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ABSTRACT OF THE DISSERTATION 

 

 

Characterization of a Trichomonas vaginalis surface protein that mediates host cell binding and 

establishment of a mouse model for in vivo study of parasite pathogenesis 

 

by 

 

Brenda Maria Molgora 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2020 

Professor Patricia J. Johnson, Chair 

 

 Trichomonas vaginalis is an extracellular, flagellated protozoan parasite and the etiologic 

agent of trichomoniasis – the most common non-viral sexually transmitted infection worldwide. 

While the majority of cases are asymptomatic, some individuals exhibit mild symptoms such as 

inflammation and discharge. Persistent infections can result in more severe outcomes such as 

infertility, increased risk of HIV infection, and cancer of the cervix or prostate. To establish and 

maintain an infection, T. vaginalis adheres to the epithelial cells of the urogenital tract and 

acquires nutrients from the host. Several parasite surface factors, as well as secreted exosomes, 

have been shown to play a role in parasite adherence to the host, but no single factor is fully 

responsible for host cell binding. In this study, we identify a number of differentially expressed 

putative surface proteins in isogenic parasites which differ in adherence and characterize a T. 
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vaginalis surface protein TVAG_157210 (TvAD1) which mediates parasite binding to host cells 

via an interaction with host glycosaminoglycans. In addition, we established a male mouse 

model which introduces the parasites to the prostate using transurethral catheterization. We 

found that parasites can be successfully introduced into the mouse prostate using this approach 

and that parasites which are more adherent or are free of their bacterial endosymbiont, 

Mycoplasma hominis, survive significantly longer than their respective counterparts. Lastly, we 

adapted the gene editing technology CRISPR (cluster regularly interspaced palindromic repeat)-

Cas9 (CRISPR-associated protein 9) for use in T. vaginalis to knockout genes more efficiently. 

As a result, we were able to knockout TvAD1 in more adherent parasites and observed a 

significant reduction in parasite adherence to host cells compared to the wild-type more adherent 

parasites. Overall, these studies have allowed us to gain insight into parasite factors such as 

surface adherence proteins and its naturally occurring endosymbiont and their role in in vitro 

and/or in vivo T. vaginalis pathogenesis – opening a window of potential therapeutic targets and 

methods by which to study their efficacy. 
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Trichomonas vaginalis is a microaerophilic, flagellated, eukaryotic protist and the 

causative agent of trichomoniasis – the most common non-viral sexually transmitted infection 

(STI) worldwide (1). T. vaginalis infection rates are very high, with reports of roughly 156 

million new cases worldwide and over 276 million cases annually (2, 3). In the United States, 

there is an estimated annual incidence of approximately 3.7 million cases, with 1.1 million 

people estimated to be newly infected each year (4–6). T. vaginalis infections outnumber those 

of Neisseria gonorrhoeae, Chlamydia trachomatis, and syphilis combined (2, 6). However, these 

numbers may be an underestimation as trichomoniasis is a largely neglected parasitic infection 

due to limited knowledge of its sequelae and lack of access to and/or cost of medical treatment. 

As a result, minority groups are largely and disproportionately affected (1, 7). 

Although trichomoniasis affects both sexes, the parasite often establishes an infection 

with little to no apparent symptoms, further complicating diagnosis and control. It is predicted 

that 70-85% of individuals infected with T. vaginalis are asymptomatic (8–10). However, when 

symptoms do arise, they range from mild to severe outcomes depending on the length of 

infection. In women, common clinical manifestations include inflammation of the urogenital 

tract, a malodorous vaginal discharge, pain during sex and urination, and lesions of the 

urogenital epithelium commonly known as strawberry cervix (7, 10, 11). More severe outcomes 

of T. vaginalis infections in women include adverse pregnancy outcomes such as preterm 

delivery and low birth weight in infants (12–14), infertility (15), increased risk of human 

immunodeficiency virus (HIV) acquisition (16–19), and increased risk of cervical cancer (20–

22). T. vaginalis infections in men include inflammation of the urogenital tract and infertility 

(23, 24) in addition to an increased risk of prostatic cancer (25–27).  
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 Currently, only two approved drugs exist to treat trichomoniasis: the 5-nitroimidazole 

drugs, metronidazole and tinidazole (28). As the first line of treatment for trichomoniasis, 

metronidazole is prescribed and taken orally over a period of 7 days.  If the treatment fails, 

tinidazole is then prescribed (24, 29). Treatment of all sexual partners is highly recommended to 

reduce reinfections, but successful treatment does not prevent reinfection (30). However, clinical 

treatment failure using both 5-nitroimidazole drugs has been reported (31, 32). Furthermore, 

reports of resistance to these 5-nitroimidazole drugs by T. vaginalis have been slowly increasing 

in frequency (31, 33). Drug resistance cases are generally treated with an extended course of 

treatment at an increased dosage, but this may cause side effects and because the nitro functional 

group for drug activation of both 5-nitroimidazoles is identical, it is likely that modifications in 

treatment may not be successful (34). Thus, there is a need to further understand parasite 

pathogenesis in hope of developing novel alternative treatments for trichomoniasis. 

 

The molecular basis of T. vaginalis adherence 

 T. vaginalis is an extracellular parasite which adheres to the host mucosal tissues of the 

urogenital tract to establish and maintain an infection (35–37). Upon contact with the host 

epithelium, the parasite transitions from its free-swimming, ovoid form to its adherent, amoeboid 

form which increases its binding surface area (38, 39). Furthermore, adherence is critical to 

nutrient acquisition, and lysis of host epithelial cells by T. vaginalis has been shown to be 

contact-dependent (40). In vitro analysis of adherence and host cell lysis by 26 clinical and lab-

adapted strains determined that there is a 45-fold and 96-fold difference in adherence and 

cytolysis between strains, respectively. It is assumed that the level of parasite binding to host 
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cells measured in vitro mirrors the outcome of infection in vivo, but the correlation has yet to be 

investigated (40). 

 Sequencing of the T. vaginalis genome provided initial evidence that parasite 

pathogenesis is vastly multifactorial (41). With one of the largest known protein coding genomes 

(60,000 candidate proteins), genomic analysis revealed the existence of large multigene families, 

some of which are likely to play a role in T. vaginalis pathogenesis (36, 42, 43). Furthermore, 

>5100 proteins were identified as carrying one of more transmembrane domains and over 300 

annotated proteins from across 10 protein families with a predicted contribution to colonization 

and parasite pathogenicity were identified (41, 42). These identified factors included 

glycosidases, adhesion molecules, proteinases, and carbohydrates (36, 41–44). Multiple surface 

bound molecules, such as lipoglycans and parasite surface proteins, were further characterized 

for their role in parasite adhesion. 

Surface glycoconjugates have been implicated in bacterial, viral, and parasitic adherence 

to host cells, facilitating colonization and infection by these microbes (45). The glycocalyx of T. 

vaginalis is made of lipoglycans (TvLG) and has been found to be involved in parasite binding to 

the host (46–48). A complex molecule, TvLG is composed of an α1–3 linked polyrhamnose core 

with branching arms comprised of xylose or chains of N-acetyllactosamine and occasionally 

lacto-N-biose, all of which is anchored to the membrane by inositol phosphoceramide (47). 

TvLG mutant parasites were shown to have a significantly reduced adherence ability to the host 

while isolated TvLG was able to compete with wild-type parasite binding to host cells (46, 47). 

Furthermore, TvLG has been shown to bind to host galectin-1 and is currently the only parasite 

adherence factor for which a host binding partner has been identified (48, 49).  
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As T. vaginalis strains had been shown to vary drastically in their adherence abilities to 

host cells, the differential abundance of surface proteins on adherent and less adherent strains 

could be examined. A T. vaginalis surface proteome of 3 adherent strains and 3 less adherent 

strains identified 271 putative plasma membrane proteins, with 11 of those proteins exhibiting 

2.6-47.7-fold difference in abundance in the more adherent parasites in comparison to the less 

adherent parasites (50). Further characterization of a number of these putative surface proteins 

confirmed their involvement in parasite adherence to host cells (51–53). However, the extent to 

which a strong correlation between the presence and abundance of these surface proteins to their 

adherence phenotype could be identified was limited due the high levels of variability between T. 

vaginalis strains. In Chapter 2, we describe a novel selection method to create isogenic strains 

that differ in adherence ability to host cells and compare their surface protein abundance and 

composition by proteomics. This method is also employed in Chapter 3 using a different strain of 

T. vaginalis. Furthermore, we go on to identify a T. vaginalis surface expressed protein and 

demonstrate its role in parasite adherence to the host through its interaction with host 

glycosaminoglycans. 

