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ABSTRACT 

 

 Giardia lamblia is one of the most common eukaryotic intestinal parasites in the world.  A 

theme of simplified cellular machinery characterizes much of its biology with interesting 

consequences: a greatly reduced set of transcription factors result in an abundance of antisense 

mRNA transcripts with no known functions.  This reduced level of transcriptional control 

suggests that gene expression is largely regulated either pre- or post-transcriptionally.  ‘Pre-

transcriptional’ implies changes to chromatin structure and includes DNA and histone 

methylation and histone acetylation. ‘Post-transcriptional’ implies the regulation of mRNA 

stability and/or translation.  The two major components of the research presented here have 

focused in turn on each of these stages of regulation. 

 Pre-transcriptional regulation has received relatively little attention in Giardia, but it is known 

that histone acetylation plays a role in the expression of antigenic surface proteins and is 

regulated during development.  Therefore we sought to determine if DNA methylation was 

present in Giardia.  We successfully documented the presence of DNA methylation and further 

showed that despite its remarkably low abundance, DNA methylation is required for parasite 

growth and development. We are currently seeking an explanation for this dependence on DNA 

methylation and suspect a role in maintenance of genome stability.  

 Likewise, although a small number of studies have looked at specific post-transcriptional 

regulatory mechanisms, none had previously performed a comprehensive analysis of post-

transcriptional regulation in Giardia. We undertook this goal by first performing a 
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comprehensive identification and analysis of Giardia’s RNA decay machinery using an in silico 

approach and secondly by analyzing the stability of mRNA sense and antisense transcripts to 

identify the parasite’s ability to differentially handle its diverse RNA population.  We discovered 

that Giardia possesses many of the RNA decay complexes typically found in eukaryotic 

organisms, but appears to be missing components that play roles in noncoding transcript decay. 

These in silico findings were supported by our mRNA decay analyses that demonstrated that 

cognate pairs of sense and antisense transcripts possess roughly equivalent decay rates, 

suggesting that Giardia cannot differentiate between coding and noncoding transcripts. We are 

interested in further understanding the molecular consequences of this unusual transcript 

stability. 
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CHAPTER 1: INTRODUCTION TO GIARDIA LAMBLIA BIOLOGY 

 

 

Introduction to Giardia lamblia 

As one of the most common agents of diarrheal disease, Giardia lamblia has been 

estimated to infect a staggering 1 billion individuals annually in the developing world, and is the 

most common intestinal eukaryotic parasite in the United States (Hlavsa MC 2005).  As is true 

for many intestinal pathogens, a lack of clean water is the main factor contributing to its 

prevalence.  Infection with Giardia spp. begins with ingestion of food or water contaminated 

with cysts, which is the infectious stage of the parasite’s lifecycle.  Once ingested, the 

trophozoite, the dividing stage, is released in the small intestine where it can cause symptomatic 

disease such as diarrhea and weight loss.  In addition to affecting humans, Giardia lamblia is 

capable of infecting many wild and domesticated mammalian species, which further complicates 

disease spread. 

Disease and medical significance 

Waterborne pathogens thrive in our world today: 1.1 billion people have no access to 

clean water, while approximately 2.4 billion people lack basic sanitation facilities (WHO 2004).  

In 2000, The United Nations set Millenium Development Goals to halve these numbers by 2015.  

The water quality goals are likely to be met, whereas the goal to improve basic sanitation for the 

world will fall short by a wide margin (UN 2010).  Without improvement of water quality and 

sanitation practices, incidence rates of diseases spread by the fecal-oral route, such as giardiasis 

are going to be extremely difficult to slow or reduce.  Disease resulting from infection with 

Giardia is associated with symptoms such as diarrhea, cramping, weight loss, and can result in 

long-term physical and mental growth retardation (Adam 2001; Hlavsa MC 2005).  The burden 
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of Giardia infection comes primarily from morbidity, although diarrheal disease caused by 

microorganisms kills 2.2 million humans each year worldwide (WHO 2004).   

 Infection with Giardia ranges from  being asymptomatic to severe acute or chronic 

infection (Roxstrom-Lindquist, Palm et al. 2006).  Severe human infection often warrants 

chemotherapeutic treatment using one of the several classes of available drugs.  Drugs such as 

the nitroimidazoles, benzimidazoles, and paromomycin are currently used in different parts of 

the world; each possessing its own strengths and weaknesses (Gardner and Hill 2001; Tejman-

Yarden and Eckmann 2011).  In the United States, metronidazole is the only member of the 

nitroimidazoles available to treat giardiasis.  However, at its suggested dosage, its efficacy 

ranges from 60-95% (Gardner and Hill 2001).  Other drugs possess higher efficacies, yet side 

effects may restrict their use for some patients.  Drug resistance has been reported in vitro 

(Townson, Laqua et al. 1992; Tejman-Yarden, Millman et al. 2011),  and existing treatment 

issues have stimulated the search for novel anti-giardial agents using high-throughput screening 

methods with previously identified bioactive compounds (Bonilla-Santiago, Wu et al. 2008; 

Chen, Kulakova et al. 2010).   

The drugs currently available to treat giardiasis during human infection target metabolic 

pathways.  Additional targets are likely available due to the divergent and degenerate nature of 

the parasite’s biology (Morrison, McArthur et al. 2007), but a historic lack of knowledge of the 

basic molecular biology of the parasite has hindered this process.  However, recent advances 

reveal critical differences between Giardia and human biology which may be promising in the 

treatment of giardiasis (Morrison, McArthur et al. 2007).  Current and future research projects 

which reveal exploitable differences between host and parasite are likely to bring us closer to 

increasing the number of available drugs and targets for the treatment of giardiasis. 
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Cell structure 

Trophozoites are the actively dividing stage of the lifecycle and colonize the small 

intestine, where they replicate and cause disease, while the cysts are the infectious stage.  

Trophozoites are pear or tear drop shaped and are approximately 15µm long and 8-10µm in 

width.  The parasite has two prominent equivalently sized, diploid nuclei in the anterior half of 

the cell, and four pairs of flagella.  Giardia is considered to be a highly divergent eukaryote and 

much of its cell biology reflects this.  The parasite possesses simplified mitochondria, known as 

mitosomes, but lacks peroxisomes (Adam 2001) and a recognizable Golgi during replicative 

division of the trophozoite.  Additionally, Giardia possesses a ventral disk comprised of 

microtubules and associated proteins (Peattie, Alonso et al. 1989; Weiland, Palm et al. 2003) .  

There is no identified function of the ventral disk, but it has been consistently thought to aid in 

parasite attachment (Peattie, Alonso et al. 1989; Erlandsen, Russo et al. 2004; Hagen, Hirakawa 

et al. 2011; House, Richter et al. 2011).  In order for the parasite to cause disease it must attach to 

the lumen of the small intestine, therefore the study of attachment mechanisms and the ventral 

disk is an active area of investigation.   

During encystation the ventral disk is fragmented and stored in the cytoplasm along with 

the flagella (Chavez-Munguia, Cedillo-Rivera et al. 2004).  The cyst stage of the parasite is 

ovoid in shape and possesses a cyst wall which is between 300 and 500 nm thick (Chavez-

Munguia, Cedillo-Rivera et al. 2004). The cysts are slightly smaller in length and width than 

trophozoites and the cyst wall is primarily composed of proteins known as the cyst wall proteins 

and modified sugars such as GalNAc (Adam 2001; Samuelson and Robbins 2011).  The cyst 

wall allows small molecules to traverse its structure, yet its durability allows the parasite to 

survive long periods in the environment while minimizing desiccation rates. 
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Reproduction and development 

Lifecycle and transmission 

Infection with Giardia occurs when food or water contaminated with cysts are ingested.  

Trophozoites emerge from cysts in the small intestine after exposure to the stomach acid and 

digestive enzymes of the host.  Trophozoites remain in the lumen of the upper segments of the 

small intestine and attach to the luminal surface to prevent expulsion.  Giardia cannot cause 

disease unless it attaches to the lumen of the small intestine, therefore the mechanism of 

attachment has been and is still extensively studied, yet an all encompassing model of attachment 

has yet to be developed (Hansen and Fletcher 2008; House, Richter et al. 2011).  Eventually, 

trophozoites are pushed to the latter portions of the small intestine, where encystation begins 

(Lujan, Mowatt et al. 1997).  Cysts are eventually passed with the feces of the host which are 

capable of surviving for several weeks in the environment. Giardia’s ability to be a widespread 

pathogen is tightly linked with its simple lifecycle, its low infectious dose (Gardner and Hill 

2001), and decreased desiccation rates when compared to trophozoites.  New infection can begin 

when the cysts are ingested by a new host.  

Mitosis 

Giardia undergoes mitosis in a similar manner as typical eukaryotic cells, but instead of 

the trophozoites pausing during G1 as is more common in eukaryotes, the trophozoite pauses in 

the G2 phase following replication of its DNA (Bernander, Palm et al. 2001).  Giardia is 

tetraploid, however after G2 the parasite is functionally an octaploid cell until mitosis halves the 

DNA content per nucleus.  At the start of mitosis, Giardia’s nuclei align with each other in the 

center of the cell along the dorsal-ventral axis, prior to partial breakdown of the nuclear 
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envelope.  Giardia undergoes semi-open mitosis, where the nuclear envelope only partially 

breaks down at the poles (Sagolla, Dawson et al. 2006).  Microtubule organizing centers form 

outside of the fenestrated nuclear envelope, and the microtubules enter the nucleus and attach to 

the chromosomes.  Until recently, it was unknown if each daughter cell received a copy of both 

nuclei or two copies of a single nucleus.  We now know that both daughter cells receive a copy 

of each nucleus, meaning that the daughter cells are identical to the mother cell (Sagolla, 

Dawson et al. 2006).   

Meiosis 

 Homologs of  meiotic genes have been identified in Giardia although sexual 

reproduction has never been detected (Ramesh, Malik et al. 2005).  The presence of meiosis 

specific homologs only suggests that the parasite possesses a sexual stage, because some genes 

involved in the meiotic pathway often have additional roles beyond meiosis (Ramesh, Malik et 

al. 2005).  If Giardia does undergo meiosis an increasing amount of evidence suggests that it 

likely occurs between encystation and excystation. Recent work detected movement of episomal 

DNA markers between nuclei during the cyst stage (Poxleitner, Carpenter et al. 2008), while 

evidence from the wild isolates suggest that there is recombination between different strains 

(Lasek-Nesselquist, Welch et al. 2009; Caccio and Sprong 2010; Kamikawa, Inagaki et al. 2011; 

Kamikawa, Inagaki et al. 2011; Nageshan, Roy et al. 2011; Roy, Hudson et al. 2012).  Until 

recently it was thought that Giardia was a clonal species reproducing solely asexually.  One 

would expect that over time clonal organisms from different lineages would begin to develop 

lineage specific mutations.  However, low levels of allelic heterozygosity in assemblages A1 and 

A2, argue against clonal division being the only form of reproduction in the parasite 

(Teodorovic, Braverman et al. 2007).  Understanding Giardia’s life history is important for 
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understanding its zoonotic potential, virulence, and capacity for drug resistance. Questions that 

remain are whether the DNA exchange process capable of moving episomes and relatively small 

DNA fragments is able to move larger DNA fragments on the order of megabases of DNA as 

well. 

Encystation 

Encystation in Giardia is the process of cyst wall formation.  The trophozoite produces 

an extracellular wall made primarily of sugar and protein which allows it to survive in the 

environment outside of the host.  In vivo, encystation begins in the ileum and early portions of 

the large intestine.  Suggested triggers of encystation are changes in pH, bile and cholesterol 

levels although the overriding factor(s) remain unresolved (Adam 2001).  Encystation can be 

stimulated in vitro as well with high levels of efficiency.  One and two step protocols which are 

used for cyst production generally increase the pH from 7.1 to approximately 7.6 to 7.8 and 

greatly increase bile concentrations (Boucher and Gillin 1990; Poxleitner, Carpenter et al. 2008).  

The in vitro protocols take 72 hours from start to completion, and are capable of producing 

water-resistant cysts, although researchers cannot tell which method more closely mimics the 

environmental changes experienced in the body (Poxleitner, Carpenter et al. 2008).  As the cyst 

matures and becomes water-resistant, its nuclei divide resulting in four tetraploid nuclei. The 

mature cyst wall is approximately 500 nm thick and is permeable to small molecules but still 

manages to greatly slow rates of desiccation.  Under laboratory conditions cyst viability was 

maintained for approximately a month when the cysts were stored at 4°C (Boucher and Gillin 

1990).  Although some cysts remain viable after storage in such conditions, the majority of the 

cysts are ineffective at establishing an infection, which suggests that cyst viability in natural 

environments likely ranges from several days to a few weeks.  Although much is known about 



 

7 

 

the cysts, researchers have not determined how the cyst wall material is deposited (via outside-in 

or inside-out methods), the exact triggers of encystation in vivo, or the time it takes to produce a 

mature cyst in vivo.  The process of encystation has been the primary developmental stage of 

Giardia’s lifecycle studied, because excystation has been extremely difficult to promote in vitro.    

Excystation 

In vivo, excystation begins when the cyst is ingested and exposed to the low pH of the 

stomach acid.  The second part of excystation is the egress of the trophozoite from the cyst which 

occurs in the small intestine (Adam 2001; Reiner, Hetsko et al. 2003). Cysts respond both 

transcriptionally and translationally during the process of excystation (Hetsko, McCaffery et al. 

1998).  Cysts respond transcriptionally to the low pH of the stomach and there are also visible 

changes to the cyst during that time.  Although cyst transcriptional activity increases upon 

exposure to the acidic environment of the stomach (Hetsko, McCaffery et al. 1998), trophozoite 

emergence from cysts does not occur until the small intestine is reached.  Premature trophozoite 

emergence is likely to result in cell death due to the acidic pH of the stomach.   

The first recognizable changes in translation occur in the small intestine shortly before 

the release of the trophozoite (Hetsko, McCaffery et al. 1998).  Following release from the cyst, 

a trophozoite undergoes two successive rounds of cytokinesis without the duplication of the 

DNA, resulting in four trophozoites.  This quick division also likely allows Giardia to be 

incredibly infectious.  The complete lifecycle can be completed in vitro, albeit inefficiently due 

to inconsistent in vitro rates of excystation (Rice and Schaefer 1981; Hautus, Kortbeek et al. 

1988; Boucher and Gillin 1990).  In vitro excystation difficulties hinder progress on 

understanding the complete lifecycle of the parasite and many of the mechanisms occurring 

during the excystation process. 
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Genome 

General genome features 

 Giardia trophozoites are binucleated and tetraploid.  The nuclei are roughly equivalent in 

size and based on ribosomal DNA sequences, the nuclei contain equivalent amounts of DNA 

(Kabnick and Peattie 1990).  Each nucleus varies between 2N or 4N depending if the trophozoite 

is in G1 or G2 of the cell cycle (Bernander, Palm et al. 2001).  The haploid genome is ~ 1.2x10
7
 

base pairs with approximately 6500 genes (Adam 2000; Morrison, McArthur et al. 2007).  The 

genome is incredibly compact even when compared against other single-celled parasitic 

organisms.  The average intergenic distance is less than 400 base pairs, which leads to atypical 

eukaryotic gene structure (Morrison, McArthur et al. 2007).  In addition to its compact genome, 

there are few identified introns.  There are four canonical introns in Giardia (Nixon, Wang et al. 

2002; Russell, Shutt et al. 2005; Morrison, McArthur et al. 2007) while there at least as many 

trans-spliced introns in the genome, found in the HSP90 and dynein genes (Kamikawa, Inagaki 

et al. 2011; Kamikawa, Inagaki et al. 2011; Nageshan, Roy et al. 2011; Roy, Hudson et al. 2012).  

Giardia’s five chromosomes were separated using pulse field gel electrophoresis with some 

chromosomes displaying dramatic changes in size from generation to generation, mostly thought 

to be due to ribosomal gene reorganization at the telomeres (Sogin, Gunderson et al. 1989; Adam 

2000; Adam 2001). 

  The first Giardia lamblia genome was sequenced, annotated, and published in 2007.  The 

sequence revealed an incredible amount of degeneracy and minimalism in the WB isolate known 

as the Genome strain.  Efforts to align chromosomes were made difficult by highly repetitive 

genomic regions; therefore the genome still has not been fully assembled although chromosome 

four’s contigs have been aligned completely (Adam, Nigam et al. 2010).  Additionally, efforts to 
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annotate all genes are not yet feasible due to many of the predicted genes possessing no 

homologs in other organisms.  Additional Giardia isolates from assemblages B (GS isolate) and 

E (P15 isolate) were sequenced, resulting in higher levels of synteny between WB and GS than 

between P15 and the other two isolates (Franzen, Jerlstrom-Hultqvist et al. 2009; Jerlstrom-

Hultqvist, Franzen et al. 2010).  The sequencing of additional isolates will provide an idea of 

how diverse the Giardia lamblia species complex is. 

Genetic tools and genome manipulations 

The use of common genetic and molecular tools for studies in Giardia lag behind that 

seen in many other organisms.  Techniques such as genetic knock outs are difficult, if not 

impossible to accomplish in Giardia due to its tetraploidy and an absence of four selectable 

markers.  The use of dsRNA or morpholinos to reduce protein expression has been used in the 

past (Dan, Wang et al. 2000; Dan and Wang 2000), yet these techniques are only now being 

employed regularly (Carpenter and Cande 2009; Rivero, Kulakova et al. 2010).  Consequently, 

knockdown of the protein is incomplete, and reduced protein levels are not ideal for loss of 

function studies, but techniques such as dominant negatives and overexpression studies provide 

Giardia researchers a variety of ways to understand protein functionality in the parasite.  Further 

development of techniques for use with Giardia will likely make it a more tractable organism to 

work with. 

Variant surface proteins 

Variant surface proteins (VSPs) are the dominant immunogenic protein on the surface of 

the Giardia trophozoite.  To avoid detection and elimination by the host, the parasite is capable 

of switching the surface proteins every 6 to 13 generations (Adam 2001), so that as one VSP 
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becomes the primary target of the immune system’s antibodies, another momentarily 

unrecognized VSP begins to increase in frequency in the population.  There are approximately 

300 individual VSPs in the genome of the WB strain of the parasite; some of which are identical 

copies of each other, while others show signs of recombination between different VSP genes 

(Adam, Nigam et al. 2010).  The VSP genes can be separated from each other by thousands of 

base pairs, but are often found in linear arrays with as many as 10 genes in a row.  The N-

terminal region of the protein family contains a signal peptide that is ultimately cleaved and the 

remaining structure of the mature VSPs can be extremely variable except for the highly 

conserved C-terminal region of the proteins approximately 38 amino acids long, which contains 

a transmembrane domain and a final cytosolic penta-peptide (CRGKA) sequence that is largely 

invariable across the family (Mowatt, Aggarwal et al. 1991; Adam, Nigam et al. 2010)   

Several independent lines of evidence show that VSP expression is regulated in a variety 

of ways including by pre- and post-transcriptional methods.  In 2006, a study provided evidence 

that histones associated with the gene encoding the expressed VSP H7 are acetylated, while the 

histones on the same gene from a culture not expressing H7 were not acetylated (Kulakova, 

Singer et al. 2006).  This study provided evidence indicating chromatin regulation, but it does not 

demonstrate if this is a global VSP attributed phenomenon.  Additionally, interesting findings 

regarding the transcription and post-transcriptional regulatory mechanisms of VSP transcript 

abundance show that multiple VSP transcripts are produced at any one moment in time, and that 

RNAi proteins Dicer, RDRP, and Argonaute aid in maintaining low levels of all but one VSP 

transcript, presumably through dsRNA degradation (Prucca, Slavin et al. 2008).  The mechanism 

for this process has yet to be elucidated, but the study demonstrates that the parasite uses post-

transcriptional degradation as a means of controlling gene expression (Prucca, Slavin et al. 
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2008).  Additionally, miRNAs have also been implicated in partial regulation of VSP expression 

(Saraiya, Li et al. 2011).  Two miRNAs were found to bind target nucleotide sequences in the 3’ 

coding regions and 3’ UTRs of approximately 20 VSP genes.   Another study found that 

Giardia’s arginine deiminase modifies the arginine residue in the CRGKA tail of the expressed 

VSP, a modification that is linked with VSP switching (Touz, Ropolo et al. 2008).  Together, 

these studies demonstrate the parasite relies on a combination of pre-transcriptional, post-

transcriptional, and post-translational modifications to regulate the expression of members of a 

family which compose ~3% of the parasite’s genome (Adam, Nigam et al. 2010). 

Retrotransposons 

 Giardia has three families of retrotransposons.  The three families called the Giardia 

intestinalis Line (Gil) families made of the Gil D, M, and T, are localized to internal 

chromosome (Gil D) and subtelomeric (Gil M/T) regions of the genome (Arkhipova and 

Morrison 2001; Bhattacharya, Bakre et al. 2002; Burke, Malik et al. 2002; Prabhu, Morrison et 

al. 2007).  All three families are classified as non- long terminal repeat retrotransposons (LTR).  

Long terminal repeats are used for direct insertion of double stranded DNA into the targeted 

genome site, whereas non-LTRs instead make copies of their single stranded DNA sequences in 

situ in the genome (Bhattacharya, Bakre et al. 2002).  Giardia’s retrotransposons tend to be 

found in tandem arrangements where the 3’ UTR of one locus is thought to act as the primer for 

the downstream gene.  No fully intact Gil D sequence was present in the genome, so the coding 

sequence was reconstructed using the mutated genomic copies identified.  The Gil D family is 

presumably inactive due to a multitude of insertions, deletions and frameshifts in the coding 

sequence, resulting in this retrotransposon being labeled as dead or inactive (Arkhipova and 

Morrison 2001).  Gil T and M families are active and likely to be active, respectively.  Small 
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RNAs from the Gil T family have been identified from small RNA libraries and appear to be 

products of the Dicer enzyme (Ullu, Lujan et al. 2005).  Similar to the small RNAs identified 

from degraded VSP genes, researchers have identified small RNAs along the entire length of 

both strands of the Gil T gene sequence.  No empirical evidence exists for the presence of Gil M 

transcripts although intact copies of the Gil M retrotransposons are found in the genome. 

Regulation of gene expression 

 Gene expression can be regulated at multiple levels.  Regulation is split between pre-

transcriptional, transcriptional, and post-transcriptional categories.  Transcription is the best 

studied form of gene expression regulation, however pre- and post-transcriptional mechanisms 

also provide a substantial amount of regulatory control depending on the organism.  Examples of 

all three forms of regulation exist in Giardia. 

 Pre-transcriptional gene regulation 

Chromatin remodeling  is the movement of nucleosomes relative to genes to allow or 

inhibit access to DNA by the transcriptional machinery.  Chromatin remodeling can be 

accomplished by the addition of chemical groups, such as methyl or acetyl groups to the DNA 

and/or histones. Typical of eukaryotic organisms, Giardia possesses four core histone proteins 

(H2A, H2B, H3, and H4) (Wu, McArthur et al. 2000; Triana, Galanti et al. 2001; Yee, Tang et 

al. 2007), However, it is believed not to have the H1 linker histone (Wu, McArthur et al. 2000; 

Yee, Tang et al. 2007); alternatively, it is possible that the H1 protein’s sequence is highly 

divergent from canonical H1 proteins and therefore is not identifiable through bioinformatics 

approaches. In Giardia, histone variants of H3 and H2A are thought to be involved in processes 

such as centromere demarcation and labeling of double stranded DNA break sites or other areas 
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of chromatin compaction, respectively (Pilch, Sedelnikova et al. 2003; Dawson, Sagolla et al. 

