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Abstract 

Cellular morphology plays a key role in cellular function, and cytoskeletal elements are key to 

defining and maintaining cell shape. Eukaryotic parasites of humans and other animals often 

possess unique microtubule (MT) organelles. Understanding how these distinctive cytoskeletal 

features are built and maintained may help us in our battle against these parasites. One source 

of MT organization is the Striated Fibers (SFs), filamentous structures often found in association 

with MTs and present across diverse eukaryotic clades. Notably, SFs possess the ability to self-

assemble, which extends the possibility that these structures help drive cellular organization. 

Comprising SFs are a family of proteins called Striated Fiber Assemblins (SFAs). 

Giardia lamblia is a protist parasite that utilizes a combination of MTs and SFAs to form a 

unique organelle called the ventral disc. Giardia colonizes the small intestine and causes 

diarrheal disease worldwide. Motile trophozoites attach to the extracellular surface of intestinal 

villi with the cup-shaped ventral disc. A current model of attachment proposes that a flexible disc 

modulates its dome shape to create a seal on the host cell surface. The base of the ventral disc 

is a highly ordered and complex spiral MT array. The microribbon-crossbridge (MR-CB) 

complex, a novel protein complex, binds to the disc MTs at regular intervals, almost completely 

coating all MT protofilaments. The three Giardia SFA homologs localize to the MRs; their role 

and the functional and structural roles of the MR-CB complex has remained unknown. During 

interphase, the disc is hyperstable and has limited MT dynamics, and it remains unclear how the 

Giardia SFAs, or other disc-associated proteins (DAPs) confer these properties. 

To better understand SFAs through their evolutionary history, we have undertaken a 

phylogenetic analysis of this protein family, and describe three primary groups which we label 

Group I, Group II, and Group III. The presence of SFA homologs in the majority of flagellated 

supergroup lineages implies that SFA homologs were present in the last universal common 
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ancestor and subsequently lost in several linages. SFA structure is highly conserved among 

excavates, which may indicate that the role of SFAs in this clade is also conserved. 

To investigate mechanisms of disc MT hyperstability, we screened 14 CRISPRi-mediated 

DAP knockdown (KD) strains for defects in hyperstability and MT dynamics, and identified two 

strains – DAP5188KD and DAP6751KD – with discs that dissociate following high-salt 

fractionation. Discs in the DAP5188KD strain were also sensitive to treatment with the MT-

polymerization inhibitor nocodazole. Thus, we confirm that at least two of the known DAPs 

confer hyperstable properties to the disc MTs. 

Additionally, we show that SFAs in the MR-CB complex play a role in maintaining disc 

spiral structure and stabilizing disc conformation required for parasite attachment. We create 

stable CRISPR knockouts (KO) of the three MR SFA proteins – beta-giardin, delta-giardin, and 

SALP1 – and evaluate mutant disc structure and function with light microscopy and biophysical 

attachment assays. Functional studies of the MR-CB complex have been hampered by the 

small number of known MR-CB proteins. Therefore, we conducted a co-immunoprecipitation 

assay on beta-giardin and delta-giardin to identify MR-CB candidate proteins. We localized 

these candidates using fluorescent tags and targeted them with CRISPRi KD and CRISPR KO. 

A protein called 15376 is potentially a new MR protein. Understanding the MR-CB complex will 

shed light on the disc as a whole and guides us towards key insights into how the disc functions 

during attachment. This work also contributes to our knowledge of how cells construct and 

maintain complex MT organelles and helps to define the role of SFAs in complex MT structures. 
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Chapter 1 

The Striated Fiber Assemblin family organizes the cytoskeleton of numerous protist organisms; 

a phylogenetic analysis illustrates the wide spread of this protein family and confirms their 

consistent coiled-coil rod structure 

Nicholas Hilton and Scott C. Dawson 
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Abstract 

Cellular morphology plays a key role in cellular function, and cytoskeletal elements are key to 

defining and maintaining cell shape. Eukaryotic parasites of humans and other animals often 

possess unique microtubule (MT) organelles, such as the subpellicular MTs of Plasmodium and 

Trypanosoma, the conoid of Toxoplasma, or the ventral disc of Giardia. Understanding how 

these distinctive cytoskeletal features are built and maintained may help us in our battle against 

these parasites. One potential source of MT organization is the Striated Fibers (SFs), 

filamentous structures often found in association with MTs. Similar to MTs, SFs are present 

across diverse eukaryotic clades, such as: green algae, ciliates, and metamonads. In some 

species where SFs have been studied, they provide a physical support network, organizing or 

bracing other cellular elements. Notably, SFs possess the ability to self-assemble, which 

extends the possibility that these structures help drive cellular organization. 

Comprising SFs are a family of proteins called Striated Fiber Assemblins (SFAs). 

Similarly to SFs themselves, SFAs are present in diverse eukaryotic lineages, although SFAs 

are absent from plants, animals, and fungi. To better understand SFAs through their 

evolutionary history, we have undertaken a phylogenetic analysis of this protein family using 

homologs from diverse flagellated protists. In this work, we find that the overall structure of the 

SFA gene family is described by three primary groups which we label Group I, Group II, and 

Group III. Each primary group is then further subcategorized into subgroupings according to 

support for each clade, and most subgroupings were defined by sequences associated with one 

eukaryotic phylum. The presence of SFA homologs in the majority of flagellated supergroup 

lineages implies that SFA homologs were present in the last universal common ancestor and 

subsequently lost in several linages. 

Additionally, I examine the structure and conservation of excavate SFAs in detail, based 

on our SFA multiple sequence alignment. The key to SFA function may lie in its protein 
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structure: a series of coiled-coil heptad repeats, out of which groups of four heptads (28 amino 

acids) are broken up by a skip residue (number 29). These repeating coiled-coils form a C-

terminal rod domain, while the remaining protein sequence forms an unorganized head domain 

at the N-terminus. SFA structure is highly conserved among excavates, which may indicate that 

the role of SFAs in this clade is also conserved. This structural characterization is foundational 

toward understanding the underpinning mechanisms of SFA function and SF formation, and will 

aid in defining roles for the head and tail domains in various branches of the SFA family. 

Striated Fibers were first described as being in close association with MTs, and SFAs 

possess the ability to self-associate into filamentous structures. It is possible that this family of 

proteins is a key element driving cytoskeletal architecture in protist organisms. Our 

understanding of how the cytoskeletal architecture is formed in protists is formed and 

maintained may be deepened with further study of this protein family. 

 

Introduction 

Cellular morphology plays a key role in cellular function, and cytoskeletal elements are key to 

defining and maintaining cell shape. Much study has been devoted to microtubules and actin 

filaments, two key types of structural proteins found in a wide variety of eukaryotic species. 

Furthermore, eukaryotic parasites of humans and other animals often possess unique 

microtubule organelles, such as the subpellicular microtubules of Plasmodium and 

Trypanosoma, the conoid of Toxoplasma, or the ventral disc of Giardia1,2. Understanding how 

these distinctive cytoskeletal features are built and maintained may help us in our battle against 

these parasites. Generally, microtubule organization is thought to be driven by microtubule 

associated proteins, post-translational modifications, or a combination of both2. 
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One potential source of microtubule organization, as well as cytoskeletal morphology in 

general, is the Striated Fibers (SFs) (also called Striated Microtubule Associated Fibers), 

filamentous structures often found in association with microtubules3. Similar to microtubules, 

Striated Fibers are present across diverse eukaryotic clades; green algae3 (where they are also 

known as system I fibers), ciliates4 (kinetodesmal fibers), metamonads5, and other flagellated 

protists6. The presence of Striated Fiber structures across a diversity of species suggests an 

ancient origin, and perhaps a presence in an early eukaryotic ancestor. In some species where 

Striated Fibers have been studied, they provide a physical support network, organizing or 

bracing other cellular elements3,4,6,7. Notably, known Striated Fibers possess the ability to self-

assemble3,8,9, which extends the possibility that these structures help drive cellular 

organization10. 

 To better understand the mechanisms behind Striated Fiber activity, we can examine the 

proteins that comprise these fibers. The first SF-assemblin component identified as such was in 

the green alga Spermatozopsis similis, and was named Striated Fiber Assemblin (SFA) after its 

ability to self-assemble3. Similarly to Striated Fibers themselves, SFA homologs are present in 

diverse eukaryotic lineages, although they are notably absent from plants, animals, and 

fungi10,11. In Spermatozopsis and other green alga, such as Chlamydomonas reinhardtii, SFA is 

associated with the flagellar root microtubules12, which help organize the flagella and coordinate 

the cytoskeleton during mitosis13. The amino acid sequence of Striated Fiber Assemblin is 

primarily comprised of a series of heptad repeats, out of which groups of four heptads (28 amino 

acids) are broken up by a skip residue (number 29). These repeating heptad tetrads form a 

coiled-coil rod domain12. The remaining SFA sequence forms an unorganized head domain at 

the N-terminus12. A rod domain consisting of heptad repeats lacking skip residues is modeled to 

contain a twisting hydrophobic seam, requiring supercoiling to maintain consistent hydrophobic 

contacts14. In contrast, SFA’s pattern of four heptads, followed by a skip residue is theorized to 
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disrupt the coil’s hydrophobic seam, and preventing supercoiling14. In Spermatozopsis and 

Chlamydomonas, the skip residue is usually glutamate14. Additionally, there is structural 

similarity amongst SFA homologs from different eukaryotic clades, but also extensive sequence 

divergence15,16. 

Further structural analysis on Striated Fiber Assemblin examined protein extracted from 

Chlamydomonas, and the ability to self-assemble in vitro into Striated Fibers when subjected to 

various residue manipulations and deletions9. Deletion of either the N-terminal unstructured 

head domain or the third and fourth heptad tetrads prevented proper fiber formation9, leading 

the authors to propose a mechanism of assembly whereby the adjacent SFA head and coil 

domains interact with each other. Alteration or removal of the skip residues did not prevent fiber 

formation9, but was thought to alter the coiling properties14. 

 Striated Fibers in the ciliate Tetrahymena thermophila, also called kinetodesmal fibers in 

this organism, are necessary for proper cytoskeletal organization by providing physical bracing 

against the forces of ciliary beating4. The Tetrahymena exterior is coated with highly organized 

rows of cilia, each of which connect to a basal body sitting just below the cell’s surface17,18. This 

basal body network is connected by striated fibers17,18. Tetrahymena also possesses ten SFA 

homologs, one of which is named DisAp4,10. DisAp is necessary for proper spacing of the basal 

body array. When a mutated, nonfunctional, form of DisAp is expressed, cells develop a 

disorganized array when exposed to elevated temperatures4,10. Cells with disorganized arrays 

were able to recover array organization when complemented with wild-type DisAp10, suggesting 

that the self-assembly property of SFA homologs might drive cytoskeletal organization in some 

organisms. The Striated Fibers in Tetrahymena are also dynamic in length and respond to 

increased or decreased ciliary beat force10. 

 Seventy-two SFAs have also been identified in the ciliate Paramecium tetraurelia6,10. 

Possessing a similar cellular body plan to Tetrahymena, Paramecium SFAs play an important 
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role in maintaining proper ciliary organization with support via the kinetodesmal fibers. 

Knockdown cell lines targeting various SFAs result in similar mutant phenotypes to the 

Tetrahymena studies, with a disorganized ciliary array and inhibited swimming pattern6, 

highlighting the importance of the SFA family of proteins to the ciliate phylum. 

SFA homologs can also be found in the early-branching eukaryote Giardia lamblia5,16,19. 

Giardia is a parasitic protist that infects humans and other mammals20. The lifecycle of this 

organism consists of an environmentally resistant cyst that gets ingested by a host via the fecal-

oral pathway and excysts into a trophozoite form upon reaching the small intestine20. The 

Giardia trophozoite has a teardrop-shaped cell body, eight flagella, two nuclei, and a novel 

microtubule organelle, the ventral disc, which is thought to be essential for attachment20. The 

ventral disc is a spiral of roughly 100 parallel microtubules that spiral clockwise. Disc MTs 

scaffold a dense protein complex called the Microribbon-Crossbridge (MR-CB) complex, that 

extends dorsally above the MT spiral21. Giardia has three SFA homologs, termed beta-giardin, 

delta-giardin, and SALP116,19. All SFAs localize to the Microribbon-Crossbridge complex of the 

disc. 

The role of the SFA homologs In Giardia, and the MR-CB complex in general, is less 

clear. Nonetheless, beta-giardin, delta-giardin, and SALP1 are proposed to polymerize into the 

initial MR complex that enables other MR-associated proteins to later assemble into the MR-CB 

complex22. Aside from the three SFA homologs, only one other protein, gamma-giardin, is 

known to be part of the microribbons23. There are currently no confirmed Crossbridge proteins. 

Yet it is presumed that there are additional proteins associated within the MR structure, as well 

as microtubule-binding proteins that connect the MRs with the ventral disc MT spiral. 

 Striated Fiber Assemblin homologs are present in apicomplexan parasites as well24. In 

the parasite Toxoplasma gondii, SFA homologs are only expressed during cell division, and are 

an essential element of the cell division cycle25. In Toxoplasma, SFA homologs form fibers that 
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connect the apical ends of the developing daughter cells with the microtubule organizing center 

in the parent cell25. Knockout mutant parasites lacking either TgSFA2 or TgSFA3 (two 

Toxoplasma SFA homologs) can successfully undergo mitosis but fail to complete cellular 

division25. Notably, the microtubule organizing center in apicomplexans is thought to be 

orthologous to the microtubule rootlet assembly in green algae25, which is associated with 

Striated Fiber Assemblin as described above. 

SFA homologs were identified in Trichomonas vaginalis and T. gallinarum7. Proteomic 

analysis found these proteins to be in association with extracted T. gallinarum cytoskeletons, 

and tagging performed in T. vaginalis found some to localize to filamentous cytoskeletal 

elements7. 

 To better define the evolutionary history of Striated Fiber Assemblins, we have 

undertaken a phylogenetic analysis of this protein family using homologs from diverse 

flagellated protists. While SFAs are present in a wide array of eukaryotes, their function has 

been characterized in only a handful of organisms as described above. Additionally, I examine 

the structure and conservation of excavate SFAs in detail, based on our SFA multiple sequence 

alignment. This structural characterization is foundational toward understanding the 

underpinning mechanisms of SFA function and will aid in defining roles for the head and tail 

domains in various branches of the SFA family. 

 

Results 

The SF-assemblin gene family is divided into three primary groups 

The overall structure of the SF-assemblin paralogous gene family is described by three primary 

groups which we label Group I (A,B), Group II (A-J), and Group III (A-F) SF-assemblins (Figure 
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1.1). Each primary group is subcategorized into subgroupings according to support for each 

clade (e.g., Group II-A). Group I-A includes the first characterized SFA protein, from C. 

reinhardtii9. All SF-assemblin homologs derive from five eukaryotic supergroups that include 

flagellated morphotypes. SF-assemblins homologs have been lost, however, in multicellular 

plants, fungi, metazoans, and red algae that have flagellated forms. Notably, genomes of four 

Rhizarian species each have one SFA homolog, yet no flagellated stage has been documented. 

There is additional evidence, however of flagellated forms in Rhizaria based on a full 

complement of flagellar assembly proteins in this phylum (PMID: 24332546). 

Most SFA subfamily groupings were defined by one phylum 

To define modes of SFA evolution within subfamilies, we compared the composition of each 

subfamily with respect to species- and phylum-level affiliations. Each flagellated species ranged 

from having one SFA homolog (e.g., C. reinhardtii) to over 70 homologs (Paramecium 

tetraurelia). Paralogous SFAs in the same species were present in one to four SFA subfamilies. 

Most subgroupings were defined by sequences associated with one eukaryotic phylum. Two 

exceptions are Group IID which is composed of SFA homologs from three supergroups, and 

Groups IA and B, Groups IIE and IIJ, and Group IIIE which are comprised of SFAs from two 

supergroups (see Table 1.1). Ciliates, stramenopiles, dinoflagellates, and alveolates include 

homologs in five or six subfamilies and excavate SFA homologs are represented in five 

subfamilies. 

Excavate SFA proteins are structurally conserved 

To connect SFA protein structure with subgroup clustering, we performed a structural prediction 

analysis and annotation of the excavate SFA proteins based on the above alignment (Figure 

1.2). Excavate proteins were present in the five subgroups II-A, II-B, II-C, II-E, and II-G. All 

proteins were analyzed in the context of prior work15,19, and were found to follow the repeating 
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coiled-coil heptad pattern broken by skip residues every four heptads described in those papers. 

