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ABSTRACT OF THE DISSERTATION 
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The flagellum of Trypanosoma brucei is an essential and multifunctional organelle that 

drives parasite motility and is receiving increased attention as a potential drug target.  Parasite 

motility is suspected to contribute to infection and disease pathogenesis in the mammalian host. 

However, it has not been possible to test this hypothesis owing to lack of motility mutants that 

are viable in the bloodstream life cycle stage that infects the mammalian host.  In the first part of 

my dissertation we identified a viable bloodstream-form motility mutant in 427-derived T. brucei 

and by adapting published approaches we set up mouse infection models of African 

trypanosomiasis.  To assess the impact of trypanosome motility on infection in mice we these 

mutants in a mouse infection model and showed that disrupting parasite motility has no 
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discernible effect on T. brucei bloodstream infection.  This presents the first ever investigation of 

the influence of parasite motility on infection of the mammalian host.  Mutant cells used were 

derived from the laboratory-adapted strain 427-BSSM that causes an acute infection that 

progress rapidly in mice.  This quick disease progression limits any reliable assessment of the 

CNS penetration, which commonly takes more than 14 days.  To allow direct investigation of the 

requirement of parasite motility in the central nervous system (CNS) invasion, we have 

generated motility mutants in T. brucei strains that cause chronic infection in mice.  

Identification of motility mutants in pleomorphic BSF T. brucei that causes chronic infection will 

now make it possible for the first time to test if parasite motility is required for CNS penetration. 

Traditionally, assessment of T. brucei infection is based upon examining parasitemia in 

blood and limited use of histochemistry to determine parasite presence in chemically-treated 

tissues.  We have developed an advanced live-cell imaging approach using fluorescent T. brucei 

that will facilitate detailed dynamic studies of infection.  This system enabled visualization of T. 

brucei ex vivo in mouse tissues as well as in vivo in whole live zebrafish embryos.  Further 

validation of mCherry parasites at a microscale level revealed trypanosomes at single-cell 

resolution in ex vivo mouse tissues and in blood vessels of live fish. Hence, these systems have 

the potential for uncovering novel features of host-parasite interactions that could lead to drug, 

vaccine and diagnostics development, all of which is expected to ameliorate patient management 

in sleeping sickness. 

A major roadblock to the study of the flagellum is a lack of facile methods for systematic 

mutational analysis of flagellar genes.  We recently established systems for structure-function 

analysis of proteins in T. brucei, which has emerged as an excellent model to study the 
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eukaryotic flagellum.  Several flagellar proteins have been identified but there is scant 

information on molecular mechanisms underlying these proteins functions, individually or 

collectively.  For instance, key amino acids and domains required for these proteins are for the 

most part unknown.  To exploit the flagellum as a drug target it is crucial that we deepen 

understanding of molecular mechanisms of flagellum protein function.  To start bridging this 

gap, we applied our structure-function system to define amino acids required for IFT88 and 

trypanin protein function in flagellum assembly and motility. Our studies tested amino acids that 

correspond to IFT88 mutations observed in human patients with defective cilia and showed 

which of these mutations are loss of function mutations versus polymorphisms. We have also 

uncovered key domains essential for the assembly and function of the dynein regulatory protein 

trypanin. 

Altogether, these investigations broadly contribute to understanding T. brucei 

pathogenesis mechanisms and expand our knowledge of flagellum motility functions in 

trypanosomes, which are directly applicable to other flagellated protozoan parasites.  In humans, 

the flagellum, also called a cilium, is required for normal development and physiology and 

genetic changes in flagellar genes cause many human heritable diseases.  Thus, our studies are 

also relevant to eukaryotic cell biology in connection to human health and disease. 
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Chapter 1 
 

Introduction 
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African sleeping sickness 

 

Epidemiology, risk factors, prevention and control 

 

African trypanosomes including Trypanosoma brucei and related species, are 

kinetoplastid protozoan parasites responsible for the neglected disease African sleeping sickness, 

also known as human African trypanosomiasis (HAT) and related diseases in domestic and wild 

animals.  These parasites cause important human mortality and hinder economic development in 

sub-Saharan Africa (Figure 1).  About 60 million people are at risk of HAT across sub-Saharan 

Africa and approximately 10,000 cases are reported annually, although this number is likely a 

significant underestimate of the total cases [Simarro et al., 2008].  Two subspecies of T. brucei, 

found in different geographic regions of Africa, cause sleeping sickness.  T. b. gambiense, the 

causal agent of West African sleeping sickness, is mainly found in central Africa and in some 

zones of West Africa and is the source of the majority of sleeping sickness cases in Africa.  T. b. 

rhodesiense causes East African sleeping sickness.  This parasite is found in focal locations of 

eastern and southeastern Africa.  Which specific subspecies is involved influences clinical 

manifestations of the disease, although both are fatal if untreated.  T. b. gambiense causes a 

chronic disease, lasting months to a year or more, while T. b. rhodesiense causes a more acute 

form of the disease that progresses rapidly, generally within several weeks, to lethal outcome 

[Jelinek et al., 2002; Blum et al., 2006].  For T. b. rhodesiense, domestic and wild animals 

constitute the principal infection reservoir and are a major factor in the transmission cycle, while 

T. b. gambiense is spread almost exclusively through human-tsetse-human transmission.  On 

average one sleeping sickness case per year is diagnosed in the US, mostly in travelers who were 
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on safari in East Africa [Moore et al., 2002; Urech et al., 2011].  Trypanosome infection is 

transmitted by the bite of the tsetse fly (Glossina species), but other modes of transmission 

including blood transfusion, congenital and sexual [Rocha et al., 2004] are theoretically possible.  

With no vaccine, control of sleeping sickness rests soley on diagnosis and treatment of infected 

patients as well as on vector control and reservoir management. 

 

 

Disease 

 

Trypanosome infection of a mammalian host proceeds in several steps. Following 

transmission via the bite of an infected tsetse fly, the parasites reside and replicate extracellularly 

in the bloodstream and tissue fluids of their mammalian host despite being regularly exposed to 

the host immune system.  T. brucei has evolved several sophiscated strategies it uses to escape 

the host immune system and cause disease.  For instance, antigenic variation of the cell surface 

coat and active removal of host immunoglobulin attached to the parasite surface allows the 

trypanosome population to escape immune killing and remain in the bloodstream limitlessly 

[Barry and McCulloch 2001; Borst 2002; Pays 2005].   

Bloodstream infection constitutes the first stage of sleeping sickness and is clinically 

characterized  by as flu-like symptoms with intermittent waves of fever and emergence of 

lymphadenopathy [Stich et al., 2002; Rodgers 2010].  After several weeks T. brucei traverses the 

blood vessel endothelium and penetrates the central nervous system (CNS) [Stich et al., 2002; 

Rodgers 2010], introducing the second stage the disease.  During this stage, patients have 

chronic meningoencephalitis accompanied by headaches and neurological disruptions that 
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unyieldingly perturb sleep. Leaving the disease untreated leads to coma and death [Stich et al., 

2002; Rodgers 2010].  Although African sleeping sickness has been recognized for centuries 

several features of disease pathogenesis, such as the cause of death, are not understood. 

 

Laboratory diagnosis  

 

 Sleeping sickness diagnosis and stage determination are difficult and should not be 

interpreted based on clinical signs [Lejon and Buscher 2005].  Since clinical manifestations of 

trypanosome infection are insufficiently specific, the diagnosis relies mainly on microscopy 

examination of body fluid or tissue in order to identify the parasite.  Trypanosomes can be found 

in blood, lymph node aspirate, or biopsy of a chancre.  Accurate diagnosis is based on 

microscopic observation of the parasite (Figure 2).  Although highly specific, microscopic 

examination has low sensitivity.  Serological tests such as the card agglutination test for 

trypanosomiasis (CATT) [Magnus et al., 1978; Vervoort et al., 1978; Lejon et al., 2002; Buscher 

et al., 2013] exist but these tests are mostly used for screening purposes and are prone to false 

positive results [Truc et al., 2002].  To compensate the limitations of microscopic examination 

and serological methods, molecular tests such as PCR have been introduced but these methods 

have their own drawbacks including lack of reproducibility due to the genome sequence used as 

probe, uncertain specificity, limited sensitivity, expensive, and require extensive training 

[Chappuis et al., 2005; Koffi et al., 2006; Deborggraeve and Buscher 2010; Jamonneau et al., 

2010].  As such, the diagnosis is frequently missed initially leading hospitalization of some 

patients in psychiatric clinics.  Moreover, diagnosis outside endemic regions is repeatedly missed 

or delayed in Africans resulting in cases with advanced stages of the disease.  Because the choice 



 
 

5 

of drugs for treatment is critically dependent on correct disease staging, it is recommended that 

all patients diagnosed with sleeping sickness undergo a cerebrospinal fluid (CSF) examination to 

determine whether parasites have invaded the central nervous system.  A white blood cell count 

of more than 5 per microliter and an increased protein concentration in CSF suggests central 

nervous system (CNS) involvement according to WHO recommendations.  Given the limited 

means for diagnosis and in particular, for staging, improved diagnostic approaches and 

paradigms are sorely needed for human trypanosomiasis management.  

 

 

Treatment 

 

The choice of drugs used to treat sleeping sickness depends on the stage [Mumba Ngoyi 

et al., 2013] of disease and type of infection.  Pentamidine (introduced in 1939) is the pillar drug 

recommended for first stage of disease (bloodstream infection) by T. b. gambiense, whereas 

Suramin (introduced in 1916) is used for T. b rhodesiense disease [Brun et al., 2010].  Early 

diagnosis, which is often missed because of non- specificity of the initial symptoms, is critical 

for the success of treatment in stage 1 of the disease.  Stages 2 of the disease is difficult to 

manage since existing drugs lack ease of administration and are associated with serious adverse 

events such as permanent neurologic damage and death [Chappuis 2007].  Drugs used to treat 

stage 2 of sleeping sickness must be able cross the blood brain barrier.  The two frontline drugs 

for stage two are melarsoprol (an arsenic derivative, introduced in 1946), and eflornithine 

(introduced in 1977) and each has severe limitations [Nok 2003; Bisser et al., 2007; Lejon et al., 

2013].  In 2009, combined therapy with eflornithine and nifurtimox was also introduced, 
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although, as is the case for eflornithine alone, the treatment is only effective against T. b. 

gambiense.  Nifurtimox is also used for Chagas disease or American trypanosomiasis treatment.  

Melarsoprol is the drug most frequently used drug for CNS infection.  However this drug is 

highly toxic, killing up to 10% of patients [Kennedy 2004], and therapeutic failures have been 

reported in my home country, the Democratic Republic of Congo [Legros et al., 2002].  Drug-

resistant trypanosomes have emerged in several regions of Africa.  In order to mitigate treatment 

failures due to resistance as well as reduce dosages and adverse reactions, Nifurtimox and 

eflornithine combination therapy (NECT) was recently evaluated and introduced [Legros et al., 

2002].  Other combinations such as nifurtimox with melarsoprol or melarsoprol with nifurtimox 

have also been assessed [Bouteille et al., 2003].  The difficulty to administer and high toxicity of 

these drugs, together with the emergence of drug-resistant trypanosomes makes it imperative to 

develop safer, more effective, and easy to administer drugs, in order to facilitate clinical 

management of sleeping sickness cases.  

 

 

T. brucei life cycle 

 

 The whole life cycle of T. brucei is defined by extracellular stages within the tsetse fly 

and mammalian hosts.  An infected tsetse fly injects infectious metacyclic trypomastigotes into 

the mammalian host during a blood meal.  Parasites develop into bloodstream trypomastigotes 

within the mammalian host and enter the bloodstream where they divide by binary division as 

long slender trypomastigotes (Figure 3A).  The doubling time is estimated to be 6 hours [[Seed 

1978]].  Antigenic variation of the parasite surface coat and active clearance of host antibody 
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bound to the parasite surface allows trypanosomes to evade immune destruction and persist in 

the bloodstream indefinitely [Barry and McCulloch 2001; Borst 2002; Pays 2005]].  T. brucei 

exhibits waves of parasitemia in the bloodstream, corresponding to recurring cycles of growth, 

clearance by the immune response and then recrudescence owing to emergence of new surface 

antigen variants.  Over time, long slender forms differentiate into non-dividing short, stumpy 

(Figure 3A) form trypomastigotes.  Ultimately, the stumpy forms constitute the majority of the 

parasite population in the bloodstream [MacGregor et al., 2011] and these are the only forms that 

are able to continue the life cycle in the tse tse fly [MacGregor et al., 2012].   

The tsetse fly (Figure 3B) is infected with bloodstream trypanosomes during a blood 

meal on an infected mammalian host.  Within the tsetse, parasites travel through specific host 

tissues and undergo extensive morphological and metabolic differentiation, culminating in 

production of human-infectious forms in the salivary gland (Figure 3A) [Vickerman 1985; van 

den Abbeele et al., 1995; Sharma et al., 2009].  Stumpy trypanosomes differentiate into procyclic 

trypanosomes in the posterior part of the fly’s midgut (Figure 3C) and enter the ectoperitrophic 

space by penetrating the preitrophic membrane, which separates the blood meal from the midgut 

epithelium.  Parasites in the ectoperitrophic space are more elongated than their predecessors in 

the midgut.  Trypanosomes become even more elongated as they move to the 

proventriculus,(Figure 3C)  where they undergo asymmetric division to produce one long and 

one short epimastigote [Vickerman 1985; van den Abbeele et al., 1995; Sharma et al., 2009]. 

Proventricular trypanosomes (Fifure 3A) migrate to the salivary glands where they attach to the 

gland epithelium and then complete their differentiation into mature metacyclic trypanosomes 

that are uniquely adapted for life within the mammalian host.  These are the forms that will be 

injected into the mammalian host during a tse tse fly blood meal [Vickerman 1985].   The entire 
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cycle in the tse tse fly takes about 3 weeks.  

 

 

The T. brucei flagellum 

 

T. brucei flagellum is an essential [Kohl et al., 2003] and defining feature of the 

trypanosome cell and plays crucial roles in cell motility, cell morphogenesis, cell division, host 

parasite interaction, and presumably sensing [Ralston et al., 2009]. It represents the sole means 

of locomotion and contributes directly to the development and pathogenic capacity of T. brucei.   

 

   

Flagellum structure 

 

The T. brucei flagellum emerges from the basal body near the cell posterior end and is 

laterally connected to the rest of the cell body (Figure 4A).  This flagellum possesses a canonical 

“9 + 2” axoneme, as well as an extra-axonemal filament, called the paraflagellar rod that runs 

alongside the axoneme.   (Figure 4B-C) [Ralston et al., 2009].  In the cytoplasm the axoneme is 

anchored via the basal body at the parasite posterior’s end. The basal body is a barrel-like 

structure including 9 outer triplet microtubules with no central pair.  As triplet microtubules of 

the basal body extend outward, they become microtubule doublets in order to form a “9 + 0” 

axoneme transition zone that then becomes the “9 + 2” axoneme.   

The flagellum emerges from the cytoplasm through the flagellar pocket, a unique 

invagination of the plasma membrane.  The flagellar pocket is the sole site for endocytosis and 
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exocytosis, making it a critical feature for host-parasite interactions [Gull 2003; Field and 

Carrington 2009].  The flagellar membrane, the flagellar pocket and plasma membranes have 

lipid and protein composition that differ from each other [Balber 1990; Fridberg et al., 2007; 

Maric et al., 2010].  How the trypanosome sorts proteins differentially to these different domains 

is not known and is a topic of much interest.  The T. brucei flagellum runs alongside of the cell 

body and is connected to the cell body flagellum attachment zone or FAZ (Figure 4C). 

 

Flagellum composition  

 

The Axoneme   

 

 The “9+2” axoneme encompasses 9 peripheral microtubule doublets symmetrically 

distributed around a central pair of microtubule singlets and is the fundamental unit of flagellum 

motility (Figure 4B-C) [Satir 1995].  Each outer doublet microtubule is composed of an A-tubule 

and a B-tubule. Dynein motors attached to outer doublets drive flagellum beating. Radial spokes 

point inward from individual outer doublets toward the central pair apparatus (Figure 4C).  The 

nexin-dynein regulatory complex (NDRC) connects neighboring microtubule doublets and 

restrict microtubule sliding in order to promote bending of the axoneme [Summers and Gibbons 

1971; Satir 2007].  While dyneins provide power for motility, radial spokes, the central pair and 

the NDRC function in dynein regulation [Lindemann 2004].  Individual structures on the outer 

doublets are arranged together in a repeating unit with a periodicity of 96 nm [Nicastro et al., 

2006; Hughes et al., 2012] [Nicastro et al., ; Hughes et al., ].  Although the fundamental structure 

of this repeating unit is conserved across eukaryotes that assemble motile cilia, some differences 
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exist and in T. brucei the axonemal repeating unit consist of the NDRC, three radial spokes, four 

outer arm dyneins, and inner arm dyneins [Nicastro et al., 2006; Hughes et al., 2012].  

Additionally, compared to Chlamydomonas reinhardtii, the prototype eukaryotic organism for 

axoneme structure, the central pair microtubules are in a fixed orientation in relation to outer 

doublet microtubules [Ralston et al., 2009]. 

 

Dyneins and Nexin-dynein regulation complex (NDRC) 

  

Dyneins are ATP-driven, microtubule-based molecular motors that furnish the driving 

force for flagellar motility.  Outer arm and inner arm dyneins protrude from outer doublet A-

tubules toward the adjacent doublet (Figure 4C).  Dynein motors consist of several affiliated 

light, intermediate and light-intermediate chains, and 1-3 heavy chains [King 2003].  The dynein 

heavy chains possess ATPase catalytic activity and constitute the motor domains.  Despite the 

eminent role of flagellar motility to T. brucei biology, the identity of T. brucei axonemal dynein 

subunits has not been determined and very little is known about specific dyneins and their 

contributions to axonemal motility in these parasites.  Nonetheless, genomic studies have shown 

that the T. brucei genome encodes two predicted outer dynein heavy chains and seven inner 

dynein heavy chains [Wickstead and Gull 2007].  Outer dynein subunits IC78 [Baron et al., 

2007] and LC1 [Baron et al., 2007] are required for outer arm dyneins assembly and for 

controlling beat directionality in T. brucei.  Depletion of either protein by RNAi reverses the tip-

to-base beat, a prominent feature of T. brucei flagellum, to base-to-tip beating.  LC1 is essential 

in bloodstream form T. brucei [Ralston et al., 2011].  Mechanisms underlying flagellar protein 

functions are almost unknown.  Identification of domains and residues required for flagellar 
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protein functions is the topic of Chapters 6 and 7.   

 
For a proper spread of flagellar waveforms along the axoneme, thousands of dyneins 

must be coordinately regulated spatially and temporally [Baron et al., 2007].  Molecular 

mechanisms underlying dynein regulation are poorly understood.  It has been proposed that 

dynein regulation involves mechanical and chemical signals [Lindemann and Kanous 1997; 

Porter and Sale 2000; Smith and Yang 2004; Lindemann and Lesich 2010].  NDRC (also known 

as DRC) is as a key regulator of axonemal dyneins in several organisms including T. brucei 

[Piperno et al., 1992; Gardner et al., 1994; Howard et al., 1994; Ralston et al., 2006; Colantonio 

et al., 2009; Heuser et al., 2009]. This complex was originally identified through mutant screens 

that identified extragenic suppressors of flagellar paralysis in radial spoke and central pair 

mutants in the flagellated green algae Chlamydomonas reinhardtii [Huang et al., 1982].  NDRC 

acts as a reversible inhibitor of axonemal dyneins.  The current model suggests that NDRC 

transmits mechanochemical signals from the central pair apparatus and radial spokes, releasing 

inhibition of dyneins at precisely the right time and place along the axoneme [Huang et al., 1982; 

Piperno et al., 1992; Gardner et al., 1994; Omoto et al., 1999; Porter and Sale 2000; Hutchings et 

al., 2002; Rupp and Porter 2003; Ralston et al., 2006].   

The NDRC is a megadalton complex of several polypeptides.  A few NDRC subunits are 

known in T. brucei including trypanin, trypanin related protein (TRP) and component of motile 

flagella (CMF) 70 [Ralston et al., 2006; Kabututu et al., 2010]; K.L.H. (in preparation)], and the 

DRC candidate CMF22 [Bower et al., 2013; Nguyen 2013].  Additional studies in 

Chlamydomonas have expanded the inventory of the DRC subunits to include an estimated 11 

proteins, with 6 of these being genes (trypanin, CMF22, CMF44, CMF46, CMF70, Tb927.5.550 

and Tb927.7.130) that are conserved in T. brucei [Baron et al., 2007; Lin et al., 2011; Bower et 
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al., 2013].  The NDRC subunit trypanin, homologous to the C. reinhardtii PF2 protein, is 

necessary for normal motility in T. brucei [Hutchings et al., 2002; Ralston et al., 2006] and is 

broadly conserved among organisms that assemble motile flagella but is absent in organisms that 

do not assemble motile flagella [Ralston et al., 2006; Baron et al., 2007].  The NDRC has been 

demonstrated to be required for ciliary motility and inner ear development in vertebrates 

[Colantonio et al., 2009] and defects in drc genes cause primary ciliary dyskinesia, a human 

disease that causes infertility, respiratory malfunction and left-right axis defects [Wirschell et al., 

2013].  Unfortunately, despite these advances additional NDRC members, member interactions 

and molecular mechanisms such as domains or residues required for the DRC function remain to 

be determined.  Identification of trypanin domains required for function and targeting will be the 

topic of Chapter 7. 

 
 
 
 
Paraflagellar Rod (PFR) 
 
 

The PFR is a unique flagellum feature limited to kinetoplastids and a few related 

organisms.  The PFR is a large lattice-like filament connected to microtubule doublets 4-7 and 

expands alongside the axoneme (Figure 4C).  In cross section the PFR displays three defined 

structural regions that include the proximal, intermediate and distal determined by their positions 

relative to the axoneme [Cosson et al., 1988].  Although the precise structure and function of the 

PFR is unclear, it is believed to play structural and regulatory roles.  PFR is required for normal 

motility in both T. brucei [Bastin et al., 1998] and is essential in the bloodstream life cycle stage 

[Branche et al., 2006; Broadhead et al., 2006].  Three-dimensional observations of the T. brucei 

PFR by Hughes and colleagues suggests that the PFR causes structural constraints on flagellar 
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beating and operates as a biomechanical spring to receive and transmit energy generated by 

flagellum twisting and beating [Hughes et al., 2012].  Although many PFR proteins have been 

identified [Santrich et al., 1997; Bastin et al., 1998; Ridgley et al., 2000; Portman et al., 2009] 

the functions  these proteins are unknown.  Additional studies are needed to identify domains and 

residues essential for function of PFR proteins.  The role played by the flagellum and flagellar 

motility in T. brucei biology makes the PFR an ideal target for therapeutic intervention, 

especially since this complex is not found in the human host. 

 
In summary, the flagellum is estimated to contain more than 600 [Ralston et al., 2009].  

Recent genomics and proteomics investigations have immensely extended the inventory of 

proteins that compose the flagellum [Avidor-Reiss et al., 2004; Li et al., 2004; Pazour et al., 

2005; Broadhead et al., 2006; Baron et al., 2007; Oberholzer et al., 2011]] .  However, our 

understanding of how these proteins contribute to flagellar function individually or collectively is 

very limited. For example, specific domains or amino acids of important flagellar proteins are for 

the most unknown.  To bridge this important gap, we have developed, in the course of my 

dissertation, facile systems for mutational analysis of flagellar proteins in T. brucei (Appendix 2) 

(Ralston et al. 2011) and chapter 4.  These approaches allow quick discovery of domains or 

amino acids required for flagellar protein functions in T. brucei (Appendix 2).  Application of 

our structure-function approach to the study of LC1 led to rapid idenification of LC1 residues 

required for motility in T. brucei (Appendix 2) [Ralston et al., 2011].   Since the flagellum is 

essential in T. brucei, residues or domains restricted to these pathogens represent potential drug 

targets, whereas conserved aspects of flagellar proteins should increase our understanding of 

human biology and disease.  
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Flagellum assembly 

 

The majority of eukaryotic organisms assemble their flagella by addition of new building 

blocks to the tip of the growing flagellum.  This is mediate by intraflagellar transport (IFT), a 

bidirectional movement system that delivers proteins from the cytoplasm to the flagellum and 

return proteins from the flagellum to the cytoplasm [Rosenbaum and Witman 2002]. This 

transport system is dependent on kinesin and cytoplasmic dynein motor proteins. The IFT 

machinery is conserved and functions in T. brucei [Kohl et al., 2003; Davidge et al., 2006; 

Absalon et al., 2008].  In chapter 6 we exploit the tools we’ve developed in T. brucei to conduct 

structure-function analysis of the IFT protein IFT88.   

Flagellum biogenesis is essential for cell division and is one of the earliest stages of cell 

cycle in T. brucei.  The new flagellum emerges from the probasal body in G1 and extend parallel 

to the old flagellum until it reaches about halfway along the old flagellum at which point it 

pauses growing.  The flagellar connector (FC) is a cytoskeletal structure of unknown 

composition that links the tip of the new flagellum the old flagellum and mediates the new 

flagellum’s tracking of the old flagellum’s path [Moreira-Leite et al., 2001; Briggs et al., 2004].   

The flagellum connector is not detected in bloodstream form T. brucei or in other 

trypanosomatids, suggesting the FC is specific to the procyclic form. The reason for this apparent 

specificity is unknown. Cytokinesis that splits the two cell bodies proceeds along a helical path 

between the nascent and old flagella [Sherwin and Gull 1989; Moreira-Leite et al., 2001].   
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Flagellum functions 

 

Role in motility 

 
The dominant role of the flagellum on trypanosome biology is demonstrated even in 

initial descriptions of these organisms, which centered on their particular, helical cell movement 

as observed in blood samples from infected frogs [Gruby 1843].  In those studies the parasite’s 

auger-like locomotion, twisting and rotating around its long axis as it moved forward, led to the 

genus name “Trypanosoma”, which combines the Greek words trypanon (auger) and soma 

(body).  Seminal work by Walker [Walker 1961] demonstrated that motility in T. brucei is driven 

by a flexible flagellar beat that initiates at the tip of the flagellum and propagates to the flagellum 

base, differing from what is seen in most other eukaryotic flagella.   

T. brucei rapidly navigates at velocities of  3 - 20 um s−1 in three dimension and displays 

bacterial run-and-tumble actions [Hutchings et al., 2002; Hill] allowing the parasite to reorient 

[Branche et al., 2006].  The complex, rapid, and energetic locomotion of T. brucei has limited 

quantitative measurement of flagellar beating, although recent studies have begun to overcome 

this limitations [Rodriguez et al., 2009; Uppaluri et al., 2011; Heddergott et al., 2012; Weisse et 

al., 2012].  Axoneme RNAi has demonstrated a requirement for the PFR, central pair apparatus, 

radial spokes, outer doublets, NDRC, and dynein motors in normal motility.  Unfortunately, as 

discussed above, molecular mechanisms underlying the structure and function most of flagellar 

proteins are unkon.  Additionally, proteins that mediate trypanosome-specific features have not 

been defined, in part due to the lack of quantitative description of flagellar beating. 
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Role of flagellum motility in disease transmission and pathogenesis 

 

T. brucei is extracellular at all stages of infection and depends on its own flagellum for 

navigation within the host. Within the tsetse, the parasite must undergo a series of directional 

movementss in precise tissues from the midgut through the salivary glands to complete 

differention into mammalian infectious forms. While migrating within the tse tse fly, the parasite 

encounters several tissue obstacles to invade such as the peritrophic matrix and proventriculus, 

presaging a requirement for active motility. The flagellum mediates attachment to the salivary 

gland epithelium (Figure 5A), which induces the terminal stage of development into mature 

mammalian infectious metacyclic forms [Vickerman 1969; Borst et al., 1985].  As such, 

transmission depends on parasite motility. However, a requirement for trypanosome motility in 

tse tse transmission is still to be demonstrated. 