2007).   Bioinformatics searches have identified enzymes homologous to yeast chromatin 

remodeling proteins (Ehrlich and Wang 1981) such as the enzymes histone acetyltransferases, 

histone deacetylases, and histone methyltransferases (Sonda, Morf et al. 2010).  Presence of such 

enzymes provides strong evidence that the parasite may use histone modification to control gene 

expression.   

A recent 2010 study demonstrated that inhibition of deacetylation results in changes in 

expression of approximately 2% of genes and reduced rates of encystation (Sonda, Morf et al. 

2010).  Two percent of genes seems to be a small amount considering that histone-DNA 

interactions are utterly crucial in the regulation of gene expression, although a similar level of 

change in gene expression was observed when Entamoeba histolytica was treated with the 

histone deactylase (HDAC) inhibitor Trichostatin A (Ehrenkaufer, Eichinger et al. 2007).  In 

addition to modifying gene expression patterns, cells treated with the HDAC inhibitor FR235222 

displayed 20% lower encystation levels when compared to untreated cells, suggesting Giardia 

uses histone acetylation to regulate some developmental processes. (Sonda, Morf et al. 2010). 

Transcriptional gene regulation 

Promoter elements (cis factors) 

Eukaryotic core promoters in plants and metazoans typically fall within several hundred 

to a few thousand base pairs upstream of the translational start codon of a gene and include 

elements such as the TATA box, the CAAT box, the GC box, and the initiator element upstream 

of the translation start codon.  More distal regulatory sequences, such as enhancers and 

suppressors, are involved in regulation and can be located either upstream or downstream by tens 

of thousands of basepairs – or even within the gene.  In contrast, Giardia’s promoter elements 
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are extremely compact and may only contain the TATA and CAAT boxes as well as the initiator 

element (Elmendorf, Singer et al. 2001; Vanacova, Liston et al. 2003; Morrison, McArthur et al. 

2007).  In Giardia, the initiator element often coincides with the translation start site, whereas 

the TATA and CAAT boxes are not always found upstream of all genes, while neither are found 

in the upstream regions of the VSP genes.  Approximately 40% of VSP genes possess initiator 

regions with the conserved sequence of PyAatgTT, with atg encoding the start codon (AUG) in 

mRNA (Adam, Nigam et al. 2010).  All identified Giardia promoters are found close (~ -60 to -

70 nt) to both the transcription and translation start sites (Adam 2001; Elmendorf, Singer et al. 

2001), therefore transcription initiation in Giardia occurs close to the translation start site in an 

upstream AT rich initiator region (Adam 2001; Teodorovic, Walls et al. 2007). As a result, there 

is a short 5’ UTR before the start codon, and surprisingly the short length of the 5’UTR is 

essential for efficient translation in Giardia because of the inability of the ribosomes to scan (Li 

and Wang 2004).  The last identified signal in the Giardia transcriptional unit is the 

polyadenylation signal.  The poly-A signal in Giardia is (A/T)GT(A/G)PuPu and is commonly 

found within 30 nucleotides of the stop codon.  This sequence is a degenerate form of the 

canonical eukaryotic poly-A signal (AGTAAPu) (Adam 2001). 

Machinery (trans factors) 

Giardia’s RNAP II associated machinery is divergent from canonical eukaryotic 

transcriptional machinery because of the contrasting differences identified between Giardia 

promoter elements and typical eukaryotic promoters.  Giardia contains 10 of 12 subunits which 

make up the RNAP II core (Seshadri, McArthur et al. 2003; Best, Morrison et al. 2004), all of 

which are essential for viability in Saccharomyces cerevisiae.  Oddly, Giardia has only 3 of the 

basal transcription factors associated with RNA polymerase II:  Giardia has homologs of the 



 

15 

 

TATA-binding protein, TFII H, and a TFB homolog, annotated as the ortholog of TFIIIB, but 

may play a dual role in both RNAP II and III transcription.  Secondly,  the C terminal domain 

found in the largest subunit of RNAP II lacks the canonical YSPTSPS repeats, which are 

phosphorylated in other eukaryotes; however the tail contains increased levels of S, T, Y, and P 

residues when compared to other regions of the protein (Seshadri, McArthur et al. 2003).  Lastly, 

differences in subunit I of RNAP II provide resistance to alpha-amanitin of up to 1mg/ml, 

whereas S. cerevisiae RNAP II is sensitive to alpha-amanitin levels of 50µg/ml (Seshadri, 

McArthur et al. 2003).  These differences in promoters and transcriptional machinery provide 

glimpses of the non-canonical aspects of eukaryotic life that can be learned by investigating 

Giardia, challenging conventional understanding of how eukaryotes regulate RNA synthesis.  

Sense mRNA transcripts 

Coding mRNA transcripts produced during Giardia transcription possess atypically short  

5’ and 3’ untranslated regions for eukaryotes (Li and Wang 2004; Teodorovic, Walls et al. 2007).  

In eukaryotes, two modifications of most mRNA transcripts are the addition of the cap to the 5’ 

end of the growing transcript and modification of the 3’ end of the transcript by the addition of 

the poly-A tail.  Addition of the cap and tail are thought to serve four purposes in eukaryotes: 

protect mRNA from degradation, promote splicing efficiency, facilitate transport from the 

nucleus, and enhance translation (Weaver 2005).  Giardia’s mRNA transcripts are capped at the 

5’ end using the typical enzymes, RNA triphosphatase, guanylyl transferase, and N7-RNA 

methyltransferase (Hausmann, Altura et al. 2005).  Giardia does polyadenylate mRNA 

transcripts, although the 3’ UTR and poly-A tail in Giardia are both shorter than in most 

eukaryotes (Adam 2001).  
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Although the majority of Giardia’s transcripts possess the aforementioned characteristics, 

there are a few examples of transcripts in the parasite which are atypical.  An encystation 

upregulated glucosamine-6-phosphate isomerase (G6PI) gene produces two mRNA transcripts 

during the trophozoite stage of the lifecycle; one with a very short 5’ UTR of several nucleotides 

in length and another with a 146 nucleotide 5’UTR (Knodler, Svard et al. 1999).  Both 

transcripts are 5’ capped although the shorter version of the gene sometimes fails to be capped.  

The extended 5’ UTR is potentially capable of forming stem-loop secondary structures 

reminiscent of that observed in the Giardia lamblia virus (GLV) mRNA.  The GLV produces a 

transcript with a number of stem-loops and pseudoknots in the 5’ UTR and the first 264 

nucleotides of the coding region that act to form an internal ribosome entry site which places the 

ribosome in close proximity to the start codon (Garlapati and Wang 2002).  The presence of the 

pseudoknot, in the GLV mRNA is critical since the parasite’s ribosomes display a severe 

reduction in scanning ability in search of the start codon.  Potential formation of pseudoknot 

structures in the extended 5’ UTR may serve similar purposes in the G6PI transcript also.  

Bidirectionality of transcription 

 Giardia promoter regions possess a natural bidirectional activity.  Although transcription 

produces a sense transcript approximately 80% of the time, the remaining times the polymerase 

assembles on the DNA strand in the opposite direction (Elmendorf, Singer et al. 2001; 

Teodorovic, Walls et al. 2007; Birkeland, Preheim et al. 2010).  The transcription proceeding in 

the opposite direction produces an antisense mRNA transcript, which is often sterile due to the 

presence of an extended 5’ UTR and/or multiple stop codons along the length of the transcript 

(Elmendorf, Singer et al. 2001).  However, evidence exists of a bidirectional promoter directing 

the transcription of two coding genes arranged in a head-to-head configuration (Ong, Huang et 
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al. 2002) and bidirectional transcription should be possible from cryptic promoters directing the 

transcription of two non-coding RNA sequences also.  Bidirectionality was once thought to be an 

anomaly of the parasite, however it was soon realized that many organisms produced a variety of 

antisense and noncoding RNAs (Werner and Berdal 2005; Epp, Li et al. 2009; Harrison, Yazgan 

et al. 2009).  These noncoding RNAs may possess regulatory roles either through the formation 

of dsRNAs or through siRNA and miRNA production, and are often produced from intergenic 

regions and cryptic promoters (Camblong, Iglesias et al. 2007; Berretta and Morillon 2009; Neil, 

Malabat et al. 2009).  However, in Giardia these mRNA transcripts are produced from true 

promoter regions and from cryptic promoters which resemble Giardia’s true AT-rich promoters. 

Antisense mRNA transcripts 

Antisense transcripts were first identified in a directional cDNA library from the WB 

strain of the Giardia parasite and eventually confirmed in the GS strain of the parasite 

(Elmendorf, Singer et al. 2001).  Random screening of the libraries estimated the frequency of 

antisense transcripts at ~20-25% of the total mRNA population. The levels have been recently 

verified at the genome level from SAGE data (Teodorovic, Walls et al. 2007; Birkeland, Preheim 

et al. 2010). Incorporation of the antisense transcripts into the oligo-dT primed cDNA libraries 

suggested that they were polyadenylated (Elmendorf, Singer et al. 2001). This observation was 

confirmed using 3’RACE and by determining that antisense transcripts terminated after the first 

polyadenylation signal within the transcript (Elmendorf, Singer et al. 2001), and evidence 

suggests that some antisense transcripts are modified at their 5’ end (Hausmann, Altura et al. 

2005).  

 Analysis of SAGE data provided evidence for transcription (sense or antisense) from 

46% of all ORFs.  The other 54% of predicted ORFs may be missing evidence for transcription 
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in the SAGE library for one of several reasons: they are invalid ORFs, they are not expressed in 

the trophozoite stage, they may be expressed at sufficiently low levels such that they are not 

represented in the cDNA pool used to generate the library, or they may be missing an NlaIII site 

used to generate the tag sequence fragments for the library.  Therefore, we believe that the level 

of antisense transcription in the trophozoite stage is potentially more prevalent than their 

documented levels reveal.  Antisense transcripts in Giardia derive from a wide array of loci. We 

have observed that 52% of all ORFs with evidence for transcription have antisense transcripts as 

detected by SAGE: 20% of all ORFs with evidence for transcription have only antisense 

transcripts, while 32% of all ORFs with evidence for transcription have both sense and antisense 

transcripts (Teodorovic, Walls et al. 2007). 

In many organisms, antisense and noncoding transcripts possess regulatory roles.  The 

induction of their expression is often correlated directly or inversely with the transcript they are 

regulating (Camblong, Iglesias et al. 2007).  In Giardia antisense expression globally occurs at 

low levels.  The distribution of antisense messages throughout the genome does not correlate 

positively or negatively with the levels of complementary sense transcripts, at individual ORFs 

or globally at the genome level (von Allmen, Bienz et al. 2005; Teodorovic, Walls et al. 2007).  

Therefore, the expression of antisense transcripts from their respective loci is random.  Antisense 

transcripts often follow the same pattern of induction as their cognate sense transcripts which 

argues against of regulatory role for the antisense transcripts (von Allmen, Bienz et al. 2005; 

Teodorovic, Walls et al. 2007).  The transcripts also rarely (approximately ≤5%) possess usable 

coding regions (reasons discussed below) which means that the majority of Giardia’s antisense 

transcripts are essentially noncoding (Elmendorf, Singer et al. 2001).  The prevalence of these 

noncoding transcripts is an issue which this body of work addresses.   
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Transcription during development 

 In Giardia, encystation and excystation are periods of incredible change to the parasite.  

Giardia must prepare to leave the dividing stage of the lifecycle and enter the dormant stage.  To 

prepare for encystation, the parasite transcriptionally upregulates the expression of a subset of 

genes involved with cyst wall production while downregulating the expression of other genes 

(Que, Svard et al. 1996).  Genes coding for enzymes involved in the synthesis of GalNAc, 

secretory proteins, and cyst wall proteins are the most prominent genes upregulated during 

encystation (Mowatt, Aggarwal et al. 1991; Knodler, Svard et al. 1999; Hehl, Marti et al. 2000; 

Davis-Hayman, Hayman et al. 2003; Lauwaet, Davids et al. 2007; Adam, Nigam et al. 2010) 

while the gene encoding the heat shock protein BiP displays only a several fold increase in 

transcript abundance, but shows a dramatic increase in the level of protein (Lujan, Mowatt et al. 

1996).  The upregulation of many of these genes is driven by the presence of specific 

transcription factor binding sites in their promoter regions. 

Several transcription factors have been identified in the parasite and some possess roles 

during the encystation process.  Giardia transcription factors include gmyb1, gmyb2, gLP1-

gARID1 and 2, and lastly a WRKY homolog (Sun, Palm et al. 2002; Yang, Chung et al. 2003; 

Sun, Su et al. 2006; Wang, Su et al. 2007; Pan, Cho et al. 2009).  gmyb2, gLP1, gARID1, and 

WRKY transcription factors are involved in upregulation of genes during the encystation 

process.  They tend to show auto-regulation inducing their own expression during encystation.  

In addition to binding their own promoters, they bind the promoters of genes encoding the cyst 

wall proteins and the enzymes involved in the synthesis of GalNAc.  The transcription factors 

tend to recognize short 4-6 basepair sequences and  Giardia myb2, the best studied of Giardia’s 

transcription factors, recognizes the hexanucleotide sequence (CTACAG) which is found within 
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100 basepairs upstream of the start codon of encystation specific genes such as G6PI and CWPs 

1-3 (Sun, Palm et al. 2002; Davis-Hayman, Hayman et al. 2003; Huang, Su et al. 2008).  Binding 

sites of the gARID transcription factor remain inconclusive, because mutation of the initiator 

region resulted in a decrease of overall transcription although there was still a massive 

upregulation of the luciferase gene driven by the CWP 1 promoter, which suggested the 

encystation specific promoter was not mutated (Wang, Su et al. 2007).  gLP1 recognizes a 

pentanucleotide sequence (A/G)ATCN that is found approximately 50 nucleotides upstream of 

the CWP1 start codon (Sun, Su et al. 2006).  Lastly the WRKY transcription factor recognizes a 

tetranucleotide (TGAC/GTCA) sequence in the promoter regions of the CWPs 1 and 2 (Pan, Cho 

et al. 2009). 

During excystation, the change is less dramatic than the encystation gene expression 

patterns primarily because the cyst still possesses some mRNA transcripts that were present from 

the trophozoite stage (Hetsko, McCaffery et al. 1998).  Few or no new mRNA transcripts are 

produced during the cyst stage; however, upon exposure to the stomach acid of a new host, the 

cyst begins transcribing new mRNA transcripts in preparation for excystation and this 

phenomenon continues until excystation is complete (Hetsko, McCaffery et al. 1998).  Despite 

the abundance of data of basic transcription and its machinery in the parasite few studies have 

been done involving the regulation of transcription during excystation.  

Post-transcriptional control 

Overview  

 Transcription is often the most highly studied aspect of gene regulation depending on the 

organism of interest.  However, methods of post-transcriptional control are as important as other 

forms of gene expression regulation.  Examples of post transcriptional control include RNA 
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storage and decay, regulation of translation, and protein phosphorylation and decay.  mRNA 

decay and storage affect how much of the RNA is available to bind to ribosomes whereas 

modification of translation rates and post-translational regulation determines the amount of 

functional/active protein present in a cell.   Eukaryotic organisms rely on these different 

mechanisms to varying extents.  For example, Trypanosoma brucei fails to regulate gene 

expression at the transcriptional level, and primarily controls expression using varying amounts 

of mRNA decay depending on the transcript and the stage of the parasite’s lifecycle (Estevez, 

Kempf et al. 2001; Li, Irmer et al. 2006). Giardia’s transcription is not poly-cistronic like that of 

T. brucei’s, but the paucity of basal and secondary transcription factors (Sun, Palm et al. 2002; 

Wang, Su et al. 2007; Iyer, Anantharaman et al. 2008) suggest that much of Giardia’s regulation 

of gene expression occurs either pre or post-transcriptionally.  For the remainder of the 

introduction I will focus primarily upon mRNA decay, but will address the topic of translation in 

Giardia as it is highly important for understanding the research being presented. 

RNA decay and storage 

The decay of mRNA transcripts and all RNA species is performed by a multitude of 

decay complexes and individual proteins.  The complexes can be grouped based on their 

mechanism of degradation.  Proteins such as CCR4-Caf1 and Pan2-3 complexes are responsible 

for removal of the poly-A tail, whereas other complexes such as the nonsense mediated decay, 

nonsense decay, and non-stop decay complexes degrade mRNAs which possess dysfunctions in 

mRNA quality (Garneau, Wilusz et al. 2007).  The main components central to mRNA decay in 

eukaryotic species are the RNA exosome (3’-5’ RNA decay), the XRN proteins (5’-3’ RNA 

decay), as well as their affiliated deadenylation and decapping machinery.  The majority of the 

research performed in the area of eukaryotic mRNA decay and storage has been done in S. 
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cerevisiae, T. brucei, and Homo sapiens (Liu, Greimann et al. 2006; Preker, Nielsen et al. 2008; 

Schwede, Ellis et al. 2008; Belostotsky 2009; Clayton and Estevez 2010; Tomecki, Kristiansen et 

al. 2010).   While these organisms have provided the majority of information for eukaryotic 

RNA decay, studies on even fewer species have contributed to our understanding of mRNA 

storage.  These organisms represent only a limited sample of the existing eukaryotic diversity; 

therefore, many of the intricacies of RNA decay which are observed and considered eukaryotic 

standards may be more unusual and atypical than previously thought. 

Several studies performed in Giardia investigated the mRNA decay machinery; however, 

prior to our study presented in Chapter 4, there has not been a complete study of all RNA decay 

machinery in the parasite.  One of the earliest studies in Giardia examining mRNA stability 

identified the presence of an mRNA destabilizing sequence in the 3’ UTR of the cyst wall 

protein 1 locus (Hehl, Marti et al. 2000).  The gene is expressed at low levels during the 

trophozoite stage, but its expression is greatly upregulated, either due to increased transcription 

or decreased degradation rates, during the period of encystation as indicated by SAGE 

(Morrison, McArthur et al. 2007).  Placement of the CWP 1 3’ UTR on the GFP gene caused a 

reduction in abundance of GFP’s transcript even when its original promoter and coding regions 

were used.  A nucleotide sequence or trans-acting factor was never identified to be responsible 

for this decreased stability.  microRNAs have been identified in Giardia.  miR2 and miR4 

displayed binding sites in approximately 20 VSP RNAs with overlapping target sequences in the 

3’ coding regions and UTRs (Saraiya and Wang 2008; Saraiya, Li et al. 2011).  The trans-acting 

factor could potentially be a microRNA, although binding of miR4 does not appear to result in 

decreased mRNA stability.   
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Additionally, several studies identified that Giardia’s RNAi machinery may be playing a 

role in regulating expression of the VSPs and that the parasite possesses a highly conserved RNA 

quality control pathway known as the nonsense mediated decay (NMD) pathway (Prucca, Slavin 

et al. 2008; Chen, Su et al. 2008 (a); Chen, Su et al. 2008 (b)).  Evidence suggests that Giardia’s 

RNAi machinery is partially responsible for the control of VSP gene expression.  Knockdowns 

of either Giardia Dicer or RNA Dependent RNA Polymerase resulted in increased VSP 

switching and expression of multiple VSPs on the surface of a single parasite,  (Prucca, Slavin et 

al. 2008).  Work by Chen et al. (2008) provided an example of the type of diversity that can be 

expected by studying the nonsense mediated decay machinery.  This machinery is responsible for 

the rapid degradation of mRNA transcripts which contain premature termination codons (PTCs) 

due to mutation (Brogna and Wen 2009).  They revealed that Giardia is missing approximately 

half of the expected components identified in S. cerevisiae and H. sapiens, yet the parasite is still 

capable of removing mRNA transcripts containing PTCs from the RNA population at an 

accelerated rate (Chen, Su et al. 2008 (a); Chen, Su et al. 2008 (b)).  This work suggests that 

Giardia’s decay machinery may be as degenerate as its transcriptional machinery.  Since then, no 

other studies have been focused on the different aspects or mRNA decay, but this topic of 

mRNA decay and RNA decay machinery will be discussed in greater depth in Chapters 3 and 4 

respectively. 

Translational control of gene expression 

Typical eukaryotic ribosomal RNA species are approximately 120, 160, 3000, and 4000 

nucleotides long, representing lengths for the 5S, 5.8S, 18S, and 28S rRNAs, respectively.  

Giardia’s rRNAs are approximately 120, 73, 1300, and 2300 nucleotides long (same order as 

above).  These values are smaller than other eukaryotic organisms and even smaller than the 
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rRNA seen in E. coli (Edlind and Chakraborty 1987; Sogin, Gunderson et al. 1989; Morrison, 

McArthur et al. 2007).  Despite its small rRNA sizes, Giardia still possesses the majority of the 

ribosome associated proteins (Shirakura, Maki et al. 2001), although the overall ribosome size is 

smaller than expected from a eukaryote. 

When eukaryotic ribosomes bind to the 5’ cap and begin scanning for the start codon, the 

ribosome is able to scan hundreds of nucleotides before finding it.  Transcription initiation in 

Giardia occurs close to the translation start site in an upstream AT rich initiator region (Adam 

2001; Teodorovic, Walls et al. 2007). As a result, there is a very short 5’ UTR before the start 

codon, and surprisingly the short length of the 5’UTR is essential for efficient translation in 

Giardia because of the inability of the ribosomes to scan (Li and Wang 2004).  5’UTR lengths of 

more than 20 nucleotides result in the reduction of protein made from the transcript (≥80%) (Li 

and Wang 2004).  Although protein production is not completely abolished, it is clear that the 

production of protein continues to drop as the length of the 5’ UTR increases.  This has only 

been demonstrated using one exogenous transcript in Giardia, therefore additional experiments 

are necessary to determine if this is the case for all Giardia transcripts. 

The mRNA cap binding proteins and translation initiation factors eIF4E1 and eIF4E2 

have been identified and characterized (Li and Wang 2005).  Column chromatography 

demonstrates that eIF4E2 binds to m
7
GTP, which are modifications typically found on mRNAs 

whereas the eIF4E1 protein binds trimethylated caps known to be present on RNAs such as 

snoRNAs (Li and Wang 2005).  snoRNAs typically aid in the modification of rRNA and tRNA 

molecules, however snoRNAs in Giardia have been shown to exist as precursors for miRNAs 

(Saraiya and Wang 2008), although not all miRNAs are derived this way in the parasite (Saraiya, 

Li et al. 2011).   
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There has not been a focus of research in the area of post-translational mechanisms and 

their relation to gene expression.  Modifications of proteins in the parasite have largely remained 

untouched, although there is some information regarding degradation of proteins during 

excystation (Hetsko, McCaffery et al. 1998) and modifications of VSPs during antigenic 

switching (Touz, Ropolo et al. 2008).  As is the case with mRNA stability and decay, there 

remains a large void to be filled in order to develop a more thorough view of the regulation of 

gene expression in Giardia.   