All excavate SFAs had either 7 or 8 full heptad tetrads, and skip residues were glutamate in the 

majority of sequences (Figure 1.3). Proteins which were out of alignment with the rest of the 

group were not included when describing general group structure (Figure 1.4A). AlphaFold 

software protein prediction models were also employed when available to predict SFA and 

compare structures (Figure 1.5). 

Groups II-A and II-B SFAs have seven or eight full tetrads, with a three heptad remainder 

at C terminus 

Beta-giardin, a Giardia protein belonging to group II-B, was among the first characterized 

SFAs19. Beta-giardin was described as consisting of a 19 residue N terminal, unstructured head 

domain, and eight full coiled-coil heptad tetrads, followed by three coiled-coil heptads (Figure 

1.4A). Later work by Lechtreck9,15 described the beta-giardin head domain as 27 amino acids 

long, reducing the first tetrad to a triple heptad. However, functional work found that deletion of 

the first 19 residues was enough to disrupt self-assembly9. Analysis of delta-giardin revealed a 

31 residue head domain, and seven complete coiled coil tetrads. The final Giardia SFA, SALP1, 

was similar in structure, with a 30 residue head domain and seven complete tetrads. Delta-

giardin and SALP1 lack a hydrophobic residue at the at the alignment site where beta-giardin 

begins its initial three heptads (Figure 1.4A). The remaining II-B proteins aligned with the delta-

giardin template, lacking hydrophobic residues were beta-giardin has one, and have head 

domains of 24 to 57 residues long (Figure 1.4A). 

 In general, Group II-A SFAs were longer in sequence than Group II-B SFAs, and had 

variable length for head domains, ranging from 26 to 98 amino acids. All Group II-A SFAs had 

seven full tetrads, with an initial 3 heptads, and C-terminal three heptads (Figure 1.4A). Groups 

II-A and II-B were more similar in sequence than to other excavate SFA subgroups (Figure 

1.4A). 
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Groups II-C, II-E, II-G had reciprocal 18 residue gaps out of alignment with Groups II-A 

and II-B 

Groups II-C, II-E, and II-G were more similar to each other than the remaining two excavate SFA 

groups. In particular, II-C, II-E, and II-G had an 18 residue gap 10 residues into the seventh 

tetrad (Figure 1.4B). This gap was not aligned with any heptad or tetrad, and corresponded to 

an identical gap seven residues into the first tetrad of Groups II-A and II-B (Figure 1.4B). The 

middle four tetrads aligned for all excavate groups. 

Groups II-C, II-E, II-G have eight full tetrads and variable head domain sizes 

The C-termini of proteins in Groups II-C, II-E, and II-G have four full heptads after the final skip 

residue (Figure 1.4A). Coiled coil tetrads in these three groups were immediately preceded by 

head domains, without a three heptad insertion (Figure 1.4A). There was striking variation of 

head domain length within Groups II-C and II-E, with head domains ranging from 16 – 62 

residues and from 21 – 61 residues, respectively (Figure 1.4A). Group II-G SFA head domains 

were consistently smaller, ranging from 15 – 26 amino acids in length (Figure 1.4A). 

AlphaFold predictions of SFA structure show consistency across clades 

Protein structure predictions were accessed from the AlphaFold Protein Structure Database 

(https://alphafold.ebi.ac.uk/). Example SFAs from green algae (Figure 1.5A), excavates (Figure 

1.5B), and apicomplexans (Figure 1.5C) were accessed to gauge the consistency of structural 

predictions. AlphaFold predicted a short, unstructured, N-terminal head domain in all example 

SFA, with the exception of Spironucleus salmonicida SF-assemblin (Figure 1.5B). AlphaFold 

also predicted a highly-coiled tail region comprising most of the amino acid length in all example 

SFAs. 
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Discussion 

The presence of SFA homologs in the majority of flagellated supergroup lineages implies that 

SFA homologs were present in the last universal common ancestor and subsequently lost in 

several linages including the Opistokonts. Subsequently, inherited SFA homologs from each 

eukaryotic phylum duplicated and diverged independently, resulting in new subfamilies of SFAs. 

In other words, SFA duplication is lineage-specific, with SFA evolution mirroring the evolution of 

flagellated species. 

SFA functional divergence is also associated with specific subfamilies. Although the 

majority of SFA functions have not been described for the SFA homologs in our phylogeny, 

multiple functions have been determined for SFAs in Giardia (excavates), Chlamydomonas 

(chlorophytes), multiple ciliates, and apicomplexans (SAR). In Giardia and the ciliates 

Tetrahymena and Paramecium, SFAs are responsible for supporting and organizing structures 

such as the ventral disc (Giardia) (see Chapter 3) and the ciliary array4,6,10 (Tetrahymena and 

Paramecium). To contrast, SFAs in Chylamydomonas and the apicomplexan Toxoplasma are 

involved with cytoskeletal organization during mitosis12,13,25. 

 SF-assemblin structure is highly conserved among excavates, despite sequence 

divergence (Figure 1.4A). Among the excavates, only Giardia’s SFA homologs have been 

functionally characterized to have roles in assembling and maintaining the fiber-like 

microribbons in the ventral disc8,19,26 (see Chapter 3). However, perhaps the conserved 

sequence and structures of excavate SFAs indicates that the role of SFAs in this clade is also 

conserved. One divergence that we noticed among our alignment is that some excavate 

subgroups were shifted relative to each other, meaning that coil tetrads 2 – 5 in groups II-A and 

II-B aligned with coil tetrads 3 – 6 in groups II-C, II-E, and II-G (Figure 1.4B). This misalignment 

was 18 residues long, which does not correspond to either a full tetrad (28 residues), or a whole 

multiple of a coil heptad. Additionally, the site at which the shift occurred did not line up with a 
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full tetrad or whole multiple of a heptad. Therefore, we do not see this shift as the site of an 

insertion or deletion of tetrad or heptad repeats, but rather a reflection of sequence divergence 

among the subgroups that may have functional consequences. 

 SFA head domain sizes among the excavate SFAs were also maintained in a fairly 

consistent range, with the exception of group II-G head domains being smaller. In general, 

heads ranged from 15 – 98 residues long, for proteins with an average length of roughly 275, 

that would put heads at approximately 5% – 33% of the total length. It is unknown whether the 

size of the head domain has an impact on the possible mechanisms of fiber assembly or head-

tail interaction as described by Lechtreck9. 

 Striated Fibers were first described as being in close association with microtubules3, and 

SFAs possess the ability to self-associate into filamentous structures8,9. It is possible that this 

family of proteins is a key element driving cytoskeletal architecture in protist organisms. Many 

cytoskeletal structures uniquely found in protists are comprised of SFAs4,5,7, and our 

understanding of how these structures are formed and maintained may be deepened with 

further study of this protein family. 

 

Materials and Methods 

Creation of the SFA phylogenic tree 

The multiple sequence alignment of 531 SF-assemblin (SFA) homologs was created using the 

MUSCLE software package (https://doi.org/10.1186/1471-2105-5-113). For some taxa (e.g., 

Paramecium tetraurelia) only one example of an SFA homolog was included when it had 100% 

amino acid identity to another homolog within the same species. 
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Phylogenetic trees were inferred using RaxML with bootstrapping and the PROT+IG 

amino acid substitution model that includes invariant positions and a gamma distribution 

(https://doi.org/10.1093/bioinformatics/btu033). 

Analysis of excavate SFA head and tail domains 

Jalview software (jalview.org) was used to align and visualize the excavate SFAs according to 

amino acid similarity. Previous annotations of beta-giardin head domain and the skip residues of 

its tail domain15,19 were used as a template for annotating the other excavate SFAs. Tail domains 

were identified by the presence of a preferentially glutamate14 skip residue every 28 amino acids 

(heptad tetrad), as well as amino acids with a hydrophobic side chain at the a and d positions of 

the abcdefg heptad repeat needed to form coiled coils27. Head domains were defined as the N-

terminal region not belonging to the tail domain. AlphaFold predictions of SFA structure were 

retrieved from the AlphaFold Protein Structure Database (https://alphafold.ebi.ac.uk/). 
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Figures 

Figure 1.1. SF-assemblin subfamilies are present in most flagellated eukaryotic lineages 

 

Schematic SFA phylogenetic tree showing primary SFA groupings and subfamilies. SFA 

subfamilies are named and homologs are color-coded according to supergroup affiliation 

(Excavates = orange; Chlorophytes = green; Cryptophytes and Haptophytes = red; 

Stramenopiles = purple; Rhizarians = pink; Ciliates = teal; Alveolates (free-living, parasitic 

apicomplexans, and dinoflagellates = yellow). 
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Figure 1.2: Excavate SFA homologs are comprised of five different subfamilies 
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Consensus bootstrapped RAxML (PROTI+G) phylogenetic subtree of SFA homologs in 

excavates. Giardia SFA homologs (SFA-Group II-B) are highlighted in red. Black filled circles 

indicate nodes with bootstrap support > 80% and gray circles 50-80% support. 
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Figure 1.3: Jalview annotation highlights consistent skip pattern across excavate SFAs 
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Excavate SFAs are aligned in Jalview and displayed on two rows. Head domains are highlighted 

in green and skip residues in red. Tail domain tetrads comprise all unhighlighted sequence until 

the final skip residue. Head domains were determined by the absence of a hydrophobic residue 

at the a site of an abcdefg heptad repeat necessary to form a coiled-coil. Head domains from 

other proteins in the same subgroup also affected head domain annotation. 
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Figure 1.4: Excavate SFAs are structurally conserved 

 

Schematic representation of excavate SFA domains. Head domains are in blue, rod domains 

are in yellow, and skip residues are represented by stars. Numbers indicate full heptad tetrad 

repeats. A) Structure of the excavate subgroup SFAs. All proteins have seven or eight full tetrad 

repeats, with varying head domain sizes. B) Groups II-A and II-B are shifted in their alignment 

with respect to Groups II-C, II-E, and II-G. Despite this alignment shift, both have similar 

Group II-A

Group II-B

Group II-C

OR

 1 2 3 4 5 6 7       

1 2 3 4 5 6 7 8       

Group II-E

1 2 3 4 5 6 7 8       

Group II-G

1 2 3 4 5 6 7 8       

 1 2 3 4 5 6 7       

1 2 3 4 5 6 7       

A

B

1 2 3 4 5 6 7 8       

Groups II-A and II-B

Groups II-C, II-E, II-G

1 2 3 4 5 6 7       



20 

numbers of tetrad repeats, and the shift is not aligned with any tetrad, nor to any heptad within 

the heptad repeats. 
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Figure 1.5: AlphaFold predictions of SFA structure show similarity across different clades 

 

All structures were accessed from the from the AlphaFold Protein Structure Database 

(https://alphafold.ebi.ac.uk/). N-termini are displayed facing the left. For all SFAs except 

Spironucleus SF-assemblin, an unorganized head domain and coiled-coil rod domain of varying 
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lengths can be seen. Sample SFAs were drawn from green algae (A), excavates (B), and 

apicomplexans (C). 
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Table 1.1: SFA homologs used in phylogenetic analyses 
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Abstract 

Giardia lamblia is a single-celled eukaryotic parasite that colonizes the small intestine and 

causes significant diarrheal disease worldwide. Motile trophozoites attach to intestinal villi with 

the ventral disc, a cup-shaped microtubule (MT) organelle that enables extracellular parasite 

attachment. A current model of attachment proposes that a flexible disc modulates its dome 

shape to create a seal on the host cell surface. The ventral disc is a highly ordered and complex 

spiral MT array. Novel protein complexes such as the microribbon-crossbridge (MR-CB) 

complex bind to the disc MT at regular intervals, almost completely coating all MT 

protofilaments. Aside from the ventral disc’s role in infection, understanding how complex MT 

organelles are assembled and evolve can shed light on how morphological diversity evolved in 

eukaryotes. Prior research has identified nearly 90 disc-associated proteins (DAPs), yet we still 

know very little about how the composition of protein complexes associated with the disc either 

enables stability and flexibility or mediates attachment. In particular, the functional and structural 

roles of the conspicuous MR-CB complexes remain unknown. Several DAPs localize to the 

MRs, including three homologs of the Striated Fiber (SF)-assemblins. SF-assemblins are 

structural proteins known to polymerize in vitro and to be associated with flagellar root 

structures in other protists. Here, we show that MR-CB complexes play a role in maintaining the 

disc spiral structure. We show that the MR-CB complex stabilizes the conformation of the disc 

spiral MT array required for parasite attachment to the host. We determine the structural and 

functional roles of the MR-CB complexes by creating stable CRISPR knockouts of known MR-

CB proteins and evaluating mutant disc structure and function with light microscopy. 

Furthermore, we use biophysical attachment assays to assess disc function. Understanding the 

MR-CB complex will also shed light on the disc as a whole and guides us towards key insights 

into how the disc flexes during attachment. This work also contributes to our knowledge of how 
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cells construct and maintain complex MT organelles and in particular, help to define the roles of 

SF-assemblins in complex MT structures. 

 

Introduction 

Giardia lamblia is a single celled eukaryotic parasite that colonizes the small intestine and 

causes the significant diarrheal disease giardiasis worldwide1. It can infect both humans and 

animals1 via oral consumption of cysts present in contaminated food or water. The burden of 

giardiasis is heavier where water sanitation is lacking, and can lead to malnutrition or delayed 

development in children1. When consumed, cysts remain dormant until passing through the host 

stomach, and excyst into a trophozoite form when emerging into the small intestine1. During 

colonization, motile trophozoites attach to intestinal villi with the ventral disc, a cup-shaped 

microtubule organelle that enables extracellular parasite attachment to the host gastrointestinal 

tract2. Attachment is thought to be necessary for the resistance of peristaltic flow and the 

successful establishment of infection1. The current model of attachment suggests that the 

attachment force is generated by the movement of specific ventral disc substructural elements 

combined with hydrodynamic flow produced by flagellar beating3. While the exact mechanisms 

of Giardia disc-mediated attachment remain controversial, parasites are able to reversibly attach 

to inert and biological surfaces such as intestinal epithelium, glass coverslips, and culture tubes. 

This supports a biophysical mechanism of disc-mediated attachment driven by the dynamic 

movements of the ventral disc rather than a ligand-dependent adhesive mechanism. 

To better understand the process and essential components of disc-driven, reversible 

attachment we can closely examine Giardia’s ventral disc structure and composition. The 

ventral disc is a highly ordered and complex spiral microtubule array2. Approximately 100 

parallel, uniformly spaced microtubules spiral to form a dome, with an overlap zone between the 

upper and lower portions2. The disc is an unusually stable structure in interphase, and notably, 
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the detergent extraction of Giardia with high salt results in a preparation of intact or 

“hyperstable” discs4. The interphase disc is also not sensitive to drugs that affect microtubule 

dynamics4,5. Novel protein complexes such as the microribbon-crossbridge (MR-CB) complex6,7, 

and the repetitive sidearm and paddle complexes bind to the disc microtubules at regular 

intervals, almost completely coating all microtubule protofilaments8. It is proposed that the MR-

CB complex may thereby mediate disc hyperstability8,9. The perimeter of the spiral microtubule 

array is defined by the disc margin, which contacts the ventral surface, and includes a gap or 

“opening” at the point of the overlap zone2. A fibrillar structure, the lateral crest, surrounds the 

periphery of the ventral disc10 and has been proposed to create a seal to maintain 

hydrodynamic suction during attachment11–15. 

Several microtubule-associated proteins termed ‘giardins’ were isolated from the disc 

two decades after the initial disc structures were described16, However, through comprehensive 

proteomic analysis of detergent-extracted, isolated ventral discs and ongoing protein-tagging 

projects, we have identified nearly 90 disc-associated proteins (now referred to as DAPs, rather 

than giardins) that localize to regions of the ventral disc or the lateral crest11. Despite our 

emerging view of the complexity of ventral disc architecture9, we still know very little about how 

the composition of protein complexes associated with the disc enables hyperstability or 

mediates attachment forces. 

In particular, the functional and structural roles of the conspicuous MR-CB complex 

remain unknown. The prominent trilaminar microribbon (MR) complex is associated with the 

entire length of the MT spiral and extends 400 nm dorsally into the cytoplasm7,17. Parallel 

microribbons are linked together laterally by crossbridges (CBs)17. The MR-CB complex 

includes five regions: the outer layer and inner core layers of the trilaminar MR, the MR-MT 

interacting densities, the MR-CB connector densities, and the CBs themselves. The MR-CB 

complex may play a role in maintaining the curved or “domed” disc structure and ultimately 
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attachment. Furthermore, the crossbridges themselves are proposed to be flexible and thus 

could mediate disc movement during attachment2. 