 

The contribution of parasite motility to infection and pathogenesis is a long-standing 

problem.  Parasite motility is generally considered to be important for infection and pathogenesis 

in the mammalian host and motility roles of T. brucei flagellum are receiving a particular 

attention as potential drug targets [Broadhead et al., 2006; Ralston and Hill 2006; Ginger et al., 

2008; Ralston et al., 2009]. Precise requirements for motility in the mammalian host are unclear, 

but motility is believed to participate in parasite immune evasion and for penetration of 

extravascular tissues including the blood brain barrier .  For example, parasite forward 

locomotion has been suggested to drive displacement of surface-bound immunoglobulin to the 

posterior end of the cell, where it is internalized, thereby allowing the parasite to resist 

opsonization and immune destruction [Engstler et al., 2007].  As an extracellular pathogen, T. 
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brucei probably depends on its own motility for traversal of the blood vessels and entry into the 

CNS.  Recent studies have even evoked that T. brucei motility is adapted specifically to the 

bloodstream environment [Heddergott et al., 2012]. Unfortunately, direct examintion of a 

requirement for flagellar motility in any facet of host infection has not been achieved, because of 

the lack of viable motility mutants in the T. brucei  mammalian infectious life stages [Ginger et 

al., 2008; Ralston and Hill 2008]. 

 

Studies of the flagellum and motility in the bloodstream-form of T. brucei are limited by 

two major factors.  First:  no-one has been able to generate a viable bloodstream-form motility 

mutant, so it has not been possible to test the role of motility in vivo.  Second: it is not known 

how flagellar proteins actually work, because all studies to date have used RNAi, which can 

determine if a protein is required for motility, but does not give information about mechanisms.  

The trypanosome flagellum has emerged as a potential drug target in sleeping sickness, but 

without knowledge of molecular mechanisms, or motility mutant models to test in vivo, there is a 

major gap in our understanding of this critical feature of trypanosome biology and pathogenesis.  

Most T. brucei motility mutants have been generated by RNAi knockdown of specific flagellar 

proteins and these knockdowns were lethal in bloodstream form cells, leading to the suggestion 

that disrupting motility is lethal [Branche et al., 2006; Broadhead et al., 2006; Ralston and Hill 

2006; Ralston and Hill 2008].  However, most if not all, T. brucei flagellar protein knockdowns 

have known or suspected structural defects, including some that are far more substantial than just 

loss of the targeted protein [Ralston and Hill 2008].  Thus, it is not possible with RNAi alone to 

distinguish between phenotypes arising from defective motility versus pleotropic consequences 

of ablating target gene expression.  To bridge this gap, we established an approach for systematic 
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structure-function analysis of flagellar proteins in T. brucei.  This system allowed us to overcome 

both barriers described above.  First:  it allows us to replace any endogenous gene with a mutant 

copy, carrying any mutation(s) we choose.  The mutated protein still assembles, but does not 

function, allowing us to separate phenotypes caused by loss of function versus gross structural 

defects. Second, this strategy allowed discovery of amino acids in the LC1 subunit of outer arm 

dynein that are required for motility (Appendix 2) [Ralston et al., 2011].  Third, and most 

importantly:  using this system, we identified two independent motility mutants that are viable in 

the bloodstream-form life cycle stage (Appendix 2) [Ralston et al., 2011].  We have now 

capitalized on these advances to test the impact of motility on trypanosome infection.  These 

studies are the focus of Chapter 3.  

 

In addition to its role in driving parasite motility, the T. brucei flagellum has important 

roles in directing cell division and cell morphogenesis and has emerged as an important host-

pathogen interface that functions in parasite virulence [Borst et al., 1985].  Furthermore, cilia or 

flagella are essential for human development [Ralston and Hill 2008; Vincensini et al., 2011] 

since flagellum defects underlie several genetic diseases in humans [Fliegauf et al., 2007].  The 

availability in this parasite of a battery of molecular genetic tools including a robust RNAi 

system and a fully annotated and completed genome [Oberholzer et al., 2009] make T. brucei as 

a superior system to study the eukaryotic cilium or flagellum.  Therefore, studies of the T. brucei 

flagellum are broadly applicable to other flagellated protozoa and are suitable for understanding 

the roles of the eukaryotic flagellum in human biology and disease (Figure 6). 
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The main goal of my dissertation has been to examine a requirement for flagellar motility 

for infection and pathogenesis of in African trypanosomiasis.  The trypanosome flagellum has 

emerged as a potential drug target in sleeping sickness and T. brucei is an excellent system to 

study the eukaryotic flagellum.  However, without knowledge of molecular mechanisms or 

motility mutant models to test in vivo, there is a major gap in our understanding of this critical 

feature of trypanosome biology and pathogenesis.      

In the first part of my dissertation studies, we developed facile methods for systematic 

mutation analysis of flagellar proteins in T. brucei.  Application of these approaches allowed 

identification of amino acids required for the function of the axonemal dynein regulatory LC1 

protein and more importantly led to the generation of the first-ever viable motility mutants in 

mammalian infectious, bloodstream form (“BSF”) trypanosomes (Appendix 2) [Ralston et al., 

2011]. We do not know if disrupting motility blocks infection and testing this with our BSF 

motility mutants is the topic of chapters 2 - 4.  

By adapting published approaches, I have set up a mouse infection model of T. brucei in 

our laboratory (Chapter 2).  In collaboration of Dr. Jianwei Miao’s laboratory from the Physics 

Department here at UCLA, we have already used this infection model to describe a new model 

for trypanosome forward motility and new theoretical considerations for movement of microbial 

pathogens.  My work shows that this new model of parasite locomotion also operates in blood 

from infected mice  (Appendix 1) [Rodriguez et al., 2009].  The availability of bloodstream form 

motility mutants combined to the mouse infection system I have set up allowed me to directly 

determine the role of motility in T. brucei infection and pathogenesis.  This topic is the subject of 

Chapter 3.  We surprisingly found that parasite motility is dispensable for bloodstream infection 

(Kisalu et al., submitted) (Chapter 3).   To assess the contribution of parasite motility for the 
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CNS penetration, I have been collaborating with Dr. Keith Matthews (Edinburgh University), 

generating motility mutants in T. brucei strains that cause chronic infection and are able to 

invade the CNS and this is the topic of chapter 4.  In order to better characterize infection 

dynamics and host-parasite interations during infection, I have developed imaging modalities 

using fluorescent parasites in mouse and fish infection systems in collaboration with Dr. Shimon 

Weiss laboratory at UCLA.   This subject id the topic of Chapter 5 (Kisalu et al. manuscript in 

preparation). 

In addition to investigating the contribution of flagellar motility to infection and 

pathogenesis, I have also capitalized on our systems for structure-function analysis to define 

amino acids required for function and or trafficking of proteins required for flagellum assembly 

(IFT88, chapter 6) and motility (trypanin, chapter 7).  My studies in Chapter 6 tested amino acids 

that correspond to IFT88 mutations observed in human patients with defective cilia identified by 

our collaborator, Dr. Heymut Omran in Germany, and showed which of these mutations are loss 

of function mutations versus polymorphisms (Kisalu et al. manuscript in preparation).  

Identification of trypanin domains required for function is the topic of Chapter 7.   

 

Overall, these studies represent an important contribution to understanding T. brucei 

pathogenesis mechanisms and should help efforts to develop effective therapies for sleeping 

sickness.  Imaging studies and further developments also have potential broad application for 

therapeutics and diagnostics development, as well as patient management in sleeping sickness.  

Finally, studies of flagellum protein structure/function have broad relevance for understanding 

biology of the eukaryotic flagellum, which is of central importance to several human pathogens 

and required for normal human development and physiology.  As such, my investigations 
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contribute to deepen our knowledge of flagellum motility functions in trypanosomes, with direct 

relevance to other flagellated protozoa, as well as toward fundamental aspects of eukaryotic cell 

biology as it relates to human health and disease. 

 

 

 



 
 

22 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Recent atlas of African sleeping sickness.  Map represents geographic distribution 

of the disease and for each country the number of cases reported is indicated for the period 2000-

2009.  From [Simarro et al., 2010]. 
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Figure 2.  Observation of  trypanosome in blood by microscopic examination.  Giemsa stain 

showing a trypanosome (T. b. brucei strain 667) in blood taken from an infected mouse at five 

days post-infection. Arrows point to trypanosome (red arrow), young (black arrow) or old (white 

arrow) erythrocytes. Scale bar is 12.5 µm.
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Figure 3.  T. brucei life cycle.  (A) The diagram depicts various transformations African 

trypanosomes undergo throughout their life cycle both in the tse tse fly and mammalian host.  

B C 

A 
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Changes shown include relative size of different stages, cell surface, mitochondrion, glycosomes 

and receptor-mediated endocytosis.  Bloodstream stages are placed to the right while insect 

stages to the left and top.  An example of a stumpy form with a posterior nucleus (bottom right) 

is shown.  An asterix (*) indicates cell division occurs in these stages.  (B) A tse tse fly vector 

during blood meal on a human host.  (C) Sketch of tse tse fly viscera.  Trypanosomes taken up 

by the tse tse fly are fist found in the endoperitrophic space of the midgut before they penetrate 

the peritrophic space.  Following anterograte movements toward the proventriculus, parasites 

continue to differentiate into epimatigote forms before their maturation into mammalian-

infectious metacyclics in the salivary glands.  Panel A is from [Vickerman 1985], panel B is 

from [Sharma et al., 2009], all reproduced with permission. 
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Figure 4.  Structure of T. brucei flagellum. (A) Scanning electron micrograph of the insect 

stage trypanosome. The arrow points to the unique flagellum.  (B) Transmission electron 

micrograph displaying a cross-section of the flagellum attached to the cell body as observed 

when viewing from posterior toward anterior.  (C) Cartoon of the micrograph presented in panel 

B.  Important structures of the flagellum are indicated.  Doublet microtubules are conventionally 

numbered.  Conserved structures of the eukaryotic flagellum are in blue, whereas shown in green 

are structures restricted to trypanosomes and closely related organisms.  PFR, paraflagellar rod; 

MT, microtubule; IFT, intraflagellar transport; FAZ, flagellum attachment zone; DRC, dynein 
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regulatory complex.  Adapted from [Ralston et al., 2009], with permission. 
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Figure 5.  The flagellum regulates attachment to the tsetse fly salivary gland and influences 

cell morphogenesis. (A) Schematic representation of the developmental transformations the 

parasite endergoes while attached to the salivary gland epithelium. Cells are displayed from left 

to right as epimastigote, premetacyclic, nascent metacyclic, and metacyclic forms. VSG stands 

for variant surface glycoprotein.  Adapted from [Ralston et al., 2009], with permission.  (B) 

Morphotypes found in a tsetse fly, and a comparison with replicating bloodstream form parasites 

of the mammalian host.  Distinct morphotypes throughout the life cycle undergo an ordered 

series of changes that encompass reorganization of internal substructures as well as 
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transformation of cell shape.  Solid lines indicate well characterized transitions whereas dashed 

lines are for uncharacterized or alternative steps. Question mark represents unfairly described 

morphologies.  Among several transitions that occur in the tse tse vector, differentiation of 

bloodstream to procyclics and the asymmetric division that gives rise to epimastigotes have been 

studied extensively.  Procyclics in the midgut, salivary glad attached epimastigotes, and 

mammalian bloodstream forms undergo multiple rounds of cell division to sustain these 

populations.  In contrast, although they can divide proventricular epimastigotes undergo a single 

asymmetric division and are not self-sustaining populations.  Cellular arrangement of the 

kinetoplast and nucleus is shown for 1K1N and 2K2N cells before cytokinesis.  Adapted from 

[Sharma et al., 2009], with permission. 
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Figure 6.  Using T. brucei as a model organism to study the eukaryotic flagellum.  This 

drawing represents the trypanosome axoneme.  In order to exemplify the evolutionarily 

conserved nature of the 9 + 2 flagellar axoneme, various ciliated organisms are displayed as the 

radial spokes. (Clockwise from top: Ciona intestinalis, Danio rerio, Drosophila melanogaster, 

Gallus gallus, Chlamydomonas reinhardtii, Homo sapiens, Caenorhabditis elegans, Mus 

musculus, and Asterias forbesi.) The paraflagellar rod is not shown because this substructure is 

restricted to trypanosomes.  Adapted from [Ralston et al., 2009], with permission. 
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Setting up mouse infection for analysis of Trypanosoma brucei host-parasite interaction 
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Abstract 
 
 

Mice are a powerful tool to dissect critical pathogenesis mechansims for infectious 

diseases including for African trypanosomiasis. For many pathogens, mice present an artificial 

model, but African trypanosomes infect mice naturally and indeed, have proven to be valuable 

for understanding many features of African trypanosomiasis, as well as characterization of 

staging biomarkers and evaluation of novel drug therapies have been achieved in murine models 

of trypanosomiasis.  Despite these advances, several aspects of trypanosomiasis infection and 

pathogenesis remain to be unraveled. For example, a role of trypanosome flagellum-mediated 

motility has been suggested in infection and pathogenesis of African sleeping sickness, but this 

hypothesis has never been tested.  We recently generated motility mutants that are viable in the 

bloodstream form life cycle stage, which is the life cycle stage that infects mammals [Ralston et 

al., 2011]. In order to capitalize on that advance, we have set up mouse infection models using 

monomorphic and pleomorphic Trypanosoma brucei. These parasites cause acute and chronic 

infections, respectively.  We specifically have established multiplicity of infection necessary for 

reproducible infection, determined parasitemia dynamics, time to lethal outcome and 

effectiveness of chemotherapy using standard therapeutics to assess brain invasion by T. brucei. 

This mouse infection system has been used to examine trypanosome motility ex vivo in blood 

from infected mice, leading to a new model in which bihelical waves of alternate handedness 

drive parasite forward movement (Appendix 2) [Rodriguez et al., 2009].  These mouse infection 

systems also enable studies of pathogenesis mechanisms including direct analysis of the impact 

of parasite motility on infection and pathogenesis, which is a topic of Chapters 3-5. 
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Introduction 
 

African trypanosomes, i.e. Trypanosoma brucei and related sub-species, are protozoan 

parasites that cause sleeping sickness in humans and related diseases in animals.  The disease is 

always lethal if left untreated [Ralston et al., 2009]. There is no vaccine against trypanosomes 

and existing drugs are toxic and associated with drug resistance.  These parasites cause 

devastating health and economic consequences and endanger more than 60 million people in 36 

countries in Sub-Saharan Africa [WHO 2010].  The disease advances through two mains stages.  

During the first stage of the disease, parasites actively multiply in the bloodstream and the 

lymphatics following transmission by the bite of an infected tse tse fly.  Clinical manifestations 

of stage one of the disease are benign and non-specific, resembling to flu-like symptoms 

accompanied by fever and lymphoadenopathy.  In contrast, the second stage of the disease, also 

known as the meningoencephalitic phase, manifests several weeks after infection when parasites 

invade connective tissues including the central nervous system.  This stage involves a chronic 

meninoencephalitis associated with headaches and sleep disorder.  Stage two culminates in death 

if the disease is left untreated [Stich et al., 2002; Rodgers 2010].  Two subspecies of T. brucei are 

incriminated for trypanosomiasis pathologies in humans.  T. b. gambiense is responsible for a 

mild and chronic disease that remains several months to years, whereas the disease caused by T. 

b. rhodesiense is more acute and advances the host to death quickly within several weeks 

[Jelinek et al., 2002; Blum et al., 2006]. 

  

African sleeping sickness has been known for hundreds of years [Gruby 1843]. However, 

clinical management of African sleeping sickness patients is still challenging in part because 

there is a lack of reliable biomarkers to unequivocally determine progression from stage one to 
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stage 2 of the disease.  Additionally, treatment of African sleeping sickness is dangerous since 

current drugs, are toxic and old. Once T. brucei invades the CNS the number of drugs available 

for treatment is reduced because the parasites are no longer accessible to drugs that do not 

penetrate the blood brain barrier.  Invasion of the CNS is therefore a crucial step in the 

pathogenesis of sleeping sickness.  Because of ethical issues and the difficulty to manage human 

patients, several aspects of trypanosomiasis pathogenesis cannot be tested in humans. Thus, 

much of our understanding for this disease comes from animal models of infection. 

 

Animals including mice, rats, cattle, rabbits, dogs, and non-human primates such as 

monkeys have been used in experimental African trypanosomiasis [Gray 1960; Schindler and 

Sachs 1970; Schindler et al., 1970]; [Kennedy 2007]. It is increasingly recognized that mice 

evolved as an important tool to dissect critical pathogenesis processes in trypanosomiasis [Foote 

et al., 2005; Antoine-Moussiaux et al., 2008; Morrison and MacLeod 2011].  Notably, known 

clinical features of human African trypanosomiasis including the meningo-encephalitic stage of 

the disease have been accomplished in rodent models [Gray 1960; Bentivoglio et al., 1994; 

Antoine-Moussiaux et al., 2008; Masocha et al., 2008].  Moreover, murine models of 

trypanosomiasis have been used to test not only novel therapies but also to test combination 

chemotherapy of known or new drugs for potential human applications [Jennings et al., 2002; 

Kennedy 2007; Antoine-Moussiaux et al., 2008].  Several pathogenesis aspects of 

trypanosomiasis including the roles of anti-parasite immunoglobulins, the roles of inflammatory 

and anti-inflammatory mediators, as well as genetic determinants of susceptibility for 

trypanosomes have been characterized in mice [Gray 1960; Bentivoglio et al., 1994; Antoine-

Moussiaux et al., 2008; Masocha et al., 2008]Antoine-Moussiaux, 2008 #3;Inverso, 1988 
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#41;Morrison, 2011 #53].     

 

Several strains of T. brucei are used to study hot-parasite interactions in trypanosomiasis.  

Pleomorphic strains are defined by their ability to differentiate, over time during infection, from 

replicating long-slender forms into non-replicating short-stumpy forms in the bloodstream of 

mammalian host, thus leading to chronic infections that last >30 days with waves of parasitemias 

[Breidbach et al., 2002; MacGregor et al., 2011].  Stumpy forms constitute the majority of the 

parasite population in the bloodstream [MacGregor et al., 2011] during chronic infection.  

Pleomorphics are therefore transmission competent since stumpies are the only transmission 

stages that are able to perpetuate the life cycle whithin the tse tse flies [MacGregor et al., 2011; 

MacGregor et al., 2012].  In contrast, monomorphic trypanosomes such as 427-derived “BSSM” 

parasites [Wirtz et al., 1999] are laboratory-adapted parasites unable to undergo differentiation 

from slenders into stumpies in the mammalian host.  In addition to failing completion of 

development inside the tse tse fly, monomorphic parasites rapidly proliferate in the bloodstream 

leading to death of the mouse host within 7 days [Emmer et al., 2010]. 

 

In order to test the role of motility in infection and pathogenesis, a first goal was to set up 

mouse infection.  Although this has been done in other laboratories, it was not previously done at 

UCLA.  Furthermore, although mouse infection with monomorphic trypanosomes that give acute 

infection is being done by several laboratories, infection and pathogenesis models with 

pleomorphic forms that give a chronic infection are much less utilized and less established.  A 

chronic infection model is particularly important for our studies, because this is ultimately 

required to fully assess the role of motility in the full spectrum of disease features. I therefore 
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collaborated with Professor John Mansfield at the University of Wisconsin, Madison to adapt 

mouse infection systems for the cell lines that we use for our studies.  Here we establish how 

many parasites are needed to reproducibly establish infection and determine the course of 

infection for the T. brucei strains that will be subsequently used in construction of motility 

mutants.  These include monomorphic strains that give acute infection as well as pleomorphic 

strains that give chronic infection.  We find that all three pleomorphic parasite lines show 

multiple waves of parasitemia that mimic parasitemia waves seen in human African 

trypanosomiasis.  We also show that chemotherapy using the drug berenil is effective at clearing 

bloodstream infection, providing a means to assess CNS invasion [Jennings et al., 1979; Poltera 

et al., 1980], which is a goal of future studies.  These mouse infection models will make it 

possible to dissect pathogenesis mechanisms such as the requirement for parasite motility in 

infection and pathogenesis.   
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Results 

 

Course of infection by BSSM parasites 

 

By adapting published approaches [Inverso et al., 1988; Dubois et al., 2005], we have 

established a mouse infection model of T. brucei using the monomorphic, 427-derived “BSSM” 

parasites [Wirtz et al., 1999].  In contrast to the pleomorphic trypanosomes, which are fully able 

to differentiate, monomorphic trypanosomes are laboratory-adapted strains, which fail to 

differentiate to stumpy forms in the bloodstream and generally do not complete development 

within the tsetse fly [McCulloch et al., 2004].  BSSM parasites divide unchecked in the 

bloodstream and cause an acute infection in mice [Emmer et al., 2010].  To titrate the mouse 

system and determine how many parasites are needed to establish and maintain an infection, we 

tested different multiplicity of infections (MOI), from 1000 through 50 for the BSSM parasites.  

Following mouse infection by intraperitoneal route, which is classically used for trypanosome 

mouse infection [Herbert and Lumsden 1968; Greenblatt and Rosenstreich 1984; Jennings et al., 

2002; Salmon et al., 2012]], each MOI tested resulted in infection (Figure 1A-D).  We chose to 

use an MOI of 100 parasites for the BSSM-cell line because this MOI gave reproducible and 

predictable parasitemias in mice.  

 

Next, using WT (control) parasites, we established the course of infection for BSSM 

parasites. We found that WT parasites show one to two waves of parasitemia within two weeks 

before the mice must be sacrificed. The first wave of parasitemia peaks at 3-5 days post infection 

(dpi), whereas the second wave, although rare (< 10%) for BSSM infections, appears 8-12 dpi 
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respectively (Figure 2A-B). Waves of parasitemia are also seen in human African 

trypanosomiasis, although the time frame differs.  

 

Most of our trypanosome mutants generated so far have been generated using a 

tetracycline-inducible system (Appendix 2) [Ralston et al., 2011].  In order to induce the mutant 

protein during infection, doxycycline (tetracycline) is added to the mouse drinking water 5-7 

days prior to and throughout infection.  In order to assess the effect of doxycycline on both the 

mouse and parasite, we compared mice infected with WT parasites and treated or not with 

doxycycline. As expected WT BSSM parasites established infection even in doxycycline-treated 

mice (Figure 3). Differences in survival rates for plus or minus doxycycline infections were not 

significantly different (p = 0.2116).  Therefore, doxycycline treatment did not cause any 

discernable effects on mice and WT parasites.   

 

 

Course of infection by pleomorphic parasites TREU-667, TREU-927 and AnTat1.1  

 

 Trypanosomes invade host extravascular tissues including the central nervous system 

(CNS) and motility is suspected to be required for this. BSSM T. brucei continues to divide in 

the bloodstream and causes an acute infection in mice that progresses rapidly (7-14 days). This 

timeframe is too short and precludes assessment of the central nervous system (CNS) invasion, 

which generally takes 2 to 3 weeks [Jennings et al., 1979; Poltera et al., 1980; Gray et al., 1982]. 

BSSM is thus well-suited for testing bloodstream infection, owing to its superior genetic 

tractability, but constitutes a limitation for examining CNS invasion. In contrast, pleomorphic T. 



 
 

48 

brucei strains are distinguished by their capability to to cause chronic infections lasting several  

days to months [Breidbach et al., 2002; MacGregor et al., 2011]. In order to reliably investigate 

the role of trypanosome cell motility in CNS penetration, we therefore also established chronic 

infection models using three independent pleomorphic strains, TREU-667 [Jennings et al., 1979], 

TREU-927 [Goedbloed et al., 1973] and AnTat1.1 [MacGregor et al., 2011]. Importantly, 

TREU-667 and AnTat1.1 cause chronic (>30 days) infection and are established as CNS mouse 

infection models [Jennings et al., 1979; Poltera et al., 1980; MacGregor et al., 2011]. Upon 

injection, TREU667, TREU-927 and AnTat1.1 parasites established infections in mice that 

mirror the human infection, showing several waves of parasitemia and chronic infections lasting 

more than 50 days (Figure 4A-C).  

 

 

Strategies for assessing CNS penetration by T. brucei 

 

CNS invasion is of central importance to disease pathogenesis and consequences for 

therapeutic intervention but investigating CNS invasion by trypanosomes is challenging.  We 

have established two independent yet complementary strategies to dependably assess CNS 

penetration by T. brucei. First, we used chemotherapy (Jennings, Whitelaw et al. 1979) to 

investigate invasion of the CNS. The trypanocidal drug diminazene aceturate (Berenil) clears 

bloodstream African trypanosome infection but does not cross the blood brain barrier (Jennings, 

Whitelaw et al. 1979). Therefore, if trypanosomes enter the CNS, they escape berenil 

chemotherapy and relapse after treatment (Jennings, Whitelaw et al. 1979).  A relapse of 

bloodstream infection following clearance by berenil treatement therefore provides a bioassay 
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for CNS infection. To investigate the response of infections to chemotherapy and to assess 

whether CNS invasion occurred, we treated infected mice at 5-12 dpi (BSSM infections) or at 10 

and 60 dpi (AnTat1.1 infections). Berenil-treatment resulted in clearance of parasites in the 

mouse bloodstream within twenty-four hours (BSSM) or forty-height hours (AnTAt1.1) after 

treatment. BSSM infections were kept for more than 120 days following treatment and no 

relapse was detected in two attempts, confirming that BSSM parasites do not penetrate the CNS 

(Figure 5A).  However, AnTat1.1 infections that were treated with berenil at 60 dpi resulted in 

relapse infection following treatment (Figure 5B).  Relapse after clearance of bloodstream 

infection indicates the parasites have indeed penetrated the CNS (Jennings, Whitelaw et al. 1979; 

Poltera, Hochmann et al. 1980).  Therefore, berenil treatment is a suitable approach that will be 

used to examine CNS invasion by pleomorphic T. brucei. 

 

 In a second approach, after euthanasia and prior to tissue collection, mice receive an 

intracardiac perfusion of saline [Brooks et al., 2005] to remove the blood along with 

trypanosomes in blood.  After perfusion mouse tissues are collected and histochemistry or 

imaging (Chapter 5) is performed on dissected tissues.  Presence of parasites in tissues from 

which blood is removed indicates penetration from blood vessels into tissue spaces. Perfusions 

studies are underway.  To test this approach, we used BSSM parasites expressing the mCherry 

fluorescent parasites (Chapters 4 and 5) to infect mice.  Mouse tissues collected after perfusion 7 

or 10 days following infection were subjected to imaging  (Chapter 5).  Preliminary data (not 

shown) were inconclusive as fluorescent signal was detected in tissues from control non-perfused 

as well as in perfused mice. This result indicates some parasites remain despite perfusion, or 

there may be some damage to blood vessel by perfusion, allowing escape from bloodstream.  
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Nonetheless, although challenging and our efforts to use it with BSSM parasites are so far 

inconclusive, this is an alternate approach for assessment of the CNS penetration.  Perfusion 

experiments will be repeated using fluorescent pleomorphic parasites.  The mouse infection 

models we have set up are relevant for discovering virulence factors that could be used as drug 

targets.  For instance, we will use these systems to test if blocking parasite motility blocks 

infection or pathogenesis in mice (Chapters 3 and 4).  Additionally, visualizing host-parasite 

interactions, which is the focus of Chapter 5, using imaging approaches will be achieved through 

these infection models. Therefore, our mouse infection models offer unique opportunities to 

investigate several aspects of trypanosome infection in the mammalian host.    
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Discussion 

 

 We have developed mouse infection models of African trypanosomiasis.  This animal 

infection system provides us with an opportunity to address unresolved questions of pathogenesis 

in sleeping sickness.  We used several ways to validate these murine infection systems. Firstly, 

we used BSSM parasites to calibrate the mouse infection system using monomorphic T. brucei 

parasites. Each multiplicity of infection (MOI) tested resulted in infection in BALB/c mice.  

Although all BSSM MOIs tested yielded acute infection as it was shown previously [Emmer et 

al., 2010], we found that 100 parasites is the lowest MOI that gave reproducible and predictable 

parasitemias.  Second, we determined that the course of infection varies between one and two 

weeks for BSSM parasites, with a single [Emmer et al., 2010] or rarely two waves of 

parasitemias.  Third, in the context of using tetracycline-inducible BSF motility mutants to test 

for pathogenesis mechanisms, we found that tetracycline has no discernable influence on both 

the mouse and WT BSSM control parasites as it was shown for another monomorphic T. brucei 

line [Griffiths et al., 2007].  This system can therefore be reliably used to study several features 

of trypanosomiasis infection including the importance of T. brucei cell motility in the 

bloodstream infection using conditional or non-conditional BSSM motility mutants (Appendix 2 

and Chapters 3-4). 

