transcription of 
G. lamblia U4 5' K-turn lacking UU pair 

mutant. (Does not have 5' most C) 

DM10 CAAGGCATCCCGAGGGTCACGC 
Reverse primer for in vitro transcription of 
G. lamblia U4 5' K-turn lacking UU pair 

mutant. (Does not have 3' most A) 

DM15 CGGACCTCGAGTTACTCGTCCTCGA
GCCAG 

Reverse primer for cloning G. lamblia 
Rsa1p/NUFIP homolog into expression 

vector 

DM20 CGGACGGTACCCTCGTCCTCGAGCC
AGTGGC 

Reverse primer for cloning G. lamblia 
Rsa1p/NUFIP homolog into pETDuet 

expression vector 

DM47 GGCGGGATCCATGGGTACAGACTAT
CGAAACAGCGGGCGC 

Forward primer for cloning of G. lamblia 
fibrillarin CDS into pAN/pAC G. lamblia 

expression vectors 

DM49 GGCGGGATCCATGGGTACAGACTAT
CGAAACAGCGGGCGC 

Forward primer for cloning of G. lamblia -
Snu13p CDS into pAN/pAC G. lamblia 

expression vector 

DM50 GGCGGGATCCATGCAAATTGACCCC
AGAGCCATTCCG 

Reverse primer for cloning of G. lamblia -
Snu13p CDS into pAC G. lamblia 

expression vector 

DM51 GGCGGGATCCATGCCAGATGCACGC
GCTGTTC 

Forward primer for cloning of G. lamblia -
Snu13p CDS into pAN/pAC G. lamblia 

expression vector 

DM52 CATAGCGGCCGCTGGTGTCCTAGCT
CCGTAAGGAATATGTTTAGC 

Reverse primer for cloning of lamblia -
Snu13p CDS into pAC G. lamblia 

expression vector 
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Oligo 
Name  Description 

DM53 GGCGGAATTCTGCGCTGCCTTGACA
CGGAATCTCCCCAC 

Reverse primer for cloning of G. lamblia 
fibrillarin CDS into pAN G. lamblia 

expression vector (Paired with DM47 
forward primer) 

DM54 GGCGGAATTCAATACCAGTGCCTCC
ACTTTCCCTAC 

Reverse primer for cloning of G. lamblia -
Snu13p CDS into pAN G. lamblia 

expression vector (Paired with DM49 
forward primer) 

DM55 GGCGGAATTCTGGTGTCCTAGCTCC
GTAAGGAATATGTTTAGC 

Reverse primer for cloning of G. lamblia -
Snu13p CDS into pAN G. lamblia 

expression vector (Paired with DM51 
forward primer) 

DM61 
GCTGTAATACGACTCACTATAGGAA
TACGCATATCAGTGAGGATTCGTCC

GAG 

Forward primer for in vitro transcription of 
S. cerevisiae U4 5' K-turn  

DM62 AAACACAATCTCGGACGAATCC Reverse primer for in vitro transcription of 
S. cerevisiae U4 5' K-turn 

DM63 
GCTGTAATACGACTCACTATAGGTC
AAATGATGTAATAACATATTTGCTA

C 

Forward primer for in vitro transcription of 
S. cerevisiae snR24 C/D snoRNA 

DM64 TTCATCAGAGATCTTGGTGATAATT
GG 

Reverse primer for in vitro transcription of 
S. cerevisiae snR24 C/D snoRNA 

DM95 GGCGGGATCCATGCCAATCATCGTT
AAGGGTGC 

Forward primer for cloning of G. lamblia 
Ucp1 into pAN G.lamblia expression vector  

DM96 CACGGAATTCTGCCTTGCCTCTTCG
AGTGTCAC 

Reverse primer for cloning of G. lamblia 
Ucp1 CDS into pAN G.lamblia expression 

vector  

DM98 GGAGCATATGCCAATCATCGTTAAG
GGTGC 

Forward primer for cloning of G. lamblia 
Ucp1 CDS into pET28a expression vector 

DM99 GGACGAATTCTCACCTTGCCTCTTC
GAGTGTCAC 

Reverse primer for cloning of G. lamblia 
Ucp1  CDS into pET28a expression vector 