 Three DAPs that localize to the MRs are homologs of the Striated Fiber (SF)-

assemblins. SF-assemblins are structural proteins that polymerize in vitro and are associated 

with flagellar root structures in other protists18. The Giardia SF-assemblin homologs beta-

giardin, delta-giardin, and SALP119 are proposed to polymerize into the initial MR complex that 

enables other MR-associated proteins to later assemble into the MR-CB complex10. The precise 

location and abundance of known MR proteins in the 3D disc architecture of the trilaminar MRs 

is still unknown, and no candidate crossbridge (CB) protein has been identified. We anticipate 

that there are additional DAPs associated with the trilaminar MR structure, the MR-MT 

interactors, the MR-CB connectors that remain to be discovered. 

 Genetic analyses of DAPs are essential to building a foundational understanding of disc 

architecture, assembly, and dynamics. Functional studies of the disc have lagged behind that of 

microtubule organelles in other parasites due to a lack of molecular genetic tools in Giardia. In 

particular, the critical role of disc-mediated attachment in Giardia pathogenesis has received 

remarkably little attention in the last 50 years, and prior work has been largely descriptive2. 

However, we have developed transformative CRISPR-Cas9 mediated knockdown (CRISPRi) 

and knockout (CRISPR) systems in the “double diploid” Giardia20,21, enabling genetic analyses 

of the many unique disc proteins and protein complexes. 

Here, I define the role of the MR-CB complexes in stabilizing and maintaining the disc 

domed conformation. Using new genetic tools to create disc mutants, I show that the presence 

of intact microribbons is required for proper formation of the microtubule spiral of the disc. This 

implies that the MR-CB complex is necessary for disc MT assembly which in turn scaffolds the 

overall disc architecture, rather than alternative, non-MR-CB complex DAPs. Through a domain 

analysis of the disc SFAs, I build on early work characterizing the ability of Chlamydomonas SF-
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assemblin to self-assemble into fibers22 to show that specific head or tail domains are of the 

three SFAs are required for disc assembly. Using three MR DAP knockout lines with aberrant 

disc structure, I show that the intact MR-CB complex is required for attachment. Lastly, I show 

that the MR SFAs are necessary for disc stability, and, in turn, that disc stability is necessary for 

Giardia attachment. 

 

Results 

Giardia’s three SF-assemblin homologs localize to the trilaminar microribbon structure of 

the ventral disc 

Giardia’s ventral disc consists of a spiral of microtubules overlaid by a dense protein network 

named the microribbon-crossbridge complex7,8,17 (Figure 3.1A). The microribbons trace the 

microtubule spiral of the disc, are trilaminar, and extend dorsally up to 400 nm into the cell body. 

Crossbridges connect adjacent microribbons regularly down their length8,9. There are no direct 

microtubule-microtubule connections, though the microtubules of the disc are decorated with a 

variety of Microtubule Associated Proteins and Microtubule Inner Proteins. Prior studies in 

Giardia determined the localization of beta-giardin, delta-giardin, and SALP1 to the trilaminar 

microribbons of the disc16,19,23 (Figure 3.1B), but have not elucidated where within this structure 

these SF-assemblin homologs reside. 

Beta-giardin, delta-giardin, and SALP1 are conserved structurally yet evolutionarily 

distinct 

While beta-giardin, delta-giardin, and SALP1 have been identified, the remaining makeup of the 

MR-CB complex is unknown. Common features of SF-assemblin homologs are an unstructured 

N-terminal head domain, followed by a tail domain consisting of a series of coiled coil 



62 

repeats19,22,23 (see Chapter 1). AlphaFold predictions of these protein’s structure aligned with an 

unstructured head domain and coiled-coil tail domain (Figure 3.1C). 

We conducted a phylogenetic and structural analysis of the SFA family of proteins (see 

Chapter 1) and found that SFAs cluster into three main groups, with numerous subgroups 

(Figure 3.1D). In particular, Giardia’s three SFA homologs cluster together into Group II-B 

(Figure 3.1E). The three Giardia SFAs also form a cluster distinct from some SFAs from closely 

related organisms, such as Spironucleus salmonicida (Figure 3.1E). 

Beta-giardin knockout cells fail to properly localize delta-giardin to the ventral disc 

A quadruple beta-giardin KO line (bGKO) was stained with an anti-delta-giardin antibody to 

assess the impact of beta-giardin on microribbon structure (Figure 3.2A, 2B). Delta-giardin 

signal was not contained to the ventral disc, as compared to the wild-type control, but delta-

giardin localizes instead throughout the cell body (Figure 3.2A, 2B). Complementing beta-

giardin KO cells with an exogenously expressed beta-giardin (bGKO+bG) restored proper delta-

giardin signal localization (Figure 3.2A). 

bGKO ventral discs are longer and thinner than wild-type discs 

bGKO discs were measured to determine the impact of beta-giardin on the disc microtubule 

spiral. The bGKO strain was stained with an anti-alpha-tubulin antibody to visualize the tubulin 

spiral, and measurements were taken with this stain (Figure 3.2C). No alteration of flagellar 

length nor defects in basal bodies were observed in bGKO cells. bGKO discs have a lengthened 

anterior-posterior axis, and a shortened side-to-side axis when compared to wild-type and 

Cas9-only (beta-giardin gRNA) negative control strains (Figure 3.2D). bGKO+bG cells did not 

have wild-type disc dimensions, although bGKO+bG discs were significantly shorter than bGKO 

discs (Figure 3.2D). To track dimensional change within cells and distinguish between 

aggregate length and width changes, we examined the length:width ratio of discs, and found 
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that bGKO cells were closer to a 1:1 ratio than negative controls (Figure 3.2E). The bGKO+bG 

complement line had a wild-type length:width ratio in the disc, however (Figure 3.2E). 

Delta-giardin KO discs are destabilized and fail to maintain an evenly spaced disc spiral 

Trophozoites from the delta-giardin (dGKO) quadruple knockout strain were stained with an anti-

beta-giardin antibody to determine the impact of delta-giardin on the ventral disc microribbon-

crossbridge architecture (Figure 3.3A, 3B). Discs possessed various distorted or disordered disc 

phenotypes (Figure 3.3C). Aberrant discs were quantified and categorized based on the 

following characteristics: disc with full structure present, indistinguishable from wild-type (full 

disc); arms of the disc spiral breaking apart and becoming disjointed (frayed disc); loss of disc 

material such that a full disc cannot be formed (horseshoe); intact arms of spiral but overlap 

zone has come undone (unhinged) (Figure 3.3C). Wild-type cells possessed almost exclusively 

full disc phenotypes, with approximately 3% falling into any of the other categories (Figure 

3.3C). The dGKO line had a little over 40% full discs, with frayed discs (34%) and unhinged 

discs (18%) featuring prominently amongst the remaining percentages (Figure 3.3C). 

dGKO discs are elongated as compared to wild-type 

Similar dimensional analyses were performed on the dGKO discs as was done for the bGKO 

line. dGKO discs are longer than wild-type and Cas9 only (delta-giardin gRNA) controls, but are 

not significantly thinner than wild-type, unlike the dGKO line (Figure 3.3D). Complementation of 

KO cells with an exogenously expressed delta-giardin (dGKO+dG) does not fully restore wild-

type dimensions and is both significantly longer than wild-type but shorter than the 

uncomplemented KO (Figure 3.3D). We also examined the individual disc length:width ratio and 

found that dGKO discs are closer to a ratio of 1:1 than the negative controls (Figure 3.3E). 

dGKO+dG disc dimensions were lower in length:width ratio than both the uncomplemented KOs 

and the wild-type lines (Figure 3.3E). 
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dGKO discs are both larger and have larger bare areas than wild-type discs 

To further characterize disc structural defect in mutants, the disc area measurements were 

taken in FIJI (ImageJ) software using the “Thresholding” and “Particle Analysis” functions 

(Figure 3.3F, 3G). dGKO cells possess a larger disc area than wild-type cells (Figure 3.3F); this 

measurement did not include the bare area as part of the total area. The disc bare area of the 

dGKO line was also larger than a wild-type negative control (Figure 3.3G). 

dGKO discs lose hyperstability 

In order to test the maintenance or loss of disc hyperstability, we extracted cytoskeletons as 

performed previously4. Discs were stained with anti-beta-giardin to visualize the disc. Wild-type 

discs remained intact, but dGKO discs were further degraded by the extraction procedure 

(Figure 3.3H). Discs in the dGKO line were observed to have sections of disc material missing 

from the disc interior, both adjacent and nonadjacent to the bare area. 

SALP1 KO discs have similar defects to delta-giardin KO strain discs 

SALP1 quadruple KO (SALPKO) cells were stained with an anti-beta-giardin antibody to 

highlight the microribbons and were observed to be visually distinct from wild-type discs (Figure 

3.4A, 4B). The same categorization scheme that was applied to the dGKO cells was employed 

to sort SALPKO discs (Figure 3.3C, 4C). About half of SALPKO cells had a full disc phenotype, 

with roughly 50% of cells matching this criterion (Figure 3.4C). Of the remaining categories, 

frayed disc (25%), and unhinged (16%) were the most prominent (Figure 3.4C). Both the 

SALPKO and dGKO lines had only a small percentage of discs fall under the horseshoe 

category (Figure 3.3C, 4C). SALPKO discs were also stained with anti-delta-giardin to observe 

whether the knockout effects observed were consistent across different microribbon proteins. 

We found the same disc phenotypes, as described above, in anti-delta-giardin stained SALPKO 

cells (Figure 3.4D). 
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SALPKO discs are longer than wild-type discs 

Like the other SF-assemblin KO lines, disc length and width measurements were quantified for 

the SALPKO strain discs. SALPKO discs were elongated as compared to wild-type or Cas9-only 

(SALP1 gRNA) strain controls, but SALPKO disc widths were not significantly different (Figure 

3.4E). Complementation of SALPKO cells with an exogenously expressed SALP1 

(SALPKO+SALP) did not restore wild-type length, but complemented discs were both 

significantly longer than wild-type and significantly shorter than SALPKO discs (Figure 3.4E). 

Like the other knockout lines, disc length:width ratio in SALPKO discs is closer to 1:1 than 

negative controls (Figure 3.4F). Complementation of SALP1 did restore a wild-type disc 

length:width ratio (Figure 3.4F). 

SALPKO cells have no significant change in disc area or bare area 

The same disc area measurements performed on dGKO cells (Figure 3.3F, 3G) were applied to 

SALPKO cells. Despite trending larger, SALPKO cells were not found to possess a larger disc 

area nor bare area when compared to wild-type cells (Figure 3.4G, 4H). 

SALPKO disc hyperstability is also lost 

The same disc extraction procedure performed on dGKO cells was performed on SALPKO 

cells. Discs were stained with anti-beta-giardin to visualize the disc. SALPKO discs were highly 

affected by the extraction protocol, showing a high degree of structure breakdown (Figure 3.4I). 

Some discs were completely disassembled and only remained as a diffuse signal. 

SF-assemblin mutants have attachment defects 

To determine the impact of attachment defects in the SF-assemblin mutant strains, we used a 

shear-force assay to quantify attachment on an in vitro substrate. Briefly, cells were injected into 

a flow chamber filled with buffer and given time to attach. Afterwards, cells were subject to 
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continuous shear force from buffer pumped at a constant rate into the chamber (Figure 3.5A). 

Number of initial cells and number of cells remaining attached after flow challenge was 

quantitated and compared between wild-type and MR SFA homologue lines (Figure 3.5B). This 

can be visualized by overlaying images taken before and after the flow challenge, and false 

coloring them red and green, respectively (Figure 3.5B). Cells false-colored red were unable to 

resist shear forces and detached; cells in yellow remained attached; and cells in green attached 

after flow rates were stopped. 

All SF-assemblin DAP KO lines are less resistant to shear flow forces than wild-type 

The number of cells remaining attached after challenge in wild-type, Cas9 only, and quadruple 

KO lines was quantitated (Figure 3.5C, 5D, 5E). Approximately 80% of wild-type cells remained 

attached after flow, while roughly 45% of bGKO cells stayed attached (Figure 3.5C). However, 

bGKO cells were not significantly worse at remaining attached than their Cas9 only negative 

control (Figure 3.5C). The bGKO+bG line did not regain wild-type attachment (Figure 3.5C). 

 dGKO cells were significantly worse at remaining attached than both the wild-type and 

their Cas9 only line (Figure 3.5D). dGKO cells were only able to remain attached approximately 

20% of the time (Figure 3.5D), a much more severe defect than the bGKO line. Similarly, 

dGKO+dG complement cells were not able to regain wild-type attachment (Figure 3.5D). Finally, 

the SALPKO line had the most severe attachment defect, with less than 20% of cells able to 

remain attached (Figure 3.5E), significantly less than the wild-type and SALP1 Cas9 only lines. 

SALPKO+SALP cell attachment was partially restored, SALPKO+SALP resisted flow better than 

SALPKO cells, but were worse than wild-type (Figure 3.5E). 

Exogenously expressed head or tail domains were insufficient to restore disc structure, 

except the SALP1 tail domain 
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To assess domain function, head and tail partial complements were inserted into SFA KO lines. 

The structure of Striated Fiber Assemblin homologs includes an unstructured head domain at 

the N terminus, followed by a series of coiled-coil repeats forming a rod domain at the tail end18, 

(Figure 3.6A). It has been theorized that head and tail domains from adjacent SF-assemblins 

interact to form a Striated Fiber22 (Figure 3.6A); this was proposed by work done in 

Chlamydomonas which has a sole SF-assemblin homolog. To determine the potential roles of 

head and tail domains on disc structure and function, we first identified head and tail domains 

for the three microribbon SFA homologues19,22–24, and see Chapter 1. Head or tail domains were 

expressed in the cognate SF-assemblin quadruple KO lines and phenotypes were quantified 

with respect to disc structure and localization of other assemblins and the beta/delta giardins. 

The beta-giardin tail domain is insufficient to restore visual wild-type phenotype, but 

partially restores delta-giardin localization 

Full beta-giardin and tail domain only constructs were exogenously expressed in bGKO (lines 

bGKO+bG and bGKO+bGtail, respectively), and compared when visualized with an anti-delta-

giardin stain (Figure 3.6B). bGKO+bG discs were visually indistinguishable from wild-type cells, 

and had delta-giardin localization in the disc (Figure 3.6B). bGKO+bGtail cells failed to restore 

wild-type disc structure, however (Figure 3.6B). Delta-giardin localization in bGKO+bGtail was 

partially restored, some cells had proper disc localization, in others, delta-giardin was still 

present outside of the disc. Overall, delta-giardin mislocalization in bGKO+bGtail was not as 

severe as in bGKO (Figure 3.6B). bGKO+bGtail discs had similar dimensions to the dGKO line 

and were significantly different from wild-type cells in width and length:width ratio (Figure 3.6D), 

but not in length (Figure 3.6C). 

The delta-giardin head domain does not restore wild-type disc structure or dimensions 
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For delta-giardin complementation analyses, exogenous expression of full-length delta-giardin 

and head-only domain complements (lines dGKO+dG and dGKO+dGhead, respectively) were 

compared when visualized with anti-beta-giardin immunostaining (Figure 3.6E). dGKO+dG cells 

possessed discs that are visually indistinguishable from wild-type cells (Figure 3.6E). The 

dGKO+dGhead line failed to restore wild-type apparent cells (Figure 3.6E). dGKO+dGhead 

discs had similar dimensions to the dGKO line (Figure 3.6F) and were significantly different from 

wild-type cells in length and length:width ratio (Figure 3.6F, 6G). 

The SALP1 tail domain, but not the head domain, is sufficient to restore wild-type disc 

appearance but not disc dimensions 

Lastly, to interrogate the role of SALP1 head and tail domains in disc structure, cell lines 

expressing exogenous full length SALP1, SALP1 head domain only, and SALP1 tail domain 

only complements were created (SALPKO+SALP, SALPKO+SALPhead, SALPKO+SALPtail, 

respectively). The aforementioned lines were stained with anti-beta-giardin to determine beta-

giardin localization and disc structure (Figure 3.6H). Both the SALPKO+SALP and the 

SALPKO+SALPtail lines had discs that were structurally indistinguishable from wild-type cells 

(Figure 3.6H). SALPKO+SALPhead discs were more similar in appearance to the SALPKO line 

(Figure 3.6H). None of the complement lines restored wild-type disc length (Figure 3.6I) or 

length:width ratio (Figure 3.6J). However, SALPKO+SALP had a significantly shorter disc length 

than the KO line (Figure 3.6I), and SALPKO+SALP, SALPKO+SALPhead, and 

SALPKO+SALPtail all had a lower length:width ratio than the SALPKO line (Figure 3.6J). 