 

We have also established a T. brucei chronic infection model using pleomorphic cell 

lines.  TREU-667, TREU-927 and AnTaT established infections in mice that mimic human 

infection with several waves of parasitemias and a chronic infection that lasted >50 days, 

corroborating previous investigations using pleomorphic lines [Jennings et al., 1979; Poltera et 
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al., 1980; Gray et al., 1982; MacGregor et al., 2011]. To provide a rigorous assessment for CNS 

penetration by T. brucei we validated a bioassay strategy to test for infection relapse after 

clearance of parasites from the blood with berenil treatment.  While efforts to set up an 

independent, yet complimentary direct visualization approach are underway, we have already 

used berenil treatment to demonstrate CNS invasion by WT AnTat 1.1 parasites.  Using related 

TREU-667 pleomorphic parasites, Jennings and colleagues have shown that berenil treatment by 

14 dpi always results in no relapse, while treatment at 14-21 dpi does give relapse in some cases 

but not in others (Jennings, Whitelaw et al. 1979).  In contrast, berenil treat ment after 21 dpi 

always results in relapse (Jennings, Whitelaw et al. 1979).  We found that AnTat1.1 infections 

did relapse if treatment was given at 60 dpi, which is in line with observations by Jennings and 

colleagues (Jennings, Whitelaw et al. 1979), who used the TREU667 pleomorphic line.  

Treatment prior to 14 dpi for Antat1.1 and TREU667 infections does not give relapse constitutes 

are underway and will constitute a relevant control for this CNS invasion assay.  Hence our 

system represents a powerful strategy for pathogenesis studies to investigate the role of T. brucei 

cell motility in the CNS invasion and this will be a focus of future work.  

 

Although important advances have been recently made in addressing immunopathology 

questions, many unknowns remain in our understanding of pathogenesis mechanisms in African 

trypanosomiasis. For example, cellular and molecular mechanisms underlying CNS penetration 

by this parasite deserve a particular attention for investigation as CNS invasion is a defining step 

in pathogenesis of trypanosomiasis since it marks beginning of the lethal stage of the disease 

[Kennedy 2007]. Host factors such as lymphocytes and interferon-γ [Masocha et al., 2007; 

Masocha et al., 2008] as well as parasite factors such as the brucipain cysteine proteases 
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[Abdulla et al., 2008] have been shown to be important in regulating trypanosome penetration 

into the brain.  Cell motility in T. brucei is believed to be essential for infection and 

pathogenesis. Unfortunately, it has not been possible to test this hypothesis because no one has 

been able to generate a viable bloodstream-form motility mutant.  We recently generated 

bloodstream form T. brucei motility mutants that are viable and are mammalian infectious in an 

acute infection model (Appendix 2) [Ralston et al., 2011]. The availability of these motility 

mutants combined to the mouse infection system we have established will now allow studies 

investigating the impact of parasite motility in pathogenesis. Moreover, we will build on these 

advances to generate motility mutants for chronic infection models in order to test the 

requirement for parasite motility for CNS invasion.  

Our mouse infection system is relevant for studying host-parasite interactions as well as 

for evaluating or devising new treatment strategies for African trypanosomiasis. As an example, 

we took advantage of the mouse infection system reported here to assess motility of T. brucei 

directly in blood from infected mice (Appendix 1) [Rodriguez et al., 2009] and those studies 

provided insights into mechanisms of trypanosome cell propulsion. Our systems represent a 

significant contribution in understanding pathogenesis mechanisms and should open ways to 

develop novel therapies for African sleeping sickness.  
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Experimental Procedures:  

 

Ethics Statement.   

All animal experiments scrupulously complied with the Institutional Animal Care and Use 

Committee of University of California, Los Angeles (Approved protocol permit: ARC # 2001-

065). 

 

Trypanosome culture.   

Cultivation of BSSM trypanosomes [Wirtz et al., 1999] in culture was done as described 

previously [Ralston et al., 2006].  Briefly, cells were grown in HMI-9 medium supplemented 

with 15% heat-inactivated fetal calf serum (HIFCS) and maintained at 37 °C and 5% CO2.  

 

Mouse infections.  

Mouse infections were done essentially as described [Dubois et al., 2005]].  BALB/c 

female mice (The Jackson Laboratory, Bar Harbor, ME), 6 to 10 weeks old, were injected 

intraperitoneally with 50, 100, 500, and 100 BSSM parasites or 10,000-50,000 TREU667, 

TREU927, or AnTat1.1 trypanosomes in 0.2 ml cold phosphate buffered saline (PBS) (pH 7.4) 

supplemented with 1% glucose or HMI-9 medium. To maintain cell viability in PBS, parasites 

were kept on ice prior to injection into mice.  For BSSM + Tet infections, parasites were induced 

with 1 µg/ml tetracycline in culture 3 days prior to injection into mice and mice received 1 

mg/ml doxycycline in their drinking water 5 to 7 days prior to infection and throughout the 

course of infection.  Parasitemia was monitored daily beginning 2-3 days post infection using an 

improved Neubaeur hemocytometer [Herbert and Lumsden 1976].    
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Chemotherapy 

For berenil treatment, mice received 40 mg/kg berenil [Jennings et al., 1979] 

intraperitoneally in a volume of 0.100 ml at day post infection 60 only when animals showed 

waves of parasitemia.  Parasitemia post-berenil treatment was monitored as described above.  

After clearance of bloodstream infection following berenil treatment detection of parasitemia 

was considered as a relapse of infection. 

 

Acknowledgements  

We thank Professor John Mansfield and Mrs. Karen Demick (University of Wisconsin) 

for guidance with mouse infections.  We are also grateful to Professor George Cross (Rockefeller 

University) for providing AnTat1.1 and TREU927 parasites. Professor Stephen Hajduk 

(University of Georgia) kindly provided us with TREU667 cells. 

 
 



 
 

56 

 
 
Figure 1. BSSM infections at different multiplicity of infection (MOI). Parasitemias of mice 

infected with 1000 (A), 500 (B), 100 (C), or 50 (D) BSSM parasites.  Mice were infected at day 

0 with the indicated MOI and parasitemia was determined beginning two days post infection 

(dpi).  Representative data are shown for three mice for each MOI tested from a total of 8 (MOI 

100-1000) and 5 (MOI 50) infections.  Experiment was terminated when the first parasitemia 

A B 

C D 
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was detected. Two mice in the MOI 1000 group did not show detectable parasitemia. MOI is 

indicated on each panel. 
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Figure 2. Course and dynamics of BSSM infections.  (A) Parasitemias of BSSM parasites.  

Mice were infected at day 0 with 100 parasites and parasitemia was determined beginning three 

days post infection (dpi).  Normally, mice showed a single wave of parasitemia (black and blue 

lines) but one mouse exhibited two waves (red line).  (B) Survival curves for mice shown in 

panel A (n = 3).  
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Figure 3. Tetracycline has no discernable effect on mice and wild type BSSM T. brucei. (A) 

Parasitemias of BSSM parasites.  Mice were maintained without tetracycline (black lines, - Tet) 

or with tetracycline (blue lines, + Tet) in the drinking water.  Mice were infected at day 0 with 

100 parasites and parasitemia was determined beginning three days post infection.  

Representative data are shown for three infections.  (B) Survival curves for BSSM-infected mice, 

A 

B p = 0.2116 
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maintained without tetracycline (-Tet, solid lines, n = 7) or with tetracycline (+Tet, dashed line, n 

= 7) in the drinking water. Any differences were not significant (p is indicated). 
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Figure 4. Infection of pleomorphic trypanosomes TREU667, TREU927, and AnTat1.1. 

Parasitemias of mice infected with TREU667 (A), TREU927 (B), and AnTAt1.1 (C) parasites.  

Mice were infected at day 0 with the indicated parasite line and parasitemia was determined 

beginning two days post infection (dpi).  Data are shown for two infections for each parasite line.  

Mice showed several waves of parasitemia and infection lasted more than fifty days for 

TREU667 and AnTat1.1 infections. For TREU927 infections, mouse #1 exhibited one wave of 

A 

C 
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parasitemia and died at dpi 10, whereas mouse #2 physically looked unhealthy and was 

sacrificed at dpi 22. 
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Figure 5.  Berenil treatment of mice infected with BSSM or AnTat1.1 parasites.   

Parasitemias of mice infected with BSSM (A) or AnTat1.1 (B) parasites. Mice were infected 

with BSSM or AnTat1.1 parasites at day 0 and then treated intraperitoneally with berenil (dotted 

arrow) after detection of parasitemia at day post infection (dpi) 6 or 7 (BSSM) or at dpi 60 

(AnTat1.1).  While BSSM-infected mice cleared bloodstream infection within 24h, bloodstream 

infection clearance was within 48h for AnTat1.1-infected mice.  BSSM infections (A) never 

“berenil” B 

A 
“berenil” 
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relapsed although infections were kept for more than 120 days post berenil treatment.  For 

AnTat1.1 infections (B), mouse #1 (blue line) was found dead with body lesions twenty days 

after berenil treatment (or dpi 81), probably resulting from fighting. Mouse #2 (black line) and 

#3 (red line) each showed relapse of infection, fourteen days after berenil treatment. The 

experiment was terminated thirty five days after berenil treatment, or at dpi 95. 
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Abstract 

 

The flagellum of Trypanosoma brucei is an essential and multifunctional organelle that drives 

parasite motility and is receiving increased attention as a potential drug target.  In the 

mammalian host, parasite motility is suspected to contribute to infection and disease 

pathogenesis. However, it has not been possible to test this hypothesis owing to lack of motility 

mutants that are viable in the bloodstream life cycle stage that infects the mammalian host. We 

recently identified a bloodstream-form motility mutant in 427-derived T. brucei in which point 

mutations in the LC1 dynein subunit disrupt propulsive motility but do not affect viability. Here 

we demonstrate that the LC1 point mutant fails to show enhanced cell motility upon increasing 

viscosity of the surrounding medium, which is a hallmark of wild type T. brucei, thus indicating 

that motility of the mutant is fundamentally altered compared to wild type cells.  We next used 

the LC1 point mutant to assess the influence of trypanosome motility on infection in mice. We 

surprisingly found that disrupting parasite motility has no discernible effect on T. brucei 

bloodstream infection. Infection time-course, maximum parasitemia, number of waves of 

parasitemia, clinical features and disease outcome are indistinguishable between motility mutant 

and control parasites.  Our studies provide an important step toward understanding the 

contribution of parasite motility to infection and a foundation for future investigations of T. 

brucei interaction with the mammalian host. 
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Summary 

 

Trypanosoma brucei is a deadly human pathogen that causes significant human mortality and 

limits economic development in some of the most impoverished regions of the world.  

Trypanosome motility is considered to be important for infection and pathogenesis. However, 

until the present work, it was not possible to test this hypothesis because all motility mutants 

generated previously were not viable. We recently overcame this barrier by identifying a viable 

motility mutant and in the present study, we have used this mutant to provide the first analysis of 

the impact of trypanosome motility on infection and pathogenesis. We found that normal motility 

is dispensable for trypanosome bloodstream infection and pathogenesis in mice. These studies 

represent an important contribution to understanding pathogenesis mechanisms and host-parasite 

interactions, and inform efforts to exploit the flagellum as a drug target. 



 
 

72 

Introduction 

 

African trypanosomes, i.e. Trypanosoma brucei and related species, are protozoan 

parasites that cause sleeping sickness in humans and related diseases in wild and domestic 

animals.  These parasites cause significant human mortality and limit economic development 

over vast regions of sub-Saharan Africa.  Trypanosome infection of a mammalian host is a 

multistep process. Following transmission via the bite of an infected tsetse fly, the parasites must 

first establish and then maintain an infection in the bloodstream despite being extracellular and 

constantly exposed to the host immune system.  Antigenic variation of the parasite surface coat 

and active clearance of host immunoglobulin bound to the parasite surface enable the 

trypanosome population to evade immune destruction and persist in the bloodstream indefinitely 

(Barry and McCulloch 2001; Borst 2002; Pays 2005).  Bloodstream infection represents stage 

one of the disease and manifests clinically as flu-like symptoms with recurrent waves of fever 

and development of lymphadenopathy (Stich et al., 2002; Rodgers 2010).  After a period of 

weeks to months, parasites penetrate the blood vessel endothelium and invade the central 

nervous system (CNS) (Stich et al., 2002; Rodgers 2010) bringing on stage two of the disease.  

During this stage, patients develop chronic meningoencephalitis with headaches and neurological 

changes that severely disturb sleep. Coma and death follow if the disease is left untreated (Stich 

et al., 2002; Rodgers 2010).   

 

Trypanosomes are highly motile and the contribution of parasite motility to infection and 

pathogenesis is a long-standing question.  Cell motility in T. brucei is driven by a single 

flagellum that runs alongside the cell and is laterally connected to the cell body (Ralston et al., 



 
 

73 

2009).  The T. brucei flagellum possesses a canonical “9 + 2” axoneme as the platform for 

assembly of dynein motors that drive flagellum beating (Supplemental Figure S1A-D) (Ralston 

et al., 2009).  The prominent influence of the flagellum on trypanosome biology is apparent even 

in original descriptions of these organisms, which centered on their distinctive, helical cell 

locomotion as observed in blood samples from infected amphibians (Gruby 1843).  In those 

studies the parasite’s auger-like movement, twisting and rotating around its long axis as it moved 

forward, led to the genus name “Trypanosoma”, which combines the Greek words trypanon 

(auger) and soma (body).  Since then, parasite motility has captured the attention of many 

scientists and an “undulating membrane” (now known to correspond to the flagellum) is a 

prominent feature in most descriptions of these organisms.  Early work by Walker (Walker 1961) 

demonstrated that motility is driven by a tractile flagellar beat that initiates at the tip of the 

flagellum and travels to the flagellum base, the opposite of what is seen in most other eukaryotic 

flagella.  More recent analyses of Trypanosoma brucei motility using high-speed, high-resolution 

video microscopy provided adjustments to the original “auger-like” description and further 

emphasized that parasite motility is a prominent feature of these pathogens in the blood 

(Rodriguez et al., 2009; Uppaluri et al., 2011; Heddergott et al., 2012; Weisse et al., 2012). 

  

Parasite motility is widely considered to be important for infection and pathogenesis in 

the mammalian host and motility functions of the trypanosome flagellum are receiving 

increasing attention as potential targets for therapeutic intervention (Broadhead et al., 2006; 

Ralston and Hill 2006; Ginger et al., 2008; Ralston et al., 2009). Specific requirements for 

motility in the mammalian host are not clear, but motility has been hypothesized to participate in 

parasite immune evasion and for penetration of the blood brain barrier and other extravascular 



 
 

74 

tissues.  For example, parasite forward movement has been suggested to drive movement of 

surface-bound immunoglobulin to the posterior end of the cell, where it is internalized, thereby 

allowing the parasite to resist opsonization and immune destruction (Engstler et al., 2007).  As an 

extracellular pathogen, T. brucei presumably depends on its own motility for penetration of the 

vascular endothelium and entry into the CNS.  Recent studies have even suggested that T. brucei 

motility is adapted specifically to the bloodstream environment (Heddergott et al., 2012). 

Unfortunately, direct investigation of a requirement for parasite motility in any aspect of host 

infection or pathogenesis has not been possible, because of the lack of viable motility mutants in 

the bloodstream life cycle stage that infects the mammalian host (Ginger et al., 2008; Ralston 

and Hill 2008). 

 

Parasite “motility” refers to propulsive translocation of the cell, rather than simple 

writhing of the cell body, which may be caused by uncontrolled flagellum beating.  Indeed, all T. 

brucei motility mutants so far described retain a beating flagellum despite defects in sustained 

propulsive translocation of the cell (Hutchings et al., 2002; Branche et al., 2006; Broadhead et 

al., 2006; Ralston and Hill 2006; Ralston and Hill 2008).  Most T. brucei motility mutants have 

been generated by RNAi knockdown of specific flagellar proteins and these knockdowns were 

lethal in bloodstream form cells, leading to the suggestion that disrupting motility is lethal 

(Branche et al., 2006; Broadhead et al., 2006; Ralston and Hill 2006; Ralston and Hill 2008).  

However, most if not all, T. brucei flagellar protein knockdowns have known or suspected 

structural defects, including some that are far more substantial than just loss of the targeted 

protein (Ralston and Hill 2008).  Thus, it is not possible with RNAi alone to distinguish between 

phenotypes arising from defective motility versus pleotropic consequences of ablating target 
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gene expression.   

 

We recently developed a system to study flagellum protein function that employs loss of 

function point mutants to replace an endogenous protein, rather than simply depleting proteins 

via RNAi (Ralston et al., 2011).  As such, the system enables one to perturb protein function, 

while avoiding pleotropic  structural defects that might arise when  depleting building blocks of 

axonemal protein complexes.  Using this system, we identified a point mutation, K203A/R210A, in 

the LC1 subunit of outer arm dynein (Supplemental Figure S1A-D) that disrupts cell motility, 

but does not disrupt the structure of outer arm dynein (Ralston et al., 2011).  Bloodstream form 

LC1 K203A/R210A mutants, henceforth referred to as “K/R” mutants, were generated by 

introducing a Tet-inducible copy of the mutant LC1 gene into a Tet-inducible LC1 knockdown 

line.  Tet-induction in the parental LC1 knockdown is lethal, while tet-induction of the K/R 

mutant yields motility mutants that are viable, thereby offering a unique opportunity to examine 

the influence of motility on trypanosome infection (Ralston et al., 2011).  

 

In the current work, we analyze parasite motility in multiple environments and 

demonstrate that motility in the K/R mutant is fundamentally altered compared to wild type cells.  

The motility defect of the LC1 K/R point mutant is at least as severe as that caused by LC1 

knockdown, supporting the idea that lethality in the knockdown is not simply due to defective 

motility. We also exploit the availability of a viable T. brucei bloodstream-form motility mutant 

to directly test the requirement for parasite motility in mouse infection and pathogenesis.  We 

find that, contrary to the prevailing notion, establishment and maintenance of infection in the 

bloodstream, as well as gross pathology and lethal outcome are indistinguishable between wild 
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type and motility mutant parasites.  
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Results 
 
 
 
K/R mutant parasites exhibit similar extent of motility defect as knockdown parasites. 

 

The contribution of parasite motility to T. brucei infection and pathogenesis in the 

mammalian host has not been studied.  To address this question, we used the T. brucei K/R 

motility mutant, a conditional mutant that has normal motility in the absence of tetracycline, but 

defective motility in the presence of tetracycline (Ralston et al., 2011).  As part of the current 

study, we performed an in-depth analysis of cell motility in the K/R mutant compared to parental 

LC1 knockdowns to assess the extent of the motility defect.  We previously analyzed motility in 

K/R point mutants versus LC1 knockdowns at 24 hours post induction (hpi), but at this time 

point lethal cell division failure was already evident in the parental line and interfered with 

motility analysis (Ralston et al., 2011).  We therefore examined motility at 12 hpi because at this 

time point a clear motility defect was evident in the parental line and cell division defects were 

not yet apparent (Figure 1).  As shown in Figure 1 and Supplemental Videos 1, 2, and 4, motility 

K/R mutants and LC1 knockdown parasites at 12 hpi both have erratic flagellum beating that 

does not drive cell propulsion.  Knockdown parasites are inviable owing to cell division failure 

that is evident within 26 hpi (Figure 1A, D and Supplemental Video 3), while K/R mutants 

remain viable.  By 72 hpi, the motility defect is even more pronounced in K/R mutants (Figure 

1J and supplemental video 5).  In all cases, the flagellum beats rapidly, but the cells lack cell 

propulsion (Supplemental Video 5). We also examined flagellar beating using high speed, 1000 

frames per second (fps), video microscopy (Supplemental Video 6).  This analysis revealed 

slower flagellar beating and flagellum tip movements that did not propagate along the cell in 
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knockdown and K/R mutant cells compared to wild type.  However, we could not discern a 

specific beat feature that distinguished LC1 knockdown versus point mutant cells.  

 

 

The K/R mutant motility defect manifests in the bloodstream environment. 

 

The environment encountered by parasites in an animal host differs from that of culture 

medium and these differences can influence parasite motility.  For example, the viscosity of 

blood is significantly higher than that of culture medium and a hallmark of T. brucei motility is 

that cell velocity and propulsive motility increase with increasing viscosity of the medium 

(Heddergott et al., 2012). The ability of the parasite to increase motility when viscosity is raised 

is a consequence of the distinctive auger-like motility of the organism and is also observed for 

other microbes, such as spirochetes, that move via spiral cell motility (Berg and Turner 1979). 

As a context for mouse infection experiments, we therefore considered the possibility that 

increased viscosity might rescue the motility defect of K/R mutants.  To test this, we examined 

parasite motility in normal medium versus medium in which viscosity was increased by adding 

0.4 % methyl cellulose to approximate the viscosity of blood (Heddergott et al., 2012). In the 

presence of methyl cellulose, induced K/R cells exhibited a pronounced motility defect relative 

to uninduced controls (Figure 2 and Supplemental Figure S1E).  This defect was evident when 

assessed by motility traces and total distance traveled (Figure 2A-B), but is most clearly evident 

when assessed by mean squared displacement, which measures propulsive motility (Figure 2C).  

Moreover, while addition of methylcellulose increased motility of uninduced cells, it did not 

significantly increase motility of induced cells. Therefore, rather than being rescued, the motility 
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defect of induced K/R mutants relative to control cells was more pronounced in the presence of 

methylcellulose.            

 

Another difference in blood versus culture medium is that blood presents a heterogeneous 

environment, owing to the presence of red blood cells and other cell types.  These external 

obstacles influence microbial cell motility (Berg and Turner 1979; Heddergott et al., 2012).  We 

therefore examined motility of induced and uninduced K/R parasites in whole blood.  The 

density of red blood cells made it impossible to reliably trace individual trypanosomes using dark 

field illumination as was done for parasites in culture medium.  To overcome this, we generated 

a K/R mutant cell line that constitutively expresses mCherry fluorescent protein, thereby 

allowing us to track trypanosome cell movements using fluorescent microscopy.  We then 

examined motility of parasites in whole blood.  Both uninduced and induced cells showed 

increased motility in blood than was observed for parasites in culture medium.  Nonetheless, 

induced K/R cells exhibited a clear motility defect relative to uninduced controls even in whole 

blood (Figure 3 and Supplemental Videos 7).   

 

To compare the extent to which cell motility is disrupted in different environments, we 

determined the mean squared displacement slope for induced relative to uninduced cells in each 

condition, culture medium with or without methylcellulose, and whole blood (Figure 3D).  The 

combined data show that the LC1 K/R mutant exhibits a motility defect that is at least as 

pronounced as that of the parental LC1 knockdown and further, that this defect is manifest in 

culture medium with or without methyl cellulose, as well as in whole blood (Figure 3D).  Given 

that this motility defect is penetrant even in whole blood, the K/R mutant presents a unique 
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opportunity for assessing the impact of parasite motility on mouse infection. 

 

 

Motility mutants establish bloodstream infection and cause trypanosomiasis pathology in 

mice. 

 

K/R mutants that were uninduced or induced for 72 hours with tetracycline were used to 

infect mice as described in Methods.  Following infection, mice were examined and parasitemia 

was determined daily.  For - Tet controls, parasitemia was first detected by four days post 

infection and mice usually developed a single wave of unremitting parasitemia with terminal 

outcome by 7 – 8 days post-infection (Figure 4A-B).  One mouse in each group exhibited two 

waves of parasitemia, but in no case did infected mice clear the second wave or survive longer 

than 14 days.   These infection parameters mimic what we observed with the parental blood 

stream single marker (BSSM) trypanosome cell line (not shown) and are consistent with 

previous studies using BSSM T. brucei (Emmer et al., 2010).  In + Tet mice the infection time-

course, maximum parasitemia, number of waves of parasitemia and mouse survival times were 

indistinguishable from – Tet controls (Figure 4A-B).  In the single case where two waves of 

parasitemia were observed, the VSG expressed by the infecting population was lost in the second 

wave (Figure 4C), indicating that VSG switching remains active in the K/R mutant.   

 

Splenomegaly and anemia are hallmark clinical features of trypanosomiasis in many 

hosts including humans (Amole et al., 1982) and we therefore examined infected mice for these 

pathologies.  Mice infected with K/R mutants and treated with tetracycline exhibited weight loss, 
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anemia  and splenomegaly that were indistinguishable from that observed in control (- Tet) 

infections (Figure 4D-F).  We did not observe any discernible difference in mouse behavior 

between - Tet and + Tet infections.   Hepatomegaly was not observed in either group of mice 

(not shown).  Therefore, + Tet mice infected with K/R mutants established bloodstream infection 

and showed clinical features of trypanosomiasis that parallel that observed with – Tet control 

infections. 

 

Infection of mice by + Tet K/R motility mutants was a surprising result. We considered 

the possibility that the mouse environment might select for revertants with wild type motility and 

these wild type parasites are responsible for the infection.  We also considered the possibility that 

Tet was somehow not effective under the conditions used.  If either of these situations occurred, 

parasites from infected +Tet mice would no longer exhibit a motility defect.  We therefore 

examined motility and protein expression in parasites taken directly from infected mice.  As 

shown in figure 5, K/R mutants taken directly from + Tet mice retained the motility defect 

(Figure 5A-B and Supplemental Videos 8-9) and expression of mutant LC1 protein (Figure 5C) 

that were observed in culture.  As an independent test, we asked whether Tet treatment was able 

to clear infection by the parental LC1 knockdown line as well as Tet-inducbile trypanin 

knockdown parasites, both of which are non-viable under +Tet conditions (Ralston et al., 2011).  

In both cases, Tet treatment cleared the infection within 24 hr of treatment and no revertant cells 

emerged (Figure 5D and Supplemental Figure S1F).  Therefore, using multiple independent tests, 

Tet was effective under the conditions used and mouse infection did not simply select for 

revertants.  
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DISCUSSION 

 

African trypanosomes are deadly pathogens and infection of the mammalian host 

proceeds via multiple steps.  Following a tsetse bite, parasites must first establish infection in the 

bloodstream and then defend against a potent immune response in order to maintain the 

infection.  Subsequently, parasites invade extravascular tissues, including the CNS, leading to 

host tissue damage, neurologic dysfunction and an ultimately lethal outcome (Stich et al., 2002; 

Rodgers 2010).  Here we used trypanosome motility mutants in a mouse infection model to 

examine impact of parasite motility on the first of these steps, namely establishment and 

maintenance of a bloodstream infection.  We also examined pathogenic features and progression 

to terminal outcome.  Surprisingly, infection dynamics, including time-course, maximum 

parasitemia, and number of waves of parasitemia, as well as pathological features and mouse 

survival rates were indistinguishable between control and motility mutant parasites.  

 

 Parasite motility is generally considered to be important for infection and motility 

functions of the trypanosome flagellum are considered candidate targets for therapeutic 

intervention (Broadhead et al., 2006; Ralston and Hill 2006; Ginger et al., 2008).  Our studies 

present the first direct tests of the role for parasite motility in mouse infection and were made 

possible by availability of viable bloodstream-form motility mutants (Ralston et al., 2011).  

Previously, T. brucei motility mutants were generated using RNAi to simply deplete endogenous 

flagellar proteins and this is lethal in cultured bloodstream form cells, thereby limiting their 

utility for mouse infection studies.  The K/R mutant differs in that the endogenous LC1 protein is 

replaced with a non-functional mutant and this mutant is viable (Ralston et al., 2011).   
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The induced K/R mutant retains some residual motility and we cannot rule out the 

possibility that this is enough to support any motility needs for bloodstream infection.  However, 

induced K/R mutant parasites exhibit a pronounced motility defect relative to control cells under 

all conditions examined, i.e. culture medium alone, culture medium containing methyl cellulose 

to increase viscosity, whole blood and in diluted blood taken directly from infected mice.  The 

defect is at least as severe as that seen in the parental LC1 knockdown line, which is non-viable.  

Moreover, induced K/R mutants do not show significant increase in velocity or propulsive 

motility when the viscosity of culture medium is raised.  In contrast, cell velocity and propulsive 

motility of control trypanosomes increase when viscosity of the culture medium is raised (Figure 

2) owing to specific features of the parasite’s cell propulsion mechanism (Berg and Turner 1979; 

Heddergott et al., 2012).  Thus, in addition to the decrease in cell motility the mechanism of cell 

movement in induced K/R mutants is fundamentally altered compared to control cells.   