In addition to the membrane-bound factors described above, our laboratory found that 

small, secreted parasite-derived vesicles can also mediate parasite attachment. These vesicles, 

known as exosomes, have been shown to mediate host attachment via host:host and host:parasite 

interactions (54–56). A pre-incubation of parasites, host cells, or both with exosomes from a 

highly adherent strain has been shown to increase parasite adherence of a poorly adherence strain 

(54). These findings emphasize upon the multifactorial process that is T. vaginalis adherence to 

the host and highlight the necessity for further study to better elucidate parasite pathogenesis. 

Using animal models to study T. vaginalis pathogenesis in vivo 
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 Decades of study into T. vaginalis biology and pathogenesis have been accomplished 

using in vitro approaches. However, the use of an in vivo animal model can facilitate the study of 

the disease pathophysiology and host immune response as well as push forward the discovery of 

new treatments for trichomoniasis (57). As a result, there have been a number of attempts to 

establish an in vivo mouse model for the study of trichomoniasis. The first account of 

establishing an infection to observe the pathogenicity of trichomonad species, including T. 

vaginalis, called for injection of the parasites via the intraperitoneal, subcutaneous, and/or 

intramuscular route (58). All three injection sites displayed lesions and/or small abscesses and 

the infection was therefore considered both lasting and successful. However, T. vaginalis is a 

sexually transmitted parasite and the complex environment of the human urogenital tracts as well 

as the resulting pathologies of a successful infection are not properly recapitulated using this 

approach (59). 

 While it is assumed that T. vaginalis can infect both men and women with equal 

frequency (24, 35), women are more likely to exhibit symptoms (60). As a result, there have 

been multiple attempts to establish an in vivo vaginal mouse model to study trichomoniasis (61–

65). Each iteration of the vaginal mouse model built upon its predecessor through its addition of 

supplements, such as lactobacilli (61, 62) and dexamethasone (65), in an attempt to create the 

closest model of the human vaginal tract as possible. However, the difficulty of reproducibility 

due to variability in the murine vaginal microbiota (65), hormonal variations during the 

menstrual cycles of women and mice, and differences in vaginal pH (63, 65) continue to plague 

the female mouse model for trichomoniasis. 

In hope of eliminating the levels of variability seen between the human and mouse female 

urogenital tract, a male rat model has been reported for the study of prostatitis caused by T. 
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vaginalis (66). Using Wistar rats, T. vaginalis parasites along with an excretory-secretory 

product (ESP) adjuvant were injected into the prostate through the urethra. Following 2–4 ESP 

boosters, whose exact number was dependent on whether a mild or severe pathologic change and 

desired immune response, the mice were euthanized up to 4 weeks post-infection and analyzed 

by histology and ELISA. As a result, T. vaginalis trophozoites were detected in the rat prostate 

tissue after infection, pathologic changes such as inflammatory cell infiltration, acinar changes, 

and interstitial fibrosis were seen, and an upregulation of CCL2 was seen. This study provides 

evidence that successful in vivo prostate infection by T. vaginalis can occur in murine models. 

However, this study primarily focused on pathological changes during infection as a result of T. 

vaginalis and adjuvant boosters, failing to provide a method for quantification of parasite burden 

which would help elucidate the role of parasite virulence factors in vivo. In Chapter 4, we 

describe the establishment of a male mouse model for the study of T. vaginalis pathogenesis 

using transurethral catheterization. This model employs T. vaginalis parasites harboring a 

nanoluciferase gene to permit the quantification of parasite burden and allowing us to measure 

the role of parasite adherence and of the T. vaginalis endosymbiont, Mycoplasma hominis, 

during an in vivo infection. 

 

Genetic tools to study T. vaginalis biology 

 While molecular biology and biochemical tools and approaches have allowed researchers 

to elucidate the various components of T. vaginalis virulence and pathogenesis described above, 

additional studies into the function of genes and overall parasite biology via genetic 

manipulation have been limited due to the availability of appropriate tools. Over two decades 

ago, plasmid DNA was successfully shown to be introduced into T. vaginalis parasites by 
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electroporation and subsequent drug resistance selection (67). As a result, loss-of-function 

studies using homologous recombination to integrate a drug resistance cassette into the gene 

locus have been attempted, but only two successful gene knockouts have been reported (68, 69). 

This may be due to the low efficiency of DNA delivery by electroporation into T. vaginalis as 

only 3% of parasites were transfected with DNA successfully (67) or the presence of large gene 

families which may compensate for the knocked out gene resulting in no change in phenotype 

(41). 

As gene knockout in T. vaginalis using homologous recombination has been primarily 

unsuccessful, knockdown tools have also been reported as an alternative approach. Modified 

oligonucleotides for the knockdown of malate dehydrogenase, cysteine protease 12, and α-

actinin protein expression reduced their corresponding transcripts by 60%, 48-67%, and 33-72%, 

respectively (70, 71). Additionally, antisense based RNA targeting for gene knockdown has also 

been reported for a serine/threonine protein phosphatase referred to as protein phosphatase 1 

gamma (72), the Myb3 transcription factor (73), glyceraldehyde-3-phosphate (GAPDH) (74), 

and two parasite adherence proteins, AP33 (75) and AP65 (76). While there is clear evidence 

that knockdown approaches can work in T. vaginalis, a knockdown cannot fully abolish gene 

expression thus limiting the effective testing of gene function. 

 The advent of genome engineering using a humanized bacterial RNA-guided CRISPR-

Cas9 system transformed biological study of organisms ranging from bacteria and plants to 

higher eukaryotic organisms just as animals and humans (77, 78). Use of this system requires the 

presence of the Streptococcus pyogenes Cas9 double stranded DNA nuclease and a guide RNA 

sequence which has been customized to selectively target the gene of interest and induce a 

double stranded DNA break. In many organisms, the double stranded break caused by Cas9 is 
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repaired by non-homologous end joining (NHEJ), microhomology-mediated end joining 

(MMEJ), or homology-directed repair pathways (78, 79). Since CRISPR-Cas9 became more 

mainstream in its use to study gene function, this technique has been applied to modify genes in 

a large number of protists and multicellular parasites (80, 81, 90–93, 82–89). Chapter 5 discusses 

the adaptation of CRISPR-Cas9 by our laboratory for gene-directed knockout of T. vaginalis 

parasites. Chapter 2 also discusses CRISPR-Cas9 and its use for characterizing a T. vaginalis 

adherence protein. 

The overall goals of my dissertation are to identify and characterize novel factors 

involved in T. vaginalis adherence and further study parasite pathogenesis through the 

establishment of an in vivo male mouse model. In Chapter 2, we compare the surface protein 

abundance and composition of isogenic T. vaginalis LSU 160 parasites following selection for 

increased adherence and characterization of a parasite surface protein involved in adherence 

through its interaction with host glycosaminoglycans. Chapter 3 discusses a preliminary 

examination of surface proteomes of adherence-selected isogenic T. vaginalis B7RC2 strains. 