Expression of full beta-giardin or beta-giardin tail domain failed to restore wild-type flow 

resistance 

bGKO+bG and bGKO+bGtail lines were challenged by flow as described previously. Both lines 

have significantly decreased attachment as compared to wild-type cells, with bGKO+bG 
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remaining attached approximately 50% of the time, and bGKO+bGtail remaining attached 

approximately 25% of the time (Figure 3.7A). 

dGKO+dG and dGKO+dGhead cells also failed to remain adhered when challenged by 

flow 

When dGKO+dG cells were challenged by flow, about 30% remained attached (Figure 3.7B). 

Sixty percent of dGKO+dGhead cells resisted flow challenge, and both lines were significantly 

worse at remaining attached when compared to a wild-type control (Figure 3.7B). 

Expression of SALP1 head and tail domains in SALPKO did not restore wild-type 

attachment 

SALPKO+SALP cells did not recover wild-type attachment rates but were significantly better at 

remaining attached than SALPKO cells (Figure 3.7C). SALPKO+SALPhead cell attachment was 

indistinguishable from SALPKO attachment, and significantly worse than wild-type (Figure 

3.7C). Despite restoring visual wild-type disc appearance, SALPKO+SALPtail cells did not 

return to wild-type flow resistance (Figure 3.7C). However, SALPKO+SALPtail cells did remain 

attached significantly more than SALPKO cells. 

 

Discussion 

Giardia microribbon proteins provide insight into ventral disc mediated attachment 

The critical role of disc-mediated attachment in Giardia pathogenesis has received remarkably 

little attention in the last 50 years, and prior work has been largely descriptive2. The work we 

have completed in this study on disc structure and function allow us to address a fundamental 

question in parasitology – how does Giardia attach to the host via the ventral disc? MR-CB 

DAPs are among the most abundant proteins in the disc2, and the conspicuous MR-CB complex 
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associated with the entire ventral disc MT spiral array has been described for 50 years25, yet its 

structural or functional role in attachment has only recently been discussed26. 

SF-assemblins perform structural roles across organism clades 

Three out of the four known microribbon proteins are SF-assemblins19. Thus, we can compare 

the activity of Striated Fiber Assemblins in other organisms to the role these proteins play in 

Giardia. The SF-assemblin of the green algae Chlamydomonas reinhardtii is associated with the 

flagellar root microtubules18, which help organize the flagella and coordinate the cytoskeleton 

during mitosis27. It was the self-assembly properties of Chlamydomonas SFA that was 

characterized in vitro with a domain analysis, which described the head domain as essential for 

assembly22. Striated Fibers in the ciliate Tetrahymena thermophila, also called kinetodesmal 

fibers in this organism, are necessary for proper cytoskeletal organization by providing physical 

bracing against the forces of ciliary beating28. Specifically, a Tetrahymena SFA, called DisAp, is 

required for maintenance of the ciliary array28,29. In Giardia, Chlamydomonas, and Tetrahymena, 

SFAs are responsible for maintaining cytoskeletal morphology. 

Prior work targeted specifically at understanding the role of the SFA homologues in 

Giardia, is scarce. However, current hypotheses propose that beta-giardin, delta-giardin, and 

SALP1 polymerize into the initial MR complex that enables other MR-associated proteins to 

later assemble into the MR-CB complex10. The lack of known MR-CB proteins has restricted 

functional experiments targeting the MRs, and prevented functional work on the CBs. Only one 

non-SFA protein, gamma-giardin, is known to be part of the Microribbons30, and there are 

currently no confirmed Crossbridge proteins. Finding additional MR proteins and identifying CB 

proteins is a key step to further understanding MR-CB structure and the ventral disc as a whole. 

Structural impacts of SFA knockouts on the MR-CB complex 
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The inability of MR SFA KO cells to form wild-type discs suggests a key role for the MR-CB 

complex in stabilizing the disc structure. At minimum, beta-giardin, delta-giardin, and SALP1 are 

needed to maintain the disc’s shape, and these proteins, or the microribbons as a whole, may 

play a role in disc formation during development of new discs during cell replication. One 

question about ventral disc formation has been whether the MR-CB complex is responsible for 

shaping the microtubule spiral, or whether other MAPs and MIPs are responsible for the curved 

microtubules, and the MR-CB complex forms on top. Our work has shown that microribbon 

proteins are necessary to maintain the typical shape of the microtubule spiral, suggesting that it 

is the MR-CB complex that shapes the tubulin spiral. 

 In all three microribbon protein knockout lines, the length:width ratio of the discs grew 

closer to 1, when compared to the negative control lines. If microtubules in the wild-type disc are 

under strain and the unique shape of the disc is maintained by the microribbons and 

crossbridges, any perturbation of this connection could “loosen” the disc spiral. It is possible that 

the knockout discs are “relaxing” into a more circular shape. 

 When thinking about the critical role of MR-CB proteins, and how different MR SFA 

knockdowns have different phenotypes, examining MR and CB substructure may provide 

insight. Different regions of the MR-CB complex (Figure 3.8B, 8C) may be associated with 

different functions, and we expect different structural and functional phenotypes dependent on 

their localization within the trilaminar MR-CB complex. As discussed in the Introduction, 

microribbons are trilaminar and an outer and inner layer. Additionally, microribbons are attached 

to the microtubule disc, but it is unknown if Giardia SFAs bind directly to tubulin or if there are 

intermediary proteins. Certain microribbon proteins may specialize in binding the crossbridges 

but play no role in the formation of the microribbons themselves. Thus, we predict specific MR-

CB and disc phenotypes associated with knockdowns of proteins of various MR-CB 
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sublocalization (Figure 3.8B, 8C). Notably, we predict loss of disc three-dimensional dome 

shape in all hypothetical KOs, as connections between parallel MRs are severed or weakened. 

bGKO cells either specifically mislocalize delta-giardin, or fail to properly form 

microribbons 

Delta-giardin fails to localize properly in bGKO cells which supports an interaction 

between these SFAs. Specifically, there is no clearly defined disc in the bGKO strain, and delta-

giardin signal is distributed throughout the cell body, with occasional foci. Thinking about the 

trilaminar microribbon structure, beta-giardin could be a core microribbon protein (Figure 3.8B), 

without which microribbon formation fails to take place. Cells without proper MR-CB complex 

formation to flatten out and become unable to maintain the disc dome shape. On the other 

hand, beta-giardin could have a much more specific role in the periphery, working closely in 

tandem with delta-giardin, and is needed for specifically delta-giardin localization. Alpha-tubulin 

staining in both wild-type and knockout cells only highlights the periphery of the disc, and does 

not penetrate into the disc body. Thus, we see that at least the outer portion of the disc is intact 

in bGKO cells, albeit with an altered shape. Taken in tandem with the idea that the MR-CB 

drives the tubulin spiral formation, this suggests that microribbons are at least present at the 

disc edge. At 400 nm, microribbons are at the limit of resolution by super resolution light 

microscopy, so direct visual examination of the microribbons would require additional imaging 

using electron microscopy. 

Delta-giardin and SALP1 play a similar role in the microribbons and may localize to the 

same substructural region 

The dGKO and SALPKO lines had similar phenotypes, and the microribbons were visible with a 

beta-giardin stain. Unlike the bGKO line, delta-giardin localized properly in the SALPKO line. In 

these lines, degradation of the disc occurred in both the MR-CB complex and in the microtubule 
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spiral, as visualized with an alpha-tubulin stain. If microribbons are forming properly, then delta-

giardin and SALP1 could have a role in connecting microribbons and crossbridges necessary 

for the disc shape. It is also possible that delta-giardin and SALP1 are in the outer microribbon 

layer (Figure 3.8C) and beta-giardin in the inner layer (Figure 3.8B). Thus beta-giardin would 

properly localize and form the initial microribbon structure, but further development would cease 

(Figure 3.8B). dGKO discs and bare areas being larger in area than wild-type supports the 

“loosening spiral” hypothesis, where microtubules are relaxing into a more circular shape. 

Overall, the dGKO and SALPKO lines suggest a break in the MR-CB connection, but further 

study with electron microscopy is needed to see whether microribbon formation is occurring 

fully. 

Role of SFA domain structure on disc assembly 

In order to analyze the impact of different domains on the selected microribbon protein function, 

we performed a domain complementation analysis on the MR SFA knockout lines. As mentioned 

previously, SF-assemblins have a disorganized head domain followed by a series of coiled-coil 

repeats22,23. Work by Lechtreck22 found that both the head and coiled-coil domains were 

necessary for the formation of fibrous structures by Chlamydomonas SF-assemblin in vitro 

(Figure 3.8D). Following up on his work, we decided to see if exogenous expression of only 

head or tail domains of the microribbon proteins could restore a wild-type disc phenotype in the 

associated KO line. We also complemented our KOs with a full-length version of the respective 

protein. Full gene complements restored visual wild-type appearance in all our KO lines but did 

not restore wild-type disc dimensions. Daughter discs are formed de novo during cellular 

replication, so it is unlikely that structural inheritance is preventing restoration of wild-type 

measurements. Complement copies of the gene were expressed exogenously, with an unknown 

number of plasmids retained by Giardia cells to withstand selection. Therefore, a difference in 
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the number of complement copies of the gene and the number of copies that were knocked out 

might explain the differences in measurements seen. 

Expressing only the beta-giardin tail domain in the bGKO line was insufficient to restore 

wild-type appearance. Discs with enlarged bare areas and detached overlap zones were 

prominent in the population. Interestingly, the beta-giardin tail domain was sufficient to partially 

restore delta-giardin localization. In bGKO+bGtail cells, some cells had ventral discs visible by 

delta-giardin staining; mislocalization was limited to streaks or clumps of signal outside the disc, 

in contrast to the full cell stain in bGKO cells. It is possible that delta-giardin, or other micoribbon 

proteins interact with the beta-giardin tail domain, thus the presence of this fragment is enough 

to recruit them to the disc. However, the lack of wild-type disc formation suggests the beta-

giardin head domain plays a key role in this process. 

 Expressing the delta-giardin head domain was unable to restore wild-type disc 

appearance in dGKO cells. The delta-giardin head domain is a small fragment of the full protein 

size, and the tail domain is a necessary component of this protein’s function. 

 The SALP1 tail domain by itself was enough to restore a wild-type disc appearance in 

SALPKO cells. While disc dimensions remained significantly different than wild-type cells, it 

appears that the SALP1 tail domain is able to function sufficiently on its own. This contrasts our 

findings with the beta-giardin tail domain and may reflect the evolutionary difference between 

these two proteins. Alternatively, SALP1 may have a more peripheral role, either literally at the 

outer edge of the microribbons, or is otherwise more easily compensated for, such that these 

discs are able to remain intact. As anticipated, SALP1 head domain expression was unable to 

restore SALPKO discs. 

The MR-CB complex contributes to disc hyperstability 
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The disc as a hyperstable microtubule organelle was discussed in prior research4. Briefly, wild-

type ventral discs are neither affected by the tubulin drugs Taxol or nocodazole, nor extraction 

with detergent and 2M KCl4. Knocking out disc proteins may make the disc vulnerable, as was 

seen previously. dGKO and SALPKO discs were extracted following the previous protocol4, and 

stained with anti-beta-giardin to determine if further disc breakdown occurred beyond the 

phenotypes discussed in Figure 3.3C, 4C. Our observations of greater disc disruption, 

especially in the SALPKO line, suggests that delta-giardin and SALP1 contribute to 

hyperstability. The MR-CB complex in general may also shield the disc microtubules from the 

dynamic instability found in other organisms. 

Implications of the MR-CB on disc contraction and/or attachment 

Early work on Giardia attachment put forth a “hydrodynamic model” whereby fluid, drawn by 

beating flagella, would flow through channels in an immotile disc producing a current-based 

suction3. However, a more recent study examining mutants with flagellar motility defects found 

that attachment does not require flagellar beat31. Thus, novel attachment hypotheses shift focus 

to the disc as the primary agent of attachment. A new study has shown evidence for a “disc 

contraction” hypothesis, where a flexible disc compresses or constricts arms of the microtubule 

spiral to physically change disc conformation and generate suction force26. 

To connect the impact that microribbon protein KO disc phenotypes have on the disc’s 

ability to attach to a surface and the role of microribbons in attachment, we performed a 

quantitative flow assay by challenging our KO lines to shear flow stress. In all MR SFA KO lines, 

we observe a decrease in attachment ability when compared to a wild-type control. Thus, we 

confirm that an intact disc is an essential component of Giardia attachment. We also see that 

the dGKO and SALPKO lines are more heavily impacted in their ability to attach than the bGKO 

line. It is possible that this finding supports a more peripheral role for beta-giardin, and a linear 

relationship between severity of disc phenotype and attachment ability. Notably, not all cells 
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were detached by flow, even in the dGKO and SALPKO lines, and this may connect to the 

variation in phenotype observed in these lines. 

Overall significance 

Our work has shown that the MR-CB complex is an essential component of disc organization 

and is responsible for maintaining the unique structure of the disc microtubule spiral. In 

particular, the proteins beta-giardin, delta-giardin, and SALP1 all play key roles in disc stability 

and maintenance, which in turn, is essential for cell attachment. This study has opened the door 

for further work on beta-giardin, delta-giardin, and SALP1, to understand the mechanisms and 

protein interactions behind disc assembly, and perhaps on the nature of SFA self-assembly as a 

whole. Additionally, the close association of the MR SFAs with the disc microtubule spiral is ripe 

for exploring to understand how the rigorous conformation of these microtubules is manipulated 

and maintained. 

 

Materials and Methods 

Giardia culture, electroporation, and creation of KO mutants 

Giardia lamblia trophozoites (strain WBC6, ATCC 50803) were grown at 37°C in 16 ml screw 

cap culture tubes (BD Falcon), no shaking. Culture medium was 12 ml modified TYI-S-33 with 

added bovine bile, 5% adult and 5% fetal bovine serum. Either at full confluence, or after a 48-

hour period, tubes were placed on ice for 15 minutes and subcultured by transferring 

unattached trophozoites (1 ml) to fresh medium. 

 Electroporation of plasmids or linear homology-directed repair (HDR) templates into 

Giardia were performed as previously described4. 40 µg DNA and 1 x 107 trophozoites were 

used in each electroporation. After electric shock, cells were moved to culture tubes as 
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described above, and incubated at 37°C. Media was exchanged for fresh media every 48 hours. 

Initial concentration of antibiotic used for selection were as follows: puromycin (12.5 µg/ml), 

blasticidin (75 µg/ml), hygromycin B gold (600 µg/ml), and G418 (150 µg/ml). Upon reaching 

50% confluency or greater, a higher concentration of antibiotic was used as follows: puromycin 

(50 µg/ml), blasticidin (150 µg/ml), hygromycin B gold (1200 µg/ml), and G418 (600 µg/ml). 

 To get clonal lines, we used dilution in 96 well tissue culture plates (Corning). Cells were 

diluted to 0.5 cells/well, and plates were incubated at 37°C in Mitsubishi AnaeroPack 2.5L jars 

with a Mitsubishi AnaeroPack-Anaero Gas Generator (ThermoScientific) for 7 days. Wells were 

screened for cell growth, and plates were incubated on ice for 1 hour to detach cells. Samples 

were taken for PCR screening, and the remainder was transferred to 8 ml screw cap culture 

tubes (BD Falcon) at 37°C. Upon reaching 50% confluence, cells were incubated on ice for 15 

minutes, and 2 ml of trophozoites were transferred to a standard culture tube for continued 

culturing. 

Creation of the Cas9/gRNA vector and HDR templates for MR DAP knockout lines 

The Cas9/gRNA vector used has been described previously21. Using the CRISPR ‘Design and 

Analyze Guides’ tool from Benchling (https://benchling.com/crispr), we selected 20 nt gRNA 

sequences with an NGG PAM sequence from the Giardia lamblia ATCC 50803 genome 

(GenBank Assembly GCA_000002435.1). The following gRNA oligo sequences were selected 

and ordered: beta-giardin forward (5’-caaaCCGTACGCTCACCCAGACGA-3’), beta-giardin 

reverse (5’-aaacTCGTCTGGGTGAGCGTACGG-3’), delta-giardin forward (5’-caaa 

ACTTTCACGAGGACTTCAAG-3’), delta-giardin reverse (5’-aaac 

CTTGAAGTCCTCGTGAAAGT-3’), SALP1 forward (5’-caaaCGATGACCGCGAGCTACGTG-3’), 

and SALP1 reverse (5’-aaacCACGTAGCTCGCGGTCATCG-3’). These included 4-base 

overhangs to complement the vector overhangs when annealed and ligated. 
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 HDR templates for the beta-giardin and delta-giardin knockouts were the 750 bp up and 

downstream of the double stranded break site, combined with either the blasticidin or 

hygromycin B gold cassette described previously26. The SALP1 HDR template used 610 bp 

upstream and 415 bp downstream of the double stranded break, combined with the templates 

above, to minimize impact on surrounding genes in the Giardia genome. Mutations were made 

within the gRNA target site to prevent HDR cutting by Cas9. The HDR templates were 

synthesized (Twist Biosciences), and linear templates for use in electroporation were PCR 

amplified using Phusion DNA polymerase (New England Biolabs) with M13 Forward and M13 

Reverse primers. PCR product was purified and concentrated with Zymo Research Clean and 

Concentrator-25 columns. 