 

We considered the possibility that infection is caused by revertants, which might arise for 

example if cells become insensitive to tetracycline, become resistant to RNAi, or develop 

mechanisms to overcome LC1 functional defects.  This was not the case, because K/R mutants 

taken directly from infected mice retain their motility defect.  Likewise, revertants did not 

develop during infection with two independent tet-inducible RNAi lines.  Moreover, mice 

infected with K/R mutants do not show any delay in time course of infection that would be 

expected if revertants had to emerge.  Our findings therefore demonstrate that T. brucei can 

accommodate severe disruptions in motility mechanism and overall capacity for cell movement 

without affecting bloodstream infection.   
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While not essential for survival in the bloodstream during acute infection, we favor the 

idea that parasite motility is required for subsequent steps of infection, such as persistence in the 

bloodstream during a chronic infection (MacGregor et al., 2011) or penetration of the CNS 

(Jennings et al., 1979).  For example, trypanosome forward motility facilitates removal of host 

immunoglobulin from the cell surface in culture (Engstler et al., 2007) and this activity likely 

enables parasite persistence in the bloodstream over extended periods in the face of potent 

immune responses by the host.  Persistent infection also enables CNS invasion (Jennings et al., 

1982) .  It is generally thought that T. brucei requires more than two weeks to gain access to 

brain tissue (Jennings et al., 1979; Poltera et al., 1980; Gray et al., 1982), although this has been 

debated recently (Frevert et al., 2012).  Rapid progression of infection with 427-derived parasites 

used in our studies, with maximum mouse survival ≤14 days, precludes reliable assessment CNS 

penetration, and additional work with motility mutants in chronic infection models (Jennings et 

al., 1979; Gray et al., 1982; MacGregor et al., 2011) will be required.  T. brucei isolates that give 

chronic infection have historically been recalcitrant to molecular genetic manipulation, although 

advances in this direction have been made recently (Macgregor et al., 2013).  427-derived 

parasites were selected for our studies because of their experimental tractability and because they 

allowed the first-ever direct analysis of motility in any aspect of T. brucei infection.  The 

demonstration here that induced K/R mutants are viable and mammalian-infectious will now 

enable studies of parasite motility in chronic infection models. 

    

The role of parasite motility in infection and pathogenesis of trypanosomiasis is a 

longstanding question that has not previously been amenable to experimental investigation. As 
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such, development of a motility mutant infection model describe here provides an important 

foundation for future studies of flagellum biology in the context of host infection. 
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Experimental procedures: 
 
 

Ethics Statement.  All animal experiments strictly complied with the Institutional Animal 

Care and Use Committee of University of California, Los Angeles (Approved protocol permit: 

ARC # 2001-065). 

Trypanosome culture.  Cultivation, transfection and RNAi induction of trypanosomes in 

culture were done as described previously (Ralston et al., 2006).  The T. brucei bloodstream 

trypanin knockdown, LC1 knockdown, LC1-K203A/R210A (K/R) motility mutant and 

bloodstream single marker (BSSM), cells were described previously (Wirtz et al., 1999; Ralston 

et al., 2011).  K/R-mCherry cells were generated by stable transfection of K/R cells with the 

pNKmCherry plasmid (described below).  To generate pNKmCherry, the mCherry gene 

(accession number AY678264) was PCR amplified from pmCherry plasmid (Hajagos et al., 

2012) and cloned into the expression vector pHD496-H (Hutchings et al., 2002) using the 

HindIII and BamHI cloning sites. pHD496-H contains a ribosomal RNA promoter to drive 

constitutive expression of the mCherry gene and a hygromycin-resistance cassette to enable 

selection (Biebinger and Clayton 1996; Hutchings et al., 2002).  Primers used to PCR amplify 

mCherry are as follow: 5’ ATGGTGAGCAAGGGCGAGG 3’ (forward primer), 5’ 

TTACTTGTACAGCTCGTCCATGC 3’ (reverse primer). All DNA sequences were verified by 

direct sequencing. 

Mouse infections. Mouse infections were done essentially as described (Dubois et al., 

2005).  BALB/c female mice (The Jackson Laboratory, Bar Harbor, ME), 6 to 10 weeks old, 

were injected intraperitoneally with 100 parasites in 0.2 ml cold phosphate buffered saline (PBS) 

(pH 7.4) supplemented with 1% glucose. To maintain cell viability in PBS, parasites were kept 

on ice prior to injection into mice.  For + Tet infections, parasites were induced with 1 µg/ml 
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tetracycline in culture three days prior to injection into mice and mice received 1 mg/ml 

doxycycline in their drinking water 5 to 7 days prior to infection and throughout the course of 

infection.  Parasitemia was monitored daily beginning 3 days post infection using an improved 

Neubaeur hemocytometer (Herbert and Lumsden 1976).  After euthanasia, mice were weighed 

and tissues were collected for weighing. For trypanin knockdown and LC1 knockdown 

infections, parasites were maintained in culture without tetracycline and mice received 1 mg/ml 

doxycycline in drinking water only when animals showed the first wave of parasitemia.    

 

Parasite motility assays. Knockdown, K/R and K/R-mCherry parasites were grown without or 

with tetracycline to a density of 1.5-2.0 x 106 cells/ml and cell motility analysis was done at the 

hours post induction (hpi) described in each figure.  For methyl cellulose experiments, cells were 

maintained with or without addition of 0.4% (v/v) to approximate the viscosity of blood 

(Heddergott et al., 2012).  For mCherry K/R parasites, cells (50 microliters) were added to 

freshly drawn, undiluted mouse blood (500 microliters). All samples were analyzed in a pre-

warmed motility chambers within 5 minutes after collection.  Motility traces were done as 

described (Ralston et al., 2011).  Briefly, parasites were examined in motility chambers using 

dark field optics on a Zeiss Axioskop II compound microscope with a 10x objective (Figures 1 

and 2) or using fluorescence optics on a Zeiss Axiovert 200 M inverted microscope with a 20x 

objective (Figure 3). Videos were captured using a COHU analog video camera. Analog format 

movies were converted to digital format with an ADVC-300 digital video converter (Canopus, 

Co., Ltd.). Movies were recorded at 30 frames per second (fps) and converted to AVI format and 

then to stacks of TIFF images using Adobe Premiere Elements software (Adobe Systems). TIFF 

image stacks were analyzed using Metamorph software (Molecular Devices) to trace parasite 
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movement over the indicated time period. Trace data were used to calculate the total distance 

travelled, as well as the mean squared displacement (MSD) of individual cells in the x and y 

dimensions.  MSD was calculated according to the formula MSD = <ri(t)2> = <(pi(t) – pi(0))2>, 

where ri is the distance travelled by the parasite over time interval t and pi is the position of the 

parasite at any given time.  For figures 1 and 2, the timescale of t ranged from 1 to 25 seconds in 

increments of 1 second.  For figures 3 and 5, the timescale of t ranged from 1 to 8 seconds in 

increments of 0.3 second.  MSD is calculated for each instance i of a given time interval.  

Several cell MSDs were then averaged to obtain an ensemble average.  

For motility experiments on parasites from mouse infections (Figure 5), blood samples 

were collected from infected mice 7-13 days post infection (dpi).  Samples were kept at 37°C 

and analyzed in a pre-warmed motility chamber within 5 to 10 minutes after collection.  To 

record motility traces, blood samples were diluted 1:100 in warm HMI-9 culture medium to 

enable tracing of individual parasites among red blood cells and videos were recorded and 

processed as described above, using differential interference contrast (DIC) optics on a Zeiss 

Axiovert 200 M inverted microscope with a 100x oil-immersion objective. For high-resolution 

videos of individual cells (Supplemental Videos 1-9), videos were captured in motility chambers 

using DIC optics (Supplemental Videos 1-6, 8-9) or using fluorescence optics (Supplemental 

Videos 7) on a Zeiss Axiovert 200 M inverted microscope with a 100x oil-immersion 

(Supplemental Videos 1-6, 8-9) or 20x (Supplemental Videos 7) objective. 

Hi-speed videos:  The experimental setup used to record high-speed trypanosome 

motility consists of an inverted DMI6000 B microscope (Leica Microsystems, Wetzlar, 

Germany) equipped with a 100X objective (Leica HCX PL APO 100x/1.40-0.70 oil) and 

Differential interference Contrast (DiC) optics, a halogen-based white trans-illumination system 
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and a PC-controlled Photron FocusScope SV200-i high-speed CMOS camera (Photron USA 

Inc.) mounted in the trinocular port.  The images provided by the high-speed camera are directly 

observed in the PC monitor. System control is achieved through the Photron FASTCAM Viewer 

software (PFV Version 3). Images were captured at 1,000 frames per sec (fps) with 512 x 512 

pixel image resolution. 

 

Western blot analysis of parasites from mice.  Western blots were done as described 

previously (Ralston et al., 2011).  To obtain parasites from mice, mice were euthanized and 

blood was collected in heparinized tubes 7-13 days post infection. Parasites were separated from 

whole blood using DE 52 anion exchange columns, as described (Lanham and Godfrey 1970).  

Purified parasites were examined with a microscope to assess purity and parasite yield was 

determined by counting in a hemocytometer. Purified parasites were washed three times in PBS 

and then boiled in Laemmli sample buffer for Western blot analysis.   Blots were probed with 

anti-HA monoclonal antibody (Covance) at 1:5000 diliution, anti- β-tubulin monoclonal 

antibody (Developmental Studies Hybridoma Bank, University of Iowa) at 1:5000 diliution, or 

anti-variable surface glycoprotein VSG 221 (McDowell et al., 1998) at 1:100,000 dilution 

 

Statistical analysis.  Statistical analysis and graphical output was done with GraphPad Prism 5. 

The significance of survival was determined by Log-rank (Mantel-Cox) Test. We used the 

Student unpaired two-tailed t test to determine significant differences in motility. The 

significance of total body weight, spleen weight, liver weight, and number of red blood cells was 

calculated by one-way ANOVA with Bonferroni’s post-test for multiple comparisons. 

Significance (p value) is reported in each figure.    
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Figure 1.  LC1 knockdown and LC1 K/R point mutant parasites show similar motility 

defects but the knockdown is lethal, while the point mutant is viable. (A) Growth rates of 

LC1-knockdown cells (black lines) and K/R point mutants (gray lines). At time zero cultures 

were incubated with (open symbols) or without (closed symbols) tetracycline and diluted back to 

the starting density at 24 h and 48 h. (B, E and G) Motility traces of LC1 knockdown and LC1 



 
 

92 

K/R point mutant parasites grown with Tet for the indicated hours post-induction (hpi).  Each 

line traces the path of a single cell for 30 seconds.  (C, D, F, and H) DIC images of cultures 

grown with tetracycline for the indicated hpi. Arrows in panel D show cells accumulating as 

amorphous masses, indicating cell division failure by 26hpi for the LC1 knockdown.  Scale bar 

is 95 um (panels B, E and G) or 25 µm (panels C, D, F and H). (I and J) Quantification of 

distance traveled in 30 seconds by individual LC1 knockdown (I) and K/R point mutant (J) cells 

grown in the absence (-) or presence (+) of Tet for the indicated times. For the LC1 knockdown, 

n=126 for –Tet and 159 for +Tet.  For the K/R point mutant, n=180 for –Tet, 167 for 

+Tet(12hpi) and 190 for +Tet(72hpi).  Horizontal lines indicate the mean of each data set, with 

bars showing the 95% confidence interval. (K and L) Mean squared displacement plotted as a 

function of time interval for LC1 knockdown (K) and K/R point mutant (L) trypanosomes grown 

without (closed circles) or with (open circles) Tet for the indicated time. n=52 for all samples 

and error bars show standard error of the mean.   
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Figure 2. Increasing viscosity improves motility of control (-Tet) but not of K/R mutant 

parasites in culture.  (A) Motility traces of K/R parasites grown with or without tetracycline for 

72 hours as indicated and with or without methyl cellulose (0.4%, w/v) as indicated.  Each line 

traces the path of a single cell for 30 seconds.  Scale bar is 100um.  (B) Quantification of 

distance traveled in 30 seconds by uninduced (-) and Tet-induced (+) K/R mutants measured in 
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the absence (-MC) or presence (+MC) of methyl cellulose.  For samples in the absence of MC, 

n=112 for –Tet and 96 for +Tet.  For samples with MC, n=102 for –Tet and 126 for +Tet). (C) 

Mean squared displacement plotted as a function of time interval for K/R point mutants 

maintained in the absence (solid lines) or presence (dashed lines) of Tet and measured without 

(black lines) or with (red lines) methyl cellulose (MC). n = 52 cells for each culture. For clarity, 

error bars are not shown, but are provided in supplemental figure S1E. 
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Figure 3.  K/R mutant parasites exhibit defective motility in whole blood. (A) Motility traces 

of K/R point mutants expressing mCherry and maintained in the absence (-Tet) or presence 

(+Tet) of tetracycline for 72 hours.  Motility traces were done in undiluted whole blood. Each 

line traces the path of single cell for 11 seconds.  Scale bar, 50 µm. (B) Quantification of 
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distance traveled in 11 seconds by uninduced (-) and or Tet-induced (+, 72hpi) mCherry K/R 

mutants measured in whole blood. n = 66 for –Tet and n=50 for +Tet.  (C) Mean squared 

displacement is plotted as a function of time interval for uninduced (-Tet, closed symbols) and 

Tet-induced (+Tet 72hpi, open symbols) mCherry K/R point mutants measured in blood.  n = 52 

cells for each culture. n=52 for –Tet and 50 for +Tet and error bars show standard error of the 

mean, p <0.0001.  (D) Comparison of the mean squared displacement analyses for LC1 

knockdown (KD) and K/R point mutants (K/R) grown in the absence (-) or presence (+) of tet for 

the indicated hours post induction (hpi).  MSD analyses are from figures 1K-L, 2C and 3C, done 

in culture medium with (+MC) or without (-MC) methyl cellulose, or in whole blood (blood) as 

indicated.  The culture medium –MC slope data are the average from figure 1L and 2C msd 

analyses.  For each condition, the slope of the best fit line through the msd data is plotted as a 

percentage of the slope of the –Tet sample for that condition.  A decrease in slope indicates 

decreased propulsive motility.  
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Figure 4.  Motility is dispensable for infection and pathogenesis. (A) Parasitemias of mice 

infected with K/R point mutants.  Mice were maintained without tetracycline (solid lines, - Tet) 

or with tetracycline (dashed lines, + Tet) in the drinking water.  Mice were infected at day 0 and 

parasitemia was determined beginning three days post infection (dpi).  Representative data are 

shown for two – Tet and + Tet mice from a total of 18 –Tet and 20 +Tet infections.  Typically, 

mice exhibited a single wave of parasitemia (triangles) but one mouse in each group showed two 

waves (circles).  (B) Survival curves for all K/R-infected mice, maintained without tetracycline 

(-Tet, solid lines, n = 18) or with tetracycline (+Tet, dashed line, n = 20) in the drinking water. 

Any differences were not significant (p = 0.0750).  One mouse in each group did not show 

detectable parasitemia.  (C) Western blot of total protein prepared from K/R point mutants grown 

in culture (culture) or purified from infected mice (mice) maintained with (+) or without (-) Tet.  
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Parasites from mice were taken at parasitemia peak 1 or peak 2 as indicated.  Blots were probed 

with antibody against VSG221 or β-tubulin as a loading control.  (D-F) Uninfected mice (uninf) 

or mice infected with K/R point mutants maintained without (- Tet) or with (+ Tet) tetracycline, 

were examined for total body weight (D) anemia (E) and spleen weight (F).  Body weight and 

spleen weight were determined seven dpi.  (Uninfected mice n = 3; mice infected with K/R 

mutants - Tet n = 4; + Tet n = 6.).  Anemia was assessed seven dpi. (Uninfected mice n = 4; - Tet 

infections n = 5; + Tet infections n = 7.)  Error bars show standard deviation. 
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Figure 5.  Defective motility in K/R point mutants from infected mice.  (A) Motility traces of 

K/R parasites taken from infected mice that were maintained without (- Tet) or with (+Tet) 

tetracycline in the drinking water.  Each line traces the path of single cell over 8.1 seconds.  

Upper panels show traces overlaid on phase contrast images. Representative trypanosomes 

(arrows) and red blood cells (arrowheads) are indicated.  Lower panels show traces.  Each line 

color represents a different cell.  (B) Mean squared displacement is plotted as a function of time 
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interval for K/R parasites from infected mice, maintained with (+Tet, open circles, n = 39 

parasites) or without (-Tet, closed symbols, n = 17) tetracycline in the drinking water.  Error bars 

show standard error of the mean, p <0.0001.  (C) Western blot of total protein from K/R parasites 

purified from infected mice or maintained in culture.  Tetracycline was provided in the mouse 

drinking water or culture medium as indicated. Blots were probed with antibody against the HA 

epitope to detect HA-LC1, or β-tubulin as a loading control.  (D) Parasitemias of two mice 

infected with LC1 knockdown parasites (LC1-KD). Mice were infected with LC1-KD parasites 

at day 0 and then treated with tetracycline in drinking water upon detection of parasites in blood 

(+Tet arrows). Mice cleared infection within 24 h of tetracycline treatment, demonstrating the 

efficacy of tetracycline treatment.   
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Supplemental Figure S1.   

(A) Cartoon of a T. brucei cell.  (B) A schematic diagram of an axoneme cross section as would 

be observed looking posterior to anterior near the boxed region in (A).  (C) Simplified diagram 

of outer arm dynein, showing the two heavy chains (α and β) and the location of LC1. (D) LC1 
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schematic showing residues mutated in the K/R mutant used in this study.  Panel A adapted from 

(Hill et al., 2000) with permission. (E) Mean squared displacement of K/R parasites in media 

without or with methyl cellulose. Same graph as shown in Figure 2C, but including error bars 

that show standard error of the mean (SEM).  See figure 2C legend for details.  (F) Tetracycline 

treatment clears infection by trypanin knockdown parasites.  Parasitemias of two mice infected 

with trypanin knockdown parasites (TPN-KD). Mice were infected with TPN-KD parasites at 

day 0 and then treated with tetracycline in drinking water upon detection of parasites in blood 

(+Tet arrows). Mice cleared infection within 24 h of tetracycline treatment, demonstrating the 

efficacy of tetracycline treatment.   
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Supplemental Videos 
 
 
Video 1.  Wild type motility of LC1 knockdown trypanosomes in –Tet cultures. 

Representative live video shows propulsive motility of LC1 knockdown parasites taken from –

Tet cultures.  Parasites move rapidly and translocate with tip of flagellum leading.  Frame rate 

for capture and playback is 30 frames/sec.  

 

Video 2.  Defective motility of LC1 knockdown trypanosomes from +Tet cultures (12 hpi) 

Representative live video shows defective motility of LC1 knockdown parasites grown in +Tet 

cultures for 12 hours. Flagellum beating is evident, but parasite propulsive motility is disrupted.  

Frame rate for capture and playback is 30 frames/sec. 

 

Video 3.  Defective motility by LC1 knockdown trypanosomes from +Tet cultures (26 hpi) 

Representative live video shows cell division failure of LC1 knockdown parasites grown in +Tet 

cultures for 26 hours. Cells accumulate as an amorphous mass, but the flagella continue to beat 

vigorously.  Frame rate for capture and playback is 30 frames/sec. 

 

 Video 4.  Defective motility by by K/R trypanosomes from +Tet cultures (12 hpi). 

Representative live video shows defective motility of K/R parasites grown in +Tet cultures for 

12 hours. Flagellum beating is evident, but parasite propulsive motility is disrupted.  Frame rate 

for capture and playback is 30 frames/sec. 

 

Video 5.  Defective motility by K/R trypanosomes from +Tet cultures (72 hpi).  

Representative live video shows defective motility of K/R parasites grown in +Tet cultures for 
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72 hours. Flagellum beating is evident, but parasite propulsive motility is disrupted.  Frame rate 

for capture and playback is 30 frames/sec. 

 

Video 6.  Combined high-speed videos of flagellar beating in minus Tet (control) 

trypanosomes, LC1 Knockdown and K/R trypanosomes from +Tet cultures.   The first clip 

(from 0 to 8 seconds) shows representative flagellar beating in control cells (LC1 grown in the 

absence of Tet).  Tip-to-base flagellar beats are evident.  The second clip (from 10 to 18 seconds) 

shows representative flagellar beating in LC1 knockdown parasites grown in +Tet cultures for 12 

hours. The third clip (from 20 to 28 seconds) shows representative flagellar beating in K/R 

parasites grown in +Tet cultures for 12 hours. The fouth clip (from 31 to 39 seconds) shows 

representative flagellar beating in K/R parasites grown in +Tet cultures for 72 hours. For all 

videos, frame rate for capture is 1000 frames/sec and playback is 60 frames/sec. 

 

Video 7.  Combined videos show wild type motility of mCherry K/R trypanosomes from -

Tet cultures and defective motility of mCherry K/R trypanosomes from +Tet cultures (72 

hpi) in whole blood.   The first clip (from 0 to 5 seconds) shows representative motility of 

mCherry K/R trypanosomes from -Tet cultures, added to mouse blood.  Parasites move rapidly 

and translocate with tip of flagellum leading.  Frame rate for capture and playback is 30 

frames/sec.  The second clip (from 7 to 12 seconds) shows representative motility of mCherry 

K/R trypanosomes from +Tet cultures, added to mouse blood.  Flagellum beating is evident, but 

parasite propulsive motility is disrupted.  Frame rate for capture and playback is 30 frames/sec. 

For both videos, cultured trypanosomes were added directly to whole blood. 
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Video 8.  Wild type motility of K/R trypanosomes from –Tet mouse infections.  

Representative live video shows propulsive motility of parasites taken from mice infected with 

K/R trypanosomes and maintained without tetracycline.  Parasites move rapidly and translocate 

with tip of flagellum leading.  Samples were taken seven days post-infection.  Red blood cells 

are readily distinguishable from parasites as biconcave disks. Frame rate for capture and 

playback is 30 frames/sec. 

 

Video 9.  Defective motility of K/R trypanosomes from +Tet mouse infections.  

Representative live video shows defective motility of parasites taken from mice infected with 

K/R trypanosomes and maintained with tetracycline in the drinking water.  Flagellum beating is 

evident, but parasite propulsive motility is blocked.  Samples were taken seven days post-

infection.  Red blood cells are readily distinguishable from parasites as biconcave disks. Frame 

rate for capture and playback is 30 frames/sec. 
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Generating viable bloodstream form motility mutants in pleomorphic Trypanosoma brucei 
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Abstract 
 
 

Entry of Trypanosoma brucei in the host system nervous central (CNS) is a defining step 

in pathogenesis of trypanosomiasis as it indicates establishment of the final and fatal stage of the 

disease.  Parasite flagellar motility is suspected to play a role in CNS invasion by T. brucei but 

this hypothesis remains untested.  We previously identified the first-ever viable bloodstream 

motility mutant or K/R (Appendix 2) that allowed to directly examine the requirement of parasite 

motility in pathogenesis in the mammalian host.   Using the K/R we have demonstrated that 

disrupting parasite motility is dispensable for establishment of infection in the mouse 

bloodstream (Chapter 3).  K/R mutant cells derived from the laboratory-adapted strain 427-

BSSM that causes an acute infection that progress rapidly in mice.  This accelerated disease 

progression precludes any reliable assessment of the CNS penetration, which generally takes 

more than 14 days.  Additionally the K/R mutant is an RNAi-based cell line.  The RNAi 

approach requires several genetic manipulations in T. brucei.  In order to determine a 

requirement of flagellar motility in the CNS invasion, we elected to employ a gene “knock-in” 

strategy to generate motility mutants in chronic infection or pleomorphic T. brucei strains that 

can invade the brain.  This approach bypasses the need for RNAi.  Application of the “gene 

knock-in” strategy allowed replacement of endogenous WT LC1 allele with an HA epitope-

tagged copy harboring the K/R mutation in both BSSM and AnTat1.1 pleomorphic.  Importantly, 

upon integration of the mutant at a single allele in BSSM and AnTat1.1 yielded mutants with 

defective motility.  The T. brucei flagellum has emerged as an attractive drug target candidate.  

Construction of motility mutants in pleomorphic T. brucei parasites that cause chronic infection 

will now enable, for the first time, to test if blocking parasite motility blocks invasion of the 

CNS. 
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Introduction 

 
 

African trypanosomes, Trypanosoma brucei, are protozoan parasites that cause African 

sleeping sickness, a disease with devastating health and economic consequences.  The disease is 

always fatal unless treated and existing drugs are toxic and associated with drug resistance 

[Ralston and Hill 2008].  Trypanosomes are transmitted between human hosts by a tsetse fly 

insect vector and entry into specific tissues mediates parasite development in the insect and 

pathogenesis in the mammalian hosts [Hill].  Trypanosomes are extracellular during all stages of 

infection and rely on their own flagellum-dependent motility to penetrate host tissues.  Recent 

investigations of the flagellum identified conserved and novel proteins [Broadhead et al., 2006; 

Ralston and Hill 2006; Baron et al., 2007; Oberholzer et al., 2011].  They also discovered novel 

functions for the flagellum in cell morphogenesis, cell division, immune evasion, and sensing 

[Kohl et al., 2003; Broadhead et al., 2006; Ralston and Hill 2006; Ralston and Hill 2008; 

Oberholzer et al., 2011].  Thus, the flagellum and flagellar motility are extremely important for 

parasite biology and disease pathogenesis.  These findings also showed the flagellum is essential 

and led to the idea that the flagellum and its many proteins represent novel drug targets [Kohl et 

al., 2003; Broadhead et al., 2006; Ralston and Hill 2006; Griffiths et al., 2007].  Unfortunately, 

capitalizing on these discoveries has been hampered because no-one has been able to generate 

motility mutants that are viable in the BSF life cycle stage, i.e. the stage that infects mammals.  

More broadly, it has been very challenging to determine specific mechanisms of flagellum 

protein function, because systems for routine structure-function analysis of flagellar proteins are 

lacking.   
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RNAi knockdown of flagellar proteins is usually lethal in bloodstream form (BSF) T. 

brucei cells in culture [Branche et al., 2006; Broadhead et al., 2006; Ralston and Hill 2006], 

causing speculation that normal motility is essential [Broadhead et al., 2006; Ralston and Hill 

2006].  However, loss of flagellar proteins also causes structural defects [Bastin et al., 1996; 

Ralston and Hill 2006; Baron et al., 2007; Ralston and Hill 2008] and it is not clear if lethality is 

caused by defects in motility, or is a pleotropic effect of flagellum protein knockdown, for 

example occurring as a result of structural defects.  Distinguishing between these explanations is 

important for investigating a fundamental aspect of trypanosome biology and exploiting the 

flagellum as a drug target.  To address this question, we established in T. brucei a system that 

allows replacement of an endogenous protein with a mutated version [Ralston et al., 2011] 

(Appendix 1).  The mutant protein lacks function, but still assembles in the flagellum, allowing 

us to separate phenotypes caused by loss of function versus structural defects.  With this strategy 

we identified amino acids in the axonemal dynein light chain 1, “LC1”, that are required for 

motility (Appendix 2) [Ralston et al., 2011].  Notably, while LC1 knockdown causes loss of the 

entire outer arm dynein motor, expression of the LC1-K203A/R210A point mutant (aka K/R) 

supports dynein assembly, but does not support normal motility.  In BSF cells LC1 knockdown 

is lethal, while the LC1 K/R mutant disrupted motility defects but did not affect viability 

(Appendix 2) [Ralston et al., 2011].  These results demonstrate that disrupting motility in BSF 

cells is not lethal, and indicate that pleotropic effects of knockdown, such as structural defects, 

are the cause of lethality in flagellum protein knockdowns.   

 

The K/R BSF motility mutant provided the first-ever opportunity to directly study the 

role of motility in pathogenesis in the mammalian host, which is a topic of Chapter 3.  Using the 
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K/R mutant for mouse infections, we showed that parasite motility is dispensable for T. brucei 

infection in the bloodstream (Chapter 3).  We were next interested in whether parasite motility is 

required for invasion of the CNS.  However, The K/R motility mutant was generated using 427-

derived BSSM T. brucei [Wirtz et al., 1999], which causes an acute infection in mice, with lethal 

outcome generally seen in seven days.  This poses a problem for CNS invasion studies, because 

penetration of the blood brain barrier takes >14 days [Jennings et al., 1979; Poltera et al., 1980].  

Therefore, although the K/R mutant is good for analysis of bloodstream infection, rapid 

progression of infection (Chapter 3) unfortunately prevented assessment of the CNS invasion.  

To allow assessment of the requirement of parasite motility in the CNS invasion we therefore 

developed an alternate approach for generating motility mutants that does not require RNAi and 

can be readily applied to pleomorphic trypanosome strains capable of infecting the host CNS.  