Final summary 

Apart from its worldwide prevalence and a lack of suitable control of infection, Giardia 

offers several additional reasons for its continued study.  The parasite possesses incredibly 

divergent metabolic machinery.  As a result many biological processes and mechanisms 

commonly found in eukaryotes are either absent or reduced in their nature.  A substantial portion 

of research has focused on understanding the basics of transcription in Giardia.  The past work 

has provided insight into the biology of the entire lifecycle of the parasite and has also increased 

the knowledge of the diversity of eukaryotic life. 

In the research presented here we aimed to develop a more complete view of the 

parasite’s ways of regulating gene expression.  We first identified DNA methylation, a pre-

transcriptional modification, which often regulates gene expression in a variety of eukaryotes.  

Additionally, we examined post-transcriptional forms of gene regulation where we analyzed 

mRNA stability and localization, and provided the first detailed comprehensive analysis of 

Giardia’s RNA decay machinery.  Post-transcriptional forms of regulating gene expression are 

often overlooked in favor of the study of transcription but understanding factors that influence 
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both the life and death of RNA molecules is a critical to knowing how an organism regulates 

gene expression.   
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CHAPTER 2: DETECTION OF DNA METHYLATION IN GIARDIA LAMBLIA  

(Chapter 2 will be submitted to the International Journal of Parasitology. The format below 

follows the International Journal of Parasitology requirements) 

 

 

Abstract 

The relatively small number of transcription factors and simplified promoters in the highly-

divergent parasitic protozoan Giardia lamblia suggests that chromatin modification and/or post-

transcriptional regulation may play an unusually important role in the regulation of gene 

expression.  Yet despite recent advances in understanding the role of histone modifications, little 

effort has been spent studying DNA methylation in the parasite. We present evidence, using an 

anti-5-methylcytosine monoclonal antibody, that Giardia lamblia does methylate its DNA in 

both trophozoite and cyst stages, albeit at strikingly low levels. We further show, using the 

methylation inhibitor 5’-aza-2’-deoxycytidine, that DNA methylation is essential for parasite 

growth.  
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Introduction 

Eukaryotic organisms regulate gene expression at multiple levels.  Changes to chromatin 

structure are the earliest stage where control can be exercised, and is achieved by modification of 

the DNA and/or histones (Kouzarides 2007).  The addition of methyl groups to the 5
th

 position 

on cytosines (C5) in DNA or the addition of a variety of functional groups, including methyl and 

acetyl groups, to histones affects the DNA-protein interactions and alters access to DNA by 

proteins required for transcription or DNA packaging.  Ultimately, these structural changes lead 

to regions of euchromatin and heterochromatin, corresponding to increased or decreased levels 

of gene expression, respectively (Narlikar, Fan et al. 2002).  These modifications are often 

correlated with major cellular events, such as cell division and developmental changes. Although 

histone modifications are apparently ubiquitous throughout the eukaryotic domain, DNA 

methylation has been identified in only a subset of eukaryotes (Wilkinson, Bartlett et al. 1995; 

Gissot, Choi et al. 2008). C5-DNA methylation has been found in all plant and mammalian 

species (Latham, Gilbert et al. 2008) and is seemingly present in most but not all invertebrates – 

C. elegans is an exception (Taylor, McFarlane et al. 1996).  It is apparently missing in some 

single celled eukaryotes, including both fission and budding yeast and the Apicomplexa parasites 

(Wilkinson et al. 1995; Taylor et al. 1996; Gissot et al. 2008), but has been well-documented in 

Entamoeba histolytica (Fisher, Siman-Tov et al. 2004; Banerjee, Fisher et al. 2005; Ali, 

Ehrenkaufer et al. 2006; Harony, Bernes et al. 2006) and Trypanosoma brucei (Militello et al. 

2008).  This is an on-going area of research, and no investigation of the state of DNA 

methylation work has been done in the parasite Trichomonas vaginalis, while putative DNA 

methyltransferases have been identified in Leishmania major yet remain to be characterized 
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(Harony and Ankri 2008).  Interestingly, in ciliates there can be methylation of both cytosine and 

adenine residues, although this is not common for all species (Hattman 2005).  

In metazoan and many plant species, DNA methylation is found primarily at CpG 

dinucleotides, however in some plant, fungal, and protozoan species methylation patterns are 

more irregular (Jeltsch 2002; Chen and Li 2004; Fisher et al. 2004).  The range of methylation 

levels can vary widely in eukaryotes.   Metazoans and plants typically possess higher levels of 

methylation, with estimates from different organisms ranging from 1-10% of all cytosines being 

methylated (Gehring and Henikoff 2007); however studies of Drosophila provide an unexpected 

variation even among metazoans, with low methylation levels in embryos at ~0.4% and 

extremely low levels in adult flies at ≤0.1% (Salzberg, Fisher et al. 2004).  In single-celled 

eukaryotes, including the parasitic protists Trypanosoma brucei and Entamoeba histolytica, 

DNA methylation is commonly is found at levels ≤1%, when present (Gutierrez 2000; Lavi et al. 

2006; Militello et al. 2008).  Not surprisingly, where present, DNA methylation appears to be an 

essential characteristic with conserved functionality.  DNA methylation leads to changes in 

transcription factor binding, allows eukaryotic cells to guide mismatch repair, regulate gene 

expression in developmental processes, control movement of retrotransposons, regulate genomic 

imprinting, and inactivate the X chromosome in female mammals (Yoder et al. 1997; Jeltsch 

2002; Chen and Li 2004).  A concentration of 5mC sites in retrotransposons seems to be 

particularly evident in organisms with relatively low levels of DNA methylation, including 

Drosophila, T. brucei and E. histolytica (Gowher, Leismann et al. 2000; Lyko, Ramsahoye et al. 

2000; Fisher, Siman-Tov et al. 2004; Salzberg, Fisher et al. 2004; Militello, Wang et al. 2008).   

Researchers have recently begun to explore the role of chromatin modification in the 

control of gene expression in Giardia lamblia.  Giardia is a single-celled eukaryotic intestinal 
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parasite that infects humans and a broad diversity of both domesticated and wild mammalian 

species around the world (Adam 2001), with estimates of perhaps as many as 1 billion human 

infections annually (Hlavsa MC 2005).  Giardia’s lifecycle is biphasic, consisting of a 

replicating trophozoite form and a metabolically quiescent cyst form that is responsible for 

parasite dissemination through contaminated water sources or direct fecal-oral transmission.  The 

parasite is binucleated with a highly compact, tetraploid genome (Morrison et al. 2007). Our 

current understanding of Giardia biology underscores the importance of understanding 

chromatin-level regulation of gene expression in the parasite.  A theme of genomic minimalism 

in Giardia extends to cis and trans transcriptional regulatory elements: the majority of RNAPII 

transcription factors are missing (Seshadri et al. 2003; Best et al. 2004; Morrison et al. 2007), 

and DNA elements appear limited to simple core promoter elements for both constitutively 

(Elmendorf, Singer et al. 2001) and developmentally-regulated genes (Knodler, Svard et al. 

1999; Lauwaet, Davids et al. 2007).  There is also strong evidence for epigenetic regulation of 

VSP gene expression: VSPs are the surface coat proteins responsible for antigenic variation in 

Giardia and there are approximately 300 different VSP genes, yet only a single VSP is expressed 

on the surface of the parasite at a time, and this expression pattern is maintained without 

selection pressure over several rounds of cell division in culture (Adam, Nigam et al. 2010).  

Strikingly, in one closely examined instance, it was further shown to be a single allele (of the 

four VSP alleles present for each gene across the two nuclei) that is expressed (Yang and Adam 

1994).  Collectively, these findings suggest a potentially important role for chromatin-level 

regulation of gene expression in Giardia, particularly for complex, highly-regulated events such 

as antigenic variation and the life cycle.  Early studies into histone modifications have focused 

on these two processes, with a report from Nash and colleagues indicating a role for histone 
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acetylation in the control of variant surface protein expression in Giardia trophozoites (Kulakova 

et al. 2006), while Hehl and colleagues have recently provided a detailed analysis of the role of 

histone acetylation in development through the life cycle (Sonda et al. 2010).   

Yet DNA methylation in Giardia has been virtually unexplored.  Extrapolation from 

other parasitic protists suggests that DNA methylation in Giardia – if present – would be found 

at low levels (≤0.1%).  In 2008, Prucca and colleagues failed to detect 5-methyl deoxycytosine 

(5mdC) in Giardia trophozoite and cyst DNA.  They used high performance liquid 

chromatography (HPLC) that detects nucleoside presence and abundance using ultraviolet light, 

but HPLC lacks the sensitivity to detect the minute levels of DNA methylation most commonly 

found in the parasitic protists, and a failure to detect DNA methylation by traditional HPLC may 

lead to false negative results.  Indeed, Drosophila was long considered to not have methylated 

DNA until Gowher and colleagues used a radioactively-enhanced HPLC technique that allowed 

them to detect the ~0.1% levels of DNA methylation in the fly (Gowher, Leismann et al. 2000). 

In this study we therefore turned to a more sensitive technique commonly used in other parasitic 

protists (Fisher, Siman-Tov et al. 2004; Militello, Wang et al. 2008) to detect DNA methylation 

using anti-5mC monoclonal antibodies in a genomic DNA blot.  This method is capable of 

providing a robust signal in the presence of incredibly minute 5mdC levels on the order ≤0.1% 

cytosine methylation.  This approach has allowed us to document for the first time the presence 

of C5-DNA methylation in Giardia, albeit at very low levels of ~0.05%.  Surprisingly, further 

investigation of the importance of DNA methylation in Giardia using a non-methylatable 

deoxycytosine analog, 5’-aza-2’deoxycytidine (Decitabine), indicates that these low levels of 

DNA methylation are essential for parasite survival and growth.  

Materials and Methods 
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We examined both the trophozoite and cyst stages for evidence of DNA methylation 

using a genomic slot blot with a monoclonal antibody to 5-methylcytosine (5mC) (Calbiochem 

162 33 D3 and Abcam 33D3).  Giardia trophozoites were grown to mid-log phase according to 

standard culture techniques (Teodorovic, Braverman et al. 2007), chilled on ice, and collected by 

centrifugation for 5 minutes at 1500xg for subsequent DNA isolation.  To obtain cysts, 

trophozoites were encysted for 72 hours with modifications of one protocol (Poxleitner, 

Carpenter et al. 2008): (1) incubation in encystation media for 24 hours, followed by a return to 

culture media for 48 hours.  Following encystation unattached parasites, including both mature 

and immature cysts, were decanted from the culture flasks and collected by centrifugation at 4°C, 

washed once in 1X PBS, and stored in D.I. water until use (typically less than 24 hours); only the 

mature cysts remain intact in D.I. water and were collected by centrifugation for 5 min at 

1500xg.  Mature cysts were vortexed with an equivalent volume of 400 µm acid washed silica 

beads (OPS Diagnostics) in a microcentrifuge tube with inversion of the tube every 30 seconds 

to break apart the cyst wall; the beads were collected by centrifugation for 2 minutes at 100xg, 

and the supernatant was transferred to a clean tube for DNA isolation.  We isolated nucleic acid 

from trophozoites and mature cysts using a proteinase K, TEN buffer, and SDS mixture 

(Bernards, Lex et al. 1981).  The nucleic acid was treated with RNases A and T1 for 1 hour at 

37°C, and DNA was collected following a phenol-chloroform extraction and ethanol 

precipitation.  To generate a set of positive and negative controls, we isolated DNA from E. coli 

strains JM109 (dcm+) and ER2925 (dcm-) (New England Biolabs Inc), respectively, using the 

same protocol or also with the Invitrogen PureLink Genomic DNA Mini Kit (Invitrogen).  We 

used mouse DNA (NIH 3T3 DNA, New England Biolabs Inc.) with different concentrations 

ranging from 2 ng to 50 ng used to provide a range of methylation values for estimation.  



 

33 

 

Additionally, we included total RNA from trophozoites, isolated using RNA-STAT 60 (Teltest 

Inc) to ensure that any methylation detected was from DNA, not small amounts of contaminating 

RNA.  Prior to the blotting procedure, all nucleic acids were heated to 95°C for 10 minutes, and 

then placed on ice.  Nucleic acid samples were applied to a Protran BA-85 nitrocellulose 

membrane using a Bio-Rad BIO-DOT SF microfiltration apparatus according to manufacturer’s 

directions, and the samples were cross-linked (70,000 µjoules/cm
2
) using a UV Stratalinker.   We 

blocked the membrane in 10ml of blocking buffer (5% bovine serum albumin in 1X Tris-

buffered saline with 0.1% Tween 20) at 4°C for 4 hours.  We then used the primary antibody at a 

1:50,000 dilution at 4°C overnight followed by a secondary antibody (goat anti-mouse 

peroxidase-labeled antibody; KPL Inc.) diluted at 1:10,000 in blocking buffer at 4°C for 60 

minutes.  Finally, the membrane was incubated in LumiGLO Chemiluminescent Substrate Kit 2-

C (KPL Inc.) for chemiluminescent detection for one minute, blotted dry and visualized by 

Kodak film exposure (Kodak BioMax MS Film).  

Results 

  We identified extremely low levels of DNA methylation in Giardia, and in the blot 

shown here (Figure 1) we loaded 1 µg Giardia trophozoite and cyst DNA.  We used Image J, to 

measure pixel intensity of the samples. E. coli ER2925 DNA was used as our negative control 

because it does not possess C5-DNA methylation (Militello, Wang et al. 2008); however we saw 

background signal when using the ER2925 DNA.  Therefore to quantify methylation levels we 

set the ER2925 DNA as background and subtracted the signal of the ER2925 from all samples to 

get their net signal intensity.  Giardia trophozoite and cyst signals are consistently above 

ER2925 levels.  With mouse DNA documented to have ~3-4% of cytosines methylated (Wilson 

and Jones 1984), we can then estimate the levels of methylation of Giardia trophozoites to be at 
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~ 0.03%.  Cyst methylation levels were slightly lower but roughly equivalent to trophozoite 

levels at ~0.01%.  Using a pre-adsorption step we were able remove background signal from the 

ER2925 well, while maintaining positive or negative signal for the respective samples, but the 

signal intensity was no longer quantitative (data not shown).  These findings were consistent 

across more than 5 independent experiments using different batches of Giardia and mouse DNA 

and antibody sources.  The presence of a positive signal in the Giardia DNA slots cannot be 

attributed to contaminating RNA (rRNA and tRNA are also methylated in many organisms 

(Chow, Larnichhane et al. 2007)) because we demonstrate that Giardia RNA does not react with 

the primary antibody against 5mC (Figure 1, slot D3).  These methylation levels are extremely 

low – to date the lowest of any eukaryote in which methylation has been identified. In a haploid 

genome, the implication is that there are ~1000 methylated cytosines in trophozoites with 

roughly 300 methylated cytosines in cysts.  Additionally we attempted to detect 5mdC using 

liquid chromatography tandem mass-spec (LC-MS/MS) in the genomic DNA of both 

trophozoites and cysts.  One µg of genomic NIH 3T3, trophozoite, and cyst DNA were digested 

sequentially using 2U nuclease P1, 0.01U venom phosphodiesterase I, and 1U shrimp alkaline 

phosphatase as described in (Song, James et al. 2005) with identical buffers and running 

conditions.  The digested DNA samples were then separated on a Varian 500-MS and 212-LC 

chromatography pump, over a Varian Polaris5 C-18A column with the dimensions 150 x 2.0mm 

preceded by a guard column with dimensions of 20 x 2.1mm.  We were able to detect 5mdC (m/z 

126.0) in the mouse DNA (data not shown), however we failed to detect the 5mdC peak at the 

m/z of 126.0 for Giardia trophozoites and cysts.  We are capable of detecting 0.01% cytosine 

methylation using nucleoside standards from ChemGenes Corporation at a signal to noise ratio 

of 2:1 ( data not shown).  The detection level when using pure nucleoside standards shows that 
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the machine is likely capable of detecting C5-DNA methylation from almost every organism 

where methylation is present.  However we found that noise levels were higher when using 

genomic DNA than that seen with DNA nucleoside standards.  Therefore we were incapable of 

detecting DNA methylation in Giardia via LC-MS/MS. 

The presence of methylated cytosine bases detected in the genomic blot is not sufficient 

on its own to suggest a functional requirement for DNA methylation, particularly given the very 

low levels we detected.  Thus, to further investigate the functional relevance of DNA 

methylation to the parasite, we performed a series of growth curves in the presence of the non-

methylatable nucleoside analogs 5’-azacytidine (5-aza-C) and 5’-aza-2’deoxycytidine (5-aza-dC) 

to measure the effect of disrupting DNA methylation patterns on Giardia growth.  5-aza-C can 

be incorporated into RNA and DNA, whereas 5-aza-dC is instead incorporated almost 

exclusively into DNA, making it a more potent and specific DNA methylation inhibitor and ~10-

fold more cytotoxic against mammalian cells as reviewed in(Christman 2002; Goffin and 

Eisenhauer 2002).  Their incorporation into DNA has been demonstrated to re-activate normally 

suppressed gene expression, induce DNA structural instability, and bind covalently to DNA 

methyltransferases to induce cell death (Christman 2002; Goffin and Eisenhauer 2002).  We 

therefore hypothesized that if the trophozoites maintained normal growth rates in the presence of 

non-methylatable nucleoside analogs, this would suggest that DNA methylation plays a 

nonessential role in the trophozoite life stage; conversely, a reduction in growth rate following 

the incorporation of the non-methylatable nucleoside analogs would suggest that DNA 

methylation plays an essential role in the trophozoite life stage. We demonstrated an essential 

role for DNA methylation in parasite survival by showing that even low micromolar 

concentrations of the non-methylatable nucleoside analogs profoundly inhibit parasite growth 
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after several cell cycles.  We cultured Giardia trophozoites of the WB isolate in the presence of 

either 5-aza-C (48 hours) or 5-aza-dC (60 hours) with manual cell counts determined by 

hemacytometer every 12 hours (Figure 2).  Parallel experiments were performed with 5-aza-C 

using the GS strain also (data not shown).  At higher concentrations of either analog or over 

longer time courses for both Giardia strains, inhibition of cell growth became more pronounced.  

After the initial 12 hours of incubation with the inhibitors, cell growth was similar under all 

conditions, however between the 12 and 24-hour treatments, a notable difference appeared in 

growth rates between the untreated cultures and cultures treated with the higher analog 

concentrations.  As expected based on its selectivity for incorporation into DNA, Giardia is 

extremely sensitive to micromolar concentrations of 5-aza-dC and moderately sensitive to higher 

concentrations of 5-aza-C: 1µM of 5-aza-dC was equally or more effective at slowing Giardia 

growth than 50µM 5-aza-C.  The specificity of 5-aza-dC is evident in the fact that Giardia 

trophozoites are approximately 50 times for sensitive to it than when compared to 5-aza-C.  

Indeed, 10µM of 5-aza-dC completely blocked trophozoite growth after 24 hours of treatment.    

The lag period between addition of the drug and the first visible effects are expected because 

incorporation of either non-methylatable nucleoside analog takes place at a subset of cytosine 

positions on a newly replicated DNA strand only during S phase of the cell cycle.  With each 

passing DNA replication event, a larger proportion of cytosines on DNA strands may be replaced 

by one of the added non-methylatable cytosine analogs and the negative consequences of 

incorporation would become more pronounced.  Since the cell cycle of Giardia under our culture 

conditions is approximately 13 and 11 hours for the 5-aza-C and 5-aza-dC treated cells, parasites 

in culture with the analogs for 24 hours will have undergone approximately 2 rounds of 

incorporation during S phase.  5-aza-dC has been identified previously in an independent large-
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scale small molecular inhibitor screen against Giardia trophozoite growth (Chen, Kulakova et al. 

2011), serving to confirm our current findings. 

Discussion   

We have been able to show that Giardia methylates its DNA at extremely low levels in 

both the trophozoite and cyst stages and, surprisingly, that these low levels of DNA methylation 

are essential for parasite growth.  The inhibitory effects of DNA methylation on gene expression 

are usually found in regions where clusters of methylated cytosines are found in promoter 

regions – the classical CpG islands in mammalian cells – and it seems therefore unlikely that the 

methylation of a thousand cytosines per haploid genome is unlikely to have an effect on global 

gene expression, if methylated cytosines are scattered widely throughout the genome.  In support 

of this idea, we do not observe an increase in global methylation levels in the metabolically 

quiescent cysts compared with actively growing trophozoites, even though DNA methylation of 

genes is typically associated with their reduction in gene expression. Hehl and colleagues 

demonstrate that during encystation that there is a decrease in the levels of histone acetylation 

(Sonda et al. 2010) which may suggest that histone acetylation is the predominant form of 

chromatin remodeling occurring during the encystation process. However, if the methylated 

cytosines are clustered into several tightly contained genomic regions, disruption of the 

methylation patterns could possibly produce the effects that we see here, such as drastic 

reductions in growth.  One possibility comes from evidence in other eukaryotic organisms with 

low methylation levels in which C5-DNA methylation has been found to cluster in areas of 

autonomous element abundance (Harony, Bernes et al. 2006; Katoh, Curk et al. 2006; Militello, 

Wang et al. 2008).  Giardia possesses three small families of LTR retrotransposons, of which 

two are thought to be active (Arkhipova and Morrison 2001; Prabhu, Morrison et al. 2007).  Ullu 
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and colleagues were able to identify small RNAs from the GilT/Genie1 element, which 

demonstrates its transcriptional capabilities (Ullu, Lujan et al. 2005).  Therefore, we suggest that 

retrotransposons may be an important target for DNA methylation in Giardia.  

The presence of methylated DNA implies that there is a functional C5 DNA 

methyltransferase (C5 DNMTase) present in the parasite. DNA methylation in eukaryotes is 

performed by the family of cytosine methyltransferases, designated in mammals as DNMT1, 2, 

3a, 3b, and 3L.  Traditionally, DNMT3s are known as the ‘de novo’ methyltransferases and show 

no preference for unmethylated or hemimethylated DNA, while DNMT1 is known as the 

‘maintenance’ methyltransferase and has a distinct preference for hemimethylated DNA 

(reviewed in (Goll and Bestor 2005; Siedlecki and Zielenkiewicz 2006)).  DNMT2 apparently 

serves as both a weak DNA methyltransferase and a strong methylator of tRNA
Asp

 (Jeltsch 2002; 

Goll and Bestor 2005; Siedlecki and Zielenkiewicz 2006).  All methyltransferases share a C-

terminal domain that has 10 canonical motifs.  DNMT2 is unique in containing no N-terminal 

extension with other regulatory domains.  While metazoans and plants have multiple DNMT 

proteins, many of the single-celled eukaryotes have only homologs of DNMT2 (Goll and Bestor 

2005; Ponger and Li 2005; Siedlecki and Zielenkiewicz 2006).  We identified several candidates 

with weak homology to C5 DNMTases using BLAST and HMMs (GL50803_9528, 14327, 

21512, and 32697).  Further work is required to test enzymatic activity of the identified proteins.  