Generation of MR DAP quadruple knockout lines 

The completed Cas9/gRNA plasmid specific to each MR DAP was electroporated into wild type 

WBC6, as described above. The Cas9/gRNA was maintained through constant puromycin 

selection. The linear HDR templates were introduced into their respective Cas9/gRNA lines via 

two sequential electroporations, first the modified blasticidin HDR, then the modified hygromycin 

HDR. After the second HDR cassette was introduced, cells were cloned out (see above) and 

clones were sampled. Samples were analyzed by PCR with a PHIRE Tissue Direct PCR Master 

Mix kit (ThermoScientific), using primers beta-giardinLeftF (5’-TGCTTTGGAAGCTTACGCAC-

3’), beta-giardinRightR (5’-GCTTTGTGACCATCGAGAGG-3’), delta-giardinLeftF (5’-

CGGCGTTTAAGGGACCAGTG-3’), delta-giardinRightR (5’-TAAGCTCTCCCAAGGCAGCG-3’), 

SALP1LeftF (5’-TCTGGATCGCATACCTCTGC-3’), and SALP1RightR (5’-

TGGCCACTTCAGAGTCTAGC-3’). The insertion of HDR cassettes was detected by the 

presence of longer amplicons than what was amplified from wild type gene sequences. 

Quadruple knockouts were detected by absence of any amplicons that corresponded in length 
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to wild type gene sequences. Quadruple knockout clones were selected as follows: beta-giardin 

KO (3G2), delta-giardin KO (1B4), SALP1 KO (1D1). 

Design and creation of MR DAP complement lines 

Complement lines were described as full-length complement, head domain only, or tail domain 

only. Head domains were defined by consulting relevant literature and examining the structure 

of the three MR DAPs. The general structure of SF-assemblins has been described 

previously19,22–24. Holberton23 described the beta-giardin head domain as 19 amino acids, and 

Lechtreck22 found that a deletion of 19 amino acid residues from the N-terminus of beta-giardin 

was sufficient to disrupt in vitro paracrystal formation. In this paper, we defined the following 

sequence as the beta-giardin head domain (N-MDKPDDLTRSATETAVKLS-C). The tail domain 

for beta-giardin, and all tail domains in this paper, was defined as the remaining sequence of 

amino acids not in the head domain. The delta-giardin head domain was defined by consulting 

an alignment of the Giardia SFAs found in the literature19, and our own analysis (see Chapter 1). 

Comparing the beta-giardin and delta-giardin alignments, we defined delta-giardin’s head 

domain as the first 31 amino acid residues (N-MTTVSTSFSLKDRLAKINSRVTDFHEDFKRQ-C). 

Palm19 describes SALP1 as not possessing a head domain, but we observe a similar pattern in 

amino acid periodicity as the other Giardia SFAs, and defined the SALP1 head domain as the 

first 25 residues (N-MFSVRADPTKSRLNVIDSHTSEFMV-C). Head, tail, and full-length 

sequences were synthesized (Twist Biosciences), and inserted into an expression vector. 

Complementation vectors were electroporated into quadruple knockout lines, described above. 

Immunofluorescence staining of MR DAP knockouts and other lines 

Giardia to be immunostained were either allowed to attach live to coverslips or were fixed in 

culture medium and settled on coverslips. Giardia trophozoites were grown to confluence in 12 

ml of culture medium at 37°C before harvesting. To attach cells to coverslips before fixation, 
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culture tubes were placed on ice for 15 minutes, then spun down at 900 x g for 5 minutes. Cells 

were washed three times with 5 ml HEPES-buffered saline (HBS, 137 mM NaCl, 21 mM 

HEPES, 5.55 mM glucose, 5 mM KCl, 0.76 mM Na2HPO4), resuspended in 1 ml of HBS, after 

which, cells were added to coverslips, 500 µl each, inside an 8 well plate. Cells were allowed to 

attach to coverslips inside a humidified chamber for 20 minutes at 37°C. After attachment, HBS 

was aspirated via pipette, and 2 ml of 4% paraformaldehyde in HBS, pH 7.4, was added onto 

each coverslip. Cells were fixed for 2 minutes, before being aspirated and washed three times 

with 2 ml PEM (100 mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)], 1 mM EGTA, 0.1 

mM MgSO4 pH 6.9). 

To settle fixed Giardia on coverslips, 375 µl of 32% paraformaldehyde was added to a 

confluent 12 ml culture tube (1% final concentration) for 10 minutes at 37°C. After, the tube was 

spun down at 900 x g for 5 minutes and washed once with HBS. Cells were resuspended in 1 

ml of HBS, added to 2 poly-L-lysine coated coverslips, 500 µl each, and incubated to 15 minutes 

at room temperature. Coverslips were then washed three times with 2 ml PEM. 

Following the above, the protocol is the same for both attached and settled cells. 

Paraformaldehyde in fixed, washed cells was quenched for 5 minutes by incubating in 0.125 M 

glycine at room temperature. Cells were then washed again for three times with PEM, and 

permeabilized with 0.1% Triton X-100 for 10 minutes. Coverslips were washed three times with 

PEM and blocked with 2 ml PEMBLG (PEM with 1% bovine serum albumin, 100 mM lysine, 

0.5% cold-water fish skin gelatin [Sigma, St Louis, MO]) for 30 minutes. Coverslips were 

incubated overnight at 4°C in one or more of the following antibodies: anti-beta-giardin (1:1000), 

anti-delta-giardin (1:1000), or anti-TAT1 (1:500). Anti-beta and delta-giardin are gifts of Mark 

Jenkins, USDA, and anti-TAT1 is a mouse monoclonal antibody against alpha-tubulin, and a gift 

of Keith Gull (University of Oxford, UK). Coverslips were washed three times in PEMBLG and 

incubated with the following for three hours at room temperature: goat anti-rabbit and/or goat 
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anti-mouse Alexa Flour 488, 594, or 647 antibodies (1:1000, Life Technologies). Coverslips 

were washed three times with PEMBLG, followed by three times with PEM and mounted in 

Prolong Diamond antifade reagent (Invitrogen). All imaging experiments were performed with at 

least three biologically independent samples. 

Acquisition of wide-field fluorescence images and 3D SIM super-resolution images 

Single or multi-focal plane images were acquired with a Leica DMI 6000 wide-field inverted 

fluorescence microscope, using the 100x or 40x objective, and µManager image acquisition 

software. 

For super-resolution images of fluorescently tagged MR KO cell lines, 3D stacks were 

collected at 0.1 µm intervals using a Nikon N Structured Illumination Super-resolution 

Microscope with a 100x/NA 1.49 objective, 100 EX V-R diffraction grating, and an Andor iXon3 

DU-897E EMCCD. Images were acquired and reconstructed using NIS-Elements software 

(Nikon), in the “3D-SIM” mode. Images were reconstructed in the “Reconstruct Slice” mode and 

were only used if the score was 8. 

Assay quantifying attachment and resistance to shear flow force 

Giardia trophozoites were cultured in 12 ml culture medium until full confluency. Cells were iced 

for 15 minutes, washed with HBS, and stained with either CellMask orange or green 

(ThermoFisher) for 10 minutes. Cells were then washed with HBS and added to an Ibidi mSlide 

VI 0.4 flow chamber. Images of cells at a concentration of 2 million per ml were taken with a 40x 

objective on a Leica DMI 6000 wide-field microscope. Fluorescent images were acquired of 

attached cells before and after flow challenge for 20 seconds at a rate of 3 ml/minute. DIC 

images were taken at a rate of 1 per second for 20 seconds pre-challenge, during challenge, 

and for 20 seconds post-challenge. Cells were permitted to attach for 5 minutes prior to 

challenge. Pre- and post-challenge fluorescence images were compared; cells that remained in 
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place were considered resisting flow, cells that did not remain in place were unable to resist 

flow. 

Biochemical extraction of the ventral disc 

In order to test whether SFA knockouts affected the hyperstable nature of Giardia’s ventral disc, 

we performed a biochemical disc isolation as previously described4,11. One tube of Giardia 

trophozoites per cell line were cultured as described above until fully confluent. Cells were then 

washed with HBS and resuspended in 1 ml of 0.5x HBS/1x PHEM (60 mM PIPES, 25 mM 

HEPES, 10 mM EGTA, 1 mM MgCl2, pH 7.4) containing 1% Triton X-100, 1 M KCl and 1× HALT 

protease inhibitor cocktail (Roche). The resuspensions were transferred to 1.8 ml Eppendorf 

tubes and vortexed for 30 min (VWR Vortex-Genie2, vortex speed setting at 5) to extract 

cytoskeletons. Extracted cytoskeletons were centrifuged at 3000 x g for 5 minutes. The 

supernatant was discarded and the pellets were washed twice in 1 ml 0.5x HBS/1x PHEM, 

before being resuspended in 1 ml 0.5x HBS/1x PHEM. To image the state of the extracted 

discs, 500 µl of the isolated cytoskeletons was added each to two poly-L-lysine treated 

coverslips and settled for 15 minutes. The cytoskeletal preparations were fixed with 4% 

paraformaldehyde in HBS for 2 minutes and quenched with 250 mM glycine for 5 minutes, 

before proceeding with the remaining immunofluorescence protocol. 
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Figures 

Figure 3.1: Giardia possesses three SF-assemblin homologs in its ventral disc 
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A) Schematic representation of a Giardia cell, with the ventral disc outlined in pink, and the disc 

MT spiral depicted in blue. A zoom in on the disc spiral reveals micoribbons extending down the 

length of disc MTs, and crossbridges regularly connecting microribbons. B) Wild-type cells were 

stained with anti-beta-giardin or anti-delta-giardin to depict the localization of these proteins to 

the ventral disc. A C-terminal GFP tagged SALP1 also shows this protein’s localization to the 

ventral disc. C) AlphaFold predictions of beta-giardin, delta-giardin, and SALP1 structure. N-

termini, oriented towards the left, all show an unstructured head domain. D) Schematic of SF-

assemblin family tree (see Chapter 1). The SF-assemblin family of proteins breaks into three 

main groups, with various subgroups below. Giardia’s SFA homologs can be found in Group II-

B. E) Detailed tree of excavate SFA proteins. The three Giardia SFAs have been highlighted in 

red. 
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Figure 3.2: bGKO mislocalizes delta-giardin and possesses altered disc dimensions 
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A) Structured Illumination Microscopy (SIM) imaging of wild-type and bGKO cells stained with 

anti-delta-giardin, to show mislocalization of delta-giardin in bGKO cells. Wide-field imaging of 

bGKO+bG cells to show restoration of anti-delta-giardin localization to the ventral disc. B) Wide-

field image of wild-type and bGKO cells stained with anti-delta-giardin. C) Wide-field image of 

wild-type and bGKO cells stained with anti-alpha-tubulin, showing disc periphery, which was 

used for disc dimensional measurements in bGKO cells. D) Length and width measurements of 

discs in wild-type (WBC6), strains expressing only a Cas9 targeting beta-giardin, bGKO, and 

bGKO+bG lines, showing longer and thinner bGKO discs.     represents p value <0.001. E) 

Disc lengths and widths were compared via a ratio; bGKO discs are more circular. Discs in wild-

type (WBC6), strains expressing only a Cas9 targeting beta-giardin, bGKO, and bGKO+bG lines 

were measured. 
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Figure 3.3: dGKO has a disrupted disc spiral 

 



89 

 

A) Structured Illumination Microscopy (SIM) imaging of wild-type and dGKO cells stained with 

anti-beta-giardin to illustrate a broken disc spiral. Wide-field imaging of dGKO+dG cells to show 

restoration of full disc phenotype. B) Wide-field image of wild-type and dGKO cells stained with 

anti-beta-giardin. C) Phenotype analysis of wild-type and dGKO strains stained with anti-beta-

giardin. Discs were classified as the following: disc with full structure present, indistinguishable 

from wild-type (full disc); arms of the disc spiral breaking apart and becoming disjointed (frayed 

disc); loss of disc material such that a full disc cannot be formed (horseshoe); intact arms of 
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spiral, but overlap zone has come undone (unhinged). D) Length and width measurements of 

discs in wild-type (WBC6), strains expressing only a Cas9 targeting delta-giardin, dGKO, and 

dGKO+dG lines.   represents p value <0.05,    represents p value <0.01,     represents p value 

<0.001, and ns is not significant. E) Disc lengths and widths were compared via a ratio. Discs in 

wild-type (WBC6), strains expressing only a Cas9 targeting delta-giardin, dGKO, and dGKO+dG 

lines were measured. F) Disc area measurements were taken in Fiji (ImageJ) using the 

“Thresholding” and “Particle Analysis” features, excluding the space left by the bare area. Area 

measurements were performed using wild-type (WBC6) or dGKO cells stained with anti-beta-

giardin. G) Area of the bare area was also measured using the same functions as in (F). H) A 

hyperstability analysis using detergent and salt to extract discs4 was performed on wild-type and 

dGKO cells. Cells were stained with anti-beta-giardin for analysis. 

  



91 

Figure 3.4: SALPKO discs have a similar appearance to dGKO discs 
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A) Structured Illumination Microscopy (SIM) imaging of wild-type and SALPKO cells stained with 

anti-beta-giardin showed similar phenotypes as dGKO cells. Wide-field imaging of 

SALPKO+SALP cells to show restoration of full disc phenotype. B) Wide-field image of wild-type 

and SALPKO cells stained with anti-beta-giardin. C) Phenotype analysis of wild-type and 

SALPKO strains stained with anti-beta-giardin. Discs were classified as the following: disc with 

full structure present, indistinguishable from wild-type (full disc); arms of the disc spiral breaking 

apart and becoming disjointed (frayed disc); loss of disc material such that a full disc cannot be 

formed (horseshoe); intact arms of spiral but overlap zone has come undone (unhinged). D) 

Wide-field imaging of wild-type and SALPKO cells stained with anti-delta-giardin to show 

consistency of microribbon appearance across available immunostains. E) Length and width 

measurements of discs in wild-type (WBC6), strains expressing only a Cas9 targeting SALP1, 

SALPKO, and SALPKO+SALP lines.   represents p value <0.05,     represents p value <0.001, 

and ns is not significant. F) Disc lengths and widths were compared via a ratio. Discs in wild-

type (WBC6), strains expressing only a Cas9 targeting SALP1, SALPKO, and SALPKO+SALP 

lines were measured. G) Disc area measurements were taken in Fiji (ImageJ) using the 

“Thresholding” and “Particle Analysis” features, excluding the space left by the bare area. Area 

measurements were performed using wild-type (WBC6) or SALPKO cells stained with anti-beta-

giardin. H) Area of the bare area was also measured using the same functions as in (G). I) A 

hyperstability analysis using detergent and salt to extract discs4 was performed on wild-type and 

SALPKO cells. Cells were stained with anti-beta-giardin for analysis. 
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Figure 3.5: A biophysical flow assay reveals a defect in MR SFA KO cell attachment 
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A biophysical flow assay was performed to gauge MR KO cells’ ability to remain attached to a 

surface while experiencing shear flow force. A) Schematic of flow assay set up. Giardia cells are 

injected into a flow chamber allowed to attach for 5 minutes. The flow chamber is visualized on 

a wide-field microscope. Buffer is pumped into the flow chamber at a rate of 3 ml/minute for 20 

seconds to gauge attachment ability, and cells and buffer are collected into a waste container. 