 

Here we apply a targeted gene “knock-in” approach to generate motility mutants without 

needing to employ RNAi and the genetic manipulations that Tet-inducible RNAi entails in T. 

brucei.  We replaced one endogenous WT LC1 allele with an HA epitope-tagged copy harboring 

the K/R mutation. We did this both in BSSM trypanosomes and in AnTat1.1 pleomorphic 

trypanosomes.  HA-LC1-K/R is expressed from the endogenous promoter and correctly localizes 

to the flagellum.  Interestingly, both the BSSM and AnTat1.1 LC1 mutants are defective in 

motility upon integration of the mutant at a single allele, demonstrating that the K/R mutation is 

dominant negative, as observed for the analogous mutation in Chlamydomonas [Patel-King and 

King 2009].  Availability of motility mutants in a pleomorphic T. brucei line that causes chronic 

infection, will enable direct investigation of the role motility plays in blood-brain barrier 

traversal by African trypanosomes. 
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Results 

 

Construction of targeting plasmids for gene replacement in T. brucei  

 

Mammalian-infectious form trypanosomes are profoundly sensitive to disruption of 

flagellar proteins [Broadhead et al., 2006; Ralston and Hill 2006; Ralston and Hill 2008], as 

knockdown almost invariably is lethal.  On the other hand expression of point mutants that block 

function is tolerated when structural integrity is maintained (Appendix 2) [Ralston et al., 2011].  

In prior studies we used tet-inducible RNAi together with tet-inducible protein expression to 

express an outer dynein LC1 point mutant in a background where endogenous LC1 expression 

was ablated in BSF T. brucei (Appendix 2) [Ralston et al., 2011].  The approach was successful 

at generating viable motility mutants in BSF T. brucei.  However, the approach required a 

specialized BSF cell line genetically engineered to enable tet-inducible RNAi and tet-inducible 

gene expression [Wirtz et al., 1999] and was thus not generally applicable to pleomorphic cell 

lines.  Since the time we initiated our original studies, it has been demonstrated that the the 

analogous LC1 K/R point mutation in C. reinhardtii is dominant negative [Patel-King and King 

2009].   We therefore reasoned that if the K/R mutation was likewise dominant in T. brucei, 

motility mutants could be constructed simply by replacing one wild type LC1 allele with the K/R 

mutant, thereby simplifying genetic manipulation to a single stable transfection, which is readily 

achieved in pleomorphic T. brucei.   

We generated constructs for knockin of LC1 K/R mutants (Figure 1A).  The constructs 

contain a full LC1 open reading frame, with an N-terminal HA tag and harbouring the K/R 

mutation, followed by intergenic region and a selectable drug resistance marker. The entire 
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cassette is flanked by LC1 5’UTR and 3’UTR sequences from upstream and downstream of the 

LC1 gene to allow replacement of the endogenous gene by homologous recombination.  

Homologous recombination for gene deletion is a well-established approach in T brucei 

[Oberholzer et al., 2009]..      

 

Generating K/R knock-in mutants in monomorphic (BSSM) trypanosomes  

 

The K/R knockin was first introduced into BSSM parasites because of its experimental 

tractability and because we knew that the mutant could be supported in this line even without the 

endogenous protein, thereby providing a suitable line for testing the knockin strategy.  Motility 

of the BSSM line is also extremely well-characterized, facilitating analysis of any motility 

defects in culture [Hill 2003; Kohl et al., 2003; Branche et al., 2006; Ralston and Hill 2006; 

Griffiths et al., 2007; Rodriguez et al., 2009; Emmer et al., 2010; Ralston et al., 2011; Heddergott 

et al., 2012; Hughes et al., 2012].  BSSM cells were initially transfected with the K/R cassette, 

which includes the K/R mutant LC1 gene (Methods) and phleomycin resistant clones were 

selected.  PCR analysis demonstrated successful insertion of the knock-in construct at the LC1 

locus, resulting in replacement of one WT LC1 allele (Figure 1B).  Next we assessed whether the 

K/R mutant gene is expressed in the transfected cells.  Western blot experiments using anti-HA 

antibodies established that K/R mutant protein is produced in these cells (Figure 2A).  The 

growth rates of K/R knock in parasites were indistinguishable from those of the parental BSSM 

cells (Figure 2B).  

 

In the flagellated protist Chlamydomonas reinhardtii, mutations analogous LC1-K/R 
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have been shown to be dominant negative, with mutants showing motility defects [Patel-King 

and King 2009].  To determine if the K/R mutation exerts a dominant negative effect on motility 

in T. brucei, we conducted a functional analysis for motility in K/R knock-in BSSM 

trypanosomes.  Motility analysis demonstrated these cells are defective in propulsive motility 

(Figure 3A-B), as observed previously for the mutant expressed in absence of wild type protein 

(Appendix 2) [Ralston et al., 2011]. .  

 

 

Generating K/R knockin motility mutants in pleomorphic trypanosomes 

 

We next introduced LC1-K/R motility mutants into Antat1.1 (Figure 1A-B) parasites to 

allow direct investigation of the requirement of parasite motility in CNS penetration.  As for the 

BSSM cells, preliminary data show that AnTat1.1 parasites exhibit defective motility upon 

integration of the mutant at a single allele.  
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Discussion 

 

To allow determination of the role of parasite motility in the blood-brain barrier traversal, 

we have applied a targeted gene replacement strategy to generate motility mutants in 

pleomorphic AnTAt 1.1 parasites that are established as a mouse CNS infection model.  Our 

targeted gene knock out strategy provides a more suitable alternative to knockdowns that require 

more elaborate genetic manipulation [Ralston et al., 2011].  We have demonstrated by PCR 

analysis that the K/R mutant integrated correctly into the LC1 locus in both the BSSM and 

AnTat1.1 cells. Additionally, western blot analysis revealed that the HA-tagged LC1-K/R protein 

is expressed well in BSSM cells.  Although assessment and quantification of the motility defect 

in AnTat1.1 is currently underway, we have already shown in bloodstream form BSSM that K/R 

is a dominant-negative mutation, since expression of this mutation at a single allele disrupts 

motility, but these mutant parasites are viable in culture.  Initial examination of the Antat1.1 K/R 

mutant indicates it too has defective motility.  Construction in motility mutants in TREU667 

[Jennings et al., 1979], another pleomorphic cell line suitable for chronic infection model is 

underway. 

 

CNS invasion is a critical step in the pathogenesis of trypanosomiasis as it signals 

establishment of the lethal phase of the disease. CNS penetration also limits the number of drugs 

available for treatment because after T. brucei invades the CNS, drugs that do not cross the blood 

brain barrier are ineffective against this pathogen. Furthermore, parasites within the CNS may 

persist after drug treatment and CNS infection is known to be a source of infection relapse 

[Jennings et al., 1979; Gray et al., 1982; Rodgers 2010]. Unfortunately, despite the crucial role of 
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CNS invasion to disease pathogenesis and potential for therapeutic intervention, the mechanisms 

and route by which trypanosomes traverse the blood brain barrier are unclear.  

 

Much of our knowledge on how trypanosomes gain access to the CNS comes from 

animal infection models because of the inability to directly visualize parasites in the brain tissues 

of human patients.  A few routes for CNS penetration have been suggested [Mulenga et al., 

2001; Frevert et al., 2005; Wolburg et al., 2012]. In the first model [Mulenga et al., 2001; Frevert 

et al., 2005] trypanosomes enter endothelial tight junctions of the blood-brain barrier within 

brain microvessels to directly penetrate the brain parenchyma. Another model proposes that 

trypanosomes first penetrate epithelial tight junctions of blood-CSF-barrier in the choroid plexus 

to invade the CSF from where parasites enter the brain parenchyma [Wolburg et al., 2012].  

Parasite motility is believed to be essential for CNS invasion in both models. With the 

identification here of motility mutants in pleomorphic BSF T. brucei that causes chronic 

infection, it will now make it possible for the first time to test this hypothesis and that is the 

focus of ongoing work.     
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Experimental Procedures:  

 

Trypanosome culture and transfection.   

 

Cultivation and transfection of trypanosomes in culture were done as described 

previously [LaCount et al., 2002; MacGregor et al., 2011; Ralston et al., 2011].  The T. brucei 

bloodstream single marker (BSSM) [Wirtz et al., 1999] or pleomorphic AnTat1.1 [Macgregor et 

al., 2013] cells were described previously.  BSSM-K/R and AnTat1.1-K/R cells were generated 

by stable transfection with the K/R cassette excised from pMOTAg53M-K/R.  The K/R cassette 

contains the 3xHA-LC1-K/R mutant gene flanked at the 5’ end by 900 bp of the 5’ intergenic 

region to LC1 and at the 3’ end by the α or β intergenic region of tubulin, the phleomycin 

resistance marker, and by 887 bp of the 3’ intergenic region to LC1.  To generate pMOTAg53M-

K/R, the HA-LC1-K/R mutant gene was PCR-amplified from the pKR10-LC1-K/R plasmid 

[Ralston et al., 2011], whereas the 5’ and 3’ intergenic regions to LC1 were PCR-amplified from 

BSSM genomic DNA prior to serial cloning into pMOTag53M [Oberholzer et al., 2006].  The 5’ 

and 3’ intergenic regions to LC1 are used to allow homologous recombination for gene 

replacement.  Primers used to PCR amplify the constructs are as follows:  

5’ ATGGGCCCACC A TGCCGTACCCGTACGA 3’ (forward primer) and 5’ 

ATGTCGACTTAGGCGCCGCGCTCCGC 3’ (reverse primer), HA-LC1-K/R; 5’ 

ATGGTACCGAGCCCAACTCTTGAAGAAGGGT 3’ (forward primer) and 5’ 

ATGGGCCCTACTATAAACCTCTATAGTCGTG 3’ (reverse primer), 5’intergenic region to 

LC1; 5’ AT GGATCCGAGTGCATGAACGAACACATTC 3’ (forward primer) and 5’ ATG 

CGGCCGCTGGTGCGCACTCACTTTCTTG 3’ (reverse primer), 3’ intergenic region to LC1. 
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All DNA sequences were verified by direct sequencing.  Clones were obtained by limiting 

dilution after drug selection.  To check the genomic integration of the K/R cassette the following 

primers were used: 5’ CTGCCGTCAGCAACGAGTG 3’ (forward primer) and 5’ 

CGTCTAAAATCTTACCAGCAATC 3’ (reverse primer). The forward and reverse primers sit 

within the open reading frame of the upstream and downstream genes to LC1. 

 

Protein preparation and western blot analysis 

 

Western blots were done as described previously [Ralston et al., 2011].  Parasites grown 

in culture were washed three times in PBS and then boiled in Laemmli sample buffer for 

Western blot analysis.   Blots were probed with anti-HA monoclonal antibody (Covance) at 

1:5000 dilution, anti- β-tubulin monoclonal antibody (Developmental Studies Hybridoma Bank, 

University of Iowa) at 1:5000 dilution. 

 

Parasite motility assays 

 

All samples were analyzed in a pre-warmed motility chamber within 5 minutes after 

collection.  Motility traces were done as described [Ralston et al., 2011].  Briefly, parasites were 

examined in motility chambers using dark field optics on a Zeiss Axiovert 200 M inverted 

microscope with a 100x objective. Videos were captured using a COHU analog video camera. 

Analog format movies were converted to digital format with an ADVC-300 digital video 

converter (Canopus, Co., Ltd.). Movies were recorded at 30 frames per second (fps) and 

converted to AVI format and then to stacks of TIFF images using Adobe Premiere Elements 
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software (Adobe Systems). TIFF image stacks were analyzed using Metamorph software 

(Molecular Devices) to trace parasite movement over the indicated time period. Trace data were 

used to calculate the total distance travelled, as well as the mean squared displacement (MSD) of 

individual cells in the x and y dimensions.  MSD was calculated according to the formula MSD = 

<ri(t)2> = <(pi(t) – pi(0))2>, where ri is the distance travelled by the parasite over time interval t 

and pi is the position of the parasite at any given time.  The timescale of t ranged from 1 to 25 

seconds in increments of 1 second.  MSD is calculated for each instance i of a given time 

interval.  Several cell MSDs were then averaged to obtain an ensemble average.  

 

Statistical analysis   

 

Statistical analysis and graphical output was done with GraphPad Prism 5. We used the 

Student unpaired two-tailed t test to determine significant differences in motility. Significance (p 

value) is reported on figure 3B. 
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Figure 1. Figure 1. LC1-K/R motility mutants in BSSM and pleomorphic (AnTat1.1) 

trypanosomes. (A) Introducing the N-terminal HA tagged LC1-K/R mutant into BSSM and 

AnTat1.1. Red arrows indicate position of primers used for B, and size of expected product 

indicated. (B) PCR yields the expected products from the endogenous (arrow) and mutant 

(arrowhead) genes. AnTat1.1 parent (1); four PhleoR clones (2-5). BSSM cells as control (6) and 

BSSM harboring the mutant (7).  
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Figure 2.  (A) Western blot of total protein from BSSM-K/R parasites maintained in 

culture.  Blots of four clones are shown.  Blots were probed with an antibody against the HA 

epitope to detect HA-LC1-K/R, or β-tubulin as a loading control.  (B) Growth rates of BSSM 

cells (solid lines, filled circles) and BSSM-K/R point mutants (dotted lines, open circles).  

Cultures were diluted back to the starting density at 24 h and 48 h.     
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Figure 3.  Motility phenotypes of control BSSM and BSSM-K/R mutant parasites. (A) 

Motility traces of control BSSM and K/R mutant parasites grown in culture.  Each line traces the 

p <0.0001  
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path of a single cell for 8.1 seconds.  Upper panels show traces overlaid on phase contrast 

images.  Lower panels show traces.  (B) Quantification of distance traveled in 8.1 seconds by 

BSSM and K/R mutants.  Horizontal lines indicate the mean of each data set, with bars showing 

the 95% confidence interval, p <0.0234.  For BSSM, n= 54; for K/R, n= 58.  (C) Mean squared 

displacement (msd) plotted as a function of time interval for BSSM (closed circles) and K/R 

point mutants (open circles); n = 24 (BSSM) and n = 35 (K/R) cells.  Error bars show standard 

error of the mean, . 
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Chapter 5 

 

Live-cell imaging of Trypanosoma brucei in ex vivo mouse tissues and in live zebrafish 

(Manuscript in preparation for submission) 
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Abstract  

 

The protozoan parasite Trypanosoma brucei causes lethal African sleeping sickness in 

humans. There is no vaccine and existing drugs are toxic and increasingly ineffective.  Entry of 

trypanosomes into tissue mediates pathogenesis of this parasite. Historically, assessment of T. 

brucei infection has relied upon determining parasitemia in blood, as well as limited use of 

histochemistry to assess parasite presence in chemically fixed tissues. Here, we report the 

development of an advanced live-cell imaging approach using T. brucei expressing the 

fluorescent protein mCherry. This system enabled visualization of T. brucei at macroscale level 

ex vivo in mouse tissues as well as in vivo in intact zebrafish embryos.  We further validated the 

use of mCherry parasites at a microscale level by visualizing trypanosomes at single-cell 

resolution in ex vivo mouse tissues and in blood vessels of live fish.  Parasites in mouse brain 

tissue and in fish were largely confined within blood vessels.  These systems have the potential 

for enabling detailed dynamic studies of infection, uncovering novel features of host-parasite 

interactions, and facilitating diagnostics, vaccine and drug development, all of which should 

improve patient management in sleeping sickness.  
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Introduction 

 

African trypanosomes, Trypanosoma brucei, are protozoan parasites that cause sleeping 

sickness, a fatal disease with devastating health and economic consequences in Sub-Saharan 

Africa. The disease is inevitably fatal unless treated. There is no vaccine and existing drugs 

are toxic and associated with drug resistance [Barry and McCulloch 2001]. Trypanosomes are 

transmitted between human hosts by a tsetse fly insect vector and entry into specific host 

tissues is a critical step in the pathogenesis of sleeping sickness [Borst 2002].  Following 

infection through the bite of a tsetse fly trypanosomes actively divide in the mammalian host 

but finally leave the bloodstream and penetrate the central nervous system (CNS) [Stich et al., 

2002; Rodgers 2010].  CNS invasion marks the lethal stage of sleeping sickness.  Very little is 

known about the fundamentals of T. brucei motility in the bloodstream, the interaction of this 

parasite with host cells, and the mechanisms used by trypanosomes to invade extravascular 

tissues.   

 

Traditionally, monitoring of T. brucei infection has relied upon microscopic examination 

to determine parasitemia in blood, as well as limited use of histochemistry to assess parasite 

presence in chemically fixed tissues [Poltera et al., 1980].  Although such approaches 

immensely contributed to our understanding on host–parasite interactions, these techniques 

have substantial disadvantages.  For instance, microscopic examination is laborious, time-

consuming and microscopy counts can be subjective.  Histochemistry does not mirror the 

dynamics of the infection process. 
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Advanced biological imaging approaches, e.g. bioluminescence and live-cell 

fluorescence, have been recently utilized to study host-pathogen interactions in protozoan 

parasites [Frevert et al., 2005; Hitziger et al., 2005; Lang et al., 2005; Heussler and Doerig 

2006; Coombes and Robey 2010; Bustamante and Tarleton 2011; Frevert et al., 2012].  Such 

approaches have provided a number of powerful utilities that enable detailed dynamic studies 

of parasite dissemination in host tissues, facilitate vaccine development and drug discovery, 

and uncover novel features of parasite interaction with host cells.  Surprisingly, advanced live-

cell fluorescence and bioluminescence imaging has been relatively underutilized in studies of 

T. brucei, although a few recent studies demonstrate the potential for these approaches to 

provide insight into infection and host-parasite interaction [Claes et al., 2009; Giroud et al., 

2009; Frevert et al., 2012; Salmon et al., 2012; Maclean et al., 2013].   

 

Luciferase bioluminescence systems have been used for in vivo analysis of T. brucei 

infection [Claes et al., 2009] and to monitor parasite dissemination in live mice and ex-vivo 

tissues using different field isolates of T. brucei [Giroud et al., 2009].  As illustrated in these 

works, bioluminescence has advantages for non-invasive imaging at multiple time points in 

live animals, but is limited by restricted distribution of substrate within host tissues and 

relatively low spatial and temporal resolution.  As such, route of substrate administration 

impacts detection in specific tissues and single cells are not resolved [Claes et al., 2009; 

Giroud et al., 2009].   Thus, while useful for some host-pathogen interaction studies, 

bioluminescence has limitations and fluorescence imaging can fill some of these gaps. 

 

Live-cell fluorescence imaging generally offers complementary strengths and 
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weaknesses relative to bioluminescence [Heussler and Doerig 2006]. For example, 

fluorescence-based methods offer the ability to image single cells in a short time scale and do 

not require provision of substrate [Heussler and Doerig 2006].  To complement the above 

studies we report development of a live-cell imaging approach using fluorescent mCherry T. 

brucei. This system allowed us visualization of individual live parasites in real time within 

the context of the mouse tissue environment.  The system also allowed imaging of 

trypanosomes at single-cell resolution in vivo in whole live fish. To our knowledge this is the 

first report of imaging T. brucei in fish. 
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Results 

 

Visualization of trypanosomes at macroscale level in mouse tissues and in whole zebrafish. 

 

Measuring parasitemia in peripheral blood samples taken from infected mice provides a 

reasonable proxy for trypanosome infection.  However, we wanted to examine the presence of 

trypanosomes in visceral organs as a more rigorous assessment of infection.  Our ultimate goal 

was to directly visualize live, individual parasites and we therefore elected to use fluorescent 

trypanosomes.  The mCherry red fluorescent protein was chosen because its spectral properties 

offer better penetrating power in deep tissues compared to other fluorescent markers such as 

green fluorescent protein [Shaner et al., 2004]. 

 

We first set out to establish whether BSSM trypanosomes expressing mCherry were 

viable and suitable for use in mouse infections.  We engineered trypanosomes to constitutively 

express mCherry by stably transfecting BSSM cells with the plasmid pNKmC, which encodes 

mCherry driven by a constitutive promoter (Methods).  Fluorescent imaging showed that the 

mCherry protein is distributed throughout the cell (Figure 1A).  When cultivated in vitro, 

mCherry parasites did not show any significant difference in growth rate compared to parental 

BSSM parasites (Figure 1B) and mCherry expression was stable through at least five weeks of 

continuous culture (Figure 1C).  Mice infected with mCherry parasites showed the same 

infection dynamics as BSSM parasites, giving typically one and at most two waves of 

parasitemia leading to a terminal outcome in one to two weeks (Figure 1E-D).  
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Analysis of whole blood taken from infected mice allowed direct visualization of 

individual parasites (Figure 1F).  To assess parasitemia in visceral organs, we used the 

Maestro® 2 in vivo spectral imaging system.  The Maestro system enables in vivo fluorescence 

imaging of small animals and tissues in the visible-infrared spectral range with exquisite 

sensitivity.  This system uses a liquid crystal tunable filter that allows precise spectral unmixing 

of the emission spectra to remove auto-fluorescence. We assessed the sensitivity of the system 

using in vitro cultivated mCherry parasites and found a detection limit of 10,000 - 25,000 

parasites (Figure 1G).  While these in vitro numbers do not necessarily extrapolate directly to 

detection limits in vivo, they provide a reasonable estimate of the minimum number of parasite 

necessary for visualization with the Maestro system and demonstrate linearity of the response 

(Figure 1H).   

 

We next examined tissues taken from infected mice.  Parasite-dependent fluorescence 

was readily detected in spleens and livers (Figure 2A-B) of mice infected with mCherry 

parasites, while tissues from uninfected mice, or mice infected with unlabeled parasites showed 

only background fluorescence. Whole brains from uninfected mice gave high background 

fluorescence and this limited reliable fluorescence imaging of parasites in this organ using the 

Maestro system (not shown).  To determine if fluorescence in tissues was stable for extended 

periods, we cryopreserved tissue samples for examination at a later date.  Parasite fluorescence 

was readily detected in tissue samples eight months after sample preparation with two freeze-

thaw cycles (Figure 2C).   

 

Mouse thickness and opaque skin limit fluorescent imaging below 100 µm. Additionally 
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high-resolution, non-invasive imaging of microbes or immune cells is hard to accomplish in 

mice. Our ultimate goal was to do high-resolution, deep tissue imaging in whole live animals 

and in particular to examine at a timescale that would allow analysis of parasite motility.  

Having established mCherry parasites as suitable for observing T. brucei with fluorescent 

imaging in mouse tissues we asked whether we could image trypanosomes in zebrafish embryos 

after infection with T. brucei.  The advantages of using a larval zebrafish model include 

transparency and the possibility to microscopically image the whole live fish with minimal 

manipulation, offering opportunities to non-invasively visualize the dynamics of infection using 

fluorescent imaging at high-resolution at several different time points during infection [Tobin et 

al., 2012].  Wild type fish embryos were infected with mCherry T. brucei as described in 

Methods. Direct examination of whole fish showed clear imaging of parasites as well as of blood 

cells in live fish (Figure 2D-F and Video 1). All parasites observed move in the direction of the 

blood flow (Video 1).  Visualization of the whole live fish, demonstrates this system’s potential 

for investigating tissue-to-tissue dissemination of trypanosomes in vivo at high resolution.  

 

 

Direct visualization of trypanosomes at single-cell resolution in mouse tissues and in 

zebrafish blood vessels. 

 

An advantage of fluorescence as an imaging modality for infection studies is that it offers 

the potential for directly imaging individual cells within the complex milieu of the host 

environment. We therefore asked whether we could resolve individual parasites in brain, spleen, 

or liver tissue from mice infected with mCherry trypanosomes using epifluorescence 
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microscopy. Individual red fluorescent parasites were readily detected in thick sections of all 

these organs from BSSM- mCherry infected mice (Figure 3A-).  Within brain tissue, parasites 

were primarily found to align single file along structures that appear to blood vessels (Figure 

4A-C), indicating that these trypanosomes are confined within blood vessels.  Spleen and liver 

tissue samples were less organized, no clear vessels were apparent and parasites were randomly 

distributed through the sample (Figure 3D-E).   

Imaging of mCherry T. brucei in zebrafish indicated that the parasites were withing blood 

vessels (Figure 3 amd Video 1).  To test this directly, we next utilized transgenic zebrafish that 

express green fluorescent protein in vascular endothelia cells (Methods), so that we could 

directly visualize blood vessels.  This showed that individual trypanosomes are within blood 

vessels (Figure 4 and Video 2).  Therefore, mCherry trypanosomes allow for direct imaging of 

parasites at the single-cell level in whole blood, ex vivo in tissues from infected mice, as well as 

within blood vessels in live fish. 
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Discussion 

 

In the present analysis, we developed systems to directly image live T. brucei in 

mouse tissues and in intact fish, which should aid in filling an important gap in our 

understanding of trypanosome infection and host-parasite interaction. We engineered 

bloodstream trypanosomes that constitutively express mCherry fluorescent protein, 

enabling fluorescence imaging of parasites within mouse tissues and whole fish via 

multiple modalities, e.g. fluorescence imaging of whole tissues and epifluorescence 

microscopy for live- cell imaging of parasites at the single-cell level. Expression of 

mCherry was found to be extremely stable with no significant impact on parasite viability 

in culture or infection dynamics in a mouse model.  Fluorescence intensity and percent of 

mCherry-positive parasites in the population (>99%) remained unchanged through five 

weeks of analysis in culture, suggesting that the strategy will be suitable for chronic 

infection models [Matthews 2005], where infection lasts several weeks. Likewise, stability 

of parasite detection in cryopreserved tissues for more than eight months should facilitate 

clinical analyses in cases where clinical examination is removed from the site of 

experimental analysis.  Also noteworthy, is the fact that direct, single-cell imaging is 

readily obtained using standard epifluorescence microscopy and is thus achievable in most 

research laboratories, without the need for sophisticated equipment or procedures.   

Successful visualization of trypanosomes within the entire live fish offers unique 

opportunities to non-invasively image trypanosome infection dynamics at multiple time 

points in live animals at high spatial and temporal resolution.  Notably, some species of 

trypanosomes infect fish as a natural host [Haag et al., 1998; Overath et al., 1998; Lischke 
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et al., 2000; Burreson 2007] and there is some work done on fish immune response to 

infection [Katzenback et al., 2013].  Hence, the system reported here should be broadly 

applicable for direct analysis of host-parasite interactions during T. brucei infection in 

many contexts, as well as analysis of fish-trypanosome interactions in natural infections. 

 

The mCherry system reported here will complement recently developed 

bioluminescence and fluorescence systems for imaging T. brucei during infection. Claes and 

co-workers developed luciferase bioluminescence systems for in vivo analysis of T. brucei 

infection [Claes et al., 2009]. Giroud and colleagues utilized this bioluminescence system to 

demonstrate differences in parasite dissemination in live animals and ex-vivo tissues in a 

murine model of infection using different T. brucei clinical isolates [Giroud et al., 2009]. As 

discussed above, despite its benefit for allowing repeated imaging of host-parasite interactions 

on the same live animal over time, bioluminescence cannot resolve cells at single resolution 

level and depends on substrate repartition within the animal [Claes et al., 2009; Giroud et al., 

2009].   To compensate some of these limitations, fluorescence imaging modalities used alone 

or in combination with bioluminescence can be used.  

 

 A few studies have used fluorescent T. brucei in mouse infection models.  Balmer and 

colleagues reported use of FACS analysis to distinguish between green and red fluorescent 

parasites in blood samples from mice harboring mixed parasite infections [Balmer and 

Tostado 2006].  Frevert and colleagues [Frevert et al., 2012] recently reported using intravital 

microscopy to observe 427- derived T. brucei in mouse CNS tissue within 2 days of infection, 

which is earlier than indicated by previous studies [Gray et al., 1982].  Differences might stem 
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from different infective doses used (102 [Gray et al., 1982] versus 105-106 [Frevert et al., 

2012]) or means of parasite detection (bioassay [Gray et al., 1982] versus direct visualization 

[Frevert et al., 2012]). Salmon and colleagues recently used fluorescent T. brucei and 

Imagestream® analysis of blood samples to reveal changes in host cell gene expression 

depending upon whether or not the host cells are in direct contact with parasites [Salmon et 

al., 2012].  Our studies complement those important studies by combining analysis of 

infection by genetically modified parasite lines with direct imaging of parasites in mouse 

tissues.  The availability of multiple imaging modalities for studying T. brucei infection 

should advance efforts to understand how these parasites interact directly with host tissues and 

cells. 