Based on the low endogenous abundance of the methylation levels, it is likely that the protein 

target is a C5-DNA methyltransferase 2 family member.  Type 2 methyltransferases often 

possesses low DNA methyltransferase activity when compared to the more highly active DNMT 

type 1 and 3 family members (Schaefer and Lyko).  Identification and future biochemical testing 

of the putative DNA methyltransferase candidates will likely provide insight into the dynamics 
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of gene expression, the identification of methylation sites and chromatin states, and may 

potentially provide a novel target for chemotherapeutic treatment.  
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 1 2 3 

A 50ng mouse 25ng mouse 10ng mouse 

B 5ng mouse 2ng mous 10X SSC 

C JM109 1ug ER2925 1ug 10X SSC 

D Troph DNA 1ug Cyst DNA 1ug Troph RNA 1ug 

 

 

Figure 1: Giardia methylates its DNA at low yet expected levels.  

The genomic DNA blot on a Protran BA-85 nitrocellulose membrane displays the presence and 

absence of C5-DNA methylation in samples from mouse, E. coli, and G. lamblia.  The table 

below the image shows the positions of the different samples and their quantities.  Negative 

controls (10x SSC media, trophozoite RNA, and E. coli K12 ER2925 DNA) were used on the 

blot to demonstrate anti-5mC specificity.  Dilutions of mouse DNA were used to determine 

approximate values of DNA methylation observed in the parasite. 
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Figure 2A 

 
 

Figure 2B 

 
 

Figure 2: Non-methylatable cytosine analogs 5-Aza-C and 5-Aza-dC inhibit growth in a 

concentration dependent manner. 

Giardia trophozoites were grown in the presence of varying concentrations of A) 5-aza-C, or B) 

5-aza-dC. (A)  Cultures were started with 62,500 cells and growth was monitored over a 48 hour 
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period.  Cells were counted by hemacytometer every 12 hours.  For each time point n=7.  (B): In 

a separate experiment trophozoites were grown in the presence of varying concentrations of 5-

aza-dC.  Cultures were started with 25,000 cells each and monitored over a 60 hour period.  Cells 

were counted by hemacytometer every 12 hours.  Each time point was performed in triplicate 

with three different counters per time point per tube.  We used a one-tailed student’s t-test to 

determine statistical significance and found that the 5-aza-C treatments of 10, 20, and 50µM had 

a p-value of <0.001, whereas the 5-aza-dC treatments of 1 and 10µM had a p-value of <0.0001 

when compared to the untreated trophozoite cultures.    
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CHAPTER 3: TRACKING THE TRANSCRIPTS: STABILITY AND LOCALIZATION OF 

SENSE AND ANTISENSE RNA TRANSCRIPTS IN GIARDIA LAMBLIA 

(Chapter 3 will be submitted to Nucleic Acids Research.  The format below follows Nucleic 

Acids Research requirements) 

 

Abstract 

Much of what we know about the cellular fate of mRNA transcripts derives from model 

systems.  The protozoan parasite Giardia lamblia provides an opportunity to study these 

processes in a highly divergent eukaryote that produces an abundance of mRNA sense and 

antisense transcripts that are capped and polyadenylated.  Here we examine the stability and 

localization of sense and antisense transcript pairs to determine their fate in Giardia. We track 

the cellular localization of transcripts using fluorescent in situ hybridization (FISH) and show 

that both sense and antisense transcripts can be exported from the nuclei and localize to the 

cytoplasm and in perinuclear regions.  Further analysis of the relative stability of sense and 

antisense transcripts revealed a strikingly similar rate of decay for the cognate sense and 

antisense pairs.  Collectively these findings argue that Giardia is largely unable to distinguish 

between sense and antisense transcripts, a finding in concordance with previous in silico analyses 

that indicated missing components of the non-coding RNA decay machinery in the parasite.  

How Giardia copes with the sustained presence of antisense transcripts – and whether these 

transcripts play a nuclear or cytoplasmic role in the regulation of gene expression – remains to be 

determined.  
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Introduction 

The balance between mRNA decay and stability plays a major role in the regulation of 

gene expression in many eukaryotic organisms, and cells employ a broad range of RNA 

degradation machinery to achieve this balance (Meyer, Temme et al. 2004; Gu and Lima 2005; 

Passos and Parker 2008; Kim and Sung 2011; Knowling and Morris 2011).  Recent work in a 

variety of eukaryotic organisms has shown that there is pervasive transcription in many genomic 

regions that were once thought to be devoid of transcriptional activity, thereby producing both 

functional and non-functional transcripts (Preker, Nielsen et al. 2008).  To minimize the 

consequences of this pervasive transcription, cells typically degrade these non-functional RNA 

transcripts rapidly; indeed, it is often only through gene deletion of RNA decay machinery that 

these transcripts are detectable in S. cerevisiae and H. sapiens (Camblong, Iglesias et al. 2007; 

Preker, Nielsen et al. 2008; Belostotsky 2009). In contrast, transcripts with protein coding 

functions tend to have longer half lives and more variable rates of decay. 

Giardia lamblia, the etiologic agent of the intestinal disease giardiasis, is a single-celled 

eukaryotic parasite.  It possesses several noteworthy molecular characteristics: two nuclei that 

are believed to be roughly equivalent in genetic content and functionality (Kabnick and Peattie 

1990; Yu, Birky et al. 2002), a highly compact genome that is present in four copies in the 

trophozoite stage of the parasite, and an abundance of long, noncoding, antisense transcripts.  

Antisense transcripts in Giardia were identified over a decade ago by sampling two cDNA 

libraries from the WB and GS isolates of the parasite, with the unexpected result that ~19% of 

transcripts were derived from the non-coding DNA strand (Elmendorf, Singer et al. 2001).  This 

finding was supported at the genome level using serial analysis of gene expression (SAGE) on 

the WB isolate of Giardia (Birkeland, Preheim et al. 2010).  Antisense transcripts appear to 
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derive in large part from core promoters that are loosely defined as AT-rich regions and function 

to initiate transcription bidirectionally in Giardia (Ong, Huang et al. 2002; Teodorovic, Walls et 

al. 2007).  The consequence of this loose transcriptional regulation and the highly compact 

genome is that antisense transcripts are pervasive in both their abundance and distribution, with a 

majority of ORFs having corresponding antisense transcripts as detected by SAGE (Teodorovic, 

Walls et al. 2007).  Although the antisense transcripts are 5’ capped and polyadenylated at their 

3’ ends (Hausmann, Altura et al. 2005), they typically have long 5’ untranslated regions that 

almost certainly render them sterile because Giardia ribosomes display a reduced ability to scan 

for AUG initiation codons for more than a few nucleotides (Li and Wang 2004).  

The prevalence of these sterile, antisense mRNA transcripts has raised important 

questions concerning the parasite’s ability to regulate mRNA stability and decay.  Several 

researchers have investigated possible roles of Argonaute and Dicer in RNAi (Prucca, Slavin et 

al. 2008), microRNAs in mRNA decay pathways (Saraiya and Wang 2008; Zhang, Chen et al. 

2009; Li, Saraiya et al. 2011; Saraiya, Li et al. 2011), and the regulation of antigenic variation in 

the parasite.  There has also been experimental evidence for the functionality of a nonsense 

mediated decay pathway in the regulation of the developmental cycle in Giardia (Chen, Su et al. 

2008 (b)).  And we have recently published a detailed in silico analysis indicating that Giardia 

appears to possess elements of all major mRNA decay pathways, yet many of the pathways lack 

protein components that may limit their functionality (Chen et al. 2008; Williams and Elmendorf 

2011). 

These efforts have not yet addressed the broader questions of mRNA transcript fate in the 

parasite.  It is this deficit that we sought to addresses.  The specific goals of our study were to 

determine the cellular localizations of sense and antisense transcripts since distinct mRNA decay 
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pathways are present in the nucleus and cytoplasm, and to determine relative decay rates for 

sense and antisense transcripts with the expectation that antisense transcripts will be recognized 

as noncoding and be degraded relatively quickly as opposed to coding mRNA transcripts which 

accumulate to varying degrees.  These studies were performed on cognate transcript pairs with 

varying expression patterns and relative abundances of mRNA transcripts from a representative 

breadth of genomic loci, as described in greater detail below.    

Quantification of 5-fluoruridine incorporation demonstrated that the two nuclei are 

transcriptionally active, confirming earlier studies in the field (Kabnick and Peattie 1990).  We 

used strand-specific fluorescent in situ hybridization (FISH) to allow us to distinguish between 

the localization of sense and antisense transcripts and found that both were exported into the 

cytoplasm without apparent discrimination.  This finding is unusual for antisense transcripts in 

general (Preker, Nielsen et al. 2008; Forrest and Carninci 2009; Jacquier 2009; van Dijk, Chen et 

al. 2011), but perhaps predictable in Giardia considering that both sense and antisense transcripts 

are capped and polyadenylated – modifications serving normally as markers for cytoplasmic 

export. Correct intron removal is generally also a requirement for nuclear export, and the 

retention of intron-like sequences in antisense transcripts could therefore lead to retention in the 

nucleus.  However, the paucity of introns in Giardia (a total of 7 have been identified in the 

genome (Nixon, Wang et al. 2002; Russell, Shutt et al. 2005; Morrison, McArthur et al. 2007; 

Kamikawa, Inagaki et al. 2011; Kamikawa, Inagaki et al. 2011; Roy, Hudson et al. 2012)); 

makes this an unlikely barrier to nuclear export of antisense transcripts.   

Further investigation of the stability of sense and antisense transcripts was performed by 

blocking new transcription with Actinomycin D and monitoring mRNA levels of cognate sense 

and antisense transcripts using strand and locus-specific primers during qRT-PCR.  Surprisingly, 
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we found that the decay rates of sense and antisense pairs are roughly equivalent.  Standard 

eukaryotic biology provides a multitude of examples where antisense transcripts and non-coding 

RNAs are quickly degraded and kept at minimal levels, unless they are serving as regulatory 

agents (Camblong, Iglesias et al. 2007; Berretta and Morillon 2009; Camblong, Beyrouthy et al. 

2009; Jacquier 2009).  Therefore, the diverse and abundant non-coding transcripts either serve an 

unidentified – and by inference, global – regulatory role in the parasite, or Giardia cannot 

distinguish coding mRNA from non-coding mRNA transcripts and retains the latter 

unintentionally.  We discuss a possible explanation for the failure of the parasite to selectively 

degrade non-coding mRNAs based on our new understanding of the mRNA decay machinery.   

Materials and Methods 

Culture of Giardia lamblia 

The trophozoite form of the Genome (WB) isolate of Giardia lamblia was cultured 

anaerobically at 37°C in borosilicate glass culture tubes or polystyrene tissue culture flasks with 

non-vented caps.  We used a modified TYI-S-33 liquid media with sodium bicarbonate replacing 

the more traditional phosphate buffer (Keister 1983).  Cultures were maintained and split so that 

they were confluent every two days and used for experiments when they were between 50-80% 

confluent.  To detach parasites from glass tubes or flasks, the cultures were chilled for 15 or 60 

minutes respectively, and cells were collected by centrifugation at 1300xg for 5 minutes at 4°C. 

Labeling nascent RNA transcripts with 5FU 

We followed protocols for the measurement of transcription levels using 5-fluorouridine 

(Boisvert, Hendzel et al. 2000).  10-well slides (Cel-Line/Erie Scientific Company) were 

prepared by cleaning in an ethanol acid wash and pre-treating with 0.1% poly-L-lysine solution 
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(Sigma-Aldrich) for 15 minutes at room temperature.  The solution was removed, and the slides 

were allowed to dry at 37°C until use. Parasites were resuspended at ~4 x 10^6 parasites/ml in 

culture medium and incubated in 50 µg/ml Actinomycin D (ActD) (Sigma-Aldrich) for either 10, 

20, 30, 60, or 120 minutes, with separate cultures established for each time point. After the 

allotted time, 25µl of cells were added to the wells of a 10-well microscope slide and 

5fluorouridine (5FU) (Sigma-Aldrich) was added to a final concentration of 5mM for 15 minutes 

at 37°C to label newly synthesized RNA transcripts and to allow cell attachment.  Control 

incubations included either no Act D or Act D added simultaneously with the 5FU. 

Cells were washed briefly in warm PBS and processed for immunofluorescence by fixing 

in 20µl of 4% formaldehyde (Thermo Scientific) diluted in PBS for 60 minutes at room 

temperature, permeabilizing with 20µl 0.5% Triton-X-100 in PBS for 15 minutes at room 

temperature, and blocking with 20µl 5% normal goat serum and 0.1% Triton-X-100 in PBS for 

30 minutes at 37°C.  The slides were treated with anti-BrdU primary antibody (Sigma-Aldrich) 

at a 1:200 dilution in blocking buffer for 60 minutes at 37°C, washed three times for 5 minutes in 

20µl PBS with 0.1% Triton-X-100 and 1% normal goat serum at room temperature, incubated 

with goat anti-mouse Alexa 488 conjugated antibody (Invitrogen) at a 1:250 dilution in blocking 

buffer for 30 minutes at 37°C and washed as above.  Approximately 4 drops of Vectashield with 

DAPI (Vector Laboratories) or Vectashield with Propidium Iodide (Vector Laboratories) were 

added to each slide and covered completely with a coverslip and sealed with nail polish.  The 

slides were stored at -20°C in aluminum foil until imaging.  We imaged the slides on a Zeiss 

Axioplan 2 microscope with X0cite series 120 Q fluorescent light, and images were captured 

using a Hamamatsu ORCA-ER digital camera running Volocity 5.5.1 imaging software (Perkin 
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Elmer).  Images were edited in Microsoft Office Picture Manager and the nuclear intensity was 

counted using ImageJ version 1.44J; t-tests were performed to determine statistical significance. 

RNA Fluorescence In Situ Hybridization 

Briefly, ~500 bp regions of interest amplified by PCR were cloned into a dual RNA 

promoter pCRII-TOPO vector (Invitrogen) and transfected into one shot TOP10 chemically 

competent E. coli (Invitrogen). DNA plasmids (Wizard® Plus Midipreps DNA Purification 

System, Promega) were linearized on both ends of the insert in separate reactions, in order to 

generate templates for sense and antisense probes. These were used for in vitro transcription 

reactions to generate amine modified (aminoallyl UTP) sense and antisense RNA probes, which 

were then labeled with an amine-reactive ester of Alexa fluor 488 (FISH Tag™ RNA Green kit, 

Invitrogen).  

Giardia cells were fixed on glass slides using 4% paraformaldehyde and Triton X 100 

(Yu, Birky et al. 2002), followed by slide dehydratation and prehybridization, according to the 

manufacturer’s instructions (FISH Tag™ RNA kit, Invitrogen). Labeled probes were hybridized 

to Giardia fixed on glass slides, according to the manufacturer’s instructions (FISH Tag™ RNA 

kit, Invitrogen) and incubated for 17 hours in hybridization chambers (Corning) at 55°C. 

Following post-hybridization, 4 drops of Vectashield with DAPI (Vector Laboratories) were 

placed on each slide. Slides were imaged as above. 

mRNA decay assays 

 We seeded parasites at ~4 x 10^6 parasites/ml in glass culture tubes, with separate tubes 

established for each time point, and returned them to 37°C for 30 minutes to allow them to 

acclimate to the new cell density. Act D was then added to a final concentration of 50ug/ml to 
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one culture tube, while the other culture tube was left untreated.  We placed the untreated culture 

on ice for 15 minutes to cause cell detachment, counted the cells by hemacytometer so that RNA 

levels could be normalized.  The trophozoites were collected by centrifugation, washed in  1X 

PBS, and stored as a pellet in RNA-STAT 60 (Tel-test Inc) at -80°C until the Act D treated cells 

were ready for RNA isolation.  After 30 minutes we placed the Act D treated cells on ice and 

prepared them for RNA isolation as mentioned above.  RNA was isolated using RNA-STAT 60 

according to the recommended protocol.  RNA quality was checked with a formaldehyde RNA 

gel and quantified using a nanodrop.  Lastly, the RNA samples were DNase-treated according to 

the Invitrogen DNase I Amplification Grade protocol (Invitrogen, 18068-015).   

Quantitative reverse transcription-PCR 

 RNA was reverse transcribed into cDNA using the SuperScript VILO cDNA synthesis kit 

(Invitrogen), using a 5X 1
st
 strand buffer with gene- and strand-specific primers (Table 1), 

instead of the random primers included with the manufacturer’s 5X VILO mix, to allow us to 

selectively amplify sense or antisense transcripts from each locus. The PCR reaction was 

prepared according to the EXPRESS SYBR GreenER qPCR Supermix Universal directions 

(Invitrogen).  Per trial we performed each qPCR reaction in technical triplicate, and performed 

four trials for each locus.  Also, we normalized Ct values of the Act D treated cultures to the Ct 

values of the untreated cultures for each locus using the GL50803_15228 sense transcript as our 

reference gene. We calculated percent mRNA remaining at the end of 30 minutes using the 2
-ΔΔCt

 

calculation (Livak and Schmittgen 2001), and used a paired t-test to determine the significance 

of sense and antisense transcripts remaining at the experiment’s end. 

Calculating codon usage metrics  
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 We used CodonW designed by John Peden and Paul Sharp to calculate the codon metrics 

for each of the 13 loci sense transcripts examined in the mRNA stability section of this paper 

(Peden 1999).  We used the preferred codons mentioned in (Char and Farthing 1992; Lafay and 

Sharp 1999) and set them as the optimal codons for this study.  The 21 optimal codons chosen 

were Phe (UUC), Ser (UCC, UCG, AGC), Tyr (UAC), Cys (UGC), Leu (CUC), Pro (CCC), His 

(CAC), Arg (CGC), Gln (CAG), Ile (AUC), Asn (AAC), Thr (ACG), Lys (AAG), Val (GUC), 

Ala (GCC, GCG), Asp (GAC), Gly (GGC), Glu (GAG). 

Results 

Both nuclei are transcriptionally active  

 We began these studies seeking to confirm Kabnick and Peattie’s findings from over 20 

years ago (Kabnick and Peattie 1990) that both nuclei are transcriptionally active using more 

sensitive and quantitative assays available today based on 5-fluorouridine (5FU) incorporation as 

a measure of transcriptional activity (Boisvert, Hendzel et al. 2000).  5FU is incorporated into 

nascent mRNA and through the use of a secondary antibody conjugated to an Alexa-488 

fluorophore, we are able to visualize transcriptional activity of individual cells.  We detect 

transcriptional activity at 7.5 minutes and detect increasing signal with longer incubation periods.  

In all cells examined, both nuclei are always active, yet we frequently observe cells containing 

nuclei of differing intensities, which demonstrates unequal transcriptional activities of nuclei 

from the cell (Figure 3). 

  Apart from detecting transcriptional activity from individual nuclei, we designed this 

assay in order to measure the relative speed in which Actinomycin D stops transcription in 

Giardia trophozoites.  Following 15 minutes of incubation with 5FU, there was sufficient label 

incorporated into nascent RNA that we could visualize and measure global transcription levels 
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(Figure 3).  Previous research has shown that Giardia is refractory to the commonly used 

transcription inhibitor alpha-amanitin due to differences in the Rbp1 subunit of RNA polymerase 

II (Seshadri et al. 2003), yet Giardia transcription remains sensitive to Actinomycin D, as 

demonstrated by nuclear run on assays and in culture (Seshadri, McArthur et al. 2003; Chen, Su 

et al. 2008).  These earlier studies, however, either examined transcriptional inhibition at a single 

locus (Seshadri et al. 2003) or did not directly measure transcriptional inhibition (Chen et al. 

2008).  Therefore, given the importance of complete transcriptional inhibition to the experiments 

in this study, we began by determining the degree to which transcription is reduced and for how 

long transcription remains inhibited when trophozoites are incubated with Actinomycin D (Act 

D). 

 Based on the results shown in Figure 3, we knew that 15 minutes of incubation with 

5mM 5FU was sufficient to observe intense labeling of newly synthesized transcripts within the 

parasite nuclei, and we used a 15 minute incubation with 5 mM 5FU as our control for these 

experiments (set to 100% transcription).  To quantify the transcriptional inhibitory 

effects of Act D treatment, we pre-treated parasite cultures with 50 µg/ml Act D for 1-120 

minutes, added 5 mM 5FU and measure transcriptional activity: inhibition of transcription by 

Act D should result in low levels of 5FU incorporation.  Maximal inhibition was observed when 

Act D was added 10 minutes prior to the addition of 5FU, resulting in a decrease in 5FU uptake 

to approximately 10% of the untreated control (Figure 4A).  Increasing the length of time of Act 

D incubation prior to addition of 5FU indicated that Act D remained fully effective at inhibiting 

transcriptional activity for 30 minutes, but in longer incubations of 60-120 minutes, transcription 

slowly reinitiated (Figure 4).  In all of the different time treatments we observed a portion of 

cells which were highly transcriptionally active and others with very little activity (Figure 4B).  
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Selection of Giardia loci and measuring decay for mRNA sense and antisense transcripts 

With the goal of furthering our understanding of the post-transcriptional regulation of 

gene expression in Giardia, we selected 13 loci with varying transcription profiles of sense and 

antisense transcripts throughout the lifecycle of the parasite.  Loci were chosen to include a 

broad representation of expression patterns (Figure 5A and B).  The expression data was mined 

from the Giardia Genome Database (www.giardiadb.org).  We grouped loci into categories 

based on the abundance of sense and antisense transcripts during the trophozoite stage of the 

lifecycle (Figure 5).  Loci were placed into groups demarcated as having high or low levels of 

sense and antisense transcripts during the trophozoite stage of the lifecycle since we were 

performing our studies using trophozoites, for a total of 4 groups of loci (Figure 5C).  The SAGE 

tag abundance for sense transcripts of the 13 examined loci was arranged numerically.  We took 

the median value of the SAGE tag abundance for the sense transcripts and set that as the limit 

between loci considered having high and low levels of sense expression.  The median value for 

sense transcripts from the 13 loci examined was 12 SAGE tags.  Therefore any locus with greater 

than 12 SAGE tags identified in the trophozoite stage was grouped in the high sense category 

and any loci wither fewer transcripts were grouped in the low category.  We did the same thing 

for the antisense transcripts.  Any locus with more than 9 antisense SAGE transcripts in the 

trophozoite stage was grouped into the high category and all others we grouped into the low 

category.  This resulted in a division of the loci into four main categories: 1) High sense and high 

antisense expressors (GL50803_6430, 15228, 112079, 136020), 2) High sense and low antisense 

expressors (GL50803_7796, 16453), 3) Low sense and high antisense expressors 

(GL50803_14284, 16677) and 4) low sense and low antisense expressors (GL50803_4083, 5435, 

5638, 11712, 17432). Overall, ORFs predicted to have high sense production are comprised of 

http://www.giardiadb.org/
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cytoskeletal and ribosomal proteins, while ORFs with high antisense expression are comprised of 

mostly hypothetical proteins (Teodorovic, Walls et al. 2007). 