B) Visualization of attachment data for wild-type cells (WBC6). An image of cells stained with 

cellmask orange was aquired before flow challenge and false colored red. This image was 

dGKO

SALPKO

D

E
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overlaid with an image taken immediately after flow challenge and false colored green. Yellow 

cells have remained in place before and after flow, red cells have been detached by flow, and 

green cells attached after flow was completed. C) Quantitation of wild-type (WBC6), a line 

expressing only a Cas9 construct targeting beta-giardin, bGKO, and bGKO+bG resistance to 

flow challenge. Only cells present before challenge were included in quantitation. Visualization 

of attachment data for bGKO in the manner described in (B).   represents p value <0.05,    

represents p value <0.01, and ns is not significant. D) Quantitation of wild-type (WBC6), a line 

expressing only a Cas9 construct targeting delta-giardin, dGKO, and dGKO+dG resistance to 

flow challenge. Only cells present before challenge were included in quantitation. Visualization 

of attachment data for dGKO in the manner described in (B).     represents p value <0.001. E) 

Quantitation of wild-type (WBC6), a line expressing only a Cas9 construct targeting SALP1, 

SALPKO, and SALPKO+SALP resistance to flow challenge. Only cells present before challenge 

were included in quantitation. Visualization of attachment data for SALPKO in the manner 

described in (B). 
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Figure 3.6: The head domain is necessary for restoration of bGKO cells, but not for 

SALPKO cells 
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To determine the role of the SFA head and tail domains with respect to Giardia MR proteins, a 

series of partial SFA protein expression lines were constructed. A) Schematic of the general SF-

assemblin layout: unstructured N-terminal head domain, and a coiled coil tail domain. One 

hypothesis of SFA self-assembly is a head-tail interaction22 to form fibers, which in Giardia 

would be the microribbons. B) Anti-delta-giardin staining of bGKO+bG and bGKO+bGtail. Delta-

giardin properly localized to the ventral disc in the bGKO+bG line, and in some bGKO+bGtail 

cells. However, streaks of anti-delta-giardin signal were still visible in the cytoplasm of some 

bGKO+bGtail cells, and bGKO+bGtail ventral discs still had defects. C) Ventral disc length and 

width measurements in the wild-type (WBC6), bGKO, bGKO+bG, and bGKO+bGtail lines. 

Measurements were performed on cells stained with anti-alpha-tubulin.    represents p value 

<0.01, and     represents p value <0.001. D) Ventral disc length and width ratio in the wild-type 

(WBC6), bGKO, bGKO+bG, and bGKO+bGtail lines. Measurements were performed on cells 

stained with anti-alpha-tubulin. E) Anti-beta-giardin staining of dGKO+dG and dGKO+dGhead. 

dGKO+dGhead cells still had defects in their ventral discs. F) Ventral disc length and width 

measurements in the wild-type (WBC6), dGKO, dGKO+dG, and dGKO+dGhead lines. 

Measurements were performed on cells stained with anti-beta-giardin. ns represents not 

significant. G) Ventral disc length and width ratio in the wild-type (WBC6), dGKO, dGKO+dG, 

and dGKO+dGhead lines. Measurements were performed on cells stained with anti-beta-

giardin. H) Anti-delta-giardin staining of SALPKO+SALP, SALPKO+SALPhead, and 

SALPKO+SALPtail. SALPKO+SALPhead cells still had defects in their ventral discs, but 

SALPKO+SALPtail cells were visually similar to SALPKO+SALP cells. I) Ventral disc length and 

width measurements in the wild-type (WBC6), SALPKO, SALPKO+SALP, SALPKO+SALPhead, 

and SALPKO+SALPtail lines. Measurements were performed on cells stained with anti-beta-

giardin.   represents p value <0.05. J) Ventral disc length and width ratio in the wild-type 

(WBC6), SALPKO, SALPKO+SALP, SALPKO+SALPhead and SALPKO+SALPtail lines. 

Measurements were performed on cells stained with anti-beta-giardin.  
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Figure 3.7: Exogenously expressed partial SFA constructs were unable to restore 

resistance to flow 

 

Shear flow challenge assay was performed against the exogenously expressed SFA domain 

analysis lines. A) bGKO, bGKO+bG, and bGKO+bGtail cells were compared to a wild-type 

(WBC6) control. B) dGKO, dGKO+dG, and dGKO+dGhead cells were compared to a wild-type 

(WBC6) control. C) SALPKO, SALPKO+SALP, SALPKO+SALPhead, and SALPKO+SALPtail 

cells were compared to a wild-type (WBC6) control. 
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Figure 3.8: MR SFAs may play different roles depending on sub-MR-CB localization 
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A) Schematic representation of the ventral disc and zoom in on the MR-CB complex. B) As 

discussed in the Introduction, microribbons are trilaminar and have an outer and inner layer. 

Knockout lines targeting core microribbon proteins and proteins involved with binding the MR-

CB complex to the disc may highly disrupt MR-CB and disc formation. Beta-giardin could be a 

core MR protein; bGKO mislocalized delta-giardin, and this could be indicative of failure to form 

MRs. C) Outer MR proteins, and MR proteins that specialize in binding the crossbridges but 

play no role in the formation of the microribbons themselves may have less severe KO 

phenotypes. Delta-giardin and SALP1 could be outer MR proteins or bind CB proteins. Notably, 

we predict loss of disc three-dimensional dome shape in all hypothetical KOs, as connections 

between parallel MRs are severed or weakened. D) Diagram depicting SFA head and tail 

domain hypothesis of Striated Fiber formation. E) Summary of MR SFA domain analysis, 

showing restoration of wild-type disc appearance in bGKO+bG, dGKO+dG, SALPKO+SALP, 

and SALPKO+SALPtail lines. bGKO+bGtail, dGKO+dGhead, and SALPKO+SALPhead lines 

retained disrupted disc structure. bGKO+bGhead and dGKO+dGtail lines are a work in 

progress.  

E
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Abstract 

Giardia lamblia is a protist parasite that colonizes the small intestine and causes significant 

diarrheal disease worldwide. Trophozoites attach to intestinal villi with the ventral disc, a dome-

shaped microtubule (MT) organelle that allows the parasite to attach to the lining of the host 

small intestine. Currently, the “hydrodynamic model” of attachment suggests that the disc 

creates a seal on the host cell surface. The ventral disc is comprised of a spiral MT array, where 

parallel MTs turn clockwise to form the dome shape. The microribbon-crossbridge (MR-CB) 

complex is a novel protein structure bound to the disc MT at regular intervals, and covers, 

almost completely covers all disc MTs. Additionally, crossbridges are thought to be flexible and 

mediate the process of disc-based attachment. Not only is the ventral disc an essential feature 

of Giardia infection, understanding the evolution and structure of unique MT organelles can 

shed light on how morphological diversity evolved in eukaryotes. We currently know of over 90 

disc-associated proteins (DAPs), yet the vast majority of these protein’s function in disc 

maintenance or attachment has not been characterized. While work on the MR-CB complex has 

begun to reveal its role in stabilizing the domed disc conformation, functional studies have been 

hampered by the small number of known MR-CB proteins. Four proteins, beta-giardin, delta-

giardin, SALP1, and gamma-giardin are currently known to be part of the microribbons, but no 

crossbridge proteins have been identified. In this study, we conducted a co-immunoprecipitation 

assay on known microribbon proteins to identify a set of novel MR-CB candidate proteins. We 

localized these candidates using fluorescent tags, as well as targeted them with sTable 

4.CRISPRi knockdowns and CRISPR knockouts. Mutant disc structure and function was 

assessed with light microscopy and a biophysical flow assay. In particular, a protein called 

GL50803_15376 shows promise, and has potential to be the first confirmed components of the 

crossbridges. We show that GL50803_15376 is essential for proper formation and maintenance 

of the disc spiral. Identifying new MR-CB proteins will help us understand the disc as a whole 
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and could provide key insights into the mechanisms of disc attachment. Generally, work on the 

ventral disc can also inform how cells build and maintain complex MT organelles. Lastly, 

identifying DAPs essential to the MR-CB complex would provide numerous new targets for drug 

treatment of Giardia. 

 

Introduction 

Giardia lamblia is an intestinal protozoan parasite that causes the diarrheal disease giardiasis1. 

Giardia colonizes the small intestine and can infect humans and animals worldwide1 by the 

consumption of cysts contaminating the food or water supply. Giardiasis can cause malnutrition 

or delayed development in children, and is a particular problem in regions of the world where 

water sanitation is less developed1. Giardia remains in cyst form until passing through the host 

stomach and into the duodenum of the small intestine, where they excyst into a trophozoite 

form1. Giardia trophozoites are motile and possess a unique morphology. They are teardrop 

shaped, have four pairs of flagella, and a ventral disc, a cup-shaped microtubule organelle that 

permits the parasite to adhere to host intestinal epithelial cells2. Successful attachment is 

considered necessary for the normal process of infection, and resistance to host peristaltic 

flow1. Currently, it is thought that the force that drives attachment is generated by the movement 

of the ventral disc and disc substructural elements in concert with hydrodynamic flow generated 

by beating of the flagella3. Additionally, we are able to observe attachment on glass coverslips 

and culture tubes, which suggests ligand interactions are unnecessary for attachment. The 

exact cellular and biophysical mechanisms that enable Giardia trophozoites to attach remain to 

be discovered, yet work presented in my dissertation (see Chapters 2-3) implicate a role for 

disc-associated proteins (DAPs) and complexes in the disc structure, hyperstability, and function 

in attachment. 
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 To better understand structural bases of Giardia attachment, I have focused on the 

understanding specific DAPs which are essential for building the molecular architecture of 

ventral disc. The disc is comprised of a highly organized spiral microtubule array with protein 

subcomplexes emerging dorsally from the microtubule spiral2. The spiral itself consists of 

roughly 100 parallel, equally distributed microtubules, twisting clockwise to form a dome2. A 

region where the upper and lower parts of the spiral cross is called the overlap zone2. The disc 

is highly sTable 4.in interphase, and treatment of Giardia cells with a high salt lysis buffer leaves 

intact discs behind4 (see Chapter 2). The ventral disc is also not sensitive to drugs that alter 

microtubule dynamics5. Thus, we term the disc “hyperstable”. Beyond the microtubule spiral, the 

disc is decorated with the microribbon-crossbridge (MR-CB) complex6,7, and repeating sidearm 

and paddle complexes, which nearly completely coat the disc microtubules8. The presence of 

such prominent structures has been proposed to mediate disc hyperstability8,9. 

 Several decades after the disc was first defined, microtubule-associated proteins, called 

‘giardins’ were isolated via a biochemical fractionation of the disc10. More recently, we have 

identified over 90 disc-associated proteins (DAPs) by proteomic analysis of isolated discs and 

used GFP tagging to localize DAPs to specific regions of the ventral disc4,11. However, while 

electron tomography has revealed many complex substructures of the disc9, we still lack 

knowledge of the mechanisms which underlie disc hyperstability or generation of attachment 

force. 

 Furthermore, the function and structural contributions of the MR-CB complex remain a 

mystery. Microribbons are trilaminar, extending 400 nm into the cytoplasm, and trace the length 

of the microtubule spiral7,12. Parallel microribbons are linked by crossbridges, which repeat 

every 16 nm down the length of the microribbons9,12. The MR-CB complex as a whole can be 

divided into five parts: the outer and inner regions of the microribbons, MR-microtubule border, 

MR-CB connection, and the crossbridges themselves. A possible role for the MR-CB complex 
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might be to maintain the disc’s three dimensional dome shape, and thus maintain attachment. 

Prior work has suggested that crossbridges could be flexible, and provide a mechanism for disc 

movement during the process of attachment2. Additionally, recent observation has shined light 

on the ventral disc’s ability to contract, and theorized that the crossbridges could play a central 

role in disc contraction13. While there are over currently known 90 DAPs11, there are only four 

known microribbon proteins: beta-giardin, delta-giardin, SALP1, and gamma-giardin10,14,15. 

There are no confirmed crossbridge proteins. We anticipate that not only the crossbridge 

proteins but additional DAPs associated with the MR-CB complex are yet to be discovered, as 

well as DAPs associated with the disc as a whole. 

 Genetic and functional assays of the ventral disc and disc proteins are essential to 

understanding and uncovering its functions and mechanisms during attachment. We have 

recently adapted dCas9/CRISPRi and Cas9/CRISPR technology for use in Giardia to generate 

knockdown and knockout cell lines16,17. To expand our list of potential MR-CB complex proteins, 

and identify DAPs interacting with the microribbons (including crossbridge proteins) I conducted 

a co-immunoprecipitation screen targeting two of the known MR proteins: beta-giardin and 

delta-giardin. Among the Giardia proteins highlighted by this screen is GL50803_15376, a novel 

protein. Both 15376 knockdowns and knockouts have severely disrupted disc morphology, 

suggesting an this is an additional MR-CB complex component essential for disc architecture. 

 

Results 

Co-immunoprecipitation of beta- and delta-giardin reveals novel components of the 

microribbon-crossbridge complex 

Beta-giardin and delta-giardin are two of the four known MR proteins; thus, I reasoned that 

interacting proteins identified in a co-immunoprecipitation (co-IP) screen could also be part of 
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the MR-CB complex. Prior to immunoprecipitations, Giardia wild-type strain WBC6 trophozoites 

were grown and harvested according to the Methods (Figure 4.1A). Cell membranes were first 

permeabilized using a detergent extraction, and cytoskeletal structures (e.g, disc and flagella) 

were further disrupted with sonication (see Methods). Cytoskeletal lysates were then incubated 

with one of three options: 1) magnetic beads conjugated to anti-beta-giardin antibody (gift of 

Mark Jenkins, USDA) 2) beads conjugated to anti-delta-giardin antibody (gift of Mark Jenkins, 

USDA), or 3) unconjugated beads. After incubation, beads were washed three times and 

resuspended in a minimal volume of wash buffer (~50 µl, see Methods). All remaining material 

was sent to the UC Davis Proteomics Core where proteins were digested off the beads and 

analyzed via mass spectroscopy. Each immunoprecipitation condition (beta-giardin antibody, 

delta-giardin antibody, unconjugated) was performed on independently grown cultures and 

analyzed three times, for a total of nine co-IP runs. 

Fractions were taken throughout the co-IP process for silver stain visualization of protein 

content (Figure 4.1B). The silver stain highlights the high amount of protein content in the whole 

cell digest (Wc), lysate supernatant (Ls), and wash 1 (W1) fractions (Figure 4.1B). In contrast, 

the final elution (Fe) fraction contains fewer and fainter bands under the anti-beta-giardin (b-

giardin) and anti-delta-giardin (d-giardin) bead conditions, and no visible bands in the unbound 

bead (null bead) condition (Figure 4.1B). 

Known microribbon DAPs and novel proteins were the most abundant interacting 

proteins by co-IP 

Each protein identified in the mass spectroscopy analysis was assigned an intensity value for 

each of the bead condition repeats (Table 4.1). Intensity values corresponded to the number of 

peptides detected for a particular protein, as well as the peptide size. Intensity values across 

repeats of the same condition were averaged, and the null intensity values were subtracted from 

the beta- and delta-giardin values. Peptide hits were then sorted by both the average beta-
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giardin intensity difference, and the delta-giardin intensity difference (Figure 4.2A). Proteins with 

an average intensity score of at least 1% of the top hit were considered for further analysis. 

Additionally, proteins with known ribosomal, nuclear, or other non-disc localization were 

removed from further analysis. At this stage, a total of 15 proteins were identified as top hits 

from either co-IP, three of which were found in the beta-giardin bead condition, three of which 

were in the delta-giardin bead condition, and nine were found in both conditions (Figure 4.2B). 

Overlapping hits included all four currently known microribbon proteins, and beta-giardin hits 

included the known disc edge localizing DAP, DAP1213911. The remaining hits were actin, and 

nine novel proteins which could be potential MR-CB DAPs. 

Nine novel proteins highlighted in the co-IP screen are sublocalized to various parts of 

the Giardia cell 

To determine whether any of the nine novel co-IP hits are components of the MR-CB complex, 

each were C-terminally tagged with mNeon-Green using episomal plasmids (see Methods) and 

electroporated into wild-type Giardia trophozoites (Figure 4.3). GL50803_16844 localized to the 

ventral disc. Two novel proteins, GL50803_15376 (15376) and GL50803_16443 were unable to 

be cloned and currently remain unlocalized. The remainder are not specific to the pull-down as 

they localize to other cellular regions. GL50803_5859 and GL50803_21628 both localized to the 

nuclei, GL50803_7233 localized to basal bodies of the caudal flagella, GL50803_31743 

localized to the plasma membrane, and GL50803_92132 and GL50803_103205 localized to the 

cytoplasm (Figure 4.3). 

Knockdowns and knockout of GL50803_15376 disrupts ventral disc structure 

In parallel to protein-tagging, the nine novel protein hits were also targeted by specific CRISPRi 

knockdown constructs expressed in an mNeon-Green beta-tubulin cell line (mNG-bTubulin) and 

knockdown mutants were screened for ventral disc phenotypes. Of the nine KD lines, only the 
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15376 CRISPRi KD line, 15376KD, showed aberrant discs from the mNG-bTubulin line. A 

CRISPR knockout line for 15376 was also created, 15376KO, to achieve a more complete 

suppression of 15376 expression. 