 
We used zebrafish for non-invasive imaging of trypanosomes at single cell resolution in 

vivo in live fish.  Application of the zebrafish model to infectious diseases has led to milestone 

discoveries for understanding infection dynamics [Meijer and Spaink 2011].  For example, the 

role of macrophages in promoting pathogen dissemination [Davis and Ramakrishnan 2009] was 

described by using fish infection systems.  In the case of mycobacteria, disease mechanisms such 

as virulence and host susceptibility observed during zebrafish infection are conserved in human 

infection with M. tuberculosis. Even though Zebrafish have proved to be valuable model 

infection systems for viruses, bacteria and fungi [Phennicie et al., 2010; Brothers et al., 2011; 

Ludwig et al., 2011], the application of this system to parasitic infections is very limited although 

a few investigations have used the zebrafish model to study establishment of infection with 

Giardia [Yang et al., 2010];[Tysnes et al., 2012].  Interestingly fish are natural hosts for certain 

trypanosome species, such as T. carassii [Haag et al., 1998; Overath et al., 1998; Lischke et al., 

2000].  Ongoing studies in our lab are focused on establishing genetically modified T. carassii to 
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enable host-parasite interactions in a natural host.  Transparent mutant adult zebrafish exist 

[White et al., 2008].  The demonstration that we can successfully image trypanosomes in the 

entire fish offers the potential for visualization of infection dynamics in the entire host including 

tissue-to-tissue dissemination of trypanosomes at high-resolution in real time.   

 

In summary, the availability of multiple imaging modalities for studying 

trypanosome infection should advance efforts to evaluate trypanosome immunology, 

pathology, physiology and other features of pathogenesis and host-parasite interaction. 

Patient management is challenging in sleeping sickness. Our systems have therefore 

potential broad application for studying host-pathogen interaction. Such understanding 

constitutes a benchmark for therapeutics and diagnostics development, which should improve 

patient management in African sleeping sickness.  
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Materials and Methods 

 

Ethics Statement. All animal experiments complied with the Institutional Animal Care 

and Use Committee of University of California, Los Angeles (Approved protocol permit: ARC 

#2001-065). 

 

Trypanosome culture. Cultivation, transfection and RNAi induction of trypanosomes 

in culture were done as described previously [Ralston et al., 2006].  The T. brucei bloodstream 

LC1-K203A/R210A (K/R) motility mutant and bloodstream single marker (BSSM), cells were 

described previously [Wirtz et al., 1999; Ralston et al., 2011].  BSSM-mCherry cells and K/R-

mCherry cells were generated by stable transfection of BSSM and K/R cells, respectively with 

the pNKmCherry plasmid (described below).  To generate pNKmCherry, the mCherry gene 

(accession number AY678264) was PCR amplified from pmCherry plasmid (kindly provided 

by Josh Beck) and cloned into the expression vector pHD496-H [Hutchings et al., 2002] using 

the HindIII and BamHI cloning sites. pHD496-H contains a ribosomal RNA promoter to drive 

constitutive expression of the mCherry gene and a hygromycin-resistance cassette to enable 

selection [Biebinger and Clayton 1996].  Primers used to PCR amplify mCherry are as follow: 

5’ ATGGTGAGCAAGGGCGAGG 3’ (forward primer), 5’ 

TTACTTGTACAGCTCGTCCATGC 3’ (reverse primer). All DNA sequences were verified 

by direct sequencing. 

 

Mouse infections. BALB/c female mice (The Jackson Laboratory, Bar Harbor, ME), 6 

to 10 weeks old, were injected intraperitoneally with 100 parasites diluted in 0.2 ml of HMI-9 
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medium. Parasites were kept on ice prior to injection into mice.  For + Tet infections, parasites 

were induced with 1 mg/ml tetracycline in culture three days prior to injection into mice and 

mice received 1 mg/ml doxycycline in their drinking water 5 to 7 days prior to infection and 

throughout the course of infection.  Parasitemia was monitored daily beginning 3 days post 

infection using an improved Neubaeur hemocytometer [Herbert and Lumsden 1976].  After 

euthanasia, mice were weighed and tissues were collected for weighing and imaging. 

 

Flow cytometry analysis.  For flow cytometry analysis, 1.5 – 2.0 x 106 cells were washed 

twice in PBS-1% glucose (PBS-G), and resuspended in 0.5mL of PBS-G prior to data acquisition 

on a BD LSRII analyzer (BD Biosciences). The photomultiplier tube voltages for the forward 

scatter, side scatter, and the detector for mCherry were set based on the control, BSSM sample.  

For consistency, and because laser power can drift with time, the fluorescence intensity 

measurement was standardized as follows. After the initial flow acquisition experiments, a 

sample of chicken red blood cells (CRBC) was run and their fluorescence intensity in the 

mCherry channel was recorded. A sample of CRBC with the same lot number as the one used for 

the first experiment was run at each of the subsequent flow acquisitions and compared to the 

intensity value from the original run. If needed, minor voltage adjustments were made to match 

the mean CRBC fluorescence intensity from the initial experiment.  Control non-fluorescent and 

mCherry samples were then acquired with identical instrument settings.   FACSDIVA software 

was used for data acquisition and data analysis was performed using Cellquest.  

 

 Ex vivo fluorescence imaging and epifluorescence microscopy of mouse tissues. For 

fluorescence imaging of whole organs, tissues were collected 6-8 days post infection, kept on ice 
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in PBS-1% glucose and imaged within one hour using Maestro® 2 in vivo spectral imaging 

system (CRi/Caliper Life Sciences, Woburn, MA).  Fluorescence from mCherry trypanosomes 

was imaged using a band pass filter of 503 to 548 nm for excitation coupled with a 560 nm long 

pass filter for emission. Fluorescence images were captured automatically by 10 nm increments 

from 560 to 750 nm under constant light illumination.  The resulting spectral imaging TIFF data 

set was analyzed with the vendor's software. The fluorescence of uninfected control tissue was 

acquired simultaneously and used to sample out background auto-fluorescence.  For 

epifluorescence imaging of individual parasites within tissues, the tissue samples were sectioned 

and directly visualized using a Zeiss Axioskop II or Axio Imager 2 compound fluorescence 

microscope, using 40x oil objective. 

 

High-Speed Confocal Imaging: Anesthetized wild-type or flk:GFP* transgenic zebrafish 

with fluorescent vascular endothelia were side- or back-mounted and injected in the heart as 

previously described [Hove and Craig 2012] with red mCherry expressing trypanosomes (a few 

nanoliters of a pellet containing about 20 x 106 parasites) and imaged on a Leica TCS SP5 

inverted confocal system (Leica Microsystems, Wetzlar, Germany).  Images were acquired with 

a water immersion objective (HCX PL APO CS 20x/0.70NA) and analyzed with the Leica 

software. GFP was excited with a 488 nm argon laser line and a 561 HeNe laser was used for the 

excitation of mCherry expressing trypanosomes. Spectral windows for detection of GFP and 

mCherry fluorescence were 495-540 nm and 590-650 nm respectively. Multicolor images were 

acquired in a simultaneous scan. High-speed imaging was performed at a line frequency of 8000 

Hz using the broadband resonant scanner of the Leica TCS SP5 which allows the recording of 27 

full frames per second with an image format of 512 x 256 pixels. Pixel size was kept around 348 
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nm x 348 nm by applying a 4X digital zoom.  
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Figure 1 Bloodstream trypanosomes expressing mCherry fluorescent protein are suitable 

for mouse infection.  (A) Live BSSM-mCherry T. brucei cells were imaged by fluorescence 

microscopy. Phase contrast, fluorescence and merged images are shown.  Scale bar is 7 um.  (B) 
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Growth curves for BSSM parental cells (solid lines) or BSSM-mCherry cells (dashed lines) in 

culture.  Cultures were diluted to 2 x 105 cells/ml when the cell density reached 106 cells/ml and 

then counts continued. (C) Flow cytometry analysis of BSSM (black curves) and BSSM-

mCherry (red curves) parasites maintained for five weeks in culture.  Percent of the population 

scored as mCherry positive at each time point is shown in parentheses. (D) Parasitemias of mice 

infected with BSSM (solid lines) or BSSM-mCherry (dashed lines) parasites.  Mice were 

infected at day 0 and parasitemia was determined daily beginning 3 days post infection.  

Representative data are shown for two BSSM and two BSSM-mCherry infections to illustrate the 

two basic outcomes of infection.  Mice usually exhibited a single wave of parasitemia (triangles) 

but occasionally showed two waves (circles).  (E) Survival curves for mice infected with BSSM 

(solid line, n = 4) or BSSM-mCherry (dashed line, n = 3 mice) parasites. No difference was 

observed (p = 0.8509). (F) Blood from a mouse infected with BSSM-mCherry parasites was 

examined by live cell fluorescence microscopy.  Fluorescence (top) and merged (bottom) images 

are shown. Trypanosomes (red) are readily detected among host red blood cells.  Scale bar is 

50µm.  (G) The indicated number of BSSM-mCherry cells in triplicate were imaged using the 

Maestro system. Fluorescent (top) and grayscale (bottom) images are shown.  (H) Dose-response 

curve of parasite fluorescence detection using the Maestro system.   Fluorescence intensities of 

serial dilutions of BSSM-mCherry parasites shown in Figure 1G were quantified using the 

Maestro imaging system software. Data are averages from three replicates for each cell number.  

Error bars show standard error of the mean. 
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Figure 2.  Bloodstream trypanosomes expressing mCherry fluorescent protein are 

visualized in mouse tissues and in blood vessels of live fish.  (A) Spleens from uninfected mice 

(uninfected) and from mice infected with non-fluorescent control parasites (Ctrl) or BSSM-

mCherry parasites (mCherry) were imaged using the Maestro imaging system. (B) Livers from 
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uninfected mice (uninfected) and from mice infected with mCherry parasites were imaged using 

the Maestro imaging system. Grayscale (left) and fluorescent (right) images are shown.  Scale 

bar is 1cm.  (C) Livers from uninfected mice (uninfected) or from mice infected with mCherry 

parasites (mCherry) were imaged after eight months of storage at -80 degrees, with two 

freeze/thaw cycles.  These same livers were originally imaged on the day of preparation, shown 

in figure 2B.  Thus, parasite fluorescence in tissues is stable for at least eight months.  Grayscale 

(left) and fluorescence (right) images are shown.  Scale bar is 1cm.  (D-F) Red mCherry T. 

brucei were injected into the zebrafish blood circulation by cardiac injection.  Live zebrafish 

were immobilized and imaged by video fluorescence microscopy.  One frame of the video is 

shown (D), as well as close up time-lapsed images (E, F).  Top and bottom images in panels E 

and F are taken 1.5 seconds apart.  Single parasites can be seen moving in the blood vessels of 

live fish.  For reference, a single trypanosome is indicated with a dashed arrow at t = 0 seconds 

(top panels) and the same trypanosome is indicated 1.5 seconds later (bottom panels).  

Fluorescent (E) and combined fluorescent/phase contrast (D & F) channels are shown.  Scale bar 

50 µm, panel A; scale bar 25 µm, panels B and C. 
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Figure 3.  Direct fluorescence imaging of individual parasites in brain, spleen and liver 

tissues from infected mice.  (A – C) Wet preparations of brain tissue from a mouse infected 

with BSSM-mCherry parasites were thick-sectioned and imaged by fluorescence microscopy at 

seven days post infection.  Parasites (red) are readily seen aligned along blood vessels (arrows).  
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DIC (A), fluorescence (B) and merged (C) images are shown.  Each panel is a composite image 

generated from two overlapping fields of view.  Scale bar is 40 µm.  (D – E) Fluorescence 

microscopy of spleen (D) or liver (E) tissues from uninfected mice (uninf) or mice infected with 

mCherry parasistes (mCherry).  Wet preparations of tissues were thick-sectioned and examined 

by fluorescence microscopy.  Individual parasites (red) are readily distinguished from host cells 

in each tissue type.  Phase contrast (left), fluorescence (center) and merged (right) images are 

shown for all samples.  Scale bar is 25 µm. 
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Figure 4.  Individual red fluorescent trypanosomes are readily imaged within blood vessels 

of live fish.  Red mCherry T. brucei were injected by cardiovascular injection in a transgenic 

zebrafish having green fluorescent vascular endothelia.  Live zebrafish were immobilized and 

imaged by video microscopy in fluorescent (A) and (B), phase contrast (C), or combined 

fluorescent/phase contrast (D) channels.  Single red fluorescent parasites (B) can be seen in the 
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lumen of a green blood vessel (A).  Arrows represent blood vessels (A) or individual parasites 

(B),  Scale bar is 25 µm.  
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Supporting Information 

 

Supporting Videos 

 

Video 1.  T. brucei mCherry parasites are resolved at single-cell resolution in zebrafish.  

Representative live video shows individual parasites in blood vessels of a live wild type fish.  

Videos were taken immediately after cardiac injection of parasites.  Frame rate is 15 frames/sec 

for capture and playback. Fish tissues and blood cells (gray) are readily distinguishable from 

parasites (red). 

 

Video 2.  Individual T. brucei mCherry parasites are visualized in fluorescently labeled 

blood vessels of zebrafish.  Representative live video shows a single parasite in a blood vessel 

of a live transgenic fish with fluorescent green blood vessels.  The fish blood vessel (green) and 

is readily distinguishable from the parasite (red).  Frame rate is 15 frames/sec for capture and 

playback. . 
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Abstract 

Cilia and flagella1 have emerged to occupy a central position in human physiology.  

Ciliary dysfunction results in several disorders and diseases termed ciliopathies.   Many 

ciliopathy genes and disease gene candidates have been identified [Fliegauf et al., 2007], but 

there is limited information about specific functions and molecular mechanisms of flagellum 

proteins underlying most ciliopathies.  Situ inversus is a genetic disorder in which major visceral 

organs are reversed from their normal body position.  IFT88 is required for assembly of the 

flagellum and mutations in the IFT88 gene have been linked to situs inversus and respiratory 

malfunction in humans. Genetic studies in humans done by our collaborators identified several 

changes in the IFT88 gene between normal and diseased individuals.  However, it was not 

possible to distinguish between disease causing mutations and benign polymorphisms in part 

because of the lack of facile methods for systematic mutational analysis of ciliary genes.  IFT88 

is conserved between humans and trypanosomes.  We recently established systems for structure-

function analysis of proteins in the protozoan parasite Trypanosoma brucei, which has emerged 

as an excellent model to study eukaryotic flagella.  In these systems a mutant protein is 

expressed in a background where the endogenous, wild type protein is depleted or absent, 

allowing discovery of protein domains or amino acids required for function.  In the present study 

we have exploited this system to test the function of IFT88 mutations synonymous with those 

observed in humans with situs inversus.  Expression in T. brucei of the above mutations allowed 

identification of a single amino acid essential for IFT88 function.  IFT88R597H mutation 

disrupted flagellum function while IFT88R260Q did not, thus distinguishing between loss of 

function mutations and benign polymorphisms.  To our knowledge this is the first time a single 

residue has ever been identified to be essential for the function of IFT88.  The IFT88R597H 
                                                        
 1

 1. Cilia and flagella can be used interchangeably. 
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mutation described here provides a unique opportunity to decipher cilia functions in adult 

mammals by introducing the corresponding mutation in a vertebrate system. 
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Introduction 

Cilia are microtubule-based organelles projecting from the surface of virtually every cell 

type in mammals. Cilia are evolutionary conserved and are required for many cellular functions 

including motility, signaling, sensory reception, and sexual reproduction [Badano et al., 2006]. 

These organelles are essential for human physiology. For example, cilia-driven motility is 

essential to clear mucus out of respiratory tracts, move eggs in oviducts, and generate the flow 

essential for determining left–right asymmetry of the viscera in the embryo [Badano et al., 2006; 

Bisgrove and Yost 2006; Willaredt et al., 2008]. As such, cilia defects cause many diseases 

generally known as ciliopathies, including polycystic kidney disease.  

 

Intraflagellar transport (IFT) is implicated in eukaryotic cilia assembly but also 

participates in non-ciliary functions such as membrane trafficking in non-ciliated cells [Finetti et 

al., 2009]. IFT is the bidirectional movement of multimeric complexes along cilia.  Microtubule-

based motor proteins Kinesin-2 and cytoplasmic dynein 2 move IFT proteins and their cargos 

along the axoneme of cilia [Rosenbaum and Witman 2002; Pedersen and Rosenbaum 2008].  

Most IFT proteins contain domains known to mediate protein–protein interaction. The IFT 

system in Chlamydomonas reinhardtii  has 20 proteins organized in two biochemically different 

complexes. Complex A returns IFT trains from the flagellum tip to the cell body for turnover, 

whereas complex B is important for the anterograde movement required for cilia formation and 

maintenance [Piperno and Mead 1997; Cole et al., 1998; Cole 2003].   Many subunits of the IFT 

machinery have been discovered, however very little is known about how the IFT proteins carry 

out their function individually or together. For example, it is unclear how IFT proteins interact 

with the cargoes they transport [Bhogaraju et al., 2013; Bhogaraju et al., 2013].  
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The IFT Complex B protein IFT88 is homologous to the polycystic kidney disease gene 

Tg737 in mice. The Chlamydomonas reinhardtii IFT88 has 9-10 tetratricopeptide repeats (TPR) 

(Fig. 2A), which are degenerate 34–amino acid repeats [Lamb et al., 1995] predicted to form 

amphipathic helices and to mediate protein-protein interactions [Pazour et al., 2000]. This 

protein is highly conserved among ciliated organisms including trypanosomes, fish, and humans.  

IFT88 localizes to cilia [Taulman et al., 2001; Kohl et al., 2003] and is required for cilium 

assembly in many ciliated organisms [Perkins et al., 1986; Pazour et al., 2000; Haycraft et al., 

2001; Kohl et al., 2003; Tsujikawa and Malicki 2004]. 

 

Disruption of IFT88 has been shown to cause defects in a variety of organisms. 

Disruption of IFT88 in Chlamydomonas abrogates flagella formation and affects signaling 

[Pazour et al., 2000; Satir 2007].  Mice with hypomorphic mutations in the IFT88 homolog 

Tg737 assemble shorter cilia in their kidneys and have severe polycystic kidney disease with 

phenotypes similar to human autosomal recessive polycystic kidney disease (ARPKD) [Moyer et 

al., 1994; Yoder et al., 1996; Pazour et al., 2000; Haycraft et al., 2001; Huangfu et al., 2003].  

Null alleles of Tg737 have a more severe phenotype because these mutant mice lack cilia on the 

embryonic node, have defects in Hedgehog signaling, manifest left–right asymmetry impairment, 

and die in utero [Murcia et al., 2000].  IFT88 disruption in zebrafish causes defects in sensory 

neurons [Tsujikawa and Malicki 2004; Sukumaran and Perkins 2009]. Roles for IFT88 in cell 

division [Robert et al., 2007; Delaval et al., 2011] as well as bone and cartilage formation have 

also been demonstrated [Ochiai et al., 2009], exemplifying critical functions of this protein.  Our 

collaborator Dr. Heymut Omran in Germany had identified mutations in IFT88 that are 

associated with situs inversus, a congenital condition in which left to right asymmetry is 
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disrupted and the major abdominal organs are reversed from their normal positions.  However, it 

isn’t known if these substitutions are disease-causing mutations or simply polymorphisms that 

don’t affect function. 

 

African trypanosomes Trypanosoma brucei and related subspecies are protozoan 

parasites that cause African sleeping sickness, a fatal disease with devastating health and 

economic consequences in sub-Saharan Africa.  These parasites are highly motile and rely on 

their own flagellum-dependent motility to move into different tissues to cause disease. Other 

roles of the flagellum in T. brucei include cell division and morphogenesis, sensing, and 

pathogenesis [Ralston and Hill 2008].  T. brucei has emerged as an execellent model system to 

study the eukaryotic cilium or flagellum [Ralston and Hill 2008; Vincensini et al., 2011].  

Conserved and specific flagellar proteins have been identified in T. brucei [Li et al., 2004; 

Branche et al., 2006; Broadhead et al., 2006; Baron et al., 2007]. However, there is scant 

information on how flagellar proteins actually work, because all studies to date have used RNAi, 

which can determine if a protein is required for flagellum function, but does not give information 

about mechanisms.  We established a facile system for structure function studies in T. brucei 

(Appendix 2) [Ralston et al., 2011]. This strategy is based on the expression of a mutant protein 

in a background where the endogenous, wild type copy is depleted. This system allows 

identification of key protein domains and residues that are essential for flagellum function.  In 

the present study we applied this system to discover residues required for IFT88 function.  

Expression in T. brucei of the corresponding IFT88 mutations found in patients with situs 

inversus led to identification of the IFT88R597H point mutation that disrupted flagellum 

function, indicating this residue is essential for IFT88 function in this parasite. Given the 
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conserved nature of this residue in IFT88 in both trypanosomes and humans, our data suggest a 

similar effect of the corresponding mutation in situs inversus in humans.  
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Results  

 

Generation of 3’ UTR RNAi (knockdown) IFT88 cell line. 

 

A major obstacle to investigations of flagellum protein structure-function is an absence of 

systems for detailed mutational assessment of a given gene.  To bridge this gap we recently 

developed a two-plasmid system for RNAi-based structure-function studies in T. brucei 

(Appendix 2) [Ralston et al., 2011].  The two-plasmid system relies on robust systems for 

inducible RNAi and protein expression in T. brucei to guide tetracycline-inducible RNAi against 

a target mRNA 3’UTR, with simultaneous inducible expression of an epitope-tagged version of 

the targeted gene that is immune to RNAi.  In this system the p2T7TiB RNAi [LaCount et al., 

2002] plasmid is used to drive tetracycline-inducible expression of target dsRNA, whereas the 

pKR10 [Ralston et al., 2011] vector drives tetracycline-inducible expression of an RNAi-

resistant wild-type or mutant version of the target gene’s open reading frame (ORF) bearing an 

epitope tag. This system allows replacement in T. brucei of an endogenous protein with a 

mutated copy in a background where the endogenous protein is absent or has been depleted.  The 

mutated protein still assembles, but may not function, enabling identification of recessive as well 

as dominant mutations.  With this strategy we previously identified amino acids in the dynein 

light chain 1, “LC1”, that are required for motility (Appendix 2) [Ralston et al., 2011].   

 

To generate the IFT88 3’ UTR RNAi cell line, 29-13 cells harboring the machinery for 

tetracycline-inducible gene expression (Wirtz et al., 1999) were stably transfected with p2T7-Ti-

B constructs to guide RNAi against the first 502 bp of the 3′ UTR of IFT88. Upon tetracycline-
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induction, quantitative real time PCR (qRT PCR) analysis demonstrated that IFT88 was 

successfully knocked down (Figure 1A).  Transcription in T. brucei is polycistronic [Vanhamme 

and Pays 1995].  Thus, qRT PCR analysis was done to show that IFT88 was depleted without 

affecting the mRNA of the downstream gene (Figure 1A).  IFT88 ablation caused lethality 

(Figure 3E) characterized by accumulation of large amorphous masses that failed to divide 

(Figure 1D). Defective motility was also observed upon IFT88 knockdown as demonstrated by 

the sedimentation assay (Figure 1B), as well as motility traces (Figure 4B-C) and high resolution 

video microscopy (Videos 1-2) of individual parasites.  Some induced cells have very short 

flagella while others lack flagella completely (Figure 1D and Video 2). These results mirror the 

phenotypes of the IFT88 ORF RNAi mutants described previously [Kohl et al., 2003]  

  

 To see whether wild type (WT) IFT88 rescues the phenotype of IFT88 knockdowns in 

our system, we cloned the IFT88 ORF in-frame with an HA epitope tag into the expression 

vector pKR10 [Ralston et al., 2011]. The resulting plasmid was subsequently introduced into the 

IFT88 3’ UTR knockdown cell line. Following tetracycline-induction, wild type (WT) HA-

IFT88 protein was produced in induced cells as demonstrated by western blot analysis (Figure 

1C).  In addition, HA-IFT88 correctly localized to the flagellum (Figure 4A) as was previously 

shown for the endogeous IFT88 [Kohl et al., 2003]. Importantly, WT HA-IFT88 rescued the 

IFT88 RNAi knockdown lethality phenotype, restored flagella assembly and motility in induced 

cells as demonstrated by the sedimentation assay (Figure 1B), DIC images (Figure 1D), growth 

rates (Figure 3E), motility traces (Figure 4B-C), and high-resolution video microscopy (Video 

3). These data therefore demonstrate that we specifically targeted IFT88 in T. brucei.  
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IFT 88 amino acids to target for mutagenesis in T. brucei  

 

Dr. Heymut Omran, our collaborator at the University Hospital Muenster at Munich, 

Germany, identified genetic changes in the IFT88  coding sequence from patients with situs 

inversus (Figure 2A).  These mutations include R266Q, E331X, S356N, R607H and are 

summarized in Table 1.   To determine if the above mutations are conserved in T. brucei, we 

performed sequence alignment. Alignment of human and trypanosome IFT88 sequences 

demonstrates strong sequence conservation between the proteins (Figure 2B). Overall, TbIFT88 

is 40% identical to HsIFT88.  Sequence alignment revealed that amino acids R266, E331 and 

R607 are conserved in T. brucei, whereas S356 is not conserved (Figure 2B). Their 

corresponding residues in T. brucei are R260, E325, R597, and S350 respectively (Figure 2B). 

E331X introduces a premature stop codon in the IFT88 polypeptide. Introduction of a premature 

stop codon in IFT88 has been shown to disrupt IFT88 function in mice and zebra fish [Moyer et 

al., 1994; Pazour et al., 2000; Huangfu et al., 2003; Tsujikawa and Malicki 2004; Willaredt et al., 

2008].  Serine 356 is not conserved in T. brucei. For these reasons, we decided to focus on the 

R266Q and R607H mutations. Notably both R266Q and R607H mutations appear to locate 

within regions of high conservation (Figure 2C) and within the IFT88 TPR motifs.  To test 

whether these mutations disrupt IFT88 function, we mutagenized and introduced the 

corresponding R260Q and R597H mutations in T. brucei (Fig. 3A-B).  IFT88 point mutant genes 

were cloned in-frame with an HA epitope tag into the expression vector pKR10 [Ralston et al., 

2011]. The resulting plasmids were subsequently used to transfect the IFT88 3’ UTR knockdown 

T. brucei.  
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Phenotypes of IFT88 point mutants  

 

Upon tetracycline induction, both mutant proteins HA-IFT88R260Q and HA-

IFT88R597H, hereafter referred to as R260Q and R597H, were well expressed in induced cells 

(Figure 3C).  Both mutant proteins correctly localize to the flagellum (Fig. 4A) as reported 

previously for the endogenous IFT88 [Kohl et al., 2003].  Expression of the point mutants 

rescued the lethality phenotype of IFT88 knockdown.  Moreover, the point mutants assemble 

flagella with normal length and have normal growth rates, although R597H cells grow slowly 

compared to uninduced cells (Figure 3D-E).  R260Q mutant cells (not shown) exhibited no 

discernable defects, indicating this amino acid is not required for IFT88 function in T. brucei. By 

contrast, R597H mutants have defective motility, as demonstrated by motility traces (Figure 4B-

C), and video microscopy (Videos 4-6).  A proportion of R597H mutants spin (Video 5) like the 

previously described dynein regulatory trypanin mutants [Hill et al., 2000], whereas some cells 

move backward (Video 6) as seen in the LC1 knockdown mutants [Baron et al., 2007].  Taken 

together these data indicate that R597H is a hypomorphic mutation that causes a partial loss of 

IFT88 function in T. brucei and strongly suggest the implication of the corresponding mutation 

in situs inversus observed in humans harboring this mutation.    
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Discussion 

We have successfully knocked down the IFT88 transcript by directing RNAi against its 

3’ UTR .  IFT88 3’ UTR RNAi reproduced the IFT88 ORF RNAi phenotype [Kohl et al., 2003] 

and caused lethality in T. brucei.   Expression of a HA-tagged WT-IFT88 rescues the lethality 

phenotype associated with depletion of the endogenous IFT88.  Sequence alignment showed 

three out of four IFT88 residues mutated in humans with situs inversus are conserved in T. 

brucei.  These amino acids are located within regions of high conservation and within the TPR 

motifs of the IFT88 polypeptide.  We have reconstructed the corresponding R260Q and R597H 

mutations in T. brucei using our recently established RNAi system for structure function analysis 

of flagellar proteins (Appendix 2) [Ralston et al., 2011].  Expression in T. brucei of R260Q and 

R597H mutations rescued the lethality phenotype of IFT88 knockdown as well as restored 

normal flagella length.  Although expression of R260Q did not cause any discernable defects in 

the induced cells, R597H in contrast is a partial loss of function mutation that disrupted motility 

in this parasite.  Hence the amino acid R597 is required for IFT88 function in T. brucei.   