Cellular Localization of Cognate Sense and Antisense Transcripts  

 We began by asking where mRNA sense and antisense transcripts localized in the 

parasites.  Although presumed to be cytoplasmic, the subcellular localization of sense mRNAs 

has never been formally demonstrated, although one study has used RNA-RNA fluorescence in 

situ hybridization (FISH) to localize a snoRNA and a microRNA in the parasite (Saraiya and 

Wang 2008).  In order to address this question, we performed RNA-RNA FISH on three loci in 

Giardia.  We used an in vitro transcription system to generate fluorescently tagged single-

stranded probes to allow us to specifically detect only sense or antisense transcripts from each 

locus. 

Figure 6 shows the cellular localization of sense transcripts from: two loci with high 

sense/high antisense expression (GL50803_10311- ornithine carbamoyltransferase, and 

GL50803_15228- ribosomal protein S15A) and a locus with low sense/high antisense expression 

(GL50803_16677- hypothetical protein).  Panels A, C and E show the RNA-RNA FISH staining, 

panels B, D, and F show nuclear staining (DAPI).  Figure 6 demonstrates that sense transcripts 

from these loci have a cytoplasmic distribution, as indicated by the prominent staining in the 

cytoplasm.  Although cytoplasmic localization of sense mRNAs was clearly expected, this is the 

first experimental documentation of such prediction in Giardia.  

Figure 7 shows in turn the cellular localization of antisense transcripts from these same 

loci.  Strikingly, antisense transcripts from each locus also show staining in the cytoplasm.  

Therefore, antisense messages in Giardia are exported from the nucleus and the relative ratio of 

the levels of cognate sense to antisense transcripts at any given locus is not a factor affecting 
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their fate in the cell, as evidenced by the cytoplasmic distribution of antisense messages from 

two categories of loci. This suggests a common fate for some, if not all, antisense transcripts in 

Giardia. In fact, in cases of both sense and antisense messages at all loci examined, FISH 

staining was particularly prominent around the nuclei, providing a goggle-like image of the 

parasite; this same perinuclear localization has been previously observed in RNA-RNA FISH in 

Giardia (Saraiya and Wang 2008). 

An additional question that our data allowed us to address is the production of antisense 

mRNAs at the level of individual cells. Figures 6 and 7 clearly show that all cells in the 

population generate both sense and antisense messages, as all cells in the field exhibit bright 

green staining.  Since all previous studies have been performed at the population level of 

analysis, this is the first documentation that each cell produces both the sense and antisense 

transcripts from a given locus.  We cannot conclude with certainty that cognate sense and 

antisense transcripts are likewise produced in each of the two nuclei, although the FISH signal 

which is generally equivalent around the two nuclei for transcripts from all three loci suggests 

that this is the case. 

Similar rates of mRNA decay from cognate sense and antisense transcripts 

 Based on our preliminary studies on the efficacy of Act D and our initial mRNA decay 

trials, we chose to limit our mRNA decay studies to 30 minutes.  Periods greater than 30 minutes 

of incubation with Act D resulted in widely variable levels of transcription which decreased our 

confidence in the results.  Briefly, we treated trophozoite cultures with Act D for 30 minutes 

while simultaneously using an untreated culture as a starting point for decay measurements.  We 

analyzed decay rates of cognate sense and antisense transcripts over the 30 minute period for 

each of the 13 loci (n=4).  We used qRT-PCR to measure mRNA decay and normalized 
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expression levels to the untreated culture that was set as 100% and used the ribosomal S15A 

protein sense transcript (GL50803_15228) as an endogenous reference because its mRNA levels 

were constant throughout the experiment.  For the majority of loci, both sense and antisense 

transcripts decay between 20-40% within the 30 minute time period (Figure 8A).  We fail to 

notice a pattern between rates of decay and the sense and antisense transcript abundance.   To 

determine if sense and antisense mRNA decay values were significantly different from each 

other, we performed a paired t-test, where we failed to identify a significant difference between 

the amount of decay for cognate sense and antisense transcripts (Figure 8B). 

Identifying correlations between sense and antisense decay ratios and codon usage    

 In some organisms codon use is correlated with expression levels of mRNA transcripts, 

where transcripts with higher expression tend to use a smaller subset of all available codons than 

transcripts with lower expression (Ikemura 1985; Das, Roymondal et al. 2009).  We wanted to 

determine if codon use is also correlated with mRNA longevity (Carlini 2005).  Two earlier 

studies in Giardia identified the preferred codon choice for genes commonly expressed at high 

levels (Char and Farthing 1992; Lafay and Sharp 1999). We merged the 21 preferred codons 

from the two studies and used the program codon W to calculate codon metrics for the sense 

transcripts of the 13 loci examined with qRT-PCR.  We did not calculate antisense transcript 

codon usage, because antisense transcripts may possess no or multiple reading frames along its 

sequence (Elmendorf, Singer et al. 2001). 

We observed significant levels of correlation between a number of codon usage metrics 

and the ratio of sense transcripts to antisense transcripts (S/AS) at the end of 30 minutes of 

treatment with Act D (Table 2).  S/AS ratios greater than one represent loci where the sense 

transcript is more abundant at experiment’s end, whereas S/AS values below one represent loci 
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where AS transcripts are more abundant at the end of the experiment (Figure 9). We also 

calculated the correlations for the observed levels of decay in both sense and antisense transcripts 

to the same codon usage metrics and observe that the S/AS ratio primarily displayed the 

strongest correlation to the codon usage metrics than sense and antisense transcripts levels 

remaining did alone (data not shown).  The codon usage metric most strongly correlated with the 

S/AS ratio was the usage of synonymous codons with an A in the 3
rd

 position (Figure 9A).  

Transcripts tended to display higher S/AS values as the A3 values decreased.  This trend is the 

inverse of what we see with GC3 (Figure 9B), where transcripts with high S/AS values display 

higher usage of synonymous codons with G or C in the 3
rd

 position.  

Discussion 

The production of non-coding RNA transcripts has the potential to be highly problematic 

to cells.  Non-coding transcripts can be transcribed from intergenic regions, introns, and in the 

antisense orientation of genes (Kim and Sung 2011).  Non-coding RNAs such as rRNA and 

tRNA have been extensively studied while other non-coding RNAs that have roles in the 

regulation of gene expression such as miRNAs and siRNAs are becoming more highly studied 

(Munroe and Zhu 2006; Saraiya and Wang 2008; Brosnan and Voinnet 2009; Zhang, Chen et al. 

2009; Li, Saraiya et al. 2011; Saraiya, Li et al. 2011).  Long non-coding RNAs may have roles in 

the regulation of gene expression but in many cases their function remains unknown (Preker, 

Nielsen et al. 2008; Belostotsky 2009; Berretta and Morillon 2009; Jacquier 2009; Xu, Wei et al. 

2009; Wei, Pelechano et al. 2011).  In Giardia, roles for the highly abundant antisense transcripts 

have yet to be determined.  They possess similar characteristics to the coding mRNA transcripts 

in that they are capped and polyadenylated, yet their coding regions are absent, truncated, or 

abnormal by Giardia standards (Elmendorf, Singer et al. 2001; Hausmann, Altura et al. 2005).  
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These atypical characteristics would suggest no function or an unidentified regulatory function 

within the cell for the antisense transcripts.  Here we demonstrate that regardless of 

transcriptional profile, the cognate sense and antisense transcripts are remarkably similar in their 

rates of decay.  In part this is not completely surprising given that antisense transcripts comprise 

approximately 20% of the trophozoite cDNA libraries and SAGE data (Elmendorf, Singer et al. 

2001).  Additionally work by Teodorovic and colleagues demonstrated that a single promoter 

and initiator region provide transcription in the antisense direction at approximately 10-20% of 

the sense transcript production rate from the same promoter (Teodorovic, Walls et al. 2007). 

Even with long stability, Giardia antisense transcripts are not primed for translation.  

Giardia ribosomes demonstrate reduced scanning ability in the identification of the start codon 

(Li and Wang 2004).  This reduction in scanning ability may be partly responsible for the 

stability of the antisense transcripts.  We expected that some antisense transcripts would be 

substrates for an mRNA quality control pathway and therefore possess faster rates of decay.  

Pathways such as the nonsense mediated decay, non-stop decay and no-go decay pathways work 

to reduce the abundance of transcripts in the cell with premature termination codons, no stop 

codons, or transcripts with stem-loop structures within the coding region, respectively (Clement 

and Lykke-Andersen 2006; Akimitsu, Tanaka et al. 2007; Atkinson, Baldauf et al. 2008; Brogna 

and Wen 2009).  These pathways are translation dependent and therefore require mRNA 

transcripts possessing usable open reading frames.  Reading frames in the Giardia antisense 

transcripts are likely literally out of reach for the ribosomes, due to their inability to scan for 

more than a few nucleotides.  Since they are unable to be translated, decay rates may appear 

slower than expected.   
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 On the contrary, the stability of the transcripts could be a sign that they serve as 

regulatory agents within the cell, although this is unlikely for all antisense transcripts.  Global 

expression patterns argue against this role, although a subset of transcripts may possess 

regulatory functions.  Giardia antisense transcripts are produced as a result of transcription from 

degenerate, bidirectional, AT-rich promoters and neighboring genes do not display identical 

expression patterns (Ong, Huang et al. 2002; Teodorovic, Walls et al. 2007).  Additionally von 

Allmen and colleagues show that cognate sense and antisense transcripts often display similar 

expression profiles, although their relative levels may differ as shown in Figure 5 (von Allmen, 

Bienz et al. 2005).  Here, cognate pairs display similar decay profiles, whereby loci using the 

preferred set of optimal codons (high GC3) demonstrate higher S/AS ratios.  This effect could be 

purely translational, whereby transcripts with higher GC3 content are translated more frequently 

or rapidly than those with lower GC3 values.  Since translation and RNA decay act as opposing 

forces, higher rates of translation may deny RNA degradation enzymes access to the transcripts. 

If regulatory roles existed for the observed loci they often would be observed as inverse 

expression patterns of sense and antisense transcripts.  The identification of noncoding RNAs 

and antisense transcripts in the majority of eukaryotic organisms studied further supports the idea 

of complete genome transcription instead of transcription from select genomic regions.  Yet the 

discussion remains as to whether these transcripts are mainly serving the role of regulators of 

gene expression or whether their existence is primarily the result of cryptic promoters, non-

specific eukaryotic transcription and/or lack homologous proteins commonly used in non-coding 

RNA decay.  The characteristics, abundance, and regulatory roles of non-coding transcripts vary 

by organism; therefore it is not the production of the transcripts that is unusual for Giardia, but 

their modifications and stability which makes them interesting.  
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Figure 3: 5FU is incorporated into trophozoite RNA. 

Giardia trophozoites were treated with 5mM 5-fluorouridine for the listed times.  Cells were 

visualized using fluorescence microscopy for DAPI and FITC.  Cells were fixed, blocked in goat 

serum, then incubated with anti-BRDU 1° antibody and a goat anti-mouse Alexa-488 conjugated 

2° antibody. (Images adjusted equally)  

  



 

61 

 

A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B.  



 

62 

 

Figure 4: Inhibition of Giardia trophozoite transcription via Actinomycin D treatment. 

Actinomycin D rapidly represses transcriptional activity.   

A) Giardia trophozoites were incubated with Actinomycin D (Act D) for the listed times, 

followed by a 15 minute co-incubation of 5-fluorouridine (5FU).  Cells were fixed and labeled as 

in Figure 3.  Nuclear pixel intensity of the trophozoites was measured using Image J and 

untreated cells were set to 100% and all other treatments were normalized to it. (** is p≤ 0.001). 

B) Overall transcriptional levels were reduced with the addition of Act D; however individual 

trophozoites displayed a range of transcriptional activities.  Nuclei in the middle panels display 

the approximate nuclear intensity of most cells from that treatment, while the top and bottom 

rows display the brightest and most faint nuclear signals for each treatment.  
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Figure 5: Lifecycle expression data from the 13 selected loci mined from the Giardia 

genome database (Giardiadb.org) 

The transcriptional data mined from the Giardia genome database shows that the 13 loci 

examined possess variable expression patterns of sense and antisense mRNA transcripts.  A) 

Expression patterns of sense and B) antisense transcripts from the examined loci.  The inset 

shows that antisense transcripts from the observed loci possess similar induction patterns as the 

sense transcripts shown in A. (note the change in scale of Y-axis. C) Expression patterns of sense 

and antisense transcripts from the 13 examined loci from the trophozoite stage of the Giardia 
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lifecycle.  We grouped the loci based off of the abundance of sense and antisense transcripts 

during the trophozoite stage.  Groupings can be seen below the x-axis.  
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Figure 6: Giardia sense transcripts are exported to the cytoplasm.   

Panels A, C, and E display FITC staining of sense mRNA transcripts.  Panels A) Ornithine 

Carbomoyl Transferase (GL50803_10311), C) a hypothetical protein (GL50803_16677), and E) 

Ribosomal protein S15A (GL50803_15228).  Panels B, D, and F show DAPI nuclear staining of 

the images to their left.  Below we show magnifications of cells, from the panels highlighted 

above. 
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Figure 7: Giardia antisense transcripts are exported to the cytoplasm. 

Panels A, C, and E display FITC staining of antisense mRNA transcripts.  Panels A) Ornithine 

Carbomoyl Transferase (GL50803_10311), C) a hypothetical protein (GL50803_16677), and E) 

Ribosomal protein S15A (GL50803_15228).  Panels B, D, and F show DAPI nuclear staining of 

the images to their left.  Below we show magnifications of cells, from the panels highlighted 

above. 
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Figure 8: Sense and antisense cognate mRNA transcripts display similar rates of decay. 

A) The graph displays the relative amount of mRNA remaining after 30 minutes of Act D 

treatment when compared to the untreated control.  Bars represent the standard error of 4 

biological replicates (n=4).  B) For each trial and locus we calculated the abundance of the sense 

mRNA remaining and the amount of antisense mRNA remaining to produce a sense to antisense 

ratio (S/AS).  S/AS values greater than 1 imply slower rates of decay than the cognate antisense 

transcript and vice versa. p>0.05.  Error bars represent the standard error. 
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Figure 9: Some codon usage metrics are correlated with the S/AS decay. 

We graphed the S/AS decay ratio against A) A3 usage in synonomous codons, B) GC3 usage in 

synonomous codons, C) abundance of antisense transcripts as tabulated by SAGE data, and D) 

the frequency of optimal codon usage.  
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Table 1: cDNA synthesis and qPCR primers 

 
Locus  Primers 

GL50803_4083 
Ubiquitin-conjugating 

enzyme E1 

Sense: CTGGGGCGTTGATGTATTCG 

Antisense: CTATTGTACGTCATGGATGTAC 

Forward: CGAAGAATCATACGAGGCTGC 

Reverse: CCAGAGGGAAACGGCGTAGG 

GL50803_5435 Cyst wall protein 2 

Sense: GGAGCTCCTTGAGGAATTGGAGTT 

Antisense: GACATAGGCTGCTTCCCACTTTTGA 

Forward: CTTTGTGCCCTCACCTCAAT 

Reverse: GATGGGACCAGTGAGAGCAT 

GL50803_5638 Cyst wall protein 1 

Sense: CTTGAGAAATTGAAGCTCATTGATG 

Antisense: CTTGCTCTTGCAGGTTCTGCCCTTG 

Forward: TTGGCTTTCGGGAGACTCTA 

Reverse: CAGACCGGCACTATTGACCT 

GL50803_6430 14-3-3 protein 

Sense: AGAGCCAGCCCGAGACGGAT 

Antisense: CAGCCTGGAGGATCGTCTCCT 

Forward: AGAAGCCGAACGCCAAGCGAA 

Reverse: GGAGATCTCGAACGCAGAGTT 

GL50803_7796 Alpha-2 giardin 

Sense: GCTTTCATACTCCCGTAGGTC 

Antisense: CTTCGACACAGTCATTCTGTG 

Forward: CATGGAGAAGTGGATGGCTCA 

Reverse: CGATGCCCTTTCCTGTAAGGC 

GL50803_11712 Hypothetical Protein 

Sense: CCAAGAGCCTGAACTGCTTC 

Antisense: CTTGAGCAAGAGGAAGCAACG 

Forward: CCACCTTTGTCAATGCTCTCC 

Reverse: CAACGTGTAGAAGTGCAGCAG 

GL50803_14284 Hypothetical Protein 

Sense: AAAGCGACCGAGTGACAGAAG 

Antisense: AACATTCCACAGGTGAGTAAG 

Forward: CAGTGTCCTATCCAGTAATGGC 

Reverse: CATCAATAGGTGTGTTACCAA 

GL50803_15228 Ribosomal protein S15A 

Sense: CCAGCCTTGTTGAGTCTTCCG 

Antisense: ATGGTTCGCATCAACGTTCTC 

Forward: CGTGACGCACTCAAGTCCATT 

Reverse: ATGAGGTTCACGACGATCCTG 

GL50803_16453 Carbamate kinase 

Sense: CAGGGAGGTGATGATGCTCATT 

Antisense: AGACATTAGTCGATCCGAAGG 

Forward: CATCGACAAGGACCTTGCAACC 

Reverse: ATTGCTGCACGGACCTTCGG 

GL50803_16677 Hypothetical Protein 

Sense: CATGGCTCTGAAGTAGGGTG 

Antisense/Forward: 

TGCTAACCAACCTCCCACAGAA 

Reverse: CTAACTTGAGGACAAGATTGG 

GL50803_17432 Heat shock protein 70 

Sense: CTGCCTCCAGCTTCTCCGTT 

Antisense: GTCGTTTCAGATAGGCTTGC 

Forward: CGTCAATAGCCTAAGAGCATAC 

Reverse: CCTGAGCTGATCAACCGTAG 

GL50803_112079 Alpha-tubulin 

Sense: GCTCGAAGACGGAGTTGGTG 

Antisense: GCCTTCATGGTCGACAACGA 

Forward: CGACATACACGAACCTCAACC 
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Reverse: CCTTCTCGGACGAGATGATG 

GL50803_136020 Beta-tubulin 

Sense: CGTGTACCAGTGGAGGAAGG 

Antisense: GCATGTCCACGAAGGAGGTC 

Forward: GACGAGCAGATGCTCAACATC 

Reverse: GGAACATCGCCGTGAACTGC 
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Table 2: Codon usage correlations with final sense to antisense ratio 

 

Codon usage correlations with final sense to antisense ratio 
 

R R
2
 values Significance F 

A3s -0.76287 0.58198 0.00242 

GC3s 0.72391 0.52405 0.00515 

C3s 0.72390 0.52404 0.00515 

Fop 0.71962 0.51786 0.00555 

GC 0.67546 0.45624 0.01129 

Coding region length -0.67038 0.44941 0.01216 

Nc -0.66366 0.44044 0.01339 

G3s 0.64936 0.42166 0.01631 

T3s -0.63694 0.40569 0.01922 

Distance to poly-A signal -0.54533 0.29739 0.05392 

SAGE abundance (Sense)  0.46738 0.21844 0.10732 

SAGE abundance (Antisense) 0.39285 0.15433 0.18422 

 

A3s- frequency of A in wobble position when using synonomous codons; GC3s-frequency of G 

or C in wobble position when using synonomous codons; C3s-frequency of G or C in wobble 

position when using synonomous codons; Fop- frequency of optimal codon use; GC- GC 

content; coding region length- length of coding region in nucleotides; Nc- effective codon 

usage; G3s-frequency of G in wobble position when using synonomous codons; T3s-frequency 

of T in wobble position when using synonomous codons; Distance to poly-A signal- distance in 

nucleotides from stop codon to first nucleotide of the poly-A signal; SAGE abundance- SAGE 

transcript abundance of loci during  the trophozoite stage. 
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CHAPTER 4: IDENTIFICATION AND ANALYSIS OF THE RNA DEGRADING 

COMPLEXES AND MACHINERY OF GIARDIA LAMBLIA USING AN IN SILICO 

APPROACH 

(Chapter 4 was published in BMC Genomics in November 2011.  The format below follows 

BMC Genomics requirements) 

 
Abstract 

Background 

RNA degradation is critical to the survival of all cells.  With increasing evidence for pervasive 

transcription in cells, RNA degradation has gained recognition as a means of regulating gene 

expression. Yet, RNA degradation machinery has been studied extensively in only a few 

eukaryotic organisms, including Saccharomyces cerevisiae and humans.  Giardia lamblia is a 

parasitic protist with unusual genomic traits:  it is binucleated and tetraploid, has a very compact 

genome, displays a theme of genomic minimalism with cellular machinery commonly comprised 

of a reduced number of protein components, and has a remarkably large population of long, 

stable, noncoding, antisense RNAs.    

 

Results 

Here we use in silico approaches to investigate the major RNA degradation machinery in 

Giardia lamblia and compare it to a broad array of other parasitic protists. We have found key 

constituents of the deadenylation and decapping machinery and of the 5’-3’ RNA degradation 

pathway.  We have similarly found that all of the major 3’-5’ RNA degradation pathways are 

present in Giardia, including both exosome-dependent and exosome-independent machinery. 

However, we observe significant loss of RNA degradation machinery genes that will result in 

important differences in the protein composition, and potentially functionality, of the various 
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RNA degradation pathways. This is most apparent in the exosome, the central mediator of 3’-5’ 

degradation, which apparently contains an altered core configuration in both Giardia and 

Plasmodium, with only four, instead of the canonical six, distinct subunits.  Additionally the 

exosome in Giardia is missing both the Rrp6, Nab3, and Nrd1 proteins, known to be key 

regulators of noncoding transcript stability in other cells. 

 

Conclusions   

These findings suggest that although the full complement of the major RNA degradation 

mechanisms were present – and likely functional – early in eukaryotic evolution, the composition 

and function of the complexes is more variable than previously appreciated.  We suggest that the 

missing components of the exosome complex provide an explanation for the stable abundance of 

sterile RNA species in Giardia. 
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Background 

Cells control RNA levels through the regulation of both transcription and degradation.    

Organisms must degrade not only aberrantly folded or misprocessed RNAs, but also functional 

RNA transcripts that are no longer needed by the cell.  In order to distinguish among and degrade 

only the appropriate RNA transcripts, cells have developed multiple RNA degradation processes 

and complexes.  RNA degradation can occur by digestion inwards from the ends, using 5’ to 3’ 

and 3’ to 5’ exonucleases, or by digestion at internal sites using endonucleases.  RNA 

degradation often, though not always, also involves deadenylation (for both 5’ to 3’ and 3’ to 5’ 

degradation) and decapping (for 5’ to 3’ degradation) of the transcripts.  The range of RNA 

degradation machinery includes both nuclear and cytoplasmic components.   

RNA degradation typically begins with the shortening of the long poly-A tail of mRNA 

transcripts.  Although some RNA degradation pathways can apparently act on polyadenylated 

transcripts, e.g. nonstop decay (NSD), nonsense-mediated decay (NMD), and endonucleolytic 

cleavage (RNAi), the majority of 5’ to 3’ and 3’ to 5’ exonucleolytic activities require the prior 

removal of the poly-A tail.  Two proteins, Ccr4p and/or Caf1p, have been shown to act as the 

catalytic core of the deadenylation machinery in all eukaryotic cells examined to date (Tucker, 

Valencia-Sanchez et al. 2001; Ohn, Chiang et al. 2007; Schwede, Ellis et al. 2008).  5’ to 3’ 

degradation depends on the prior removal of the 5’ cap structure followed by subsequent 5’ to 3’ 

exonucleolytic cleavage.  In most cells this is performed by the Dcp1p/Dcp2p holoenzyme with 

the involvement of a wide and diverse array of additional protein machinery (Sachs 1993; 

Beelman and Parker 1995; Mitchell and Tollervey 2000).   