DM100 GGCGGGATCCATGCCGATCATTATT
AAGGGTGTGAAGC 

Forward primer for cloning of G. lamblia 
Ucp2 CDS into pAN G.lamblia expression 

vector  

DM101 CACGGAATTCTGGTTCACATCCGAC
ACCGTAGTGC 

Reverse primer for cloning of G. lamblia 
Ucp2 CDS into pAN G.lamblia expression 

vector  

DM103 GGAGCATATGCCGATCATTATTAAG
GGTGTGAAGC 

Forward primer for cloning of G. lamblia 
Ucp2 CDS into pET28a expression vector 

DM104 GGACGAATTCTCAGTTCACATCCGA
CACCGTAGTGC 

Reverse primer for cloning of G. lamblia 
Ucp2 CDS into pET28a expression vector 

DM105 GGCGGGATCCGATGCCAATCATCGT
TAAGGGTGC 

Forward primer for cloning of G. lamblia 
Ucp1 CDS into multiple cloning site 1 of 

pETDuet vector 

DM106 CACAGCGGCCGCTCACCTTGCCTCT
TCGAGTGTCAC 

Reverse primer for cloning of G. lamblia 
Ucp1 CDS into multiple cloning site 1 of 

pETDuet vector 
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Name  Description 

DM107 CACGCTCGAGTCAGTTCACATCCGA
CACCGTAGTGC 

Reverse primer for cloning of G. lamblia 
Ucp2 CDS into multiple cloning site of 

pETDuet vector for use with Ucp2 pET28a 
forward primer (DM103) 

DM108 GGCGGGATCCGATGCCGATCATTAT
TAAGGGTGTGAAGC 

Forward primer for cloning G. lamblia Ucp2 
CDS into multiple cloning site 1 of pETDuet 

DM109 CACGGCGGCCGCTCAGTTCACATCC
GACACCGTAGTGC 

Reverse primer for cloning G. lamblia Ucp2 
CDS into multiple cloning site 1 of pETDuet 

DM110 CACGCTCGAGTCACCTTGCCTCTTC
GAGTGTCAC 

Reverse primer for cloning G. lamblia Ucp1 
CDS into multiple cloning site 2 of 

pETDuet. For use with Ucp1 pET28a 
forward primer (DM98) 

DM129 TTCAGTTCGATGCGCCCAGG 
Forward primer for PCR in G. lamblia 

reverse primer)  

oP94 AATAAAGCGGCCGCGGATCCAATTT
TTTTTTTTTTTTTT(A/C/G) 

Reverse primer used for RT and PCR steps 
 

oAH21 GGCCCGATTAATATGCAAATTGACC
CCAGAGCC 

Forward primer for cloning of G. lamblia -
Snu13p CDS into pET28a expression vector 

(Used with oAR314 reverse primer) 

oAR314 GGCGAAGCTTTCATACCAGTGCCTC
CACTTTCCC 

Reverse primer for cloning G. lamblia -
Snu13p CDS into pET28a expression vector 

(Used in oAH21) 

oAH24 GGCGCATATGGGTACAGACTATCGA
AACAGCGGG 

Forward primer for cloning of G. lamblia 
fibrillarin CDS into pET28a expression 

vector  

oAH25 GGACGAATTCTCACGCTGCCTTGAC
ACGGAATCTCC 

Reverse primer for cloning of G. lamblia 
fibrillarin CDS into pET28a expression 

vector 

oAH30 GCGCATATGTCTAGCGAGCTCATAC
CGGC 

Forward primer for cloning of G. lamblia 
putative Nufip domain containing protein 

into pET28a expression vector 

oAH31 CGGACGAATTCTTACTCGTCCTCGA
GCCAGTTGC 

Reverse primer for cloning of G. lamblia 
putative Nufip domain containing protein 

into pET28a expression vector 

oAH40 GCTGTAATACGACTCACTATAGGAG
CTGTGATGACAGGTTCTTGC 

Forward primer for in vitro transcription of 
G. lamblia box C/D snoRNA GlsR5.  

oAH41 GAGCTCAGCCGGTTGGCTTGG Reverse primer for in vitro transcription of 
G. lamblia box C/D snoRNA GlsR5.  

oAH46 GCTGTAATACGACTCACTATAGGTA
GCAACCCGTGATTTGCAACG 

Forward primer for in vitro transcription of 
G. lamblia box C/D snoRNA GlsR9.  

oAH47 AACCTCATGTGTGCTTTCAC Reverse primer for in vitro transcription of 
G. lamblia box C/D snoRNA GlsR9.  