Chapter 4 focuses on the establishment of a male mouse model for the study of T. vaginalis 

pathogenesis using transurethral catheterization. Chapter 5 discusses the adaptation of CRISPR-

Cas9 to knock out genes in T. vaginalis and better understand the role of parasite proteins in 

pathogenesis or parasite biology.  
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Chapter 2 

A novel Trichomonas vaginalis surface protein modulates parasite attachment 

via protein:host cell proteoglycan interaction   
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Abstract 

Trichomonas vaginalis is a highly prevalent, sexually transmitted parasite which adheres 

to mucosal epithelial cells to colonize the human urogenital tract. Despite adherence being 

crucial for this extracellular parasite to thrive within the host, relatively little is known about the 

mechanisms or key molecules involved in this process. Here, we have identified and 

characterized a T. vaginalis hypothetical protein, TVAG_157210 (TvAD1), as a surface protein 

that plays an integral role in parasite adherence to the host. Quantitative proteomics revealed 

TvAD1 to be ~4-fold more abundant in parasites selected for increased adherence (MA 

parasites), compared to the isogenic parental (P) parasite line. De novo modelling suggested that 

TvAD1 binds N-acetylglucosamine (GlcNAc), a sugar comprising host glycosaminoglycans 

(GAG). Adherence assays utilizing GAG-deficient cell lines determined that host GAGs, 

primarily heparan sulfate (HS), mediate adherence of MA parasites to host cells. TvAD1 

knockout (KO) parasites, generated using CRISPR-Cas9, were found to be significantly reduced 

in host cell adherence, a phenotype that is rescued by over-expression of TvAD1 in KO 

parasites. In contrast, there was no significant difference in parasite adherence to GAG-deficient 

lines by KO parasites, compared to wild-type, contrary to that observed for KO parasites over-

expressing TvAD1. Isothermal titration calorimetric (ITC) analysis showed that TvAD1 binds to 

HS, indicating that TvAD1 mediates host cell adherence via HS interaction. In addition to 

characterizing the role of TvAD1 in parasite adherence, these studies reveal a role for host GAG 

molecules in T. vaginalis adherence. 

 

 

 



  
 

24 

Importance 

 The ability of the sexually-transmitted parasite Trichomonas vaginalis to adhere to its 

human host is critical for establishing and maintaining an infection. Yet, how parasites adhere to 

host cells is poorly understood. In this study, we employed a novel adherence selection method 

to identify proteins involved in parasite adherence to the host. This led to the identification of a 

protein, with no previously known function, that is more abundant in parasites with increased 

capacity to bind host cells. Bioinformatic modelling and biochemical analyses revealed that this 

protein binds a common component on the host cell surface proteoglycans. Subsequent creation 

of parasites that lack this protein directly demonstrated that the protein mediates parasite 

adherence via an interaction with host cell proteoglycans. These findings both demonstrate a role 

for this protein in T. vaginalis adherence to the host and shed light on host cell molecules that 

participate in parasite colonization.  
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Introduction 

Trichomonas vaginalis is a flagellated, eukaryotic parasite and the etiologic agent of 

trichomoniasis, the most common non-viral sexually transmitted infection worldwide. The global 

burden of T. vaginalis infections is high, with reports of roughly 156 million new cases 

worldwide, and over 276 million cases annually (1, 2). In the United States, an estimated 3.7 

million people are currently infected with T. vaginalis (3, 4). Although T. vaginalis infections are 

primarily asymptomatic, trichomoniasis symptoms can include vaginitis, prostatitis, urethritis, 

discharge, infertility, and adverse pregnancy outcomes such as preterm delivery and low birth 

weight in infants (5–7). Additionally, T. vaginalis has been associated with increased acquisition 

of HIV (8–11) and increased risk of cervical and prostatic cancers (12–15). While there are 

serious consequences attributed to trichomoniasis, the underlying processes of T. vaginalis 

pathogenesis remains poorly defined. 

As an extracellular organism, adherence of T. vaginalis to host mucosal tissues is critical 

for parasite survival. Attachment to the urogenital epithelium of men and women by the parasite 

allows for the establishment and maintenance of an infection as well as nutrient acquisition from 

host cells (16, 17). The adherence ability of T. vaginalis to host cells in vitro is strain-dependent, 

exhibiting up to a 45-fold difference in adherence ability between strains (18). In silico analysis 

of the T. vaginalis genome identified >5100 proteins carrying one or more transmembrane 

domain and over 300 annotated proteins from across 10 protein families with a predicted 

contribution to colonization and parasite cytopathogenicity (19, 20). Furthermore, studies into 

the molecular mechanisms of T. vaginalis attachment to the host mucosal tissues suggest that 

parasite adherence to the host is multifaceted with many factors yet to be defined (16, 21–25). 
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Due to the vast number of surface proteins potentially involved in parasite adherence to 

the host, the surface membrane proteomes of 3 adherent and 3 lowly adherent T. vaginalis strains 

were compared (26). This study identified 271 putative plasma membrane proteins with 11 of 

them found to be significantly more abundant in the adherent strains compared to the lowly 

adherent strains. Following this work, a number of these putative surface proteins were further 

characterized as parasite adherence proteins (27–29) further validating this approach. However, 

the ability to strictly correlate the presence and abundance of specific proteins to the adherence 

phenotype in this study was limited by the high level of variability exhibited by the different T. 

vaginalis isolates. 

Here, we developed a novel selection method to isolate isogenic T. vaginalis parasites that 

differ in their ability to bind host cells. This method takes advantage of reported observations 

that T. vaginalis in vitro adherence to culture tubes is correlated with its ability to bind host cells, 

both in vitro and in vivo (30, 31). We report the identification of the surface expressed 

TVAG_157210 (TvAD1) protein and characterize its role in T. vaginalis adherence to the host. 

TvAD1 is a parasite surface expressed protein predicted to interact with the host surface via 

binding of N-acetylglucosamine – a component of the host glycosaminoglycan heparan sulfate 

(HS). We subsequently demonstrated the role of host cell HS in parasite adherence. To our 

knowledge, this is the first report of a T. vaginalis surface protein interacting with host 

glycosaminoglycans to initiate parasite adherence to the host. 
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Methods 

Parasites, Cell Culture, and Media 

T. vaginalis strains LSU 160 and G3 (ATCC PRA-98; Kent, UK) were cultured in 

Diamond’s modified Trypticase-yeast extract-maltose (TYM) medium supplemented with 10% 

horse serum (Sigma-Aldrich), 10 U/mL penicillin/10 μg/ml streptomycin (Gibco), 180 μM 

ferrous ammonium sulphate, and 28 μM sulfosalicylic acid (62, 63). Parasites were grown at 37 

°C and passaged daily. Human benign prostate hyperplasia (BPH-1) epithelial cells was cultured 

in RPMI 1640 [+] L-glutamine, [+] HEPES media (Gibco) supplemented with 10 U/ml 

penicillin/10 μg/ml streptomycin, 10% fetal bovine serum (FBS; Gibco) as previously described 

(64). K1 wildtype Chinese hamster ovary (CHO) cell line was obtained from ATCC (CCL-61). 

CHO proteoglycan mutants D677 (heparan sulfate defective; DHS) and A745-23A1 (GAG-

deficient; DGAG) cells (53, 54) were a gift from Jeffrey D. Esko, University of California San 

Diego, La Jolla, CA. CHO cell lines were cultured in F12 medium (Gibco) supplemented with 

10% FBS and 10 U/ml penicillin/10 μg/ml streptomycin. BPH-1 and CHO lines were grown at 

37 °C with 5% CO2. 

 

Parasite Selection for Increased Adherence 

A clonal population of T. vaginalis strain LSU 160 was derived using limiting dilution 

cloning. To select for more adherent (MA) parasite, this clonal population of parental (P) 

parasites, was cultured for ~24 hours after which all free-floating, unbound parasites were 

discarded. The culture tube was then filled with fresh completed Diamond’s media, incubated on 

ice for 10 min, and vortexed for 30 sec to release bound parasites. These parasites were counted 

by hemocytometer and passaged at a dilution of 5 x 104 cells/ml into 50 ml fresh Diamond’s 
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media. This selection process was carried out daily for 8 weeks. P parasites were passaged daily 

as previously described (18). Briefly, overnight cultures of P parasites were place on ice for 10 

min and then vortexed for 30 sec before passaging at a dilution of 5 x 104 cells/ml into 50 ml 

fresh Diamond’s media. 

 

Attachment Assay 

Attachment of T. vaginalis parasites to BPH-1 cells was performed as previously 

described (18). Briefly, epithelial cells were seeded on 12-mm coverslips in 24-well plates at 

1.75 x 105 cells/well in culture medium and grown to confluence at 37 °C with 5% CO2 for 2 

days. Coverslips were washed with fresh completed RPMI medium prior to the addition of 

parasites. T. vaginalis was labeled with 10 mM CellTracker™ Red CMTPX dye (Invitrogen) and 

105 labeled parasites were added to the monolayers in triplicate. Plates were incubated at 37 °C 

in 5% CO2 for 30 min. The coverslips were washed in PBS to remove unbound parasites, fixed 

in 4% formaldehyde in PBS, and mounted on slides using Mowiol (Calbiochem). Fifteen images 

were taken per coverslip with three coverslips per condition using an Axioskop 2 epifluorescence 

microscope (Zeiss). Cell counts were quantified using Zen (Zeiss) and ImageJ (65) software. The 

scoring/counting of all images was done in a blinded fashion. Attachment of T. vaginalis 

parasites to CHO cells was performed as previously described with one modification – 

completed F12 media was used as the culture medium. All attachment assay data is normalized 

and shown as Fold Change in Adherence ± SEM. All non-normalized data is provided in Figure 

2-S7 and shown as average number of parasites per coverslip ± SEM from triplicate experiments. 