The exosome, a 3’ to 5’ exonuclease complex, is one of the important RNA degradation 

complexes and can be used as a means of classifying the different machinery into two groups: 
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the exosome-dependent and the exosome-independent pathways.  It is this convention that we 

use here to describe the RNA degradation machinery in Giardia lamblia and other parasitic 

protists.   Exosomes have clear homologs in all three domains of life.  Bacteria, archaea, and 

eukaryotes possess functionally analogous core 3’ to 5’ RNA degradation complexes in the 

bacterial polynucleotide phosphorylase (PNPase), the archaeal exosome, and the eukaryotic 

exosome, respectively. The similarity in the structure of all three mRNA degradation complexes 

is striking and suggests that the highly conserved structures are necessary for mRNA degradation 

and have been maintained throughout evolutionary history.   

The bacterial PNPase exists as a homotrimer, in which each monomer possesses two 

tandem RNase PH domains in addition to single S1 and KH domains (Lorentzen, Walter et al. 

2005).  RNase PH domains have exonucleolytic activity, although only one of the two domains 

in each monomer is thought to be active, while the S1 and KH domains have RNA binding 

capacity (Lorentzen, Walter et al. 2005).  The archaeal exosome ring is composed of repeating 

Rrp41/42 heterodimers arranged into a hexamer with three total copies of the stabilizing proteins 

Rrp4 and Csl4 acting as caps to the complex.  The Rrp41 and Rrp42 subunits possess RNase PH 

domains, but Rrp41 is the only exonucleolytic component of the complex, again resulting in 

three active sites per complex (Lorentzen and Conti 2005; Lorentzen, Walter et al. 2005).  Rrp4 

and Csl4 both possess S1 domains and bind RNA.   

In eukaryotes, the core exosome also exists as a ring structure made of a heterohexamer 

of proteins with RNase PH domains (the three Rrp 41-like proteins are Rrps41, 46 and Mtr3, and 

the three Rrp 42-like proteins are Rrps42, 43, and 45) with a trio of additional RNA-binding 

proteins which contain S1 domains (Rrps 4, 40, and Csl4) that broadly act as the entry to the pore 

of the exosome and in eukaryotic exosomes further act to stabilize the hexameric ring (Liu, 
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Greimann et al. 2006; Januszyk and Lima 2010).  It is believed that, through gene duplication 

either early in the eukaryotic lineage or prior to the divergence of eukaryotes, rrp41 gave rise to 

both rrp46 and mtr3, while rrp42 gave rise to rrp43 and rrp45 (Lorentzen, Walter et al. 2005).  

The ring and stabilizing proteins are commonly associated with Rrp6 and Rrp44, both of which 

possess nucleolytic activity (Chekanova, Shaw et al. 2000; Liu, Greimann et al. 2006). The core 

proteins display homology to archaeal exosome and bacterial PNPase proteins, whereas Rrp6 

and Rrp44 display homology to bacterial RNases (Schilders, van Dijk et al. 2006; Barbas, Matos 

et al. 2009; Lykke-Andersen, Brodersen et al. 2009).  In some eukaryotes, the RNase PH domain 

of Rrp41 provides exonucleolytic activity, whereas in other species the activity is dependent 

upon Rrp6 and Rrp44 (Chekanova, Shaw et al. 2000; Chekanova, Dutko et al. 2002; Liu, 

Greimann et al. 2006).  

Although the exosome is an important complex involved in RNA degradation in 

eukaryotes, additional complexes also play a role in RNA degradation either through exosome-

dependent or exosome-independent processes.  Exosome-dependent complexes act mainly by 

preparing RNA substrates for degradation by the exosome, whereas exosome-independent 

complexes possess nucleolytic activity of their own.  These additional complexes impart 

specificity to its function so that RNA is not degraded prematurely, and only a subset of RNA is 

targeted at any one time. 

The exosome-dependent machinery includes the TRAMP complex, Pumilio (Puf) 

proteins, Nonsense mediated decay (NMD), Nonstop decay (NSD), and No-go decay (NGD) 

complexes.  In the nucleus, the exosome can be found to be associated with the TRAMP 

complex, which aids in the degradation, maturation, and removal of secondary structures of RNA 

molecules through the post-transcriptional addition of a poly-A tail by TRAMP proteins Trf4/5 
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or via the helicase activity of TRAMP protein Mtr4, respectively (LaCava, Houseley et al. 2005; 

Anderson and Wang 2009). In the cytoplasm a subset of Puf proteins bind mRNAs via sequence-

specific elements in the 3’ untranslated regions (UTRs) and recruit the deadenylation machinery 

(Goldstrohm, Hook et al. 2006; Miller and Olivas 2011) .  Also in the cytoplasm, the NMD, 

NSD, and NGD pathways act as mRNA quality control and are activated in response to mRNAs 

containing premature termination codons (PTCs), no stop codon, or secondary structures such as 

stem loops, respectively.  The NMD complex may possess endonucleolytic activity, but requires 

the exosome for complete degradation of RNAs.  

The exosome-independent complexes are the RNAi machinery and the Ccr4-Not 

complex. RNAi acts to silence gene expression through endonucleolytic degradation of targeted 

mRNA transcripts or translation inhibition.  RNAi machinery has been identified in a variety of 

eukaryotic organisms, from single-celled organisms to metazoans but is not ubiquitously present.  

Two components of the Ccr4-Not complex, which is conserved from S. cerevisiae to humans 

(Collart 2003), have roles in mRNA deadenylation; Ccr4 and Caf1 deadenylate mRNA 

transcripts, although optimal degradation for many transcripts still requires the exosome (Chen 

and Shyu 2011).  

The parasitic protists regulate gene expression through many different mechanisms, both 

transcriptional and post-transcriptional. Yet, while we understand much about transcriptional 

regulation, the study of mRNA degradation machinery in the parasitic protists is still in its early 

stages. This is perhaps especially surprising because RNA degradation is likely to play an 

unusually prominent role in organisms that exhibit diminished regulation of gene expression at 

the transcriptional level, as is known to be the case for several parasitic protists.  For example, 

Trypanosoma brucei transcribes its genes polycistronically, implying that mRNA processing and 
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degradation are its primary means of regulating gene expression (Estevez, Kempf et al. 2001; 

D'Orso, De Gaudenzi et al. 2003; Clayton, Schwede et al. 2008).  And Giardia lamblia 

transcribes an abundance of full-length sterile antisense transcripts that are capped and 

polyadenylated (Hausmann, Altura et al. 2005), suggesting a role for mRNA degradation to 

eliminate these aberrant transcripts.      

In this paper, we discuss our efforts to identify the mRNA degradation machinery in 

Giardia lamblia using in silico approaches.  We additionally included several other parasitic 

protists (Entamoeba histolytica, Trichomonas vaginalis, Trypansoma brucei, and Plasmodium 

falciparum) in our analyses of the core and peripheral exosome components for comparison, 

building on the work of previous researchers in this field (Estevez, Kempf et al. 2001; Estevez, 

Lehner et al. 2003; Haile, Estevez et al. 2003; Li, Irmer et al. 2006; Haile, Cristodero et al. 2007; 

Shock, Fischer et al. 2007; Clayton, Schwede et al. 2008; Schwede, Ellis et al. 2008; Yi-Hsiu 

Chen 2008; Chen, Su et al. 2008 (a); Schwede, Manful et al. 2009).  We focused especially on 

Giardia given its evolutionary divergence (Sogin, Gunderson et al. 1989; Best, Morrison et al. 

2004), severely reduced repertoire of transcriptional machinery (Best, Morrison et al. 2004; 

Morrison, McArthur et al. 2007), and unusual patterns of gene expression (Elmendorf, Singer et 

al. 2001; Teodorovic, Walls et al. 2007).  We identified an extensive collection of genes coding 

for proteins with significant sequence similarity to proteins that participate in RNA degradation 

pathways in other eukaryotes.  Pathways such as the RNAi (MacRae, Li et al. 2006; MacRae, 

Zhou et al. 2006; Prucca, Slavin et al. 2008) and nonsense mediated decay pathways (Chen, Su et 

al. 2008; Chen, Su et al. 2008 (a)) previously have been identified in Giardia.  However, these 

comparisons also revealed that a substantial number of protein constituents of mRNA 

degradation complexes in other eukaryotes are either absent or sufficiently divergent to thwart 
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detection by similarity searches in these parasitic protists. We use this new knowledge to 

consider which protein components may comprise the most reduced core exosome structure in 

eukaryotes and to postulate explanations for observed patterns of mRNA transcripts in Giardia. 

 

Results 

Preparing the transcripts for degradation 

Deadenylation machinery  

Deadenylation, the removal of the 3’ polyA tail, is typically performed by Ccr4p and 

Caf1p of the Ccr4-Not complex found in most eukaryotes studied to date, while the Pan2p/Pan3p 

complex plays a secondary role (Tucker, Valencia-Sanchez et al. 2001; Schwede, Ellis et al. 

2008).  The Ccr4-Not complex is a multi-subunit complex with roles in transcription, mRNA and 

protein degradation, and cell division (Collart 2003).  Members of the complex are the Not 

proteins 1-5, Ccr4, and the Caf proteins, Caf1 (also known as Pop2), Caf40, and Caf130. The 

Not1 protein acts as a scaffold to which other members of the complex attach and is necessary 

for S. cerevisiae viability (Collart 2003).  Pop2p acts a scaffold for Ccr4p and also may have 

additional roles in decapping of transcripts in S. cerevisiae (Ohn, Chiang et al. 2007). 

Giardia possesses only a subset of the genes associated with the Ccr4-Not complex that 

may be sufficient for its functionality in the parasite (Additional Files 1 and 2).  We identified 

four candidate Not genes, as well as candidate genes for Caf1, confirming a previous 

identification of Caf1 in Giardia (Schwede, Ellis et al. 2008).  The classification of three of the 

Not genes as Not1, Not2, and Not4 was possible based on the presence of defined domains.  The 

protein identified as most similar to Not1p has only a partial Not1 domain, while Not2p and 

Not4p possess complete domains. The fourth protein could possibly be either Not3p or Not5p 
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based on sequence similarity search results, although the better scores and E-values obtained 

against Not3 proteins suggests it is more likely Not3p.  Although we were unable to detect 

homologs of Ccr4, Caf40, Caf130 or CNot10 in the Giardia genome, the presence of the Not 

proteins and Caf1p should be sufficient to ensure a functional deadenylation complex. 

The Pan2-Pan3 complex is thought to play a role in either initiating or subsequently 

trimming the poly-A tails in support of Ccr4-Caf1-Not complex activity.  The complex functions 

through association of Pan3 with Pabp1 to recognize and associate with the poly-A tail of 

transcripts.  We were able to detect genes with sequence similarity to Pan2 and Pabp1 in 

Giardia but could not detect a Pan3 homolog, raising questions about whether this complex 

would be present and functional in the parasite (Additional Files 1 and 2).  A mammalian 

deadenylase, PARN, was also missing from Giardia.  Of the other parasitic protists examined to 

date for deadenylation machinery, Trypanosoma brucei has been shown to contain both the Ccr4 

-Not complex and the Pan2-Pan3 complex (Schwede, Ellis et al. 2008; Schwede, Manful et al. 

2009) , while Plasmodium falciparum contained a majority of the required components of the 

Ccr4-Not complex but was also missing the Pan2-Pan3 complex (Shock, Fischer et al. 2007). 

 

Decapping machinery 

All parasitic protists examined to date contain traditional 5’ 7-methylguanosine caps, 

although a biochemically modified cap structure is found on the spliced leader RNA in 

Trypanosoma.  In Giardia the presence of 5’ 7-methylguanosine caps have been identified on 

both coding and sterile transcripts (Hausmann, Altura et al. 2005).  The removal of this cap is 

required for 5’-3’ exonuclease processing.  Decapping in other cells requires the decapping 

holoenzyme, comprised of Dcp1p and the catalytic subunit Dcp2p.  A wide array of other 
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machinery has been shown to interact with and mediate the activity of Dcp in vitro and in vivo, 

including Lsm (like-Sm) proteins, the Upf proteins, the Edc proteins, Dhh1p and Pat1p; while 

more recent research has suggested the presence of additional members of the decapping family, 

such as DcpS and Headless, and an astonishing diversity of proteins associated with mRNA 

storage and decay (e.g. TTP/Brf1 and 2; AUF1; HuR; KSRP; CUG-BP) in specific lineages , 

making it clear that the process of mRNA decay is both precise and organism-specific (Franks 

and Lykke-Andersen 2008; Balagopal and Parker 2009).  These proteins and the decapped 

mRNA often assemble into degradation complexes referred to as P-bodies (processing bodies).   

Here we identify a Dhh1p and a divergent Giardia Dcp2–like protein (Additional Files 1 

and 2).  Like many eukaryotic helicases, Dhh1p protein possesses a DEXDc superfamily domain 

and when reciprocally BLAST against S. cerevisiae, the top identified gene is the Dhh1.  The S. 

cerevisae Dcp2 protein has both dcp2 and nudix domains.  The dcp2 domain aids in mRNA cap 

removal while the nudix hydrolase domain catalyzes catabolism of nucleotide diphosphates 

linked to other molecules.  The identified Giardia protein contains a nudix hydrolase domain but 

is missing the dcp2 domain.  However, when used as a query in BLASTp, significant hits 

identify it as a likely mRNA decapping enzyme and a possible Dcp2 homolog.  We were unable 

to identify the Edc proteins, Pat1p, or any of the organism-specific alternative decapping 

machinery and P-body components, such as DcpS, Headless, TTP/Brf1and2. AUF1, etc.  We 

think it likely therefore that the evolutionary divergence of Giardia has dictated either a unique 

array of P-body proteins specific to the Diplomond lineage or perhaps P-bodies are simply absent 

from Giardia. 

Another set of proteins which have roles in decapping and mRNA degradation are the 

Lsm (like-Sm) proteins.  Members of the Sm/Lsm protein family are conserved in bacteria and 
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archaea (Wilusz and Wilusz 2005).  This family of proteins plays roles in RNA processing, 

splicing and mRNA decapping (He and Parker 2000; Beggs 2005) and some of the proteins 

colocalize with the mRNA decapping machinery (Ingelfinger, Arndt-Jovin et al. 2002).  The Lsm 

complex involved in mRNA degradation is made of Lsm proteins 1-7 and they form a 

heteroheptameric ring.  In total we were able to identify 14 proteins with Sm-like domains using 

the Interpro domain accessory function in the Giardia genome database (Additional File 2).  Of 

the 14 proteins, 12 had Conserved Domain Database (CDD) recognizable Lsm domains, yet only 

four of these proteins possess notable sequence similarity to Lsm proteins in S. cerevisiae.  The 

remaining 8 proteins are likely members of the Sm protein family which have roles in pre-

mRNA splicing (Beggs 2005).  The results we see here are consistent with what is seen in the 

other complexes which we observed, in that some machinery is present and recognizable while 

other components cannot be identified.  The homologous complex in bacteria, known as the Hfq 

complex is a homohexamer (Wilusz and Wilusz 2005), therefore possibilities exist that Lsm 

complex may still form in Giardia despite only identifying four Lsm proteins. 

 

5’ to 3’ Degradation 

 Once mRNA transcripts are decapped, they are accessible to the 5’ to 3’ degradation 

machinery.  The proteins responsible for 5’ to 3’ degradation of eukaryotic mRNAs are the Xrn 

proteins (Mitchell and Tollervey 2000; Belasco 2010).  S. cerevisiae possesses two Xrn proteins: 

Rat1p (nuclear) and Xrn1p (cytoplasmic).  The nuclear form is responsible for nuclear 

processing of RNAs while Xrn1p is responsible for degradation of cytoplasmic mRNA 

transcripts.  The XRN domain is located in the N-terminus of the protein and provides 5’ to 3’ 

exonucleolytic activity.  Although S. cerevisiae has two homologs, T. brucei possesses four Xrnp 
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homologs (Li, Irmer et al. 2006).  All four are expressed in T. brucei, although only two of the 

four are needed for growth.  In our search, we were able to identify two proteins with sequence 

similarity to Xrnp in Giardia (GL50803_24133 and GL50803_113365) (Additional Files 1 and 

2).  The former is more similar to S. cerevisiae Rat1p whereas the latter has more similarity with 

Xrn1p.  The presence of these two exonucleases supports the likely presence of a functional 5’ to 

3’ degradation pathway. 

 

3’ to 5’ Degradation 

Identification of exosome components 

Eleven main proteins comprise the eukaryotic exosome: six RNase PH proteins (Rrp41p, 

Rrp42p, Rrp43p, Rrp45p, Rrp46p, and Mtr3p), three stabilizing proteins (Rrp4p, Rrp40p and 

Csl4p), and two peripheral proteins (Rrp6p and Rrp44p).  Rrp6p and Rrp44p are not always 

found in the exosome complex together within the same organism.  For example, S. cerevisiae 

Rrp6p and Rrp44p are found only with the nuclear exosome and in both nuclear and cytoplasmic 

exosomes, respectively (Schilders, van Dijk et al. 2006; Lykke-Andersen, Brodersen et al. 2009), 

while human Rrp6, and Rrp44 proteins (hDIS3 and hDIS3L) are localized to the nucleolus, the 

nucleus and cytoplasm, and primarily the cytoplasm respectively (Tomecki, Kristiansen et al. 

2010).  Human DIS3 and DIS3L display a lower affinity for the exosome than the S. cerevisiae 

homolog.  In S. cerevisiae, H. sapiens, and A. thaliana, we found all eleven of the previously 

identified exosome genes, validating our similarity search protocol.  However, in our 

investigation of the parasitic protists, we were unable to identify some specific exosome 

components. We first discuss our detailed characterization of the putative exosome proteins in 
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Giardia, followed by our characterization of the exosome protein components in the other 

parasitic protists. 

In the search for exosome components in Giardia, we had differential success depending 

on whether we used the PFAM or the CDD definitions.   Using multiple approaches we 

identified only four of the expected six RNase PH domain proteins (Additional Files 1 and 2).  

GL50803_1890, GL50803_5632, and GL50803_40007 all contain RNase PH domains; 

GL50803_9847 does not have a true RNase PH domain but possesses the CDD multi-domain 

COG2123 that is associated with RNase PH domains (Additional File 1).  It is unclear what 

arrangement of the four RNase PH domain proteins comprises the hexameric exosome in 

Giardia.  Continuing this theme of genomic diminution, we were able to identify genes for only 

two of the three associated proteins, rrp4 and rrp40 but not csl4.  We were also able to identify a 

gene for only one of the two exosome peripheral proteins: rrp44, identifiable by its RNase II-like 

domain (RNB), but not rrp6, or any other DNA Q domain-containing proteins. In addition to the 

putative Rrp44p homolog, we also were able to identify a second protein (GL50803_9912) 

containing an RNase II like domain in Giardia, but it displayed a sufficiently low similarity with 

Rrp44p that we cannot confirm a possible identity.  The schematics in Additional File 1 provide 

a visual representation of the identified proteins in Giardia and their similarity to S. cerevisiae 

RNA degradation proteins.  

In the other parasitic protists, T. brucei, P. falciparum, T. vaginalis, and E. histolytica, the 

identified protein repertoires for exosomes are more complete but often still partial (Table 3). T. 

brucei and E. histolytica had six proteins containing RNase PH domains, the correct number to 

construct a heterohexameric exosome.  We note that our ability to find all six RNase PH domain 

proteins in T. brucei by similarity searches represents an improvement compared to previous 



 

91 

 

studies (Estevez, Kempf et al. 2001; D'Orso, De Gaudenzi et al. 2003) and indicates a high level 

of sensitivity for divergent protein sequences in our study.  T. vaginalis had seven identifiable 

proteins containing RNase PH domains; this number more than accounts for enough proteins to 

form the hexameric exosome ring and reflects a common theme of gene family expansion in T. 

vaginalis (Carlton, Hirt et al. 2007).  However, P. falciparum, like Giardia, has only four 

proteins with recognizable RNase PH domains.  Previous work from the DeRisi group was able 

to identify only three RNase PH proteins in P. falciparum.  That work was published in 2007, 

where genome annotation was less complete than when we performed our search.  They 

performed BLASTP and reciprocal BLASTP to identify the putative degradation proteins in 

Plasmodium (Shock, Fischer et al. 2007).    

Additionally, T. brucei, P. falciparum, and T. vaginalis possess all three exosome 

stabilizing proteins, whereas E. histolytica like Giardia, has only rrp4 and rrp40, but lacks a csl4 

homolog (Table 3).  Unlike Giardia all four of these parasitic protists contained putative 

homologs for both rrp6 and rrp44. 

 

Exonucleolytic potential of RNase PH and Rrp44 homologous proteins 

To define the exonucleolytic potential of the degenerate Giardia exosome, we first 

sought to classify the RNase PH proteins as either Rrp41-like or Rrp42-like. The archaeal 

exosome is composed of three Rrp41-42 heterodimers, and the exonucleolytic activity is 

maintained solely in the Rrp41p subunit (Schmid and Jensen 2008; Lykke-Andersen, Brodersen 

et al. 2009).  In eukaryotic species the exosome is composed of three Rrp41-like and three 

Rrp42-like proteins, although the exonucleoytic activity of the Rrp41-like proteins is sometimes 

lost due to mutation of the catalytic or the phosphate binding sites (Lorentzen and Conti 2005). 
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Since the eukaryotic exosome likely evolved from the archaeal exosome, we expected to be able 

to identify at least one Rrp41-like and Rrp42-like protein in each of the parasitic protists. With 

the goal of identifying whether the RNase PH proteins were Rrp41-like or Rrp42-like in their 

origin, we constructed protein phylogenies. 

Our first step was construction of a protein phylogeny using Rrp41p-like and Rrp42p-like 

amino acid sequences from S. cerevisiae, H. sapiens, and S. solfataricus RNase PH protein 

amino acid sequences.  Protein sequences were aligned in MUSCLE and trimmed using G-

blocks as stated in the methods to limit our analysis to the more highly conserved regions of the 

proteins.  This resulted in protein fragments of 110-115 amino acids from proteins of ~240 and 

~300 amino acids for Rrp41-like and Rrp42-like proteins, respectively, for use in construction of 

the phylogeny.  The retained amino acid sequences contained the RNase PH domain, with 

approximately ten amino acids flanking each end.  The Phylip 3.69 package was run iteratively 

to generate 100 trees for estimation of bootstrap values.    We observed distinct stratification of 

Rrp41-like and Rrp42-like proteins; however, node values showed only moderate support for 

placement into each Rrp subtype (Figure 10A), indicating  high sequence divergence of these 

proteins.   