oAH206 GCTGTAATACGACTCACTATAGGCA
AGGTGCGTGATCCCTCGGTG 

Forward primer for in vitro transcription of 
G. lamblia U4 snRNA 5' K-turn.  

oAH207 CAAGGCATCACCGAGGGA Reverse primer for in vitro transcription of 
G. lamblia U4 snRNA 5' K-turn.  
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GM01 CATAGGATCCATGACACAGAACTAC
CGCATAAAGCAGCTG 

Forward primer for cloning G. lamblia Ucp3 
CDS into pAN (Used with GM02) 

GM02 CATAGAATTCAAGTACTTCTTGACG
GTTTCAGAGCTCCCTGA 

Reverse primer for cloning G. lamblia Ucp3 
CDS into pAN (Used with GM01) 

DM83 GGCGGGATCCATGTACCTGTTATAT
GAGGCCGCG 

Forward primer for cloning G. lamblia 
Nop58 CDS into pAN (Used with DM84) 

DM84 CACGGAATTCTGCTTGGAGTGCGTC
TTGTTCTTCTTATCG 

Reverse primer for cloning G. lamblia 
Nop58 CDS into pAN (Used with DM83) 

IllMulti 
AATGATACGGCGACCACCGAGATCT
ACACGTTCAGAGTTCTACAGTCCGA

CGATC 

Reverse primer used for construction of all 
Illumina RNA-seq libraries 

IlluBar1 
CAAGCAGAAGACGGCATACGAGAT
CGTGATGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

Forward primer containing barcode for 
multiplexing for Illumina -Snu13p input 

RNA library replicate 1 

IlluBar2 
CAAGCAGAAGACGGCATACGAGAT
ACATCGGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

Forward primer containing barcode for 
multiplexing for Illumina -Snu13p co-

precipitated RNA library replicate 1 

IlluBar3 
CAAGCAGAAGACGGCATACGAGAT
GCCTAAGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

Forward primer containing barcode for 
multiplexing for Illumina -Snu13p input 

RNA library replicate 2 

IlluBar4 
CAAGCAGAAGACGGCATACGAGAT
TGGTCAGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

Forward primer containing barcode for 
multiplexing for Illumina -Snu13p co-

precipitated RNA library replicate 2 

IlluBar5 
CAAGCAGAAGACGGCATACGAGAT
CACTGTGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

Forward primer containing barcode for 
multiplexing for Illumina -Snu13p input 

RNA library replicate 3 

IlluBar6 
CAAGCAGAAGACGGCATACGAGAT
ATTGGCGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

Forward primer containing barcode for 
multiplexing for Illumina -Snu13p co-

precipitated RNA library replicate 3 

IlluBar7 
CAAGCAGAAGACGGCATACGAGAT
GATCTGGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

Forward primer containing barcode for 
multiplexing for Illumina -Snu13p input 

RNA library replicate 1 

IlluBar8 
CAAGCAGAAGACGGCATACGAGAT
TCAAGTGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

Forward primer containing barcode for 
multiplexing for Illumina -Snu13p co-

precipitated library replicate 1 

IlluBar9 
CAAGCAGAAGACGGCATACGAGAT
CTGATCGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

Forward primer containing barcode for 
multiplexing for Illumina -Snu13p input 

RNA library replicate 2 

IlluBar10 
CAAGCAGAAGACGGCATACGAGAT
AAGCTAGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

Forward primer containing barcode for 
multiplexing for Illumina -Snu13p co-

precipitated library replicate 2 

IlluBar11 
CAAGCAGAAGACGGCATACGAGAT
GTAGCCGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

Forward primer containing barcode for 
multiplexing for Illumina -Snu13p input 

RNA library replicate 3 

IlluBar12 
CAAGCAGAAGACGGCATACGAGAT
TACAAGGTGACTGGAGTTCAGACGT

GTGCTCTTCCGATCT 

Forward primer containing barcode for 
multiplexing for Illumina -Snu13p co-

precipitated library replicate 3 
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R1R DNA  /5Phos/GATCGTCGGACTGTAGAACTC
TGAACGTGTAG/3SpC3/ 

Adapter for library construction using 
TGIRT™ -III 

R2R DNA GTGACTGGAGTTCAGACGTGTGCTC
TTCCGATCTTN 

Adapter added during template switching for 
library construction using TGIRT™-III 

 

 



 

 