 

Biotinylation of Surface Membrane Proteins and Purification from Membrane Fractions 
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Biotinylation of T. vaginalis cell surface proteins was performed as described previously 

(26) with modifications. Briefly, 2 x 108 parasites were collected and washed twice with pre-

chilled PBS-S (PBS, 5% sucrose) and then incubated with 0.5 mg/ml EZ-Link™ Sulfo-NHS-SS-

Biotin (Thermo Scientific) in PBS-S on ice for 45 min. The reaction was quenched by adding 50 

mM Tris-HCl, pH 7.4 and incubating on ice for 15 min. Biotinylation of the parasite membrane 

was confirmed by immunofluorescence assay using a streptavidin-488 conjugated antibody as 

previously described (26) and Streptavidin-HRP Western blot. Biotinylated parasites were then 

washed three times with pre-chilled PBS-S and subjected to freeze-thawing. Clarification of the 

homogenate by centrifugation (14,000 rpm for 30 min at 4 °C) was carried out to reduce 

cytosolic background. The membrane-enriched pellet was solubilized in 0.5 mL of lysis buffer 

(50 mM Tris-HCl, pH 8, 5 mM EDTA, 150 mM NaCl, 0.1% deoxycholate, 1% 

dodecylmaltoside, HALT protease inhibitor), subjected to 3 sonication cycles (5 sec sonication, 

30 sec recovery on ice), and incubated at 4 °C for 16-18 hrs on a rotating mixer to solubilize the 

protein out of the membrane fraction. Streptavidin Sepharose™ High Performance slurry (150 

μl/mg total proteins; GE Healthcare Life Sciences) was equilibrated by five washes in lysis 

buffer and binding of biotinylated proteins was allowed to proceed overnight on a rotating mixer 

at 4 °C. The resin was washed once with each of the following sterile buffers using 7x bead 

volume: A (6M urea, 1% dodecylmaltoside, 1% deoxycholate, 150 mM NaCl, 100 mM Tris-

HCl, pH 8) and B (6M urea, 0.1% dodecylmaltoside, 0.1% deoxycholate, 500 mM NaCl, 100 

mM Tris-HCl, pH 8, 3.7% EtOH, 3.7% isopropanol), and C (6M urea, 100 mM Tris-HCl, pH 8). 

After final wash, the resin was resuspended in 50 mM TCEP in 100 mM Tris-HCl, pH 8 and 

incubated at room temperature for 1hr on a rotating mixer in the dark to cleave off the biotin 

from the protein sample. Capture of biotinylated proteins was checked by SDS-PAGE and 
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Western blot analysis using streptavidin-HRP (Thermo Scientific). Protein samples were snap 

frozen and lyophilized. 

 

Proteolytic digestion and Tandem Mass Tag (TMT) 10plex Labeling 

Lyophilized protein samples were proteolytically digested in solution as previously 

described with modifications (35, 66). Protein samples were resuspended in 8 M urea in 100 mM 

Tris-HCl, pH 8.5 and reduced with 500 mM TCEP for 20 min.  Reduced cysteines were 

subsequently alkylated with 500 mM iodoacetamide for 15 min at RT in the dark. 0.1 μg/μl Lys-

C endopeptidase (Fujifilm Wako Chemicals USA) was then added and the samples incubated at 

RT in the dark for 4h to initiate proteolysis. The samples were then diluted using 100 mM Tris-

HCl, pH 8.5 to a final concentration of 2 M urea and adjusted to 1mM CaCl2. To generate 

peptides, 0.56 μg/μl mass spectrometry grade trypsin (Promega WI) was added and the samples 

then incubated at RT in the dark for 16-18 hrs. Protein digestion was quenched by the addition of 

formic acid to a final concentration of 5% and lyophilized. Lyophilized protein samples were 

resuspended in 100 mM TEAB to eliminate the presence of primary amines and then labeled 

with TMT 10-plex labeling, according to manufacturer’s protocol (Thermo Scientific). The 

pooled samples were desalted by HPLC using an Optimize Technologies C8 microtrap cartridge. 

The desalted samples were lyophilized and then resuspended in 0.2% formic acid, ready for LC-

MS/MS analysis. 

 

Mass Spectrometry Analysis 

Desalted peptides were analyzed using a 26 cm analytical HPLC column (75 μm inner 

diameter) packed in-house with ReproSil-Pur C18AQ 1.9 μm resin (120 Å pore size; Dr. Maisch, 
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Ammerbuch, Germany). After loading, the peptides were separated with a 120 min gradient at a 

flow rate of 200 nl/min at 50 °C (column heater) using the following gradient: 2–6% solvent B 

(7.5 min), 6–25% B (82.5 min), 25–40% B (30 min), 40–100% B (1 min), and 100% B (9 min), 

where solvent A was 97.8% H2O, 2% ACN, and 0.2% formic acid, and solvent B was 19.8% 

H2O, 80% ACN, and 0.2% formic acid. The Orbitrap Fusion (Thermo Scientific) was operated in 

data-dependent acquisition mode with SPS-MS3 to automatically switch between an MS1 scan 

(m/z = 400–1500) in the Orbitrap (120,000 resolution), an MS2 scan using CID fragmentation 

and detection in the ion trap (with turbo scan rate), and an SPS-MS3 scan using HCD 

fragmentation (65 NCE on the top 10 most intense MS2 ions) and detection in the Orbitrap 

(60,000 resolution). The automatic gain control (AGC) targets of the MS1, MS2, and MS3 scans 

were 4E5, 1E4, and 1E5, respectively. Monoisotopic precursor selection was enabled, as well as 

charge state filtering (only charge states 2-7, ignoring undetermined charge states), minimum 

intensity threshold of 5,000, and dynamic exclusion of 60 seconds. 

Thermo raw files were searched using MaxQuant (v. 1.5.5.1) (67, 68). Spectra were 

searched against UniProt T. vaginalis sequences (50190 entries) and a contaminant database 

including proteins like trypsin and human keratins (246 entries). A decoy database of reversed 

sequences was also included to estimate the false discovery rate. Trypsin was the specified 

digestion enzyme and up to two missed cleavages were allowed. Methionine oxidation and 

protein N-terminal acetylation were specified as variable modifications. Carbamidomethylation 

of cysteine, and TMT10plex modification of peptide N-terminus and lysine were specified as 

fixed modification. Precursor mass tolerance was 4.5 ppm after mass recalibration, MS2 ion 

mass tolerance was 0.5 Da, and MS3 ion mass tolerance was 0.003 Da. Score thresholds were set 

to achieve a 1% false discovery rate at the protein, peptide, and peptide-spectrum match levels. 
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Calculation of iBAQ values was enabled. Proteins were further analyzed using limma (69), 

where a moderated t-test was performed between protein abundances in different sample types. 

P-values were adjusted using the Benjamini and Hochberg method. 

 

Bioinformatic Analyses 

Topology of the TVAG_157210 protein was determined using TOPCONS (37). To 

predict TVAG_157210 function, we used Phyre2 (40), I-TASSER (42), 3DLigandSite (43), 

InterPro (38), Pfam (39), and PredictProtein (41) programs to analyze protein sequence and 

generate a protein structure de novo. The gene and protein sequences of TVAG_157210 were 

also analyzed via NCBI BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to compare is against 

all sequences published on TrichDB (https://trichdb.org/trichdb/) as well as other organisms in 

search of homologues.  