However, with the addition of Giardia sequences, this divergence was profoundly 

exacerbated, and we observed considerable movement of sequences from previously strong 

clades that drastically altered the tree topology, eroding the stratification of the Rrp41-like and 

Rrp42-like proteins (Figure 10B).  This phenomenon was observed even with the addition of 

single Giardia sequences (data not shown).  Our inability to group these RNase PH proteins was 

not specific to Giardia, as similar difficulties were encountered with the use of RNase PH 

proteins from the other parasitic protists.  Although frustrated in our attempt to classify the 
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RNase PH domain proteins, our inability to produce informative gene trees about protein identity 

argues that high levels of sequence divergence are tolerated in the proteins that comprise the 

exosome ring.   

 As an alternative approach to classification of Giardia’s RNase PH domain-containing 

proteins, we sought to determine which of the proteins possess the necessary amino acid residues 

for phosphate binding and catalytic activity.  The amino acid alignment of the four genes 

containing the Giardia’s RNase PH domains shows that while all possess the necessary residues 

for activity of the catalytic site, only GL50803_5632 has even one of the two amino acids 

required for phosphate binding (not shown).  This technique, while not helping to classify the 

Giardia RNase PH proteins, does suggest that all RNase PH domain-containing genes in Giardia 

are nucleolytically inactive.  

In contrast, examination of the putative Giardia Rrp44 homolog revealed that this 

enzyme is most likely an active enzyme with exonucleolytic activity. When compared with 

Escherichia coli RNase II, S. cerevisae and H. sapiens Rrp44 proteins, the putative Giardia 

homolog shares a high percentage of catalytic residues present in the enzymatic pocket 

(Schneider, Anderson et al. 2007; Barbas, Matos et al. 2009), although it is missing the classical 

PIN domain characteristic of some classes of nucleases (Schneider, Anderson et al. 2007) 

(Figure 11).  The E. coli RNase II has 17 identified residues that are found in the catalytic site of 

the enzyme that are important for enzyme catalysis (Schneider, Anderson et al. 2007; Barbas, 

Matos et al. 2009).  Human Rrp44p homologs possess 13 of the 17 residues found within the 

catalytic site (Schneider, Anderson et al. 2007), while Giardia and S. cerevisiae each possess 12 

of the 17 amino acids.  In one position in both S. cerevisiae and Giardia Rrp44 proteins, there is 

an amino acid substitution where a negatively charged amino acid is replaced with another 



 

94 

 

negatively charged amino acid; S. cerevisiae has an aspartate in place of glutamate at D363 while 

Giardia has an aspartate in place of glutamate at D360.  The substitution is not likely to result in 

alterations in bond forming.  In addition, the putative Giardia Rrp44 homolog possesses all four 

of the domains believed to play a role in the RNA binding activity of the enzyme.  These RNA 

binding domains are highly conserved in species as divergent as H. sapiens and Giardia.  Based 

on the presence of these highly conserved domains, and the number of residues identified as part 

of the catalytic sites, we believe that it is likely that the putative Giardia Rrp44p homolog 

possesses exonucleolytic activity and thus the exosome in conjunction with putative Rrp44p in 

Giardia is also likely active.  The absence of an Rrp6p homolog means that Rrp44p is potentially 

the only nucleolytically active enzyme in the Giardia exosome complex. 

 

Exosome-dependent complexes and proteins 

TRAMP complex 

The TRAMP complex is a nuclear-localized, exosome-associated protein complex, 

responsible for polyadenylation of RNA molecules that will be targeted for further processing or 

degradation (LaCava, Houseley et al. 2005; Anderson and Wang 2009; Lemay, D'Amours et al. 

2010).  The RNA binding proteins Air1p/2p are responsible for identification and binding of the 

targeted RNA transcripts.  The poly-A polymerase-like proteins, Trf4p/5p are responsible for the 

addition of the poly-A tails to all RNA species that are incorrectly folded or aberrantly produced. 

Lastly Mtr4p, an RNA helicase, is thought to remove the secondary structure of folded 

transcripts.  The Trf5p/Air1p/Mtr4p complex localizes mainly to the nucleolus, while the 

Trf4p/Air2p/Mtr4p complex is found throughout the remaining nucleus in S. cerevisiae 

(Anderson and Wang 2009).   
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We identified genes with sequence and domain similarity to Trf4/5 and Mtr4 in Giardia 

(Additional Files 1 and 2). The Giardia Trf4p/5p proteins contain the canonical 

nucleotidyltransferase domains, suggesting that they are functionally capable of adding poly-A 

tails to RNAs.  However, we identified only one gene with a partial Air1 domain in the Giardia 

genome.  S. cerevisiae proteins Air1p and Air2p both contain an Air1 domain, and deletion of 

either Air1p or 2p does not inhibit the processing of some snoRNAs and rRNAs, while deletion 

of both proteins leads to a dramatic increase in unprocessed snoRNAs (LaCava, Houseley et al. 

2005).  Therefore, it is possible that both Giardia TRAMP complexes function normally in the 

presence of a single Air1 domain-containing protein.   

 

Puf proteins 

Members of the Puf family of proteins are identified in a variety of eukaryotes with a 

variable number of genes in each species (Hoek, Zanders et al. 2002; Wickens, Bernstein et al. 

2002; Muller, Matuschewski et al. 2011); different members of the Puf protein family are either 

nuclear or cytoplasmic in their localization.  Although in some cell types, Puf proteins act to 

stabilize mRNA transcripts and increase levels of translation, more typically Puf proteins reduce 

mRNA expression either through inhibition of translation or through mediation of mRNA decay.  

For example, Puf5 in yeast binds to Pop2 (Caf1) to recruit the Ccr4p deadenylase to the 3’ UTRs 

of mRNAs in the cytoplasm (Goldstrohm, Hook et al. 2006; Miller and Olivas 2011).  Given the 

unusually short 3’ UTRs of Giardia mRNAs, it was not apparent that the Puf proteins would be 

relevant in the parasite, but we were able to identify a full repertoire of five genes containing Puf 

repeats in Giardia.  Higher eukaryotes generally have fewer members of the family (Wickens, 

Bernstein et al. 2002; Kramer and Carrington 2011; Muller, Matuschewski et al. 2011).  Puf 
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proteins normally possess eight Puf repeats in the C-terminus (Wickens, Bernstein et al. 2002), 

although studies in S. cerevisiae suggest that six Puf repeats are sufficient for RNA binding 

(Gerber, Herschlag et al. 2004).  Of the five identified proteins in Giardia, one contains eight Puf 

repeats, three contain between five and seven repeats in the C-terminal half of the protein, and 

one may be a pseudogene with only a partial N-terminal RNA binding domain with only three 

repeats (Additional Files 1 and 2).  Amino acid sequence comparison with S. cerevisiae Puf 

protein sequences suggests that the putative Giardia Puf proteins may be homologs of S. 

cerevisae Puf proteins that primarily bind ribosomal RNAs and mRNAs encoding nuclear 

localized proteins.  This designation was obtained using Giardia Puf proteins as query for 

BLASTP in the Saccharomyces genome database.  

 

Nonsense-mediated decay 

Nonsense-mediated decay (NMD) is responsible for the translation-coupled degradation 

of mRNA transcripts containing premature termination codons (PTCs) (Wen and Brogna 2008; 

Brogna and Wen 2009),  Yet, while PTCs are defined as any stop codon upstream of an exon 

junction complex, NMD is functional in single exon transcripts. Thus, while stop codons 

upstream of exon junction complexes may trigger the NMD mechanism, they are not the only 

stimulus.  An alternative explanation is that the distance between the stop codon and the poly-A 

binding protein (PABP) is what triggers NMD, such that increasing the distance between the stop 

codon and the PABP increases the chance of NMD activation.  

The NMD complex has been previously shown to be functional in Giardia, although the 

precise means by which transcripts lacking introns in Giardia are targeted for degradation by the 

pathway has yet to be identified (Chen, Su et al. 2008; Chen, Su et al. 2008 (a)).  These studies 
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by Sun and colleagues identified 7 of 14 NMD associated factors by sequence similarity.  The 

putative homologs of the following NMD genes in Giardia were identified: upf1, eRF1 and 

eRF3, sMG1, hrp1, xrn1 and xrn2, and ski7 (Additional File 2) (Chen, Su et al. 2008 (a)).   

  eRF1p and eRF3p are eukaryotic release factors that function in normal translation 

termination to remove the ribosome from the mRNA (Atkinson, Baldauf et al. 2008).  The 

proteins Ef1αp, eRF3p, Hbs1p, and Ski7p belong to the EF1 family, and all possess elongation 

factor GTP binding domains (Additional File 1).  We believe that the proposed Ski7p homolog 

was incorrectly identified by Sun and colleagues and is actually the Giardia Hbs1p homolog.  

Amino acid alignments indicate that the Giardia Hbs1 protein sequence is approximately twice 

as similar to the S. cerevisiae eRF3 protein sequence as it is to the S. cerevisiae Ski7 protein 

sequence (Figure 12).  Additionally, Hbs1 proteins possess two translation factor domains, both 

of which are absent from Ski7 (Additional File 1) and are present in the proposed Giardia Ski7p 

protein.  With the alignment data, domain identification, and with the knowledge that ski7 has 

only previously been found in some Saccharomyces species (Atkinson, Baldauf et al. 2008), we 

believe that the gene previously identified at ski7 is actually hbs1.  However, the relationship 

between the members of the protein family make it likely that Ski7p and other EF1αp homologs 

may be interchangeable in their functionality in different eukaryotes, so that even without Ski7p, 

mRNA quality control pathways such as NMD and NSD may still remain functional (Atkinson, 

Baldauf et al. 2008). 

 

Non-stop decay 

Acting as a counterpoint to the NMD mechanism of RNA degradation, and sharing some 

of the same protein machinery, non-stop decay (NSD) is again translation-dependent but is 
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alternatively activated when the ribosome fails to encounter a stop codon during translation of an 

mRNA transcript (Frischmeyer, van Hoof et al. 2002; van Hoof, Frischmeyer et al. 2002).  In S. 

cerevisiae, the ribosome continues reading into the poly-A tail and stalls at the end of the 

transcript, followed by recruitment of Ski7p – and possibly other proteins – to the ribosome.  

Given that Ski7p has only been identified in a subset of Saccharomyces species, and a NSD-like 

mechanism has been functionally identified in HeLa cells with the demonstration that an mRNA 

transcript lacking a stop codon is degraded more quickly than the same transcript with a stop 

codon (Frischmeyer, van Hoof et al. 2002), it seems likely that machinery beyond Ski7 must be 

involved, although the HeLa cell machinery responsible for nonstop transcript degradation has 

not been identified.  In Giardia we identified proteins with sequence and domain similarity to 

eRF3p and Hbs1p along with two identical Ef1α homologs.  Since these proteins all share 

functional domains with Ski7p (Additional Files 1 and 2), they may possibly be able to trigger a 

NSD like mechanism in the absence of Ski7p (Frischmeyer, van Hoof et al. 2002; Atkinson, 

Baldauf et al. 2008).  

 

No-go decay 

Like NMD and NSD, No-go decay (NGD) is also translation-dependent, but it is 

triggered when the ribosome stalls upon encountering secondary structure in an mRNA 

transcript.  Stalling of the ribosome due to other mRNA sequence-related factors can also induce 

NGD (Doma and Parker 2006).  The stalling of the ribosome causes the recruitment of Dom34p 

and Hbs1p; Dom34p is a homolog of eRF1p, while Hbs1p is a homolog of eRF3p; 

Endonucleolytic cleavage ensues and the two halves of the mRNA transcript are degraded.  
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Giardia possesses proteins with sequence and domain similarity to both Dom34p and Hbs1p 

(Additional Files 1 and 2). 

 

RNA interference machinery 

  The RNAi machinery consists of Dicer and Argonaute proteins.  Dicer possesses single 

Paz and RNase III domains (Ullu, Tschudi et al. 2004; Tomari and Zamore 2005; Sashital and 

Doudna 2010).  The guide strand of the dsRNA is loaded into an Argonaute homolog that forms 

the RNA-induced silencing complex (RISC) (Tomari and Zamore 2005; Sashital and Doudna 

2010).  Argonaute homologs contain one Piwi and one Paz domain each (Ullu, Tschudi et al. 

2004); the Piwi domain binds the RNA at its 3’ end, while the PAZ domain possesses a nuclease-

like activity that cleaves or inhibits translation of the bound target mRNA transcript.  In some 

organisms, the dsRNA signal can be amplified through the use of an RNA dependent RNA 

polymerase (RdRP), which uses the Dicer product as a primer for subsequent dsRNA synthesis. 

RNAi has been documented in a broad range of eukaryotes such as T. brucei, Drosophila 

melanogaster, H. sapiens, and Schizosaccharomyces pombe with roles in gene silencing and 

heterochromatin formation (Sachs 1993; He and Parker 2000).  However, RNAi machinery is 

absent from other eukaryotes such as P. falciparum and S. cerevisiae (Ullu, Tschudi et al. 2004; 

Harrison, Yazgan et al. 2009), and in Toxoplasma gondii, the RNAi machinery has resisted 

functional characterization (Ullu, Tschudi et al. 2004).  Giardia’s RNAi machinery has been 

previously well-characterized and consists of an RdRP, Dicer and Argonaute homologs (Ullu, 

Tschudi et al. 2004; Prucca, Slavin et al. 2008; Chen, Collins et al. 2009)  (Additional File 2).  

Knockdown of Giardia RdRP or Dicer results in altered gene expression, especially concerning 

the variant surface proteins (VSP) on the plasma membrane of trophozoites, while Argonaute is 
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an essential gene (Prucca, Slavin et al. 2008).  The observation of different effects in Giardia 

depending on which gene in the RNAi pathway is knocked down, leads us to believe that some 

proteins in the pathway have roles in the cell beyond that of just RNAi. 

 

Discussion  

 The importance of RNA degradation is evident from the multitude of pathways and 

mechanisms present in eukaryotic cells.  RNA transcripts must be degraded to remove both non-

functional transcripts and transcripts that are no longer needed for translation.  Indeed, given the 

recent discovery of the ubiquitous nature of transcription along eukaryotic genomes (Belostotsky 

2009), there is a rising appreciation for the role of RNA degradation  in the regulation of gene 

expression.  The exosome serves as a basic machinery of RNA degradation in eukaryotic cells, 

but the complex does not act alone.  Additional complexes such as TRAMP in the nucleus and 

NSD, NMD, and NGD in the cytoplasm assist the exosome with degradation of mRNA 

transcripts.  Furthermore, complexes such as the RNAi pathway degrade dsRNA into shorter 

transcripts that are used for gene regulation and are not dependent on the exosome for their 

function.  The diversity of these complexes allows complete degradation of all RNA species 

found in the cell. 

In this study we used a bioinformatics approach to investigate the exosome of the 

parasitic protists with a special focus on the RNA degradation machinery of Giardia lamblia.  

Although our analyses described here specified only the Giardia Genome isolate, we found that 

Giardia isolates P15 and GS possessed the same exosome components as the Genome strain 

(data not shown).  We were able to identify several putative components of Giardia’s exosome, 

including four RNase PH proteins for the ring of the exosome; Rrp4 and Rrp40, as stabilizing 
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proteins for the ring structure; and lastly an Rrp44 homolog that we predict possesses the 

requisite nucleolytic activity.  There are no trends in the expression patterns of proteins from the 

different complexes, when looking at normal growth and development, and also stress responses 

of Giardia. 

One of the most striking results of our research is the detection of only four RNase PH 

proteins.  Our findings expand the repertoire of putative RNase PH proteins beyond the two 

(A8BNT9/GL50803_1890 and C6LWS9/GL50803_5632) identified through a bioinformatics 

analysis in a recent publication from Clayton and colleagues (Clayton and Estevez 2010).  The 

other paper did not define their search parameters in detail, and we suspect that the difference in 

our findings is the consequence of more relaxed search parameters in the searches described in 

this paper.  We stress, however, that all four putative RNase PH proteins passed a reciprocal 

BLASTp search test and contained either strong consensus PH domains, or, in the case of 

GL50803_9847, the more generic, but related COG2123 domain.  Likewise, we identified four 

putative RNase PH proteins in Plasmodium falciparum, one more than DeRisi and colleagues 

identified (Shock, Fischer et al. 2007), although the fourth one has subsequently been identified 

in online databases.  Given the extreme sequence divergence that often characterizes proteins in 

the parasitic protists compared to other eukaryotes, it is possible that an in silico approach is 

inadequate to identify the full protein family.  Indeed, this proved to be the case in earlier studies 

in T. brucei, P. falciparum, and C. reinhardti (Estevez, Kempf et al. 2001; Shock, Fischer et al. 

2007; Zimmer, Fei et al. 2008).  However, our search algorithm was capable of detecting all six 

RNase PH domain proteins in T. brucei, suggesting an enhanced sensitivity relative to previous 

efforts.  Thus, our inability to identify all exosome components in Giardia and Plasmodium that 

were previously identified in S. cerevisiae and H. sapiens is likely either the result of true gene 



 

102 

 

absence or sequence divergence of the unidentified proteins.  The Giardia genome sequencing 

project has 11X coverage of the genome with an estimated 96% of the genome sequenced 

(Morrison, McArthur et al. 2007), while the P. falciparum sequencing project has a minimum of 

9X coverage for its chromosomes (Gardner, Hall et al. 2002), further reducing the likelihood that 

genes could be missed because they are not yet part of the genome database 

If Giardia and Plasmodium are indeed limited to four RNase PH proteins, this would 

mark a departure from the typical eukaryotic exosome structure and suggests that these proteins 

must be present in multiple copies within the exosome ring in order for Giardia and Plasmodium 

to have functional hexameric exosomes.  We believe it unlikely that Giardia’s and P. 

falciparum’s exosomes differ this dramatically from all other known exosome structures in 

eukaryotes and archaea and from bacterial PNPase by having fewer than six RNase PH subunits 

building the exosome ring structure.  The hexameric structure has been conserved in all domains 

of life and is still the most likely structure for Giardia and Plasmodium.  Studies involving C. 

reinhardtii demonstrate that absence of mtr3 exosome component may be tolerated in some 

eukaryotes (Zimmer, Fei et al. 2008), providing some precedent to the scenario presented here.  

Therefore, one central finding from our research is that the core structure of the eukaryotic 

exosome may not be universal, and the exosome may be able to be composed of different 

combinations of Rrp41-like and Rrp42-like proteins, with potential for different stoichiometric 

ratios of the subunits.  Unfortunately, the extreme sequence divergence of the parasitic protist 

RNase PH domain proteins interferes with our ability to accurately classify them, and we can 

therefore not be more specific in our description of the construction of the Giardia and 

Plasmodium altered exosomes.   
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Additionally, our inability to identify a csl4 homolog is initially striking since the 

archaeal exosome possesses a csl4 homolog, and S. cerevisiae is nonviable in csl4 deletion 

mutants (Liu, Greimann et al. 2006).  However, T. brucei conditional mutants survive, with 

slowed growth rates, in the absence of the Csl4, although exosome functionality was never 

determined in the T. brucei Csl4 conditional mutants (Estevez, Kempf et al. 2001).  Tolerance of 

deleted genes is likely different in every organism but because Rrp4, Rrp40 and Csl4 all possess 

S1-like domains, it seems likely that Rrp4 or Rrp40 may be able to act as a replacement for Csl4. 

Perhaps most surprisingly, while we were able to identify a likely Rrp44 homolog, we did 

not identify an Rrp6, or indeed any RNase D-like, homolog.  The absence of Rrp6 appears to be 

specific only to Giardia since it was found in the other parasitic protists we examined.  Similar 

studies of C. reinhardtii were also unable to identify an Rrp6 homolog, but they were able to 

detect several putative open reading frames with homology to RNase D domains (Zimmer, Fei et 

al. 2008) that likely serve as divergent substitutes.  In S. cerevisiae, Rrp6 is nuclear localized and 

acts to degrade unstructured RNAs.  In S. cerevisiae, deletion of Rrp6 is tolerated, but cells 

display steady state increases in RNA transcripts such as antisense and cryptic unstable 

transcripts (CUTs) (Camblong, Iglesias et al. 2007; Neil, Malabat et al. 2009).  These transcripts 

are normally produced but fail to accumulate to significant levels because they are degraded by 

Rrp6 (Camblong, Iglesias et al. 2007).    

The absence of an Rrp6 homolog in Giardia is intriguing in light of the abundance of 

stable noncoding antisense transcripts in the parasite (Elmendorf, Singer et al. 2001; Teodorovic, 

Walls et al. 2007; Birkeland, Preheim et al. 2010).  The Nab3 and Nrd1 proteins were also 

unidentified.  These proteins play roles in maintaining undetectable levels of CUTs in S. 

cerevisiae (Camblong, Iglesias et al. 2007; Neil, Malabat et al. 2009).  CUTs and Giardia 
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antisense transcripts are similar because both can be produced from cryptic promoter sequences 

in the genome or from bidirectional transcription at defined promoters (Camblong, Iglesias et al. 

2007; Teodorovic, Walls et al. 2007; Houseley and Tollervey 2008; Neil, Malabat et al. 2009).  

However, Giardia’s antisense transcripts are quite different from CUTs.  CUTs are capped at 

their 5’ ends and are approximately 300 nucleotides or shorter in length (Neil, Malabat et al. 

2009). Whereas Giardia antisense transcripts are also capped at their 5’end, they can be 

thousands of nucleotides long and are polyadenyated (Elmendorf, Singer et al. 2001; Hausmann, 

Altura et al. 2005). Perhaps, most importantly, Giardia’s antisense transcripts are apparently 

stable, long-lived transcripts (Elmendorf, Singer et al. 2001; Birkeland, Preheim et al. 2010) and 

therefore, while cryptic, cannot accurately be termed CUTs.  We suggest that the absence of 

Giardia’s Rrp6 and other proteins such as Nrd1 and Nab3 (Arigo, Eyler et al. 2006; Thiebaut, 

Kisseleva-Romanova et al. 2006) may play a role in the relative stability of these antisense 

transcripts, an observation for which we have previously been unable to provide a molecular 

explanation.  

If the exosome is independently incapable of recognizing and degrading sterile transcripts 

in Giardia, we need to look to the other exosome-dependent and exosome-independent 

machineries to serve this role.  In particular, we focus our attention on the cytoplasmic RNA 

degradation machinery since recent evidence has shown that antisense transcripts are exported 

from the nucleus into the cytoplasm in Giardia (Teodorovic and Elmendorf, in prep.).  The non-

exosome RNA quality control machinery is also ancient, with homologs in archaea: an EF1α 

homolog (aEF1A), an eRF1 homolog (aRF1), and an eRF1 family member (aDom34) (Atkinson, 

Baldauf et al. 2008; Kobayashi, Kikuno et al. 2010; Saito, Kobayashi et al. 2010). Eukaryotes 

possess an expanded EF1 family consisting of EF1α, eRF3, Hbs1, and in some Saccharomyces 
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species, Ski7.  Interpreting the function of this machinery is complicated, however, since most of 

the protein components have dual roles in translation and in translation-dependent RNA quality 

control pathways.  Thus, although Giardia possesses a full complement of these proteins, other 

than Ski7, we can’t yet conclude that NSD and/or NGD are functional within the parasite.  