 Generation of dCas9 CRISPRi knockdown lines followed a protocol described by 

McInally16 (see Methods). We selected 20 nt gRNA sequences with a PAM site 47 bp from gene 

start, and prepped CRISPRi plasmids were electroporated into the mNG-bTubulin line. Creation 

of the 15376KO line followed the procedure described by Hagen17 (see Methods). We selected 

a 20 nt gRNA sequence with a PAM site 46 bp from gene start. For a complete KO, we 

electroporated wild-type Giardia cells sequentially with the Cas9 plasmid, and two homologous 

repair templates, using three selection markers in the process (Puromycin, Blasticidin, 

Hygromycin, see Methods). Following that, we cloned out our partial KO line and screened for 

complete KOs via PCR on genomic DNA. 

 15376KO genomic DNA was also sent for nanopore sequencing (Figure 4.4) to confirm 

quadruple KO. When compared with the 15376 wild-type gene, we observed sequence 

coverage up to, and beyond, but not through the KO cassette insertion site (Figure 4.4A). We 

observed sequence coverage across the entirety of our two KO cassettes (Figure 4.4A, 4B, see 

Methods). 

To observe the disc MT spiral in the 15376KO line, mutant and wild type discs were 

extracted4 (see Chapter 2), and 15376KO discs were immunostained with an anti-alpha-tubulin 

antibody (Figure 4.5A, 5B). Discs were also immunostained with an anti-beta-giardin antibody to 

examine the microribbons (Figure 4.5C). Microribbon and disc tubulin spiral appearance were 

consistent within cell lines. 

Several categories of of disrupted disc phenotypes were observed in the 15376KD and 

15376KO lines and phenotypes and quantitated based on tubulin spiral appearance (Figure 
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4.5D). Discs were assigned to one of four categories: 1) no defects observed, indistinguishable 

from wild-type (Full Disc), 2) arms of the tubulin spiral have come undone, overlap zone is gone 

(Unhinged), 3) bare area increased in size, loss of disc material from the disc interior (Enlarged 

BA), and 4) loss of disc material from the exterior, or from both an enlarged bare area and from 

the disc periphery (Small Disc). 15376KO discs had a Full Disc phenotype 30% of the time, 

compared to 76% in 15376KD, and 77% in mNG-bTubulin (Figure 4.5D). 15376KO discs were 

primarily Unhinged, with 58% falling into this category, compared to 15% in 15376KD, and 12% 

in mNG-bTubulin. 15376KD discs were primarily Full Discs, that and other phenotype 

percentages were similar to mNG-bTubulin. Enlarged BA and Small Disc phenotypes remained 

within single digit percentages for all cell lines (Figure 4.5D). 

15376KD and 15376KO discs are smaller but have varied disc interior (bare area) 

dimensions 

Overall disc area, not including the bare area, was quantitated in the 15376KD, 15376KO, and 

mNG-bTubulin lines (Figure 4.5E) using the thresholding function in FIJI (ImageJ). Disc area 

was significantly reduced in both the 15376KD and 15376KO lines compared to the mNG-

bTubulin (WT) control line. Disc areas were reduced by 8.5% in the 15376KD line, and 4% in 

the 15376KO line. Similarly, the bare area region was quantitated for 15376KD, 15376KO, and 

mNG-bTubulin (Figure 4.5F). 15376KD cells possess an enlarged bare area, while 15376KO 

cells have a reduced bare area. 15376KD bare areas were 39% larger, and 15376KO bare 

areas were 35% smaller than mNG-bTubulin bare areas. 

15376KO cells do not have an attachment defect when compared to mNG-bTubulin 

To quantify the effects of the 15376KO disc phenotypes and altered disc dimensions on 

attachment, a shear force flow assay was performed (Figure 4.6). The 15376KO cell line trends 

poorer in attachment than the mNG-bTubulin negative control, but not to a statistically significant 
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extent. The 15376KO line was highly variable, with some experimental repetitions remaining 

attached at a close to negative control rate, and other repetitions much worse at attachment. 

 

Discussion 

The search for new MR-CB complex components 

Understanding the mechanisms behind ventral disc stability and the role disc dome shape plays 

in attachment remains a work in progress. To answer questions about ventral disc form and 

function, genetic manipulation of disc proteins is a critical tool in the process of discovery. The 

ventral disc itself is comprised of a microtubule spiral, with the prominent MR-CB complex on 

top2. While prior work has identified over 90 disc associated proteins11, there are only four 

known proteins specifically localized to the microribbons: beta-giardin, delta-giardin, SALP1 and 

gamma-giardin10,14,15. Furthermore, there are currently no identified crossbridge proteins, 

complicating our efforts to understand the MR-CB complex. We set out to identify and 

characterize new MR-CB proteins, which will hopefully lead to further discoveries about this 

unique cytoskeletal feature. 

GL50803_15376 is a novel protein and a potential novel component of the MR-CB 

complex 

15376 (accession number GL50803_0015376) is a novel protein that emerged as a strong hit in 

our delta-giardin co-IP assay (Figure 4.2B). The 15376 protein is 323 kDa in size, and lacks 

homology to any known protein in GenBank. Due to its length (8.7 Kb) the cloning of 

GL50803_15376 into a fluorescent tagging expression vector has proven a challenge and has 

not been completed as of yet. Yet, both knockdown and knockout strains show a clear disc 

structural phenotype. 15376KO cells have a destabilized ventral disc (Figure 4.5A – 5D) and 

both 15376KO and 15376KD cells have a smaller disc (Figure 4.5E). These disc-associated 
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phenotypes support that 15376 plays a role in maintaining disc morphology and is a bonafide 

component of the disc. 

 Microribbons are trilaminar, with an inner layer, and two external layers on either side8. 

Additionally, the ventral end of the MRs interacts with disc MTs, and crossbridges interface with 

the MR periphery8. It is possible that various sub-microribbon regions have different roles, in 

particular, that the core MR layer is necessary for the formation of the rest of this structure, as 

discussed in Chapter 3. On the other hand, peripheral MR proteins may be necessary for proper 

MR-CB connection, but not for the formation of MRs themselves. I discussed the possibility of 

delta-giardin localizing to the outer MR layers in Chapter 3, based on its knockout phenotype. 

Because 15376 was only highlighted in our delta-giardin co-IP assay, and was not a high-

ranking hit in our beta-giardin co-IP, I suggest that 15376 has a more peripheral MR localization. 

This notion is supported by the observation that the 15376KO disc phenotype (Figure 4.5A, 5B) 

closely resembles the delta-giardin KO phenotype (see Chapter 3), and microribbon proteins in 

the 15376KO line are able to localize to the disc (Figure 4.5C). 

Crossbridges may be key to understanding Giardia disc attachment 

Recent work has described disc contraction13, a process that could be mediated by the 

purported contractile abilities of crossbridges, either acting independently or working in concert 

with microribbons. The mechanism of disc contraction, including whether microtubule spacing of 

the disc spiral is contracted, or whether the overlap zone within the disc slides. Earlier work has 

described striated fibers (composed of SF-assemblins), in Chlamydomonas, as noncontractile 

and rigid18. If the microribbons exist as a bracing pillar, holding the current disc conformation in 

place, then the crossbridges would have to contract or otherwise be motile to provide any 

change in disc shape. Identifying and confirming crossbridge proteins, of which 15376 may be 

associated, would aid in understanding mechanisms behind disc-driven attachment. The 15376 

protein could be a good target for an additional co-IP screen to identify crossbridge proteins, 
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and more work defining the roles of this disc protein is disc architecture, hyperstability, or 

attachment is needed. 

 

Materials and Methods 

Giardia culture and electroporation 

Giardia lamblia trophozoites (strain WBC6, ATCC 50803) were cultured as previously 

described17. Briefly, cells were kept at 37°C, and grown in 16 ml culture tubes (BD Falcon), 

without shaking. Media used for maintaining cultures was a modified TYI-S-33, with the addition 

of bovine bile, 5% adult and 5% fetal bovine serum. A 12 ml culture volume was maintained. 

When trophozoites reached either complete confluence, or after 48 hours of growth, culture 

tubes were iced for 15 minutes and 1 ml of unattached cells were transferred to fresh medium. 

 The electroporation of plasmids and linear homology-directed repair (HDR) templates 

into Giardia was completed as described by Nosala4. We began with 1 x 107 total cells and 40 

µg of DNA for each individual electroporation. Cells were shocked, added to 12 ml fresh culture 

medium, and incubated at 37°C. Media was decanted and exchanged with fresh media every 48 

hours. Antibiotic selection occurred in two stages, with a lower initial concentration, followed by 

a higher final concentration once cells reached 50% confluence or greater. Selection antibiotics 

and their concentrations were: puromycin (12.5 µg/ml initial, 50 µg/ml final), blasticidin (75 µg/ml 

initial, 150 µg/ml final), hygromycin B gold (600 µg/ml initial, 1200 µg/ml final), and G418 (150 

µg/ml initial, 600 µg/ml final). 

Conjugation of magnetic beads to antibodies 

In order to selectively enrich for proteins associated with the microribbon-crossbridge complex, 

we conjugated anti-beta-giardin antibody and anti-delta-giardin antibody (both antibodies are 
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gifts of Mark Jenkins, USDA) to magnetic beads (Dynabeads Antibody Coupling Kit, Life 

Technologies). As a negative control, we also performed the conjugation protocol without the 

addition of any antibody (null bead condition). We followed the instruction manual provided by 

Life Technologies, summarized briefly here. 5 mg of beads per conjugation were washed with 1 

ml of C1, adhered to a magnet for 1 minute, and wash aspirated via pipette. For beads with 

antibody, 240 µl of C1 and 10 µl of antibody were added and mixed. Beads without antibody 

received 250 µl of C1. Following mixing, 250 µl of C2 was added. Tubes with beads were sealed 

with parafilm and incubated at 37°C overnight with inversion. Beads were adhered to a magnet 

for 1 minute and liquid was aspirated out. Beads were then quickly washed with the following: 

800 µl of HB, 800 µl LB, and 2x 800 µl SB. A third 800 µl SB was incubated on the beads for 15 

minutes at room temperature with inversion. The final wash was aspirated and beads were 

resuspended in 500 µl SB and stored for up to 3 weeks at 4°C. 

Co-immunoprecipitation in Giardia using antibody-conjugated magnetic beads 

For each bead type, three rounds of co-immunoprecipitation were performed. 1x109 WBC6 

strain Giardia trophozoites were cultured as described above. Cultures were grown across a 

total of 50 culture tubes, each reaching 2x107 cells when fully confluent. To harvest, tubes were 

iced for 15 minutes, followed by a 5 minute centrifugation at 900 x g and 4°C. The supernatant 

was decanted, and cells were resuspended in 1 ml HBS (137 mM NaCl, 21 mM HEPES, 5.6 

mM glucose, 5.0 mM KCl, 0.76 mM Na2HPO4, pH 7.0). Cells from 10 tubes were combined into 

a single tube and washed with 5 ml of HBS. After washing, pellets were resuspended in 1 ml 

HBS and transferred from the culture tube to a 1.5 ml tube, centrifuged again, and supernatant 

aspirated with a pipette. Pellets were immediately snap-frozen in liquid nitrogen and stored at -

80°C. 

All steps of the following protocol were performed on ice. Cell pellets were thawed and 

resuspended in 100 µl of lysis buffer (80 mM K-PIPES, 1 mM MgCl2, 1 mM EGTA, 10% 
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Glycerol, 0.2% Triton X-100, 5 µg/ml DNAse I, 1 mM DTT, 0.1 mM ATP, 1 mM GTP, 0.2 mM 

PMSF, 5 µg/ml Leupeptin, 1 µg/ml Pepstatin A, 1 µg/ml Aprotinin). Pellets from five separate 

tubes were combined into one fresh 1.5 ml tube. Cells were lysed on ice for 30 minutes; every 

10 minutes lysate was mixed by pipetting up and down. Lysates were then further broken up by 

sonication (Heat Systems W-375, duty cycle 50%, output control 2, ten pulses). A 50 µl sample 

was saved at -20°C and labeled “whole cell” (Wc). Lysates were then clarified by a 10 minute 

centrifugation at 17000 x g and 4°C. To prepare the conjugated magnetic beads, 25 µl of beads 

were washed with 500 µl wash buffer (10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 

0.05% NP-40) and mixed by inversion. Cell lysate supernatant was transferred to a fresh tube, 

500 µl ice cold dilution buffer (10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA) was added, 

and a 50 µl sample was saved as “lysate supernatant” (Ls). The beads were placed alongside a 

magnet for 1 minute, and the liquid aspirated. The lysate supernatant was then transferred into 

the bead tube. Tubes were sealed with parafilm and incubated for 1 hour at room temperature, 

with inversion. 

After incubation, the beads were put alongside a magnet for 1 minute, and the 

supernatant was removed and saved as “wash 1” (W1). Beads were washed twice with 500 µl 

wash buffer before being transferred into a fresh 1.5 ml tube during the second wash. 450 µl of 

the second wash was removed; the beads were then resuspended in the remaining buffer by 

gently flicking the tube. Beads were either kept on ice and immediately taken to the proteomics 

core at the University of California, Davis for mass spectroscopy analysis, or run on a protein 

gel for silver staining. 

Protein gel and silver stain of samples from co-immunoprecipitation 

Samples from the above protocol were diluted 1:20 in 1x Laemmli Sample Buffer (Bio-Rad) with 

5% beta-mercaptoethanol. The diluted samples were then boiled for 5 minutes and 10 µl was 
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loaded onto a Mini-PROTEAN TGX Gel (4-10%, 15 well, Bio-Rad). Gels were run at 200 V until 

sample front reached the bottom, then extracted and put into a tray for silver staining. 

 To perform a silver stain, we used a Pierce Silver Stain Kit (ThermoScientific) and 

followed the associated protocol. For all incubation steps, gels were placed on an orbiting mixer. 

Briefly, gels were washed twice for 5 minutes in water, then fixed for 30 minutes in a 30% 

ethanol:10% acetic acid solution, with fixation solution exchanged once after 15 minutes. Gels 

were washed twice for 5 minutes with 10% ethanol, followed by two 5 minute washes with 

water. Gels were sensitized for 1 minute with a Sensitizer Working Solution (50 µl Sensitizer, 25 

ml water), then washed twice for 1 minute with water. Gels were then stained for 30 minutes 

with a Stain Working Solution (0.5 ml Enhancer, 25 ml Stain). Gels were washed twice for 20 

seconds in water, then developed for 2 minutes, using a Developer Working Solution (0.5 ml 

Enhancer, 25 ml Developer). Finally, development was stopped with 5% acetic acid for 10 

minutes. Gels were imaged immediately following the completion of the stop incubation. 

Mass spectroscopy analysis and proteomic data analysis 

Samples were analyzed at the UC Davis Proteomics Core using a Bruker timsTOF system, 

which gave a list of protein hits for each of the bead conditions. Proteins were automatically 

assigned an intensity value based primarily on peptide abundance. 

Intensity values of protein hits were used to highlight and prioritize further investigation 

of possible beta- and delta-giardin interactors. To create a protein priority list, we took all 

proteins which appeared in the anti-beta-giardin or anti-delta-giardin bead lists and averaged 

their intensity values across three repeats. Proteins who also appeared in the null bead list had 

their average null intensity subtracted from their anti-beta-giardin or anti-delta-giardin values. 

The adjusted intensity values were then sorted high to low, and the proteins with an intensity 

value of at least 1% of the highest hit were considered for further study (Figure 4.2A). Additional 
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prioritization factored in if proteins were of unknown function or contained structural domains. 

Known non-ventral disc proteins were excluded from further study. 

Creation of N-terminally tagged Neon Green co-IP hit lines for novel protein localizations, 

as well as a Neon Green beta-tubulin line for observation of disc phenotypes in 

knockdown and knockout lines 

A vector containing resistance to the antibiotic G418, the mNeonGreen gene without a stop 

codon, and a C18 linker immediately following mNeonGreen (gift of Alexander Paredez, 

University of Washington) was used as the base construct. Sequence of each individual co-IP 

hit with native terminator was PCR amplified from genomic DNA extracted from wild-type 

Giardia trophozoites. The gene sequence was inserted immediately after the C18 linker and 

plasmid sequence was confirmed by Sanger sequencing. Completed plasmids were 

electroporated into WBC6 Giardia cells as described above, and localization was determined by 

wide-field light microscopy. 

Beta-tubulin sequence was amplified and inserted into plasmid as described above, and 

beta-tubulin sequence was confirmed by Sanger sequencing. Completed plasmids were 

electroporated into WBC6 Giardia cells as described above, and proper localization was 

confirmed by wide-field light microscopy. 