 

Real-time Quantitative Reverse Transcription-PCR (qRT-PCR) 

A total of 2 x 107 LSU160 MA and P parasites were resuspended in TRIzol to collect 

RNA using the Direct-zol™ RNA MiniPrep Plus Kit (Zymo Research) following the 

manufacturer’s protocol. Total RNA was treated with TURBO DNA-free™ amplification grade 

DNase I (Invitrogen) and reverse transcribed using SuperScript® III reverse transcriptase and 

oligo(dT) primers (Invitrogen). Real-time PCRs were performed using Platinum® SYBR® 

Green qPCR SuperMix-UDG following the manufacturer’s protocol (Invitrogen). T. vaginalis β-

tubulin was used as the housekeeping gene control. The primers for β-tubulin were Tub-For (5’ – 

GGCTCGTAACACATCCTACTTC – 3’) and Tub-Rev (5’ – CTGTTGTGTTGCCGATGAATG 

– 3’). The primers for TvAD1 were TvAD1_qPCR-For (5’ – TGTTGGTGGCCTTCCAGTTTG 
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– 3’) and TvAD1_qPCR-Rev (5’ – TCTGAGCAGCAGCACTTCTTG – 3’). Primer specificity 

was checked using NCBI Primer-BLAST which indicated the primer pairs unique to the T. 

vaginalis sequences (70). 

 

CRISPR/Cas9-mediated knock-out of TvAD1 

CRISPR-directed knock-out of TVAD1 was performed as previously described (55) with 

modifications. For construction of the pCas9-2xgRNA construct targeting the TvAD1 gene, each 

individual gRNA cassette containing the U6 seed region and gRNA scaffold was constructed by 

megaprimer amplification of the gRNA scaffold. The TvAD1 gRNA-1 was constructed using 

primers 157gRNA1_for (5’ – 

gtcaaacatattctattACATCATCAACACTCATTCTgttttagagctagaaatagc – 3’) and U6-KpnI_Rev 

(5’ – CTGCATGGTACCAAAAAATGGGACCTATCCAGA – 3’) and the resulting product 

was purified and used in a second PCR with primer U6-SacI_For (5’ – 

ATCTGCGAGCTCATTAAGGGTGAATGGCTAC – 3’). For TvAD1 gRNA-2, the seed region 

was generated using 157gRNA2_for (5’ – 

gtcaaacatattctattACCCATTAAGACATCCTTTGAgttttagagctagaaatagc – 3’) and U6-SacI_Rev 

(5’ – CTGCATGAGCTCAAAAAATGGGACCTATCCAGA – 3’) and its product purified for 

use in a second PCR with primer U6-KpnI_For (5’ – 

ATCTGCGGTACCATTAAGGGTGAATGGCTAC – 3’). The two TvAD1-gRNA PCR 

products were digested with KpnI, ligated together, and purified. The resulting dual gRNA 

product was then digested with SacI and ligated into a derivative of pMPAC::fkbp-cas9-gRNA 

(55) that harbors no selection marker to create pMD::fkbp-cas9-gRNA(TvAD1). Construction of 

the TvAD1 KO cassette utilized 1000 bp upstream of the TvAD1 start codon (5’ UTR) and 1000 



  
 

34 

bp downstream of the stop codon (3’ UTR). PCR amplification of the 1000 bp 5’ UTR sequence 

utilized primers 5UTR-157_For (5’ – 

ATCTGCGGATCCACATGATTAATCAAAGCTATATCGATG – 3’) and 5UTR-157_Rev (5’ 

– CTGCATGGCGCGCCTAATAAAAATGAAGAGATATTTAGC – 3’). PCR amplification of 

the 1000 bp 3’ UTR sequence utilized primers 3UTR-157_For (5’ – 

ATCTGCGGTACCATAAAGTAAAAGATCTTTTTTTATGTAATTTTCACAG – 3’) and 

3UTR_Rev (5’ – CTGCATGAGCTCATATACCGAGATTTTTTTATCTATTTTCAG – 3’). 

The 5’ UTR and 3’ UTR sequences were ligated to the NeoR gene to create the TvAD1-KO 

cassette.  Generation of the linearized KO cassette was done using PCR and the 5UTR-157_For 

and 3UTR_Rev primers. 

Knockout of the TvAD1 gene in T. vaginalis LSU160 MA strain used nucleofection 

conditions as previously described (55), except the X-001 and V-kit buffer (Lonza) were utilized 

along with pMD::fkbp-cas9-gRNA (TvAD1) and 100 μg of linearized TvAD1-KO cassette. 

Immediately following nucleofection, parasites were recovered in completed Diamond’s media 

for 24 hours and then selected for resistance to 100 μg/ml of G418 (Gibco). After an additional 

24 hours for selection, the MA parasites were pelleted, resuspended in fresh completed 

Diamond’s media and re-dosed with 100 μg/ml G418. Drug selected parasites were then sub-

populated into 5 cells/well in a 24 well plate. When the parasites reached ~1 x 107 parasites/ml, 

genomic DNA was prepared for PCR screening. Initial screening was done at the 5’ UTR 

integration site using primer 5UTR_For (5’ – GAATTCCATGTTTCAGACTGCC – 3’) located 

upstream of the 1000 bp 5’ UTR homology arm sequence and Neo_Rev (5’ – 

AGCCGATTGTCTGTTGTGCCC – 3’). A subpopulation with the correct 5’ UTR Neo 

integration was cloned via limiting dilution and rescreened for integration at the 5’ UTR using 
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the primers above as well as integration at the 3’ UTR end using primers Neo_For (5’ – 

CGCTATCAGGACATAGCGTTGGC – 3’) and 3UTR_Rev (5’ – 

GATCTTAACTTTGGTTACATACAAGCTG – 3’), the latter of which is located downstream 

of the 1000 bp 3’ UTR homology arm sequence. Screening for the wild-type TvAD1 gene used 

primers 5UTR_For and 157internal_Rev (5’ – TCTGAGCAGCAGCACTTCTTG – 3’). All PCR 

products were confirmed by DNA sequencing. 

 

Plasmid construction for TvAD1 exogenous expression in T. vaginalis parasites  

For exogenous expression of TvAD1 in poorly adherent T. vaginalis G3 parasites, 

TvAD1 was PCR amplified from LSU 160 MA genomic DNA using primers TvAD1_NdeI-For 

(5’ – CATATGTTTGGACTTCTTGGACTCTCA – 3’) and TvAD1_Kpni-Rev (5’ – 

GGTACCTTATACCTTGTCTGAGCAGCAGC – 3’). The resulting PCR fragment was cloned 

into the MasterNeo-(HA)2 plasmid (71). Nucleofection of the poorly adherent T. vaginalis G3 

strain with 50 μg pMNeo_TvAD1-2xHA or 50 μg pMNeo_EV (empty vector) was done as 

described above except for the use of T-cell buffer(Lonza) and U-033 nucleofection program. 

Transfectants were selected and maintained using 100 μg/mL G418. When the parasites reached 

~1 x107 parasites/ml, 5 x 106 parasites were taken and lysed in lysis buffer (50 mM Tris-HCl, 5 

mM EDTA, 150 mM NaCl, 0.1% Nonidet P-40, 0.5% deoxycholate, 2% SDS, HALT protease 

inhibitor). Protein concentrations were quantified by Bradford assay (Bio-Rad) and 10 μg protein 

was used to confirm expression of exogenous TvAD1 by anti-HA Western blot.  

Plasmid construction for TvAD1 complementation in KO parasites was carried out in a 

similar fashion with the following modifications. The pMNeo_TvAD1-2xHA plasmid was 

digested to replace the neomycin phosphotransferase (neo) selectable marker with the puromycin 
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N-acetyltransferase gene (72) as previously described (29) to generate pMPAC_TvAD1-2xHA. 

Nucleofection of the TvAD1-KO parasites with 50 μg pMPAC_TvAD1-2xHA or 50 μg 

pMPAC_EV was done as described above for the KO parasites and transfectants were selected 

and maintained using 60 μg/ml puromycin dihydrochloride (A.G. Scientific, Inc.). Exogenous 

protein expression was confirmed by anti-HA Western blot as described above. 