  

 Previous investigations have shown that IFT88 knockdown in T. brucei blocks flagellum 

assembly, impairs cell size, shape, polarity, cell division, as well as causes lethality [Kohl et al., 

2003; Absalon et al., 2008]. However, the phenotypes of IFT88 point mutants differ significantly 

from the phenotypes resulting from complete ablation of IFT88 in this parasite.  R260Q mutant 

trypanosomes do not exhibit any discernable abnormal phenotype.  This might signify either the 

synonymous mutation is a benign polymorphism that does not affect function or species-specific 

differences for the requirement of this amino acid.  It is also possible that R260Q causes subtle 

changes in the flagellum function that we were unable to track.  It has previously been shown 
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that replacement of glutamine by arginine in IFT172, another intraflagellar transport protein 

necessary for the retrograde movement in flagella, is predicted to be a structurally conservative 

amino acid substitution in the C. elegans and C. reinhardtii orthologs of IFT172 [Karlin and 

Ghandour 1985; Tran et al., 2008]. It is therefore possible that IFT88-R260Q is a structurally 

conservative residue substitution in T. brucei.  R266Q, the corresponding IFT88R260Q mutation 

in humans, is heterozygous.  However, using our structure-function analysis system we 

expressed this mutation as a homozygous mutation in T. brucei.  Previous investigations have 

shown that some heterozygous mutations, when expressed as homozygous mutations, restore 

function [Liu et al., ; Crosby et al., 1992; Liu et al., 2011], which could explain why we did not 

discern any abnormal phenotypes in the R260Q mutants in trypanosomes. 

 

 R597H parasites assemble flagella but are defective in motility.  It is unclear how R597H 

disrupts flagellum function in T. brucei.  Structurally, R597 is located within one of the seven 

TPR motifs that are found without spacing between residues 441–676 of IFT88 in C. reinhardtii 

[Pazour et al., 2000].  Several investigations evoke interactions between the TPR-polypeptide 

IFT88 and ciliary cargos [Bhowmick et al., 2009; Trivedi et al., 2012; Bhogaraju et al., 2013]. 

Since TPR motifs mediate protein-protein interactions [Lamb et al., 1995; Cole 2003; Jekely and 

Arendt 2006; Taschner et al., 2012; van Dam et al., 2013] it is therefore possible that R597H 

disrupts the interaction between IFT88 and its cargoes or interacting partners, thereby 

compromising flagellum function in T. brucei.  Furthermore, IFT associations with its cargos are 

believed to be transient since such interactions, with fast off-rates, may be useful as they would 

facilitate cargo unloading when the IFT trains reach the flagellum tip [Lechtreck et al., 2009]. It 

is possible that the R597H substitution disrupts this mechanism.  
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 The eukaryotic flagellum or cilium has emerged as a major signaling center for virtually 

all organisms where it has been examined.  Indeed, flagella are essential for sensing and mating 

in Chlamydomonas [Badano et al., 2006] and many proteins that are important for signal 

transduction have been localized to the flagellum of several organisms [Perkins et al., 1986; 

Huangfu et al., 2003; Haycraft et al., 2005; Huangfu and Anderson 2005; Badano et al., 2006; 

Caspary et al., 2007; Fliegauf et al., 2007] including T. brucei [Perkins et al., 1986; Huangfu et 

al., 2003; Haycraft et al., 2005; Huangfu and Anderson 2005; Badano et al., 2006; Caspary et al., 

2007; Fliegauf et al., 2007; Oberholzer et al., 2011].  Hence it is possible that R597H disrupts the 

sensing mechanism of the flagellum in T. brucei.  Testing such a hypothesis is beyond the scope 

of the present study and further investigations are needed to address this idea.  Nevertheless, our 

data clearly indicate that R597H is a hypomorphic mutation that partially disrupts flagellum 

function in T. brucei.  

 

 IFT88 is essential for ciliary and non-ciliary functions such as trafficking and cell 

division [Robert et al., 2007; Delaval et al., 2011], exemplifying the role of this protein in many 

biological processes. Consequently, loss of IFT88 homologs in vertebrates including humans is 

associated with a broad range of pathologies. Indeed, ablation of polaris, the IFT88 homolog in 

mice, causes motile and sensory cilia impairment with randomized left-right asymmetry, absence 

of cilia in the node, abnormal brain morphology, severe polycystic kidney disease accompanied 

by retinal defects, and early embryonic lethality [Murcia et al., 2000; Pazour et al., 2000; 

Huangfu et al., 2003; Tsujikawa and Malicki 2004; Badano et al., 2006]. Total disruption of the 

IFT mechanism is incompatible with life [Badano et al., 2006] because it blocks cilia and flagella 

biogenesis as was demonstrated for null IFT88 mutants in small animals. Ciliary motility is 
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required for left-right flow in the node, which is essential for the establishment of left-right 

asymmetry of the body during the development. This could explain why, up to date, no null 

IFT88 human patients have been found.  

 A number of hypomorphic IFT88 mutations have been generated [Moyer et al., 1994; 

Pazour et al., 2000; Huangfu et al., 2003; Tsujikawa and Malicki 2004]; despite their 

hypomorphic nature, all the above mutants are nonetheless lethal in small animals early after 

birth, precluding any ciliary function studies in adult tissues. The fact that the R597H mutation 

does not cause any observable lethality in trypanosomes may be consistent with the observation 

that patients harboring the corresponding R607H mutation can attain adulthood.  It also suggests 

that this mutation only impedes discrete cilia and flagella functions in humans.  Data obtained in 

T. brucei therefore strongly suggest that the R607H mutation is involved in situs inversus 

humans.  Additional studies in small animals are needed to confirm whether this mutation causes 

situs inversus.  

 How might R607H cause situs inversus? Firstly, it is possible that R607H disrupts 

motility functions of cilia or flagella, which leads to decreased generation of the left-right flow in 

the node during early embryonic development in vertebrates. Decreased or absent motility of 

nodal cilia has been shown to disrupt the left-right body symmetry in mice [Huangfu et al., 

2003].  Second, the mouse IFT88 homolog polaris has been shown to be required for the Sonic 

Hedgehog signaling pathway in animals [Murcia et al., 2000; Haycraft et al., 2005; Caspary et 

al., 2007; Veland et al., 2009]. It is tempting to speculate that R607H disrupts cilia sensory 

function in mammals as has been reported for several IFT mutants including IFT88 mutants 

[Pazour et al., 2002; Yoder et al., 2002; Huangfu et al., 2003; Haycraft et al., 2005; Huangfu and 
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Anderson 2005; Liu et al., 2005; May et al., 2005; Nauli et al., 2008; Tran et al., 2008].  Finally, 

R607H could also impede both motility and sensory functions of cilia in humans.   

  

 Our understanding of morphological defects and the role of cilia and flagella over time is 

hindered by the lethality of IFT mutants and severe systemic pathology leading to early mortality 

in hypomorphic and null mutants [Takeda et al., 1999; Murcia et al., 2000; Davenport et al., 

2007]. Conditional null alleles of Tg737, the mouse IFT88 homolog, have been utilized to 

overcome such barriers [Davenport and Yoder 2005].  Identification of another IFT88 

hypomorphic mutation described here should complement the above studies and provides a 

unique opportunity to study the role of cilia and flagella in adult animals.  
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Experimental procedures 

 

 

Sequence Alignment 

  

 Human IFT88 protein sequence was downloaded from the GeneDB website.  Homo 

sapiens and T. brucei IFT88 sequence alignments were performed with the Clustal W algorithm 

[Thompson et al., 1994] using Vector NTI software (Vector NTI Advance Suite 8, InforMax 

Inc., Bethesda, MD) 

 

 

DNA plasmids and sequencing 

  

 The RNAi plasmid was constructed in p2T7TiB, which comprises two opposing 

tetracycline-inducible T7 promoters aimed to generate an intermolecular double stranded RNA 

upon tetracycline-induced transcription [LaCount et al., 2002].  In order to generate 

p2T7TiB/IFT88-UTR, a 502-bp fragment that corresponds to nucleotides 1 – 502 of the IFT88 

(Tb11.55.0006) 3′ UTR was amplified by PCR from 29-13 genomic DNA and cloned into 

p2T7TiB at the TOPO recognition sites flanked by the opposed T7 promoters.  Full-length IFT88 

(Tb11.55.0006) was PCR-amplified from 29-13 genomic DNA.  Mutant IFT88 genes were 

generated by site-directed mutagenesis with the QuickChange II kit (Stratagene).  The pKR10 

expression vector described in [Ralston et al., ; Ralston et al., 2011] was used to express the full-

length open reading frames of the IFT88 wild type (WT) or mutant genes in parasites.  Briefly, 



 
 

177 

full-length IFT88 WT and point mutant genes were first separately subcloned into pCR-Blunt-II-

TOPO (Invitrogen) before cloning them downstream of the HA tag into the Xho I and Mfe I sites 

in pKR10.  All DNA constructs were verified by direct sequencing and linearized at the unique 

pKR10 NotI site prior to parasite transfection.  Sequencing was performed at UCLA Genotyping 

and Sequencing Core Facility or at Genewiz.  Primers used to PCR-amplify WT IFT88 gene are 

as follow: 5’ ATG GAC TTA CAA CAG GGT GAC 3’ and 5’ TAT TCC CGG GAG GTC AAT 

TTC 3’. Primers used to generate points mutants are as follow: IFT88R260Q 5’ GCC ATT AAA 

ATG TAC CAA ATG ACG TTG GAC GAG 3’ and 5’ CTC GTC CAA CGT CAT TTG GTA 

CAT TTT AAT GGC 3’; IFT88R598H 5’ CCC TCT ACG CTC ACG AAG GGG ACG AC 3’ 

and 5’ GTC GTC CCC TTC GTG AGC GTA GAG GG 3’.  Nucleotide substitutions are 

underlined on the primer sequences. Primers used to sequence the full-length IFT88 WT and 

point mutant genes are as follows: 5’ ATG GAC TTA CAA CAG GGT GAC 3’; 5’ CTC TGC 

AAG CAG CGT GAG A 3’; 5’ GGT GCG GAA GGG GAA GAC G 3’; 5’ TAT GAA AAG 

GCA CGA ACT TAC TAC 3’; 5’ CGT AAG TAC CCG GAG AAC CT 3’. 

 

 

Cell culture and transfection 

  

 For all experiments we used procyclic form 29-13 cells [Wirtz et al., 1999] engineered to 

express T7 polymerase and tet repressor. Cells were grown at 28 ºC in Cunningham’s SM 

supplemented with 10% heat-inactivated fetal calf serum (HIFCS) as described in [Ralston et al., 

2006].  Transfections were carried out as described [Ralston et al., 2011]. Briefly, cells were 

washed and resuspended to 5x107 cells/ml in electroporation medium (EM) simultaneously with 
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linearized plasmid DNA (10 µg). Electroporation was carried out using a Bio-Rad Gene Pulser. 

After transfection, cells were shifted to fresh medium and incubated overnight in order to recover 

before initiation of drug selection within 24 hours post-transfection.  Cells were cloned by 

limiting dilution following transfection.  To assess cell growth, parasites were split into two 

flasks and cultured with or without tetracycline (1 µg/ml) before parasites were counted in a 

Coulter counter and the means of two independent counts are reported for growth curves. 

 

 

RNA preparation and quantitative real-time (RT)-PCR 

 

RNA preparation and quantitative RT-PCR were performed as in [Ralston et al., ; Ralston 

et al., 2011].  Briefly, cells were split with or without tetracycline (1 µg/ml) and grown for 72 

hours.  Total RNAs were extracted using an RNeasy kit (Qiagen).  Real-time PCR was 

performed using SYBR master mix (Bio-Rad) and gene-specific primers after reverse 

transcription using oligo dT primers (Invitrogen) and the SS RT II kit (Invitrogen) on DNase I 

(Invitrogen)-treated RNA samples (2 µg).  Housekeeping genes RPS23 

(Tb10.70.7020/Tb10.70.7030) and GAPDH (Tb927.6.4280/Tb927.6.4300) were used as 

normalization controls and the relative gene expression was done by the 2-ΔΔCT method as 

described previously [Livak and Schmittgen 2001]. Data presented are averages from two 

independent runs of -Tet and +Tet cultures. Error bars indicate the standard deviations. 

Quantitative RT-PCR primers used were as follows: RPS23 5′ AGA TTG GCG TTG GAG CGA 

AA 3′ and 5′ GAC CGA AAC CAG AGA CCA GCA 3′; GAPDH, 5′ GGC TGA TGT CTC 

TGT GGT GGA 3′ and 5′ GGC TGT CGC TGA TGA AGT CG 3′; IFT88 5’ ACA GTT GGG 
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CTG GGC GAT AA 3’ and 5’ CTG CTT TGC ACC GCC TTT TT 3’; Tb11.55.0007 (gene 

downstream of IFT88) 5′ AAG AGC GAG CCA GCC CAA AT 3′ and 5′ GCC ACG CGA CGA 

AGT ATT CC. 

 

 

Western blot 

 

Total cell lysate preparations were made from parasites cultured for 72 hours with or 

without tetracycline (1 µg/ml).  These total lysates were used for western blot experiments 

performed as previously described [Hill et al., 2000].  An anti-HA monoclonal antibody 

(Covance) was use to probe the HA-IFT88 proteins, while an anti-β-tubulin monoclonal 

antibody (Developmental Studies Hybridoma Bank, University of Iowa) was used as a control 

for protein loading.  

 

 

Immunofluorescence assays 

 

Immunofluorescence analysis was performed as previously described [Oberholzer et al., 

2011].  Cells were washed three times in PBS and air-dried onto coverslips.  Cells were 

incubated for 10 min in methanol and 10 min in acetone at -20°C.  Following a rehydration step 

in PBS, the slides were blocked in blocking solution (PBS + 5% BSA + 5% Normal donkey 

serum (Gibco)) for 1.5 h.  Cells were subsequently incubated for 1.5 h with the primary anti-HA 

antibody (Covance) diluted 1:1,000 in blocking solution.  After 5 washes of 10 min each in PBS 
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+ 0.05% Tween-20, samples were stained for 1.5 h with the secondary antibody (donkey anti-

mouse Alexa Fluor 488) diluted in blocking solution.  After washing five times in PBS + 0.05% 

Tween-20 and once in PBS, cells were mounted with Vectashield containing DAPI (Vector 

Laboratories).  Images were acquired with a 63x objective on a Zeiss Axioskop II compound 

microscope and processed using Axiovision (Zeiss, Inc.) and Adobe Photoshop (Adobe Systems, 

Inc.). 

 

 

Motility assays 

All motility assays including sedimentation assays, motility traces, and high-resolution 

video microscopy were carried out as previously described [Ralston et al., ; Ralston et al., 2011].  

Briefly, cells were grown for 72 hours with or without tetracycline.  For sedimentation assays 

[Bastin et al., 1999], parasites were reconstituted to 5x106 cells/ml and incubated in fresh culture 

medium under normal growth conditions. Measurements of the optical density at 600 nm 

(OD600) for resuspended and undisturbed samples were taken every two hours for a period of 

ten hours. The ΔOD600 expresses the difference obtained by subtracting the OD600 of the 

resuspended from the undisturbed sample. Data presented are averages from two independent 

experiments of -Tet and +Tet cultures. Error bars indicate the standard deviations. 

To record motility traces, cells were grown with or without tetracycline and cell motility 

analysis was done at 72 hours post induction (hpi).  Motility traces were done as described 

[Ralston et al., 2011].  Briefly, parasites were examined in polyglutamate-coated slide chambers 

[Gadelha et al., 2005] using dark field optics on a Zeiss Axioskop II compound microscope with 

a 10x objective.  Videos were captured using a COHU analog video camera. Analog format 
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movies were converted to digital format with an ADVC-300 digital video converter (Canopus, 

Co., Ltd.). Movies were recorded at 30 frames per second (fps) and converted to AVI format and 

then to stacks of TIFF images using Adobe Premiere Elements software (Adobe Systems). TIFF 

image stacks were analyzed using Metamorph software (Molecular Devices) to trace parasite 

movement over the indicated time period. Trace data were used to calculate the total distance 

travelled.  The statistical analysis for significance was calculated by comparing datasets to RNAi 

–Tet using the student’s unpaired two-tailed T test. 

For high-resolution videos of individual cells, videos were captured in motility chambers 

using DIC optics on a Zeiss Axiovert 200 M inverted microscope with a 100x oil-immersion 

objective. 
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Figure 1.  WT IFT88 rescues the lethality phenotype of IFT88 3’ UTR knockdown.  (A) 

Quantitative RT-PCR assay of IFT88 expression in IFT88 3’UTR RNAi cells (RNAi).  Data are 

averages from two independent sets of minus and plus tetracycline cultures. Error bars indicate 

the standard deviations.  Both the targeted gene (IFT88) and the gene immediately downstream 

(Tb11.02.0007) were analyzed.  (B)  Sedimentation assay of IFT88 RNAi (RNAi) or IFT88 3’ 

UTR RNAi rescued with HA-IFT88 (RNAi + WT) parasites from –Tet and +Tet cultures.  

Sedimentation curves are the averages of two independent experiments, while error bars 
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represent standard deviations.  (C)  Western blot of total protein from IFT88 3’ UTR knockdown 

parasites rescued with wild type HA-IFT88 grown in the presence or absence of tetracycline for 

72 h. Blots were probed with antibody against the HA epitope to detect HA-IFT88, or β-tubulin 

as a loading control.  (D) DIC images of live RNAi and RNAi + WT-IFT88 parasites from -Tet 

or +Tet cultures.  Representative RNAi parasites from +Tet culture are inviable and accumulate 

as amorphous masses with short or no flagella, whereas RNAi + WT-IFT88 are viable and have 

normal morphology and flagella length. For all panels cells were induced for 72 h.  
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Figure 2.  H. sapiens IFT88 homolog is highly similar to T. brucei IFT88.  (A) Schematic 

representation of IFT88 protein with domain structure. Gray boxes indicate tetratricopeptide 

(TPR) motifs. Numbers show sequence positions, whereas stars represent positions of amino 

acids mutated in humans with situs inversus.  (B) IFT88 Sequence Alignment between H. 

sapiens and T. brucei (accession numbers are listed in Experimental Procedures).  Both proteins 

are 45% identical. Yellow represents strictly conserved amino acids, whereas conservative 

substitutions are highlighted in green. Amino acids targeted for mutational analysis are boxed. 

Black boxes, conserved; blue box, not conserved.  (C) Amino acid sequence similarity plot 

(Vector NTI, Invitrogen) of IFT88 homologues from T. brucei (Tb) and H. sapiens (Hs). A value 

of +1 corresponds to a stretch of identical amino acids. Representative regions of low similarity 

(residues 72–101) and high similarity (residues 592–610) are shown below the chart. Strictly 

conserved positions are highlighted in yellow and conservative substitutions are green. 
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Figure 3. IFT88 point mutants rescue lethality of IFT88 RNAi.  (A and B)  Panel A, R260Q 

(IFT88R260Q); Panel B, R597H (IFT88R597H).  Nucleotide sequence alignment of WT IFT88 

and contig assemblies of R260Q (A) and R597H (B) mutants.  Only short regions of the 

alignment with mutations are shown. The guanine nucleotide targeted for mutational analysis is 

shown in red on the top (WT) line of the sequence alignments for both R260Q and R597H.  The 

adenine nucleotide introduced to replace guanine is shown with a + sign in the boxed codon on 

the bottom line under the chromatograms.  Boxed nucleotides indicate the changed coding 

sequences that resulted from the mutations.  The arrow points to the change in amino acid 

highlighted in gray on the polypeptide sequence alignments.  (C) Western blot of total protein 

from R260Q and R597H cells from –Tet and +Tet cultures. Blots were probed with antibody 

against the HA epitope to detect HA-IFT88, or β-tubulin as a loading control.  (D) DIC images 

of live R260Q and R597H cells from -Tet or +Tet cultures.  Representative cells from +Tet 

culture show that point mutants rescue the lethality phenotype of IFT88 knockdown.  For panels 

A through D cells were induced for 72 h.  (E) Growth rates of IFT88 RNAi (red lines), RNAi + 

WT, or R597H cells.  Cultures were grown with (open symbols) or without (closed symbols) 

tetracycline added at time zero. Cells were diluted back to the starting density each day. 
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Figure 4. IFT88R597H disrupts motility in T. brucei.  (A) Immunofluorescence analysis of 

IFT88 cells from –Tet and +Tet cultures.  Cells were stained for the HA epitope (shown in 

green). DAPI staining shows the DNA in blue. WT-IFT88, R260Q, and R597H mutant proteins 

localize along the flagellum. (B) Motility traces of RNAi, RNAi + WT-IFT88, R260Q or R597H 

cells from –Tet and +Tet cultures. Lines trace the movement of individual cells, and numbers in 

each panel represent individual cells and are randomly generated by the software. (C) 

Quantification of total distance traveled by individual cells in motility traces (n = 100 cells for 

each culture). Horizontal lines are the mean of each data set. Bars indicate the 95% confidence 

interval. Results for the data sets were compared to those for RNAi minus Tet. ***, significant 

difference (P <0.005).  For all panels cells were induced for 72h. 
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Nucleotide position Nucleotide change Exon Residue change Mutation type 
797 G>A 11 R266Q Heterozygous 
991 G>T 12 E331X Heterozygous 
1067 G>A 12 S356N Homozygous 
1820 G>A 19 R607H Homozygous 

 

Table 1.  Features of IFT88 mutations from humans with situs inversus.  Nucleotide position 

on IFT88, nucleotide substitution, exon number where each mutation is located, the resulting 

amino acid change, and the nature of mutation are indicated.  
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Supplemental Videos 
 
 
Video 1.  Wild type motility of IFT88 knockdown trypanosomes in –Tet cultures. 

Representative live video shows propulsive motility of IFT88 knockdown parasites taken from –

Tet cultures.  Parasites move rapidly and translocate with tip of flagellum leading.  Frame rate 

for capture and playback is 30 frames/sec.  

 

Video 2.  Defective motility by LC1 knockdown trypanosomes from +Tet cultures. 

Representative live video shows cell division failure of IFT88 knockdown parasites grown in 

+Tet cultures for 72 hours. Cells accumulate as an amorphous mass having shortened or no 

flagella.  Frame rate for capture and playback is 30 frames/sec. 

 

Video 3.  Expression of wild type, HA-IFT88 rescues the phenotype of IFT88 knockdown.  

Representative live video, taken from +Tet cultures (72hpi), shows restoration of viability and 

propulsive motility in IFT88 knockdown parasites complemented with WT-IFT88.  Parasites 

assemble normal flagella, complete cell division, move and translocate with tip of flagellum 

leading.  Frame rate for capture and playback is 30 frames/sec. 

 

Video 4.  Defective motility by R597H trypanosomes. 

Representative live video shows defective motility of R597H parasites grown in +Tet cultures 

for 72 hours. Flagellum beating is evident, but parasite propulsive motility is disrupted.  Frame 

rate for capture and playback is 30 frames/sec. 
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 Video 5.  Defective motility by R597H trypanosomes. 

Representative live video shows defective motility of R597H parasites grown in +Tet cultures 

for 72 hours. Flagellum beating is evident, but cell translocation is blocked and parasite spins.  

Frame rate for capture and playback is 30 frames/sec. 

 

Video 6.  Defective motility by R597H trypanosomes. 

Representative live video shows defective motility of R597H parasites grown in +Tet cultures 

for 72 hours. Flagellum beating is evident, but parasite moves backward.  Frame rate for capture 

and playback is 30 frames/sec. 
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202 

Abstract 

 

The nexin-dynein regulatory complex (NDRC) has emerged as a critical regulator of 

axonemal dynein.  Flagellar beating results from the precise coordinated action of dynein motors 

arranged in the flagellar axoneme.  Both chemical and mechanical signals are involved in 

regulating cilia motility.  While some NDRC components have been identified, our 

understanding of the composition, assembly and mechanism of this complex remain limited.  

Trypanin, a subunit of the NDRC, is a reversible inhibitor of dynein and is essential for normal 

motility in Trypanosoma brucei.  Recent investigations showed that the requirement of trypanin 

for cilium motility extends to vertebrates, where it is required for inner ear development and 

human cilium function.  However, domains and residues necessary for trypanin assembly and 

function remain to be determined.  We recently developed structure-function approaches for 

systematic mutational analysis of flagellar proteins in T. brucei that permit quick identification of 

important protein domains and residues.  We have generated a systematic deletion series of 

trypanin and have expressed the mutants in T. brucei using the above structure-function system.  

These studies allowed identification of domains that are essential for microtubule binding and 

flagellum targeting.  The flagellum is essential in T. brucei and flagellar defects cause a wide 

variety of human inherited diseases.  Improving our knowledge of the molecular mechanism 

underlying assembly of the NDRC will thus increase our understanding of human genetic 

diseases and advance efforts to develop new therapies for trypanosomiasis.  
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Introduction 
 

 

Motile cilia (flagella) are highly conserved organelles that are required for human 

development and physiology.  Flagellar defects have been implicated in a wide variety of human 

genetic diseases [Fliegauf et al., 2007].  Functional flagella also drive locomotion of several 

human pathogens that affect many people worldwide [Ginger et al., 2008; Ralston and Hill 

2008]Increasing our understanding of the molecular mechanism of flagellar motility will be 

crucial in developing a deeper knowledge of human inherited diseases caused by defects in 

motile cilia and devising new treatments for infectious diseases. 

 

The flagellum of the protozoan parasite Trypanosoma brucei, the causal agent of sleeping 

sickness, displays a unique waveform that is characteristic of the genus and drives cell motility in 

the mammalian host and tsetse fly vector [Gruby 1843; Walker 1961; Rodriguez et al., 2009; 

Heddergott et al., 2012]. The T. brucei flagellum possesses the canonical “9 + 2” configuration 

of motile axonemes, which is the platform for assembly of dynein motors [Ralston et al., 2009].  

Dyneins are ATP-driven, microtubule-based molecular motors that drive the flagellar movement.  

Nexin links connect contiguous microtubule doublets and restrict microtubule sliding in order to 

promote bending of the axoneme [Summers and Gibbons 1971; Satir 2007].  For proper 

flagellum beating, thousands of dyneins must be coordinately regulated spatially and temporally 

[Baron et al., 2007].  Molecular mechanisms underlying the dynein regulation are poorly 

understood although it has been proposed that dynein regulation involves mechanical and 

chemical signals [Lindemann and Kanous 1997; Porter and Sale 2000; Smith and Yang 2004; 

Lindemann and Lesich 2010]. 
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The dynein regulatory complex (DRC) is a key regulator of axonemal dyneins [Howard 

et al., 1994; Ralston et al., 2006; Colantonio et al., 2009; Heuser et al., 2009]. This complex was 

originally identified through suppressor mutant screens for extragenic suppressors of flagellar 

paralysis in radial spoke and central pair mutants in the flagellated green algae Chlamydomonas 

reinhardtii [Huang et al., 1982].  These genetic investigations identified five genetic loci (PF2, 

PF3, SUP-PF-3, SUP-PF-4 and SUP-PF-5) that are required for assembly of the DRC [Huang et 

al., 1982; Mastronarde et al., 1992; Piperno et al., 1992; Gardner et al., 1994; Porter et al., 1994; 

Porter and Sale 2000].  The current model is that the DRC constitutively inhibits the dyneins in 

the absence of central pair and radial spoke signals, leading to paralysis of central pair and radial 

spoke mutants.  The central pair apparatus disseminates signals through the radial spokes to the 

DRC in order to release dynein inhibition [Omoto et al., 1999; Porter and Sale 2000].  For dynein 

regulation within the axoneme, the DRC therefore acts as a reversible inhibitor of dyneins in 

response to signals from the central pair apparatus and radial spokes [Huang et al., 1982; Piperno 

et al., 1992; Gardner et al., 1994; Hutchings et al., 2002; Rupp and Porter 2003; Ralston et al., 

2006].  