 

Conclusion 

The key finding from this study is the identification of RNA degradation pathways in a 

group of highly divergent eukaryotes, the parasitic protists.  These protists display an unusual 

reluctance to regulate gene expression at the transcriptional level, instead often engaging in 

promiscuous transcription and reliance on post-transcriptional regulation of gene expression.  A 

better understanding of the RNA degradation machinery in these parasitic protists provides us 

with the opportunity to answer intriguing basic molecular biology questions about the range of 

structural variation that is permissible in a functional eukaryotic exosome.  Our research has 

revealed the surprising finding that the ‘canonical’ eukaryotic exosome composition of six 

different RNasePH domain-containing proteins (three Rrp41-like and three Rrp42-like subunits) 

is not universal, and both Giardia and Plasmodium each contain only four identifiable RNasePH 

domain-containing proteins, while Trichomonas contains a record seventh protein.  While a 

theme of ‘genomic minimalism’ has been identified previously in Giardia, our findings 

presented here emphasize the extreme nature of this mechanistic diminution. 

Our research also helps us to understand the unusual status of ncRNAs in Giardia.  Our 

laboratory has previously published on the abundance and atypical stability of long ncRNA 

transcripts in the parasite.  While we have now understood their origins for several years, we 

have previously been unable to explain their stability.  Our detailed examination of the exosome 
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in Giardia reveals the absence of Rrp6 and Nab3-Nrd1, and that difference may at last provide 

an explanation for this phenomenon. 

 

Methods 

Searching for degradation machinery of the RNA exosome 

Sequence similarity and protein domain searches were performed to identify potential 

RNA degradation machinery components of the exosome in Giardia lamblia (WB), Entamoeba 

histolytica (HM-1:IMSS), and Trichomonas vaginalis (G3).  Parallel searches were performed on 

organisms with previously identified exosome machinery (e.g. Trypanosoma brucei (TREU), P. 

falciparum (3D7), Arabidopsis thaliana, and Homo sapiens) to validate the efficacy of our 

search protocol. 

We used S. cerevisiae RNA degradation machinery protein sequences as queries in our 

searches because many of the yeast homologs have been verified functionally.  When putative 

homologs could not be identified using S. cerevisiae sequences, we additionally used human and 

T. brucei RNA degradation machinery protein sequences as queries in our searches.  We 

performed initial searches using the BLASTP algorithm with default search parameters against 

deprecated and accepted open reading frames (ORFs) in the parasite genomes available in the 

Eukaryotic Pathogen Database Resource (EupathDB.org).  The default parameters were set 

according to Washington University BLASTP default parameters (cpus=2, topcomboN=1, 

V=100, B=20, hspmax=1000000, gi E=1e-3, wordmask=seg, hspsepQmax=4000, span1).  For 

genes that could not be identified using BLASTP alone, we used the Interpro domain accessory 

function in the Giardia genome database (GiardiaDB.org) to search the genome with PFAM 

domains or Conserved Domains that define the RNA degradation machinery components.  The 
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domains we searched for include the RNase PH (PF01138), AIR1 (COG5082), NOT1 (PF0454), 

NOT2_3_5 (PF04153), NOT3 (PF04065), Exo_endo_phosph (PF03372), S1 (PF00575), KH 

(PF00013), Hit-like (PF01230), DCPS (PF05652), DCP1 (PF06058), RCD (PF04078), and the 

DNAQ_like_exo_superfamily domains.   

  

Parameters for acceptance or refusal of queried results  

 When using BLASTP, acceptance of queried protein output was based on E-value 

(≤0.05) and the presence of conserved RNA-binding or exonucleolytic protein domains found in 

other eukaryotic homologs.  For proteins that were not conclusively identified in the initial 

search, all ‘hits’, regardless of E-value, were examined for the presence of the conserved RNA-

binding or exonucleolytic protein domains when compared to the query sequence.  This flexible 

search protocol is often necessary in organisms as divergent as the parasitic protists examined 

here.  Parasite sequences at this stage were finally validated in a reciprocal search against the S. 

cerevisiae genome at the Saccharomyces Genome Database (yeastgenome.org).  Parasite genes 

that identified the initial S. cerevisiae search sequence as the top hit were accepted as correct.  

The proteins in the resulting list were categorized and assigned to protein complexes. 

 

Amino acid alignments  

 All amino acid alignments were made using MUSCLE 3.8.31 (Edgar 2004) (parameters: 

gapopen -12.0, gapextend -1.0, center at 0.0).  The RNase PH protein alignments were performed 

using a BLOSUM45 matrix, while all other alignments were made using default parameters 

(PAM 200 scoring matrix).  G-Blocks was used to exclude portions of the RNase PH amino acid 

sequences with limited sequence similarity beyond the RNase PH domain (Castresana 2000; 
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Talavera 2007).  G-Blocks settings were always set to the default parameters except for 

maximum number of contiguous non-conserved positions (10), minimum block length (4), 

allowed gap positions (with half), and use of similarity matrices (yes).  All alignments are 

displayed using Bioedit Sequence Alignment Editor graphic display (Hall 1999). 

 

Protein Phylogenies 

Amino acid alignments of the RNase PH proteins from MUSCLE were used in the 

Phylip-3.69 package for the production of gene trees.  All programs mentioned below are part of 

the Phylip-3.69 package (Felsenstein 1989).  Seqboot was used to bootstrap the data set 100 

times with block size set at 1 (regular boostrap).  Next, Protpars was used to infer relatedness of 

the sequences to one another from analysis of the 100 data sets produced from Seqboot.  

Solfolobus solfataricus Rrp41 was set as the outgroup.  Lastly the freeware program Consense 

was used to produce the final gene tree.  The consensus type used was extended majority rule.  

Extended majority rule allows groups of sequences that appear in more than 50% of trees to be 

included in the final tree and other sequences which fall below this level are then added until all 

sequences are accounted for. 

 

 

Acknowledgements 

We would like to thank D. Hagen, M. Poelchau, C. Childers, C. Elsik, and M. Hamilton for their 

discussions and insight about gene tree production especially. The content is solely the 

responsibility of the authors and does not necessarily represent official views of the National 



 

109 

 

Institute of Allergy and Infectious Diseases or the National Institutes of Health. This work was 

supported by the National Institutes of Health [F31AI078714 to C.W.].



 

 

 

110 

Tables and figures 

 

Table 3: Core and peripheral eukaryotic exosome components 
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Table 3: Exosome components in the parasitic protists  

The chart displays a selection of organisms and the components of their exosomes divided into 

the ring, stabilizing and peripheral components.  Representative metazoan eukaryotes, S. 

cerevisiae, H. sapiens, and A. thaliana, are identified on the left most side of the chart, while 

several species of single-celled eukaryotic parasites are listed in the middle and right side of the 

chart.  The far right column displays the typical proteins composing an archaeal exosome.  

Components of the exosome whose activity has been confirmed experimentally are marked with 

asterisks.   Gene annotations are from Saccharmoyces Genome Database (S. cerevisiae), 

National Center for Biotechnology Information (H. sapiens sapiens and canonical archaeal 

exosome S. solfataricus), The Arabidopsis Information Resource (A. thaliana), and Eukaryotic 

Pathogen Database (T. brucei, P. falciparum, T. vaginalis, E. histolytica, and G. lamblia). Boxes 

are coded as follows; normal font/identified, bold font/unable to identify the exact identity, 

**/non-existant, and U/not identified. 
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Figure 10A 
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Figure 10B  
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Figure 10: Rnase PH protein phylogenies reveal an absence of two subunits in Giardia 

Gene trees were made to diagram the relatedness of the RNase PH protein amino acid sequences 

in S. serevisisae, H. sapiens, S. solfataricus, and G. lamblia.  Node values shown are out of 100 

and nodes with no labels had values below 20. (a) The protein parsimony tree displays 

relatedness between RNase PH proteins of S. cerevisiae, H. sapiens, and S. solfataricus.  The 

tree is separated into Rrp41-like and Rrp42-like proteins with node values providing moderate 

support for the inferred clades. (b) Addition of putative Giardia RNase PH proteins results in 

disrupted clades and reduced bootstrap values. 
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Figure 11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Identification of Rrp44 protein catalytic potential in Giardia  

Alignment of E. coli RNase II with Rrp44 amino acid sequences from G. lamblia (G.l.), S. 

cerevisiae (S.c.), and H. sapiens (H.s.) show levels of high conservation.  Important regions 

required for RNA binding are underlined.  Dark gray represents amino acid identity while the 

light gray represents amino acid similarity.  The conserved amino acids in the catalytic pocket of 

E. coli RNase II are noted by an asterisk above the sequence. 
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Figure 12: Identification of EF1 family proteins in Giardia  

Alignment of members of the EF1 family from G. lamblia (G.l.) and S. cerevisiae (S.c.).  

Important regions required for RNA binding are underlined.  Dark gray represents amino acid 

identity while the light gray represents amino acid similarity. The GTPase domains common to 

members of the family are underlined.  The Hbs1 and eRF3 homologs are on average twice as 

similar to each other than they are to Ski7.   
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Figure 13A 
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Figure 13: Comparison of domain profiles in decapping and deadenylation proteins 

between Saccharomyces cerevisiae and Giardia lamblia.   

Domain overlap is shown by a second domain below the protein schematic.  Truncated domains 

are denoted by an asterisk on the side where the domain is truncated.  (a) Decapping and 

deadenylation proteins of Saccharomyces cerevisiae.  (b) Proposed decapping and deadenylation 

proteins of Giardia lamblia.  

  



 

118 

 

Figure 14A 

 

 

 

 

 

 

 

 

Figure 14B 

 

 

 

Figure 14: Comparison of domain profiles in 5’ to 3’ degradation machinery proteins 

between Saccharomyces cerevisiae and Giardia lamblia.   

Truncated domains are denoted by an asterisk on the side where the domain is truncated. 5’ to 3’ 

degradation machinery (a) Proposed 5’ to 3’ degradation machinery proteins of Giardia lamblia.  
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Figure 15A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15B 

 

 

 

 

 

Figure 15: Comparison of domain profiles in exosome proteins between Saccharomyces 

cerevisiae and Giardia lamblia.   

Truncated domains are denoted by an asterisk on the side where the domain is truncated.  (a) 

Exosome proteins of Saccharomyces cerevisiae.  (b) Proposed exosome proteins of Giardia 

lamblia.  
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Figure 16A 

 

 

 

 

 

 

 

 

Figure 16B 

 

 

 

 

Figure 16: Comparison of domain profiles in TRAMP complex proteins between 

Saccharomyces cerevisiae and Giardia lamblia.   

Domain overlap is shown by a second domain below the protein schematic.  Truncated domains 

are denoted by an asterisk on the side where the domain is truncated.  (a) TRAMP complex 

proteins of Saccharomyces cerevisiae. (b) Proposed TRAMP complex proteins of Giardia 

lamblia.  
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Figure 17A 

 

 

 

 

 

 

 

 

 

Figure 17B 

 

 

 

 

 

 

 

Figure 17: Comparison of domain profiles in PUF proteins between Saccharomyces 

cerevisiae and Giardia lamblia.   

Domain overlap is shown by a second domain below the protein schematic.  Truncated domains 

are denoted by an asterisk on the side where the domain is truncated.  (A) PUF proteins of 

Saccharomyces cerevisiae. (B) Proposed PUF proteins of Giardia lamblia.   
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   Figure 18A 

 

 

 

 

 

 

 

 

 

Figure 18B 

 

 
 

 

 

Figure 18: Comparison of domain profiles in NSD and NGD proteins between 

Saccharomyces cerevisiae and Giardia lamblia.   

Domain overlap is shown by a second domain below the protein schematic.  Truncated domains 

are denoted by an asterisk on the side where the domain is truncated.  (a) NSD and NGD proteins 

of Saccharomyces cerevisiae. (b) Proposed NSD and NGD proteins of Giardia lamblia.  Proteins 

of NMD are not listed and can be seen in (Chen, Su et al. 2008 (a)). 
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Table 4: Classification of the Putative RNA Degradation Machinery Protein Components 

in Giardia lamblia 
 

Classification of the Putative RNA Degradation Machinery Protein Components in Giardia lamblia 

 

               

Complex 
Expected 

Componentsa 
GiardiaDB Idb   

Description of putative 

functionc 

 

E-value 

 

Deadenylation 

machinery 
Not1 GL50803_96732   

CCR4-NOT complex has roles in 

transcription and mRNA stability 

 

>0.05  

  Not2 GL50803_11055   
CCR4-NOT complex has roles in 

transcription and mRNA stability 

 
0.003  

  Not3 GL50803_8061   
CCR4-NOT complex has roles in 

transcription and mRNA stability 

 
9e-15  

  Not4 GL50803_8427   
CCR4-NOT complex has roles in 

transcription and mRNA stability 

 
7e-41  

  Not5 Not found   
CCR4-NOT complex has roles in 

transcription and mRNA stability 

 

NA  

  Ccr4 Not found   Roles in mRNA deadenylation 
 

NA  

  Caf1 GL50803_10606    Roles in mRNA deadenylation 
 

6e-54  

    GL50803_8209     
 

2e-48  

  Caf40 Not found   
CCR4-NOT complex has roles in 

transcription and mRNA stability 

 
NA  

  Caf130 Not found   
CCR4-NOT complex has roles in 

transcription and mRNA stability 

 
NA  

  Pabp GL50803_5942   
Mediates interactions between the 5' 

cap and 3' poly(A) tail 

 
2e-12  

  Pan2 GL50803_14763   
Essential subunit of the Pan2p-Pan3p 

poly(A)-ribonuclease complex 

 
2e-17  

  Pan3 Not found   
Essential subunit of the Pan2p-Pan3p 

poly(A)-ribonuclease complex 

 
NA  

                  
 

  

Decapping 

machinery 
Dcp1 Not found   

Partcipates in degradation of mRNA 

transcripts containing PTCs 

 

NA  

  Dcp2 GL50803_13201   
Partcipates in degradation of mRNA 

transcripts containing PTCs 

 
0.003  

  Dhh1 GL50803_2098   Stimulates mRNA decapping 
 

7e-108  

  Edc(1-3)p Not found   
Enhances decapping machinery 

activity 

 
NA  

  Pat1 Not found   mRNA decapping factor 
 

NA  

 
                

 
  

5'-3' 

Degradation 

machinery 

Xrn/Ski1 GL50803_113365   5'-3' exonuclease; cytoplasmic (Xrn2) 

 

2e-39  

  Xrn/Ski1 GL50803_24133   5'-3' exonuclease; nuclear (Xrn1) 
 

5e-142  

                  
 

  

Exosome 

RNase PH proteins 

GL50803_1890   
Non-catalytic subunit of eukaryotic 

exosome 

 
6e-07  

  GL50803_9847   
Non-catalytic subunit of eukaryotic 

exosome 

 
0.020  

  GL50803_5632   
Non-catalytic subunit of eukaryotic 

exosome 

 

6e-13  
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  GL50803_40007   
Non-catalytic subunit of eukaryotic 

exosome 

 

0.035  

  Not found   
Non-catalytic subunit of eukaryotic 

exosome 

 
NA  

  Not found   
Non-catalytic subunit of eukaryotic 

exosome 

 
NA  

  Csl4 Not found   
Non-catalytic subunit of eukaryotic 

exosome 

 
NA  

  Rrp4 GL50803_33022   
Non-catalytic subunit of eukaryotic 

exosome 

 
4e-26  

  Rrp40 GL50803_17091   
Non-catalytic subunit of eukaryotic 

exosome 

 
3e-17  

  Rrp44 GL50803_112718     
Catalytic subunit of eukaryotic 

exosome 

 
4e-102  

  Rrp6 Not found   
Catalytic subunit of eukaryotic 

exosome  

 
NA  

          
 

  

TRAMP 

complex 
Trf4 GL50803_16285   Non-canonical poly(A) polymerase 

 

2e-24  

  Trf5 GL50803_11638   Non-canonical poly(A) polymerase 
 

2e-31  

  Air1 GL50803_7081   
Stimulates the poly(A) polymerase 

activity of Trf5 

 0.018 

 
 

  Air2 GL50803_7081   
Stimulates the poly(A) polymerase 

activity of Trf4 

 0.018 

 
 

  Mtr4/Dob1 GL50803_17146   
Helicase of TRAMP complex and 

TRAMP independent processes 

 
3e-144  

          
 

  

Puf proteins   GL50803_17590   Contains 5 RNA-binding domains 
 

7e-09  

    GL50803_17262   Contains 7 RNA-binding domains 
 

2e-08  

    GL50803_14117   
Contains 3 N-terminal RNA-binding 

domains 

 
3e-06  

    GL50803_4548   Contains 6 RNA-binding domains 
 

1e-13  

    GL50803_17325   Contains 8 RNA-binding domains 
 

2e-50  

          
 

  

Nonsense-

mediated 

decay 

UPF1/SMG2 GL50803_13452   
Partcipates in degradation of mRNA 

transcripts containing PTCs 

 

2e-86  

  UPF2/SMG3 Not found   
Partcipates in degradation of mRNA 

transcripts containing PTCs 

 
NA  

  UPF3/SMG4 Not found   
Partcipates in degradation of mRNA 

transcripts containing PTCs 

 
NA  

  eRF1 GL50803_17190   
Partcipates in degradation of mRNA 

transcripts containing PTCs 

 
2e-169  

  eRF3 GL50803_17460   
Partcipates in degradation of mRNA 

transcripts containing PTCs 

 
4e-111  

  XRN GL50803_24133   
Participates in degradation of mRNA 

transcripts containing PTCs 

 
5e-142  

    GL50803_ 113365   
Participates in degradation of mRNA 

transcripts containing PTCs 

 
2e-39  

  Ski7 Not found   
Participates in degradation of mRNA 

transcripts containing PTCs 

 
NA  

  Hrp GL50803_3993   
Participates in degradation of mRNA 

transcripts containing PTCs 

 
6e-66  

  SMG1 GL50803_35180   
Participates in degradation of mRNA 

transcripts containing PTCs 

 
3e-160  

  SMG5 Not found   
Participates in degradation of mRNA 

transcripts containing PTCs 

 
NA  
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  SMG6 Not found   
Participates in degradation of mRNA 

transcripts containing PTCs 

 
NA  

  SMG7 Not found   
Participates in degradation of mRNA 

transcripts containing PTCs 

 
NA  

          
 

  

Nonstop decay Ski7 Not found   
Possesses eRF3-like domain which 

targets nonstop mRNA for 

degradation 

 

NA  

          
 

  

No-go decay Dom34 GL50803_5892   
Endoribonuclease; functions in no-go 

mRNA degradation 

 
1e-27  

  Hbs1 GL50803_16111   
Protein which associates with 

Dom34p 

 
1e-52  

          
 

  

RNAi Dicer GL50803_103887   Cleaves dsRNA 
 

4e-10  

  Argonaute GL50803_2902   Protein containing PIWI domain 
 

1e-24  

  Rdrp GL50803_102515   
Uses an RNA template for RNA 

synthesis 

 
5e-36  

          
 

  

Other Poly-adenylate polymerase GL50803_13749   Addition of the poly-A tail 
 

1e-31  

  Ski2 GL50803_17146   
Putative RNA helicase, mediates 3'-5' 

RNA degradation 

 
2e-146  

  Ski3 Not found   Mediates 3'-5' RNA degradation 
 

NA  

  Ski8 Not found   
Ski complex component and WD-

repeat protein, mediates 3'-5') 

 
NA  

  Nab3 Not found   
Required for termination of non-poly 

A tailed transcripts 

 
NA  

  Nrd 1 Not found   
Required for termination of non-poly 

A tailed transcripts 

 
NA  

a
[1, 5, 7, 18, 20, 21, 23, 50, 64] 

   

b
Not found: Not found by BLASTp; Unidentified: Unidentified from potential candidates 

   

c
 Description from Saccharomyces Genome Database 
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CHAPTER 5: FINAL DISCUSSION  

 

Giardia transcription gives rise to an abundance of antisense mRNA transcripts with no 

identified functions.  The reduced regulation of transcription in the parasite suggests that gene 

expression is further regulated either pre- or post-transcriptionally.  Therefore, we inquired if 

Giardia methylated its DNA, because previous pre-transcriptional research in the parasite has 

focused primarily upon histone modifications.  Additionally, we examined the fates and 

localization patterns of sense and antisense transcripts, and performed a comprehensive 

identification and analysis of the RNA decay machinery in Giardia to gather insight into post-

transcriptional forms of gene regulation in the parasite. 

We show for the first time that Giardia methylates its DNA at the C5 position on 

cytosine in both trophozoites and cysts (Chapter 2).  The observed low levels are consistent with 

what we would expect from single-celled eukaryotes where methylation levels are often far 

below 1%, and this low level of DNA methylation also makes it extremely unlikely that 

methylation serves a role in the regulation of global gene expression.  We ultimately hope to 

identify sites of methylation and the necessary function(s) that it plays in trophozoites, as well as 

any potential roles in cysts. 

In chapters 3 and 4 we reported on mRNA decay and localization, and RNA decay 

machinery, respectively.  We observed that cognate sense and antisense transcripts display 

similar localization patterns and mRNA longevity.  Therefore the antisense transcripts possess 

opportunities to interfere with normal expression through interactions with sense transcripts and 

translational machinery.  Investigation of these possibilities is a natural next step for this 
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research.  Lastly, in chapter 4 we provide the first comprehensive identification and analysis of 

RNA decay machinery in the parasite.  Although we identified putative homologs for most decay 

components, we were unable to identify the proteins with known roles in the degradation of non-

coding transcripts in S. cerevisiae.  The absence of Nrd1, Nab3, and Rrp6 homologs suggests the 

parasite is unable to identify the differences between coding and non-coding transcripts and this 

may be linked with the abundance and stability of Giardia’s non-coding antisense transcripts 

(Figure 19).  Identifying biochemical properties of the RNA exosome and its associated proteins 

are promising steps directed towards uncovering Giardia’s functional RNA decay capabilities 

and the roles they play in antisense transcript degradation. 

 Developing a more complete understanding of the parasite’s antisense transcripts will 

allow us to identify regulatory roles for some antisense transcripts, to understand potential 

mechanisms of regulating gene expression, and will also provide deeper knowledge of Giardia’s 

similarities and differences in cellular machinery to other eukaryotic organisms. 
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Figure 19: Nrd1, Nab3 and Rrp6 are involved in the degradation of non-coding mRNA 

transcripts.  

A) mRNA transcripts can be originate from cryptic promoters (dotted arrows) or promoters 

upstream of genes (solid arrows).  Often, transcripts produced from cryptic promoters contain 

Nrd1 and Nab3 binding sites.  Nrd1 and Nab3 binding to the transcript recruits the exosome and 

TRAMP complex, which results in the addition of an oligo-A tail being added to the 3’ end of 

the transcript.  Degradation by Rrp6 rapidly follows.  B)  Absence of Nrd 1, Nab3 and Rrp6 

homologs in Giardia stabilize non-coding (antisense) transcripts.  Their absence results in 

A B 
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transcription termination occurring at a poly-A signal, resulting in full polyadenylation of the 

transcript.  The transcript is then bound by the poly-A binding protein and is ultimately exported 

to the nucleus. 
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