 

Production and purification of rTvAD1 

The TvAD1 protein without the C-terminal transmembrane domain (missing residues 

281-310) was PCR amplified from LSU 160 genomic DNA using the following primer pair: 

SalI157-for (5’ – ATCTGCGTCGACATGTTTGGACTTCTTGGACTC – 3’) and NotI157-rev 

(5’ – ATCTGCGCGGCCGCAACCCAAGCCCAAACTGG – 3’). PCR amplicons were cloned 

into the pET28b(+) expression vector containing a 6x-His tag and transformed into BL21(DE3) 

E. coli (Thermo Scientific). An overnight culture was inoculated into 1 L LB medium 

supplemented with 100 mg/mL ampicillin. When the culture reached an optical density at 600 

nm (OD600) of 0.5-0.6, expression was induced with 1 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG) for 5 hrs at 37 °C. The culture was then spun at 5,000´g for 30 

min at 4 °C and pellet was resuspended in 1 g/3 ml lysis buffer (10 mM Tris-HCl, 100 mM 

NaCl, 8M urea, HALT protease inhibitor, pH 8). 

Lysates underwent 6 cycles of freeze-thaw lysis and then centrifuged at 12,000 rpm for 2 

hrs at 4 °C. Clarified lysate was filtered using a 0.44 μm filter and diluted 1:3 using dilution 

buffer (10 mM Tris-HCl, 300 mM NaCl, 4 M urea, pH8). The denatured proteins were then 

purified by Ni-NTA agarose (Qiagen) affinity chromatography. rTvAD1 purity following 

affinity chromatography was confirmed by SDS-PAGE and Coomassie blue staining. Purified 
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rTvAD1 was quantified by Bradford assay, diluted to 100 μg/ml using dilution buffer, and 

dialyzed in the same buffer overnight at 4 °C to remove imidazole and reduce urea concentration 

to 4 M. Urea concentration was further reduced in a step-wise reduction manner (73) by 

dialyzing against 20 mM Tris-HCl, pH 8, 150 mM NaCl, 0.2 M L-arginine (74), 10% glycerol 

with decreasing concentrations of urea at every stage (3 M, 2 M, 1.5 M, 1 M, 0.5 M, 0.25 M). In 

the final step, the protein was dialyzed against 20 mM Tris-HCl, pH 8, 150 mM NaCl, 50 mM L-

arginine, 50 mM L-glutamic acid (75), and 10% glycerol. Each dialysis step was carried out for a 

minimum of 5 hrs with a buffer change at 1.5 hrs and 3 hrs. Refolded protein was concentrated 

using sucrose reverse dialysis (76) and concentration was determined by Bradford assay. 

 

Intrinsic Tryptophan Fluorescence 

Intrinsic tryptophan fluorescence spectra of refolded rTvAD1 was recorded using a PTI 

QuantaMaster spectrofluorimeter (Horiba) upon excitation at 290 nm. Tryptophan fluorescence 

emission spectra were recorded between 300-450 nm. The excitation and emission slits were 

both set at 5 nm. Integration time was set at 10 sec. All experiments were performed at 25 °C 

using a protein concentration of 285.7 nM. The fluorescence emission spectra of refolded 

rTvAD1 without denaturant and under denaturing conditions (4 M and 8 M urea) was normalized 

to the refolded rTvAD1 maximum fluorescence intensity following subtraction of the blank 

buffer emission spectra values. 

 

ITC Analysis 

Interaction of TvAD1 with heparan sulfate (HS) was monitored by isothermal titration 

calorimetry (ITC)-based experiments using an iTC200 instrument (MicroCal/GE Healthcare, 
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Piscataway, NJ). All the protein samples were dialyzed in a buffer containing 20 mM Tris-HCl, 

pH 8, 150 mM NaCl, 50 mM L-arginine, 50 mM L-glutamic acid, and 10% glycerol. For the ITC 

measurement, the sample cell (cell volume of 0.250 ml) was filled with rTvAD1 (146.2 μM) and 

the reference cell was filled with same buffer in which the protein was dialyzed. rTvAD1 was 

titrated with HS using the following protocol: an initial 0.2 μl injection followed by 19 injections 

of 2 μl each with an interval of 3 min and under constant stirring at 750 rpm at 25 °C. The 

binding isotherm profile was obtained omitting the initial data point. The data was fitted using 

Origin 7 software. The dissociation constant (Kd) was determined from 1/Ka where Ka is the 

binding constant. 

 

Results 

Enrichment of T. vaginalis surface proteins 

 Previous analyses of the surface proteomes of 3 highly-adherent and 3 lowly-adherent T. 

vaginalis clinical isolates determined that surface proteins are differentially expressed on strains, 

conferring varying adherence to the host as a result. However, the highly variable expression of 

predicted surface proteins (26), by different T. vaginalis strains limited these analyses. To 

eliminate this issue, we developed a method that would allow us to study increased parasite 

adherence to host cells using an isogenic, clonal strain of T. vaginalis. Taking advantage of the 

observation that the parasite’s in vitro adherence to culture tubes is correlated with its ability to 

bind host cells, both in vitro and in vivo (30, 31), we selected parasites from the isogenic culture 

by passaging only parasites bound to the tubes (Fig 2-1A). After 8 weeks of daily passaging of 

only culture tube-adherent parasites we obtained an isogenic strain, called more adherent (MA). 

The original parental strain (P) was also passaged daily for 8 weeks without selection. Adherence 
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assays were then done to quantify and compare the adherence of MA (Fig 2-S1A) and P (Fig 2-

S1B) strains to benign prostate hyperplasia (BPH-1) cells. We found that our selection approach 

significantly increased adherence of MA to host cells by  approximately 6-fold compared to P 

(Fig 2-1B). These isogenic parasite populations that differ in their adherence to host cells set the 

stage for identifying membrane proteins that are more abundant in MA parasites and hence 

possibly involved in parasite adherence to the host. 

 

TMT multiplex proteomic analysis identified differences in the abundance of proteins between 

MA and P parasites 

Our laboratory and others have successfully used biotinylation of surface proteins to 

obtain enriched surface protein fractions for use in proteomic studies (26, 32, 33). Using 

membrane-impermeable sulfo-NHS-SS-biotin, the surface membrane proteins of both MA and P 

populations were labeled. Protein labeling was confirmed by IFA using 488-conjugated 

streptavidin. Staining was confined to the surface and shows minimal cytosolic staining (Fig 2-

S2A), demonstrating that the surface proteins were selectively biotinylated. In addition, the 

membrane enriched fractions from biotinylated and control non-biotinylated samples were 

compared by SDS-PAGE and streptavidin-HRP Western blot. Similar protein profiles were seen 

between the samples following SDS-PAGE separation (Fig 2-S2B, left panel) confirming 

equivalent extraction between samples. As expected, only the biotinylated sample showed signal 

on the streptavidin-HRP Western blot (Fig 2-S2B, right panel) confirming that surface proteins 

were indeed biotinylated and that the likelihood of proteins in the control samples binding 

streptavidin-conjugated proteins is quite low. 
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The parasite membrane and the subsequent biotinylated proteins were then fractionated 

via centrifugation using freeze-thaw cell lysis followed by sonication. This membrane-enriched 

fraction was detergent-solubilized to release the proteins and passed through a streptavidin 

affinity column to enrich for biotinylated proteins. To identify surface proteins and their relative 

abundance levels on MA and P, three biologically independent surface-enriched samples from 

each were labeled with tandem mass tag (TMT) isobaric labels for downstream quantitative 

analysis using liquid chromatography-tandem mass spectrometry (LC-MS/MS) (34, 35). 

Analysis of protein identifications obtained from the MA and P samples identified 365 total T. 

vaginalis proteins (Table 2-S1). Of these proteins, 22% were proteins predicted to be membrane 

proteins based the previously published surface membrane proteome and analysis of the T. 

vaginalis genome (19, 26). To graphically represent the quantitative data, a volcano plot -log10(P 

value) vs. log2(fold change: MA/P) was constructed (Fig 2-2). Points to the right of the right-

most non-axial vertical line, colored red, denote proteins which exhibited fold changes of MA/P 

greater than 2. After excluding contaminating proteins which include abundant hydrogenosomal 

and ribosomal proteins that are common contaminants of subcellular fractions and have been 

found to contaminate all subcellular fractions of T. vaginalis we have subjected to proteomic 

analyses (26, 29, 36), 28 proteins identified by this multiplexed proteomics approach were 

predicted to be membrane or membrane-associated proteins with a 2-fold or greater abundance in 

MA compared to P (Table 2-1). Several proteins were found to be less abundant in MA 

compared to P by 2-fold or more; the gene number and description of these proteins are listed in 

Table 2-S2. 