Creation of the 15376 knockdown and knockout lines 

Generation of dCas9 CRISPRi knockdown lines in Giardia and the dCas9/gRNA vector used 

was described by McInally16. Briefly, using the CRISPR ‘Design and Analyze Guides’ tool from 

Benchling (https://benchling.com/crispr), we selected 20 nt gRNA sequences with an NGG PAM 

sequence from the Giardia lamblia ATCC 50803 genome (GenBank Assembly 

GCA_000002435.1). The sequences selected and ordered targeted at site 47 bp from gene 

start, and were 15376KD Forward (5’-caaaCCAAGGGGTACAAGACACGG-3’) and 15376KD 
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Reverse (5’-aaacCCGTGTCTTGTACCCCTTGG-3’). These include a four-base overhang to 

complement vector overhangs when annealed and ligated. After vector preparation, plasmids 

were electroporated into mNeonGreen-beta-tubulin tagged Giardia trophozoites as described 

above. 

 Generation of Cas9 CRISPR knockout lines in Giardia and the Cas9/gRNA vector used 

has been described by Hagen17. To summarize, the CRISPR ‘Design and Analyze Guides’ tool 

was used to obtain a suiTable 4.20 nt gRNA sequence with an NGG PAM. The following 

sequences were selected and synthesized in order to target a cut site immediately before the 

46th bp from gene start: 15376KO Forward (5’-caaaACCCAGTAGATGCCCCCAAG-3’) and 

15376KO Reverse (5’-aaacCTTGGGGGCATCTACTGGGT-3’). 

 To obtain HDR templates for a 15376 knockout line, we selected 750 bp up and 

downstream of the double stranded break site, and combined those sequences with either the 

blasticidin or hygromycin B gold cassette described by Hagen17. Mutations were made in the 

gRNA target site to stop Cas9 from cutting within the HDR. HDR templates were synthesized 

(Twist Bioscience), and the hygromycin HDR was further modified by PCR amplifying and 

inserting the N-terminally tagged Neon Green-beta-tubulin gene described above. Linear 

templates to use for electroporation were amplified via PCR reaction with Phusion DNA 

polymerase (New England Biolabs) and M13 Forward and Reverse primers. The resultant PCR 

product was purified and concentrated with a Zymo Research Clean and Concentrator-25 kit. To 

create the knockout line, the Cas9/gRNA plasmid, blasticidin HDR, and hygromycin HDR were 

electroporated sequentially into WBC6 Giardia cells. 

 To obtain clones of the 15376KO line post electroporation, we diluted cells and 

distributed them into a 96 well tissue culture plate (Corning) at 0.5 cells/well. Plates were 

incubated at 37°C in a Mitsubishi AnaeroPack 2.5L jar, with a Mitsubishi AnaeroPack-Anaero 

Gas Generator (ThermoScientific) for 7 days. Wells were screened for cell growth and plates 
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were incubated on ice for 1 hour to detach cells. Samples from each well with growth were 

screened by PCR for the presence of a quadruple KO, and the remainder was transferred to 8 

ml culture tubes (BD Falcon) and incubated at 37°C. Upon reaching 50% confluence, cells were 

iced and 2 ml of trophozoites were transferred to a standard culture tube for continuous 

culturing as described above. 

Immunofluorescence staining of 15376KD/KO and control lines 

Initial fixation of Giardia cells for immunofluorescent staining and microscopic analysis was 

either performed on coverslips after cells attached live or fixation occurred by the addition of 

fixative to cells growing in culture medium and subsequently settled on coverslips. Confluent 

tubes of Giardia trophozoites were iced for 15 minutes, then spun at 900 x g for 5 minutes. Cells 

were washed three times with 5 ml HEPES-buffered saline (HBS, 137 mM NaCl, 21 mM 

HEPES, 5.55 mM glucose, 5 mM KCl, 0.76 mM Na2HPO4) and resuspended in 1 ml of HBS. 

Next, cells were transferred to coverslips placed inside an eight well plate at a volume of 500 µl 

per coverslip. Cells attached to coverslips inside a humidified chamber for 20 minutes at 37°C. 

Following coverslip adherence, HBS was aspirated, and 2 ml of 4% paraformaldehyde in HBS, 

pH 7.4 and warmed to 37°C, was added onto each coverslip. Fixation proceeded for 2 minutes, 

before the paraformaldehyde solution was aspirated and coverslips were washed three times 

with 2 ml PEM (100 mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)], 1 mM EGTA, 0.1 

mM MgSO4 pH 6.9). 

Alternatively, to fix Giardia in a culture tube before adding to coverslips, 375 µl of 32% 

paraformaldehyde was added to a culture tube (1% final concentration) and incubated for 10 

minutes at 37°C. Following this, the tube was spun down at 900 x g for 5 minutes, and washed 

once with HBS. Cells were resuspended in 1 ml of HBS and added to two precoated poly-L-

lysine coverslips, at a volume of 500 µl per coverslip, for 15 minutes at room temperature. 

Coverslips were then washed three times with 2 ml PEM. 
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From here on, both fixation conditions follow the same protocol. Residual 

paraformaldehyde in fixed, washed cells was quenched for 5 minutes via incubation in 0.125 M 

glycine at room temperature. Coverslips were washed three times with PEM, and permeabilized 

with 0.1% Triton X-100 for 10 minutes. Cells were washed again three times with PEM, and 

blocked with 2 ml PEMBLG (PEM with 1% bovine serum albumin, 100 mM lysine, 0.5% cold-

water fish skin gelatin [Sigma, St Louis, MO]) for 30 minutes. Staining with primary antibody 

took place overnight at 4°C in one or more of the following antibodies: anti-beta-giardin 

(1:1000), anti-delta-giardin (1:1000), or anti-TAT1 (1:500). Anti-beta and delta-giardin are gifts of 

Mark Jenkins, USDA, and anti-TAT1 is a mouse monoclonal antibody against alpha-tubulin, and 

a gift of Keith Gull (University of Oxford, UK). The next morning, coverslips were washed three 

times in PEMBLG and secondary antibody stain occurred for 3 hours at room temperature, in 

the dark, with goat anti-rabbit and/or goat anti-mouse Alexa Flour 488, 594, or 647 antibodies 

(1:1000, Life Technologies). Finally, coverslips were washed three times with PEMBLG, three 

times with PEM and mounted in Prolong Diamond antifade reagent (Invitrogen). All imaging 

experiments were performed with at least three biologically independent samples. 

Acquisition of wide-field fluorescence images and 3D SIM super-resolution images 

Single or multi-focal plane images were acquired with a Leica DMI 6000 wide-field inverted 

fluorescence microscope, using the 100x or 40x objective, and µManager image acquisition 

software. 

To obtain super-resolution images of fluorescently tagged 15376KD or KO cell lines, 3D 

stacks were collected at 0.1 µm intervals using a Nikon N Structured Illumination Super-

resolution Microscope with a 100x/NA 1.49 objective, 100 EX V-R diffraction grating, and an 

Andor iXon3 DU-897E EMCCD. Images were acquired and reconstructed using NIS-Elements 

software (Nikon), in the “3D-SIM” mode. Images were reconstructed in the “Reconstruct Slice” 

mode and were only used if the score was 8. 
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Quantifying attachment and resistance to shear flow forces 

Giardia trophozoites were cultured in 12 ml culture medium until full confluency. Cells were iced 

for 15 minutes, washed with HBS, and stained with CellMask orange (ThermoFisher) for 10 

minutes. Cells were then washed with HBS and added to an Ibidi mSlide VI 0.4 flow chamber. 

Images of cells at a concentration of 2 million per ml were taken with a 40x objective on a Leica 

DMI 6000 wide-field microscope. Fluorescent images were acquired of attached cells before 

and after flow challenge for 20 seconds at a rate of 3 ml/minute. DIC images were taken at a 

rate of 1 per second for 20 seconds pre-challenge, during challenge, and for 20 seconds post-

challenge. Cells were permitted to attach for 5 minutes prior to challenge. Pre and post-

challenge fluorescence images were compared; cells that remained in place were considered 

resisting flow, cells that did not remain in place were unable to resist flow. 

Biochemical extraction of the ventral disc 

In order to obtain clear immunofluorescent staining of the ventral disc microtubule spiral, we 

performed a biochemical disc isolation as previously described4,11. One tube of Giardia 

trophozoites per cell line were cultured as described above until fully confluent. Cells were then 

washed with HBS and resuspended in 1 ml of 0.5x HBS/1x PHEM (60 mM PIPES, 25 mM 

HEPES, 10 mM EGTA, 1 mM MgCl2, pH 7.4) containing 1% Triton X-100, 1 M KCl and 1× HALT 

protease inhibitor cocktail (Roche). The resuspensions were transferred to 1.8 ml Eppendorf 

tubes and vortexed for 30 min (VWR Vortex-Genie2, vortex speed setting at 5) to extract 

cytoskeletons. Extracted cytoskeletons were centrifuged at 3000 x g for 5 minutes. The 

supernatant was discarded and the pellets were washed twice in 1 ml 0.5x HBS/1x PHEM, 

before being resuspended in 1 ml 0.5x HBS/1x PHEM. 500 µl of the isolated cytoskeletons was 

added each to two poly-L-lysine treated coverslips and settled for 15 minutes. The cytoskeletal 

preparations were fixed with 4% paraformaldehyde in HBS for 2 minutes and quenched with 250 

mM glycine for 5 minutes, before proceeding with the remaining immunofluorescence protocol. 
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Prep and Nanopore sequencing to confirm quadruple KO of 15376 

In order to confirm a quadruple KO of the 15376 gene in our 15376KO cells, we extracted 

genomic DNA from one tube of confluent cells using a Quick-DNA Miniprep Plus Kit (Zymo 

Research). Genomic DNA was amplified via PCR targeting sequences just outside of the HDR 

cassette. Specifically, the primers used were 15376LeftF (5’-GCATAAACATGCCGTTGCGAC-

3’), and 15376RightR (5’-ACTATCCTTTGGGTCCGTGGC-3’). Amplified linear DNA was column 

purified and concentrated by a DNA Clean & Concentrator-25 kit (Zymo Research), and sent to 

the UC Berkeley DNA Sequencing Facility at the University of California, Berkeley for nanopore 

sequencing. 15376KO sequencing reads were compared to wild-type 15376 gene sequence 

using the Integrative Genome Viewer (igv.org). 
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Figures 

Figure 4.1: A co-immunoprecipitation assay was performed on beta-giardin and delta-

giardin 

 

To obtain a list of potential novel MR-CB proteins, a co-immunoprecipitation (co-IP) assay using 

magnetic beads conjugated to either anti-beta-giardin or anti-delta-giardin was performed. 

Unconjugated beads were used as a negative control. A) Schematic representation of the steps 



128 

in the co-IP assay. Cells were digested and incubated with conjugated or unconjugated beads, 

followed by washing and either mass-spectroscopy or silver stain analysis. B) Silver stain of 

fractions taken during co-IP assay. Protein content in whole cell (Wc), lysate supernatant (Ls), 

and wash 1 (W1) is much higher than in the final eluate (Fe). Bands can be seen in the Fe 

column of the beta-giardin and delta-giardin beads, but not the unconjugated beads (null bead). 
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Figure 4.2: Top hits from co-IP assay were ranked and selected for further analysis 
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Proteins found in mass-spectroscopy analysis of co-IP were assigned an intensity value for 

each bead condition (beta-giardin, delta-giardin, null bead) repeat. Bead conditions were 

performed three times each. Intensity values corresponded to number of peptides identified for 

each protein, as well as size of those peptides. A) Intensity values for each bead condition were 

averaged for each protein, and the null intensities were subtracted from beta-giardin and delta-

giardin intensities. Proteins were then ranked based on this average intensity difference. A few 

high ranking, high intensity proteins can be seen when visualized via a histogram. B) Proteins 

with an average intensity difference of at least 1% of the number one hit in the beta-giardin, 

delta-giardin, or both conditions are shown here. Of the 15 identified top hits, 9 are novel, 5 are 

known disc proteins, and the remaining protein is actin, which is unconfirmed to be part of the 

disc. 
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Figure 4.3: Tagging top hits from co-IP screen with a fluorescent marker reveals a variety 

of localizations 

 

Novel co-IP hits were C-terminally tagged with mNeon-Green and expressed episomally in wild-

type Giardia. GL50803_16844 localized to the ventral disc. Two proteins, GL50803_15376 and 

GL50803_16443 were unable to be cloned and currently remain unlocalized. GL50803_5859 
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and GL50803_21628 both localized to the nuclei, GL50803_7233 localized to basal bodies of 

the caudal flagella, GL50803_31743 localized to the plasma membrane, and GL50803_92132 

and GL50803_103205 localized to the cytoplasm. 
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Figure 4.4: Confirmation of 15376 quadruple KO in 15376KO cells by nanopore 

sequencing 
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15376KO genomic DNA was sent for nanopore sequencing to confirm quadruple KO. Sequence 

reads were mapped to (A) 15376 wild-type sequence, (B) blasticidin HDR cassette, or (C) 

hygromycin HDR cassette (see Methods). The star in (A) marks the site at which the HDR 

cassettes were inserted; no reads bridge this region, confirming cassette insertion in all 15376 

gene copies. 
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Figure 4.5: 15376KD and 15376KO show disruption of disc structure 
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15376 was targeted with a CRISPRi KD and a CRISPR KO to functionally assess its role in disc 

stability. A) Structured Illumination Microscopy (SIM) imaging of mNG-bTubulin, 15376KD and 

15376KO extracted cytoskeletons to illustrate a broken disc spiral. mNG-bTubulin and 15376KD 

were unstained, while 15376KO cytoskeletons were stained with anti-alpha-tubulin. B) Wide-

field image of mNG-bTubulin, 15376KD and 15376KO extracted cytoskeletons. mNG-bTubulin 

and 15376KD were unstained, while 15376KO cytoskeletons were stained with anti-alpha-

tubulin. C) Wide-field images of the three aforementioned lines, stained with anti-beta-giardin to 

demonstrate consistency in appearance between the MT spiral and microribbons. D) Phenotype 

analysis of the three cell lines was performed on unstained (mNG-bTubulin and 15376KD) or 

anti-alpha-tubulin stained (15376KO) cytoskeletons. Discs were classified as the following: disc 

with full structure present, indistinguishable from wild-type (Full Disc); intact arms of spiral, but 

overlap zone has come undone (Unhinged); enlarged bare area in middle of disc (Enlarged BA); 

loss of disc material from the exterior inward (Small Disc). E) Disc area measurements were 

taken in Fiji (ImageJ) using the “Thresholding” and “Particle Analysis” features, excluding the 

space left by the bare area. Area measurements were performed using whole cells, unstained 

mNG-bTubulin and 15376KD, and anti-alpha-tubulin stained 15376KO.     represents p value 

<0.001. G) Area of the bare area was also measured using the same functions as in (E). G) 

AlphaFold prediction of 15376 structure. 
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Figure 4.6: 15376KO cells are not worse at resisting flow challenge when compared to a 

mNG-bTubulin negative control 

 

A biophysical flow assay was performed to asses the ability of 15376KO cells to remain 

attached when challenged with shear flow stress. 15376KO cells clustered at resisting flow at 

approximately 40% of the time, while the mNG-bTubulin cells were highly variable. No 

significant difference was detected between these two cell lines. 

 

Table 4.1: descriptions and intensity values for top co-IP hits 

Description Accession code Average null 

intensity 

Average beta-

giardin intensity 

Average delta-

giardin intensity 

SALP-1 GL50803_4410 10518.94533 571892.6233 485466.32 

Beta-giardin GL50803_4812 65557.33433 4866459.867 6508207.167 

Uncharacterized 

protein 

GL50803_5859 0 136169.2333 38973.39667 

Uncharacterized 

protein 

GL50803_7233 8946.481667 116489.6967 191816.455 
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DAP12139 

ankyrin repeat 

protein 

GL50803_12139 0 72534.67267 22491.84 

Uncharacterized 

protein 

GL50803_15376 69719.27 8479.190667 1493161.833 

Protein 

phosphatase 2A 

B' regulatory 

subunit Wdb1 

GL50803_16443 154463.55 0 383495.5333 

Uncharacterized 

protein 

GL50803_16844 0 33452.028 24990.45833 

Gamma giardin GL50803_17230 38478.36633 1155164.033 1580788.2 

Uncharacterized 

protein 

GL50803_21628 91587.55967 106381.125 444621.0467 

Uncharacterized 

protein 

GL50803_31743 0 62461.54667 71513.46567 

Actin related 

protein 

GL50803_40817 14084.23833 140368.5123 164862.0833 

Delta giardin GL50803_86676 34303.582 579685.1433 578532.36 

Uncharacterized 

protein 

GL50803_92132 0 526909.85 502603.1033 

Uncharacterized 

protein 

GL50803_103205 0 51283.219 67452.33 
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