 

The DRC is a megadalton complex of several polypeptides that are firmly associated with 

axonemal microtubules and are resistant to treatments that detach other axonemal proteins such 

as the outer and inner dynein arms [Piperno et al., 1994].  The identities of some DRC 

components are known.  These include trypanin, trypanin related protein (TRP) and component 

of motile flagella (CMF) 70 in T. brucei [Ralston et al., 2006; Kabututu et al., 2010]; K. L. (in 

preparation)], as well as the DRC candidate CMF22 [Bower et al., 2013; Nguyen 2013].  
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Additional studies in Chlamydomonas have expanded the inventory of DRC subunits [Lin et al., 

2011; Bower et al., 2013].  Despite these advances, additional DRC members, member 

interactions and molecular mechanisms remain to be determined.  

 

Trypanin is the homolog of Paralyzed Flagella 2 (PF2) in Chlamydomonas [Rupp and 

Porter 2003].  Trypanin and its orthologs are members of the ‘‘Trypanin family’’. These proteins 

are essential for microtubule-based flagellar motility [Hill et al., 2000; Hutchings et al., 2002; 

Ralston et al., 2006; Ralston et al., 2011].  Trypanin localizes along the flagellar axoneme and is 

intimately connected to the detergent- and salt- insoluble flagellar cytoskeleton [Hill et al., 2000; 

Hutchings et al., 2002; Ralston et al., 2011],  and remains associated with the axoneme after 

treatment with 1M NaCl [Ralston et al., 2011].  Unfortunately, how the DRC attaches to 

microtubules is not well understood. Trypanin has been suggested to be a molecular linker of the 

DRC to microtubules [Bekker et al., 2007] and association with the axoneme is believed to be 

crucial for DRC function. Genetic studies have demonstrated a requirement for trypanin in 

regulating the flagellum beat in T. brucei [Ralston et al., 2006] similar to the DRC role in 

Chlamydomonas [Huang et al., 1982; Piperno et al., 1992; Piperno et al., 1994; Hutchings et al., 

2002; Rupp and Porter 2003].  Although it causes defective flagellum beating, depletion of 

trypanin in T. brucei suppresses flagellar paralysis in central-pair mutants [Ralston et al., 2006] 

as shown previously in C. reinhardtii [Huang et al., 1982; Brokaw and Kamiya 1987; Hutchings 

et al., 2002; Rupp and Porter 2003].  Trypanin RNAi knockdown in procyclic T. brucei 

reproduces the phenotype of Chlamydomonas pf2 mutants, which fail to coordinate flagellar 

beat, lack propulsive cell motility, and exclusively spin and tumble in place [Hutchings et al., 

2002; Ralston et al., 2006].  In contrast, trypanin is essential in the bloodstream stage of T. brucei 
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[Ralston et al., 2006].  The DRC is therefore a good starting point for exploring the flagellum as 

a drug target for sleeping sickness.    

 

The requirement for the DRC in cilium motility and development in vertebrates 

[Colantonio et al., 2009], including a connection to human genetic disease [Merveille et al., 

2011] has been demonstrated. Indeed, the trypanin homolog GAS8 (also known as GAS11) in 

vertebrates has been shown to be essential for inner ear development in zebrafish [Colantonio et 

al., 2009]. However, despite its critical role in human biology and in disease, the molecular 

mechanisms by which trypanin or the DRC accomplishes its function are completely unknown.  

Although microtubule association domains in the mammalian trypanin homolog GAS11 were 

recently identified [Bekker et al., 2007], critical functional domains of trypanin are unknown.  

We recently developed structure-function methods for systematic mutational analysis of flagellar 

proteins in T. brucei (Appendix 2) [Ralston et al., 2011].  We previously conducted mutational 

analysis of conserved amino acids and residues predicted to be phophorylated within the trypanin 

protein, which did not reveal any discernable impact on motility [Ralston et al., 2011].  In the 

current study we have generated a systematic deletion series of trypanin and have expressed the 

mutants in T. brucei using the aforementioned structure-function system.  These studies allowed 

identification of domains for microtubule binding and flagellum targeting. 
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Results 
 
 
Deletion analysis  
 
 

Phosphorylation is known to influence flagellar beating in several organisms [Porter and 

Sale 2000], and it has been proposed that several conserved residues of trypanin are 

phosphorylated in vivo (D. Baron and K. Hill, unpublished).  Mutational analysis of conserved 

trypanin residues and amino acids believed to be phosphorylated did not reveal any discernable 

impact on motility.  In order to identify domains required for trypanin function we conducted a 

domain deletion analysis.  A schematic representation of the experimental design is shown in 

Figure 1.  In order to investigate the domains within trypanin that are essential for targeting and 

function, we have generated a systematic deletion series (Figure 2) of trypanin mutants for 

expression in T. brucei using our structure-function system [Ralston et al., 2011].  The deletion 

series includes the inhibitory microtubule association domain or IMAD (AA 1-113) alone, the 

GAS11 microtubule association domain or GMAD (AA 114-257) alone, a combination of IMAD 

and GMAD (AA 1-257), ∆IMAD (AA 114-453), ∆GMAD (AA 1-113, 258-453), and ∆IMAD-

∆GMAD (AA 258-453) (Figure 2).  

 

 We recently generated a Trypanin 3’ UTR RNAI [Ralston et al., 2011] cell line that 

allows simultaneous downregulation of the endogenous trypanin and expression of a mutant 

version of this gene upon tetracycline induction [Ralston et al., 2011].  All the above trypanin 

deletion fragments are therefore expressed within the Trypanin 3’ UTR RNAI background where 

the endogenous trypanin has been ablated .   As a control, we used a Trypanin 3’ UTR RNAI cell 

line rescued with  full-length, wild type HA epitope-tagged trypanin [Ralston et al., 2011].  Full-
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length (FL) trypanin is tightly associated with the detergent- and salt- insoluble cytoskeleton (P1) 

[Hill et al., 2000; Hutchings et al., 2002; Bekker et al., 2007; Ralston et al., ] [Ralston et al., 

2011] as well as to the axoneme (P2) after salt treatment and localizes along the flagellar 

axoneme.  As expected, following tetracycline induction of the aforementioned control cells, FL 

trypanin partitions in P1 and P2 as demonstrated by the fractionation assay (Figure 3A) and 

localizes along the axoneme (Figure 3B-C).   

 

The N-terminus or inhibitory microtubule association domain (IMAD) (AA 1-113) 

(Figure 2) has been shown to attenuate microtubule binding of the trypanin homolog Gas11 in 

mammalians [Bekker et al., 2007].  This domain was also suggested to allow correct localization 

of Gas11 where this protein is needed within the cell, for instance the Golgi or at the basal body 

of the primary cilium, or sites of dynein regulation [Colantonio et al., 2006].  Upon tetracycline 

induction, western blot analysis showed that IMAD was produced in induced cells at levels 

similar to full-length trypanin (Figure 3B).  Two attempts to fractionate this mutant protein 

failed. 

GAS11 microtubule association domain or GMAD (AA 114-257) is adjacent to IMAD.  

GMAD, a conserved and predicted coiled-coil region [Hill et al., 1999; Hill et al., 2000], is a 

microtubule-binding domain that was, like IMAD, recently identified in the trypanin mammalian 

homolog Gas11 [Bekker et al., 2007].  A GFP fusion protein encompassing GMAD has been 

shown to co-localize with microtubules when exogenously expressed in COS7 cells [Hill et al., 

1999; Hill et al., 2000].  Conservation of GMAD in trypanin strongly suggests that this fragment 

binds microtubule and therefore could decorate microtubules throughout induced cells.  Upon 

tetracycline induction GMAD was expressed at comparable levels to the full-length (FL) 
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trypanin but GMAD unexpectedly partitioned to the detergent-soluble protein fraction (S1) as 

well as to P1 and P2 fractions (Figure 4A).  We performed an indirect fluorescence assay to 

determine the localization of GMAD on fraction P1.  As shown in Figure 4B, GMAD is 

localized throughout the cell including in the flagellum, possibly binding microtubules 

everywhere.  We reasoned that GMAD could localize to the flagellum in lysed cells but fail to 

reach the flagellum in intact, whole cells.  To test this possibility we performed the IFA on whole 

cells. IFA performed on induced whole cells strikingly revealed that GMAD is localized to the 

cytoplasm but not to the flagellum (Figure 4C).  Additionally, induced GMAD mutants are 

defective in motility as demonstrated by sedimentation assay (Figure 4D) and video microscopy 

(Videos 1 and 2).  Hence, GMAD is mislocalized and causes a motility defect in T. brucei. 

 

To determine the functional requirement of the GMAD domain, we deleted this domain 

(ΔGMAD) as shown in Figure 1B.  Western blot analysis and preliminary fractionation show 

that ΔGMAD is expressed and partitions similar to FL trypanin (Figure 5A).  ΔGMAD  

localization and phenotype determination of ΔGMAD cells is underway.  Expression of IMAD 

along with GMAD (Figure 1B) restores the flagellum localization similar to FL trypanin as 

demonstrated by western blot analysis and fractionation (Figure 5B) and whole cell IFA (Figure 

5C).  These data suggest IMAD mediates trypanin targeting to the flagellum. Additionally 

IMAD-GMAD cells have normal motility.  The C-terminus domain or ΔIMAD-ΔGMAD is a 

domain of unknown function.  Although ΔIMAD-ΔGMAD localization by IFA and phenotype 

characterization are underway, this mutant is produced in induced cells and partitions like FL 

trypanin as demonstrated by western blot analysis and fractionation (Figure 4E).   
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Discussion 

 

Domains mediating trypanin’s function or targeting have not been studied.  In the current 

study we have targeted all sections of trypanin including unique and conserved regions that 

define proteins of the Trypanin family.  We employed our recently established structure-function 

system as well as IFA analysis and fractionation to identify domains required for trypanin 

function and targeting.  The structure-function system allows expression of mutants in T. brucei 

depleted of the endogenous protein, while whole-cell IFA is a powerful approach to localize 

proteins within cells.  Using a series of trypanin fragment deletions, we have identified the 

IMAD region as required for trypanin targeting to the flagellum.  The GMAD fragment 

expressed alone is mislocalized and causes a motility defect in T. brucei.  We surprisingly found 

that expressing GMAD along with IMAD correctly localizes GMAD to the flagellum. 

 

The observation that GMAD decorates trypanosome cytoskeletons suggests this domain 

stably and indiscriminately binds microtubules, and is consistent with previous studies 

demonstrating that this domain in the mammalian homolog Gas11 binds microtubules [Bekker et 

al., 2007].  Partitioning of GMAD in S1 could signify saturation of microtubule binding sites.  It 

has been suggested that Gas11 is the DRC member that mediates DRC attachment to 

microtubules through the GMAD domain [Bekker et al., 2007].  However, we surprisingly found 

that ΔGMAD or the C-terminus (ΔIMAD-ΔGMAD) domain that lacks IMAD and the GMAD 

domain partition in P1 (cytoskeletons) and P2 (flagellar skeletons), indicating interaction with 

microtubules. This result suggests trypanin has an additional microtubule-binding domain within 

the C-terminus fragment.  It also suggests that the C-terminus microtubule interaction is indirect 
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through another DRC partner.  Further studies are needed to address such hypotheses.  GMAD 

expression causes a motility defect in T. brucei.  The precise reason for the defective motility 

phenotype is unknown.  We speculate that GMAD competes with other proteins for microtubule 

binding.  It is also possible that GMAD mislocalization interferes with other protein functions.   

Studies to characterize GMAD function in ΔGMAD mutants are underway. 

 

Previous investigations suggested IMAD allows correct localization of Gas11, the 

trypanin homolog in mammalians [Bekker et al., 2007], where this protein is needed within the 

cell at the sites of dynein regulation such as the basal body or Golgi [Bekker et al., 2007].  

Indeed, expression of IMAD along with GMAD alone redirects GMAD alone to the flagellum in 

T. brucei, corroborating Bekker and colleagues’ findings. Further studies are needed to define 

how IMAD mediates correct localization of trypanin to the flagellum. IMAD localization and 

phenotypic assessment of IMAD mutant cells is underway.  The C-terminus (ΔIMAD-ΔGMAD) 

domain, which lacks IMAD and GMAD, correctly partitions to P1 and P2 as mentioned above.  

The C-terminus domain of trypanin could therefore be another microtubule binding domain in T. 

brucei.  This domain could also be a platform assembly for other DRC partners that may have 

the potential to regulate trypanin binding to microtubule or dock the dynein regulatory complex 

to microtubules. 

 

In summary, many DRC subunits have been identified but molecular mechanisms 

fundamental to the function of the DRC remain to be determined.  Identification of key trypanin 

domains required for motility and targeting described herein represents a unique opportunity for 

more detailed description of molecular mechanisms underlying trypanin’s function in regulating 
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flagellum motility in T. brucei.   Flagellum motility has a major role in human biology and 

disease.  Our studies should therefore provide a structural foundation that will ultimately enable 

description of flagellum motility mechanisms at the molecular level.  Furthermore, identification 

of domains that are unique to T. brucei may represent candidate drug targets for sleeping 

sickness.  Future studies will assess function to define dynein regulation domains as well as 

discovering key residues that are essential for function within the identified domains of trypanin.  

These studies therefore will generate insight into mechanisms of flagellum dynein regulation and 

potentially aid efforts to use the flagellum as a drug target. 
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Experimental Procedures 

 

DNA Constructs, cell cultures and transfection 

 

 Wild type (WT), Full-length trypanin ORF was generated previously [Ralston et al., 

2011].  Trypanin deletion mutants were PCR-amplified and cloned downstream of the HA tag 

into the Xho I and Mfe I (IMAD and IMAD-GMAD) or Mfe I and Mfe I (GMAD and ΔIMAD) 

sites in pKR10 [Ralston et al., ; Ralston et al., 2011].  All DNA constructs were verified by direct 

sequencing and linearized at the unique pKR10 NotI site prior to cell transfection.  Sequencing 

was performed at UCLA Genotyping and Sequencing Core Facility or at Genewiz.  Primers used 

to PCR-amplify trypanin domain deletions are as follows: IMAD 5’ 

ATGCCACCACGGACCGCTG 3’ and 5’ CTTGCACGCCTGCGCCTTC 3’; GMAD 5’ 

GATGAAAGTGACCGTCTGCTTC 3’ and 5’ CTGCTTCATCTGCGCTATTTC 3’; IMAD-

GMAD 5’ ATGCCACCACGGACCGCTG 3’ and 5’ CTGCTTCATCTGCGCTATTTC 3’; 

ΔIMAD 5’ GATGAAAGTGACCGTCTGCTTC 3’ and 5’ CTCAAAGTTGCTACGTGGCAG 

3’. 

  

 For all experiments we used procyclic form Trypanin 3’ UTR RNAI [Ralston et al., 

2011] engineered to allow simultaneous depletion of the endogenous trypanin and expression of 

a mutant copy of this protein upon tetracycline induction.  As a control for the fractionation 

assay and indirect immunofluorescence analysis, we used a Trypanin 3’ UTR RNAI cell line that 

expresses a full-length, wild type HA epitope-tagged trypanin upon tetracycline induction 

[Ralston et al., 2011]. Cells were grown at 28 ºC in Cunningham’s SM supplemented with 10% 
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heat-inactivated fetal calf serum (HIFCS) as described in [Ralston et al., 2006].  Transfections 

were carried out as described [Ralston et al., 2011].  Briefly, Trypanin 3’ UTR RNAI cells were 

washed and resuspended to 5x107 cells/ml in electroporation medium (EM) simultaneously with 

linearized plasmid DNA (10 µg). Electroporation was carried out using a Bio-Rad Gene Pulser. 

After transfection, cells were shifted to fresh medium and incubated overnight in order to recover 

before initiation of drug selection within 24 hours post-transfection.  Cells were cloned by 

limiting dilution following transfection.  To assess cell growth, parasites were split into two 

flasks and cultured with or without tetracycline (1 µg/ml) before parasites were counted in a 

Coulter counter and the means of two independent counts are reported for growth curves. 

 

 

Western blot 

 

Total cell lysate preparations were made from parasites cultured for 72 hours with or 

without tetracycline (1 µg/ml).  Flagellum skeleton protein extracts were prepared exactly as 

described by Ralston and colleagues [Ralston et al., 2011].  Total cell lysates and flagellum 

skeleton protein extracts were used for western blot experiments performed as previously 

described [Hill et al., 2000].  An anti-HA monoclonal antibody (Covance) was use to probe the 

HA-trypanin proteins, while an anti-β-tubulin monoclonal antibody (Developmental Studies 

Hybridoma Bank, University of Iowa) was used as a control for protein loading.   

 

Immunofluorescence assay 

 



 
 

215 

Immunofluorescence analysis was performed as previously described [Oberholzer et al., 

2011].  Cells or cytoskeletons (P1 fraction) were washed three times in PBS and air-dried onto 

coverslips.  Cells were incubated for 10 min in methanol and 10 min in acetone at -20°C.  

Following a rehydration step in PBS, the slides were blocked in blocking solution (PBS + 5% 

BSA + 5% Normal donkey serum (Gibco)) for 1.5 h.  Cells were subsequently incubated for 1.5 

h with the primary anti-HA antibody (Covance) diluted 1:1,000 in blocking solution.  After 5 

washes of 10 min each in PBS + 0.05% Tween-20, samples were stained for 1.5 h with the 

secondary antibody (donkey anti-mouse Alexa Fluor 488) diluted in blocking solution.  After 

washing five times in PBS + 0.05% Tween-20 and once in PBS, cells were mounted with 

Vectashield containing DAPI (Vector Laboratories).  Images were acquired with a 63x objective 

on a Zeiss Axioskop II compound microscope and processed using Axiovision (Zeiss, Inc.) and 

Adobe Photoshop (Adobe Systems, Inc.). 

 

Motility assays 

 

All motility assays including sedimentation assays, motility traces, and high-resolution 

video microscopy were carried out as previously described [Ralston et al., 2011].  Briefly, cells 

were grown for 72 hours with or without tetracycline.  For sedimentation assays [Bastin et al., 

1999], parasites were reconstituted to 5x106 cells/ml and incubated in fresh culture medium at 

growth conditions. Measurements of the optical density at 600 nm (OD600) for resuspended and 

undisturbed samples were taken every two hours for a period of ten hours. The sample ΔOD600 

expresses the difference in OD600 obtained by subtracting the OD600 of the resuspended from 
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the undisturbed sample. Data presented are averages from two independent experiments of -Tet 

and +Tet cultures. Error bars indicate the standard deviations. 

 

To record motility traces, cells were grown with or without tetracycline and cell motility 

analysis was done at 72 hours post induction as described [Ralston et al., 2011].  Briefly, 

parasites were examined in polyglutamate-coated slide motility,chambers [Gadelha et al., 2005] 

using dark field optics on a Zeiss Axioskop II compound microscope with a 10x objective.  

Videos were captured using a COHU analog video camera. Analog format movies were 

converted to digital format with an ADVC-300 digital video converter (Canopus, Co., Ltd.). 

Movies were recorded at 30 frames per second (fps) and converted to AVI format and then to 

stacks of TIFF images using Adobe Premiere Elements software (Adobe Systems). TIFF image 

stacks were analyzed using Metamorph software (Molecular Devices) to trace parasite 

movement over the indicated time period. Trace data were used to calculate the total distance 

travelled.  The statistical analysis for significance was calculated by comparing datasets to RNAi 

–Tet using the student’s unpaired two-tailed T test. 

For high-resolution videos of individual cells, videos were captured in motility chambers 

using DIC optics on a Zeiss Axiovert 200 M inverted microscope with a 100x oil-immersion 

objective. 
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Figure 1. Study experimental procedure.  A schematic representation of the study 

experimental procedure.  Following generation of trypanin domain deletion mutants by PCR (1), 

the mutant contructcs are cloned into the expression vector pKR10 (2) prior to transfection into 

procyclic trypanin-3’UTR RNAi trypanosomes (3).  Expression and localization of mutant 

proteins as well as phenotype assessment of mutant cells are determined using various 

modalities. 
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Figure 2.  Schematic representation of Trypanin deletion mutants employed in this study 

and potential outcome for mutant proteins.  Full-length (FL) trypanin, ΔGMAD, IMAD-

GMAD, GMAD, and ΔIMAD fragments are shown.  Corresponding amino acids are indicated: 

ΔGMAD (residues 1-113 and 258-453), IMAD-GMAD (residues 1-257), GMAD (residues 114-

257), and ΔIMAD (residues 114-453). 

Expressed and assembled.!
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Figure 3. Both FL and IMAD trypanin are expressed at similar levels in T. brucei.  (A) 

Western blot analysis and flagellum fractionation of cell extracts from wild type cells from –Tet 
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and +Tet cultures.  Blots were probed with an antibody against the HA epitope to detect HA-

tagged full-length (FL) trypanin, or β-tubulin as a loading control.  L, total cell lysate; S1, 

detergent soluble fraction; P1, detergent-insoluble flagellar cytoskeleton; S2, NaCl-soluble 

fraction; P2, NaCl-insoluble flagellar skeleton (axoneme).  Immunofluorescence analysis of 

cytoskeletons from fraction P1 (B) or whole cells (C) from +Tet cultures.  Cytoskeletons or cells 

were stained for the HA epitope (shown in green). DAPI staining shows the DNA in blue. FL-

trypanin localizes along the flagellum.  (D) Western blot analysis of cell extracts from IMAD 

cells grown in the absence or presence of tetracycline.  Blots were probed with an antibody 

against the HA epitope to detect HA-IMAD, or β-tubulin as a loading control.  Four different 

clones of the IMAD cell line are shown. Scale bar 25µm. 
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Figure 4. GMAD is misslocalized and causes a motility defect in T. brucei.  (A) Western blot 

analysis and flagellum fractionation of cell extracts from GMAD cells grown with or without 

tetracycline.  Blots were probed with an antibody against the HA epitope to detect HA-GMAD, 
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or β-tubulin as a loading control. Immunofluorescence analysis of cytoskeletons (B) from P1 

fraction or whole cells (C) from +Tet cultures.  Cytoskeletons or cells were stained for the HA 

epitope (shown in green). DAPI staining shows the DNA in blue. GMAD decorates entire 

cytoskeletons but fails to localize to the flagellum in whole cells.  (D) Sedimentation assay of 

GMAD cells from –Tet and +Tet cultures.  Sedimentation curves are the averages of two 

independent experiments, while error bars represent standard deviations.  Scale bar 25µm. 
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Figure 5. IMAD restores correct localization of GMAD in T. brucei.  Western blot analysis 

and Flagellum fractionation of cell extracts of ΔGMAD (A) or IMAD-GMAD (B) from –Tet and 

+Tet cultures.  Blots were probed with an antibody against the HA epitope to detect HA-GMAD, 

or β-tubulin as a loading control.  (C) Immunofluorescence analysis of IMAD-GMAD cells from 

+Tet cultures.  Cells were stained for the HA epitope (shown in green). DAPI staining shows the 
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DNA in blue. GMAD decorates cytoskeletons but fails to localize to the flagellum in whole cells.  

(D) Sedimentation assay of GMAD mutant cells from –Tet and +Tet cultures.  Scale bar 25µm. 
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Supplemental Videos 
 
 
Video 6-1.  Wild type motility of GMAD trypanosomes in –Tet cultures. 

Representative live video shows propulsive motility of GMAD parasites taken from –Tet 

cultures.  Parasites move rapidly and translocate with tip of flagellum leading.  Frame rate for 

capture and playback is 30 frames/sec.  

 

Video 6-2.  Defective motility by GMAD trypanosomes in +Tet cultures. 

Representative live video shows defective motility of GMAD parasites grown in +Tet cultures 

for 72 hours. Flagellum beating is evident, but parasite propulsive motility is disrupted.  Frame 

rate for capture and playback is 30 frames/sec. 
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The T. brucei flagellum is an essential and multifunctional organelle that drives parasite 

motility.  Motility functions of the trypanosome flagellum are receiving growing attention as 

potential targets for therapeutic intervention.  Examining a requirement for parasite motility for 

infection and pathogenesis in African trypanosomiasis has been the focus of this dissertation.  

The role of trypanosome motility in infection and pathogenesis of trypanosomiasis is a 

longstanding question that has not previously been investigated, because of the lack of viable 

motility mutants in the mammalian infectious life cycle stage. The trypanosome flagellum has 

emerged as a potential drug target in sleeping sickness and a widely accepted system to study the 

eukaryotic flagellum.  However, without knowledge of molecular mechanisms or motility mutant 

models to test in vivo, there is an important gap in our understanding of this major component of 

trypanosome biology and pathogenesis. 

    

To bridge this gap, we developed facile systems for detailed mutation analysis of flagellar 

proteins in T. brucei.  Application of these strategies led to identification of residues required for 

LC1 function and more importantly allowed generation of the first-ever viable motility mutants 

in mammalian infectious, bloodstream form T. brucei. Using an acute infection model, we have 

demonstrated that, contrary to the predominant notion, parasite propulsive motility is dispensable 

for bloodstream infection. These studies represent the foremost direct analysis of parasite 

motility in any aspect of T. brucei infection. While not essential for survival in the bloodstream 

during an acute infection, it is possible that parasite motility is required for subsequent steps of 

infection, such as penetration of the central nervous system. Further work with motility mutants 

in chronic infection models to test this hypothesis will be required and is the focus of ongoing 

investigations.  As such, development of a motility mutant infection model described here 
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provides an important foundation for future investigations of flagellum biology in the context of 

mammalian host infection and development in the tsetse fly.  

 

Conventionally, assessment of T. brucei infection has been dependent on determining 

parasitemia in blood, as well as restricted use of histochemistry to examine parasite presence in 

fixed tissues.  To better characterize infection dynamics and host-parasite interactions during 

infection, we developed an advanced live-cell imaging approach using T. brucei expressing the 

fluorescent protein mCherry. This system enabled observation of T. brucei ex vivo in mouse 

tissues as well as in vivo in blood vessels of whole zebrafish at single-cell resolution.  Important 

areas of focus include examining parasite interaction with cells of the host immune system, 

investigating parasite penetration of the vascular endothelium and entry into the CNS, as well as 

determining infection progression in African trypanosomiasis.  Zebrafish could be exploited as 

an appropriate alternative animal infection model of trypanosomiasis to address such questions. 

The availability of Trypanosoma carassii that naturally infects fish coupled to the advantages 

that the fish model offers such as transparency, which allows non-invasive imaging of infection 

dynamics in whole live fish, should facilitate these investigations.  Application of the zebrafish 

model to infectious diseases has led to landmark discoveries for understanding infection 

dynamics.  

 

T. brucei has emerged as an excellent system to study the eukaryotic flagellum.  Cilia 

play a critical role in human development and physiology. Defects in cilia or flagella cause a wide 

range of diseases and developmental defects.  The identities and functions of several flagellar 

proteins have been determined but there is sparse information on molecular mechanisms that 
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underlie these proteins functions.  In addition to investigating the contribution of flagellar 

motility to infection and pathogenesis, we exploited our structure-function strategies to define 

residues required for the function of IFT88, a protein required for flagellum assembly. We tested 

residues that correspond to IFT88 mutations observed in human patients with defective cilia and 

demonstrated which of these mutations are loss-of-function mutations versus polymorphisms.  

We have also identified domains required for trafficking of trypanin, a protein required for 

normal motility.  While identification of essential proteins or domains that are specific to T. 

brucei may constitute potential drug targets, conserved components should have broad 

application to the biology of the eukaryotic flagellum.  Flagellum motility drives propulsion of 

many pathogenic parasites, altogether responsible for mortality and morbidity in approximately 

0.5 billion people worldwide.  As such, in addition to being a good model system, the flagellum 

of T. brucei and its many proteins are potential drug targets not only in African trypanosomiasis, 

but also in other parasitic diseases such as Chagas disease or Leishmaniasis. 

 

Collectively these studies contribute to understanding T. brucei pathogenesis mechanisms 

and should advance efforts for therapeutics and diagnostics development, all of which is 

expected to alleviate case management in sleeping sickness.  The flagellum is essential to many 

human pathogens and plays a critical role in human development.   Studies of molecular 

mechanisms of flagellar proteins have general application for understanding biology of the 

eukaryotic flagellum.  Hence our studies expand our understanding of flagellum motility 

functions in T. brucei, with direct application to other flagellated protozoan pathogens. These 

investigations also contribute to uncover basic facets of eukaryotic cell biology as it applies to 

human health and disease. 
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Appendix 1 

 

Propulsion of African trypanosomes is driven by bihelical waves with alternating chirality 

separated by kinks 
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Appendix 2 

 

Structure-Function Analysis of Dynein Light Chain 1 Identifies Viable Motility Mutants in 

Bloodstream-Form Trypanosoma brucei 
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