 The predicted functions and gene copy number of the proteins found to have the highest 

increase in abundance in MA, relative to P were examined. Similar multi-copy genes that give 
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rise to proteins that cannot be differentiated by the proteomic data are referred to as protein 

groups. The 2 top ranked protein groups, TVAG_293660 & TVAG_335250/TVAG_477640, 

belong to large protein families (https://trichdb.org/trichdb/) which would complicate functional 

analyses. The next most abundant protein group, [TVAG_ 228160; TVAG_150940; 

TVAG_539120], is predicted to be cytoskeletal associated proteins that may be in close contact 

with the plasma membrane. As manipulation of cytoskeletal proteins is likely to result in 

complex phenotypes, which may indirectly affect parasite binding, we chose not to pursue these 

proteins.  

 A hypothetical protein, without similarity to other known proteins, TVAG_157210, was 

the 5th most abundant protein/protein group identified, with ~4-fold higher abundance on MA 

parasites. BLAST analyses (https://blast.ncbi.nlm.nih.gov/Blast.cgi) of TrichDB failed to find 

homologues, demonstrating that TVAG_157210 is a single-copy gene in the T. vaginalis 

genome. As a first step towards characterizing this protein, topological analysis using the 

TOPCONS consensus prediction of membrane protein topology program was used (37). These 

analyses indicate that TVAG_157210 contains a single transmembrane domain at the C-terminus 

at positions 275-295, predicting that the bulk of the protein is exposed on the outer surface of the 

parasite. We then used InterPro (38) and Pfam (39) analyses which failed to detect any functional 

domains. Protein structure prediction software predicts TVAG_157210 to be involved in cell 

adhesion and/or protein binding, albeit with a low confidence interval due to the lack of suitable 

protein structure templates for modelling (40, 41). However, de novo modelling by the i-

TASSER program in conjunction with the 3Dligandsite program suggested that TVAG_157210 

binds N-acetylglucosamine (GlcNAc) (42, 43). Given that proteoglycans, some of which contain 

high levels of GlcNAc, are known to be displayed on the epithelial cells T. vaginalis binds to in 
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the urogenital tract (44–46) and other pathogens are known to utilize proteoglycans for host cell 

attachment (47–50), we decided to validate and further investigate this protein, which we 

renamed TvAD1 (Tv adherence protein 1). 

As a first step to validate the increased abundance of TvAD1 on MA parasites, we 

compared TvAD1 mRNA levels between MA and P parasites, using qRT-PCR. TvAD1 mRNA 

levels were found to be 1.82-fold (p = 0.0005) greater in MA when compared to P, consistent 

with increased protein levels in the MA vs. P surface proteome (Fig 2-S3). Furthermore, to 

confirm that TvAD1 alone was capable of conferring an increased adherence phenotype, TvAD1 

was exogenously expressed in the poorly adherent G3 strain by nucleofecting the parasites with 

our standard T. vaginalis expression vector where expression of the TvAD1 gene was driven by 

the alpha-SCS promoter (26. 51, 52). Expression of the C-terminal tagged TvAD1 protein was 

confirmed by anti-HA Western blot (Fig 2-S4A).The adherence of parasites over-expressing 

TvAD1 and wild type G3 parasites were then compared. Increased expression of TvAD1 in the 

poorly adherent parasites significantly increased attachment to BPH-1 cells ~2.6-fold compared 

to parasites nucleofected with an empty vector (p = 0.007; Fig 2-S4B). These data directly 

demonstrate that TvAD1 plays a role in T. vaginalis adherence to the host. 

 

Mammalian glycosaminoglycans play a role in MA parasite adherence to epithelial cells 

GlcNAc belongs to a large class of amino sugars that comprise the glycosaminoglycan 

(GAG) heparan sulfate (HS) (51) found on epithelial cells and in the extracellular matrix (52). To 

determine if GAGs play a role in T. vaginalis adherence, we used CHO cell lines generated by 

Jeffrey Esko and colleagues that lack surface HS (DHS), a component of GAGs, or all GAGs 

(DGAG) (53, 54). Compared to the wildtype CHO cell line (WT), a reduction in adherence of 
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MA parasites of 36% (p = 0.013) and 57% (p = 0.001) was observed using DHS cells and DGAG 

cells, respectively (Fig 2-3A). In contrast, adherence of the isogenic P parasites was not 

significantly reduced on DHS or DGAG cells showing a 21% (p = 0.785) and 15% (p = 0.878) 

reduction in adherence when compared to WT, respectively (Fig 2-3B). These observations 

indicate that host glycosaminoglycans mediate adherence of MA to host cells. 

 

CRISPR/Cas9 gene knock-out of TvAD1 significantly reduced MA parasite adherence to host 

cells 

 To further elucidate the role of TvAD1 in host cell adherence, CRISPR/Cas9 gene 

editing, which we recently established in T. vaginalis (55), was employed to knock out the gene. 

Using homology-directed repair, the TvAD1 gene in MA parasites was replaced with the 

neomycin resistance gene flanked by arms homologous to the 5’ and 3’ UTRs of TvAD1, to 

allow selection of TvAD1 gene knock-out parasites. Confirmation of the loss of TvAD1 from the 

genome was done using three different PCR reactions (Fig 2-4A). Integration of the knock-out 

cassette in the correct locus was confirmed by PCR reactions amplifying from the 5’ UTR or 3’ 

UTR of the gene into the newly integrated neomycin gene. As expected, the TvAD1 knock-out 

(TvAD1-KO) parasites present an amplicon of expected size in both the 5’UTR + neo (top panel) 

and 3’UTR + neo (middle panel) exhibiting the predicted 1469 bp and 1419 bp, respectively. The 

third PCR reaction confirmed the absence of the TvAD1 in the genome, compared to WT MA 

parasites (bottom panel). These data confirm that we successfully knocked out TvAD1 in MA 

parasites. 

 Having knocked out TvAD1 from MA parasites, the TvAD1-KO parasites were then 

assayed for the ability to adhere to host cells. TvAD1-KO parasites exhibited a 49% reduction in 
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adherence to BPH-1 cells in comparison to the MA wildtype parasites (p = 0.0005) (Fig 2-4C). 

To ensure that loss in adherence observed in TvAD1-KO was specific to the absence of TvAD1, 

TvAD1 levels were partially restored by exogenously expressing TvAD1 with 2xHA at the C-

terminus and assayed to determine if the KO phenotype was rescued. Western blot analysis using 

anti-HA antibody confirmed that the TvAD1 protein was being expressed in the TvAD1 add 

back strain (Fig 2-4B). When assayed for changes in adherence, we found that TvAD1-add back 

parasites exhibited a partial KO rescue at 84% adherence to BPH-1 cells when compared to MA 

(p = 0.0005) (Fig 2-4C). In addition, TvAD1-add back adherence was significantly rescued in 

comparison to TvAD1-KO (p = 0.0148). Together, these results provide definitive evidence that 

TvAD1 plays a role in adherence of T. vaginalis to host cells. 

 

TvAD1 is necessary for heparan sulfate-mediated adherence of MA parasites to host cells. 

 With functional analyses having confirmed TvAD1 plays a role in parasite adherence to 

host cells and bioinformatic analyses suggesting an interaction between TvAD1 and GlcNAc, we 

asked whether the presence or absence of TvAD1 affects MA parasite binding to DHS and 

DGAG CHO cell lines, by comparing binding of the TvAD1-KO and TvAD1-add back parasites. 

Unlike the significant decrease in adherence of MA to DHS cells shown in Fig. 2-3, we observed 

that adherence of TvAD1-KO parasites to DHS cells is not significantly decreased (p = 0.52) 

when compared to WT (Fig 2-5A). Adherence of TvAD1-KO to DGAG was significantly 

decreased by 48% (p = 0.003), consistent with data demonstrating that T. vaginalis adherence to 

host cells is multifactorial (21). In contrast, adding back TvAD1 to KO parasites resulted in a 

significant decrease in adherence of 34%, (p = 0.02) (Fig. 2-5B) similar to the adherence 

observed for WT MA to DHS cells (Fig 2-3A). Likewise, adherence of TvAD1-add back 



  
 

45 

parasites to DGAG cells was significantly decreased by 51% (p = 0.0006) relative to adherence 

to WT CHO cells. Analysis of TvAD1-KO and TvAD1-add back parasite adherence to WT CHO 

cells revealed that adherence was significantly reduced by ~30% (p = 0.01) in the absence of 

TvAD1 (Fig 2-5C), similarly to what was observed for these strains on BPH-1 cells (Fig 2-4C). 

Conversely, TvAD1-KO parasites exhibited ~7% reduction in adherence to DHS cells compared 

to TvAD1-add back (p = 0.62) demonstrating that episomal expression of TvAD1 conferred the 

increased adherence seen in the -add back parasites and that it was mediated through an 

interaction with HS on the host surface. Adherence to DGAG by TvAD1-KO parasites exhibited 

~23% lower adherence compared to TvAD1-add back (p = 0.008), suggesting that TvAD1 may 

also be interacting with other proteins on the host cell surface to mediate adherence even in the 

absence of all GAG molecules. These data further confirmed a role for host GAG molecules in T. 

vaginalis adherence to the host and strongly indicated that TvAD1-mediated adherence requires 

the presence of host cell heparan sulfate. 

 

Thermodynamic analysis determined an interaction between TvAD1 and heparan sulfate 

 To measure whether TvAD1 interacts with HS, we employed isothermal titration 

calorimeter (ITC) to measure the thermodynamics that would be associated with this interaction. 

Recombinant TvAD1 protein (rTvAD1), lacking its short, hydrophobic C-terminal 

transmembrane domain to increase solubility and protein refolding, was generated and isolated 

using 8 M urea under denaturing conditions. Protein purification was confirmed by SDS-PAGE 

and Coomassie staining (Fig 2-S5). The protein was then refolded by step-wise dialysis to 

remove urea and refolding was confirmed using intrinsic tryptophan fluorescence measurements. 

Folded rTvAD1 exhibited a peak emission wavelength (!max) of 337 nm, well within the 
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expected 330-345 nm range for folded proteins (Fig. 2-S6). We tested the TvAD1-HS interaction 

by titrating HS onto rTvAD1 and measuring the heat change associated with this interaction. The 

resulting heat changes were integrated and fitted to obtain thermodynamic parameters of binding. 

With progressive HS injections, the thermogram, displayed by clear and distinct peaks, decreased 

as more TvAD1 bound HS, but failed to reach saturation (Fig 2-6). The heat changes were fitted 

accordingly to the predicted number of GlcNAc binding sites present on the protein. A two 

sequential binding site model for TvAD1 was the best fit with dissociation constants (Kd) of 

10.57 μM and 9.62 μM, respectively. These analyses demonstrate that TvAD1 binds HS. 

 

Discussion 

Using a novel selection method to create isogenic parasites that differ in their ability to 

adhere to host cells, followed by proteomic and bioinformatic analyses, we have identified and 

characterized a T. vaginalis surface protein, TvAD1 (TVAG_157210). We have shown that 

TvAD1 binds host cell glycosaminoglycans (GAGs) increasing parasite adherence to host cells. 

Quantitative analyses of the cell surface proteomes of more adherent (MA) and parent (P) 

isogenic parasites identified 29 surface proteins that are >2-fold more abundant in MA, relative 

to P parasites. Subsequent knock-out of TvAD1 from MA parasites, which was found to be 4.13-

fold more abundant than in P parasites, using CRISPR/Cas9, showed that the loss of TvAD1 

significantly reduced the parasite’s enhanced adherence capacity. Further investigation by 

assaying adherence to GAG-deficient cell lines and ITC analysis identified host HS as necessary 

for parasite adherence by TvAD1. Previous studies using pathogenic bacteria and viruses that 

bind to and modify HS have established a role for GAG molecules in host colonization (47–50). 
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However, to our knowledge, this is the first report of a T. vaginalis surface protein interacting 

with host cell GAG molecules and thereby enhancing parasite adherence to the host. 

T. vaginalis adherence to the host epithelium is a multifaceted process in which a number 

of parasite factors have been shown to play a role (19, 24–29, 36, 56–58). Unlike previous 

proteomic analyses exploited to identify these factors, our use of isogenic strains for proteomic 

analysis and comparison, allows not only for the identification of membrane proteins involved in 

adherence, but also safeguards against detection of proteins that are not involved in parasite 

adherence but simply differ in abundance between strains. 

 Of the 29 membrane or membrane-associated proteins found to be >2-fold more abundant 

in MA parasites, 14 were identified in the previous proteome analyses as more abundant in 3 

highly adherent versus 3 poorly adherent T. vaginalis strains (26), two of which were further 

characterized in additional studies (29, 59). The presence of adherence proteins such as cadherin-

like protein (26, 27) and BspA-like proteins (19, 60, 61) in our data set, further validates our 

approach.  

 A 4-α-glucanotransferase (TVAG_222040) was also found to be >3-fold more abundant 

in MA parasites (Table 1). This is notable as we recently showed that a member of this protein 

family found on the surface of T. vaginalis extracellular vesicles that is 88% identical to 

TVAG_222040 binds to HS, as well as GAGs on the surface of host cells (59). The observation 

that two, unrelated proteins, which bind HS and host cell GAGs are increased in abundance of 

MA parasites underscores the likely importance of the interaction of T. vaginalis surface proteins 

and host cell proteoglycans in parasite adherence, a necessary step in colonization of the host 

urogenital tract. 



  
 

48 

 In humans, the amino sugar N-acetylglucosamine (GlcNAc) is most commonly found 

comprising GAGs - large polysaccharides present on the proteoglycans of epithelial cells and 

extracellular matrix (52). Belonging to a large class of amino sugars, which serve a number of 

functions throughout the human body, GlcNAc is well known for its role in comprising the 

GAG, heparan sulfate (HS) (51). We demonstrated that TvAD1 specifically binds HS and that 

mammalian cells lacking HS are deficient in binding MA parasites. Unlike MA, the adherence of 

P parasites was not significantly changed in the absence of any GAG molecule on the 

mammalian cell, suggesting that our novel adherence selection method selected for 

carbohydrate-binding factors. As the culture tubes lack a bioavailability of cellular factors, it is 

possible that the horse serum in our culture media provided complexes of proteins, lipids, and 

carbohydrates coating the culture tube to which the parasite surface molecules bind.  

 Analysis of the function of TvAD1 led us to employ CRISPR/Cas9 (55) to KO the 

protein to directly ascertain whether it plays a role in adherence, more specifically HS-mediated 

adherence. Knock out of TvAD1 significantly reduced MA adherence to host cells and 

exogenously expressed add back of TvAD1 partially restored the lost adherence phenotype. Lack 

of full restoration of adherence phenotype in the KO add back parasites is likely due to reduced 

levels of TvAD1 in the parasite membrane, relative to MA parasites. Notably, KO parasites 

showed no significant difference in adherence to HS-deficient host cells compared to wild-type. 

Moreover, when TvAD1 is added back to the KO parasites, a significant difference in binding to 

wild-type and the HS-deficient host cells reappears, thus signifying a necessary role for TvAD1 

in HS-mediated adherence of MA parasites to host cells.  

A direct interaction between TvAD1 and HS was shown using ITC analyses. While a two 

sequential binding site model for TvAD1 is predicted as the best fit, ITC results were unable to 
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show an affinity interaction between the two molecules, signifying that the interaction between 

HS and TvAD1 is not strong and may be one of avidity rather than affinity. TvAD1 and HS 

interaction data suggest that TvAD1 requires the presence of additional T. vaginalis surface 

proteins to either initiate or stabilize adherence to host cells. Nevertheless, together, these 

findings provide definitive evidence that T. vaginalis binds GAG molecules for adherence to host 

cells and that TvAD1 plays a role in this interaction via interaction with host HS molecules.  

Whether other proteins or protein families involved in parasite adherence interact with 

host GAG molecules has yet to be determined. With the goal of possibly designing therapeutic 

targets to inhibit the establishment of infection, a better understanding of the types and 

importance of T. vaginalis adherence factors will be necessary. 
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Chapter 2 – Figures 
 

 
 
 
Figure 2-1. Enrichment of parasites with increased adherence to host cells. 

(A) Schematic for selective enrichment of T. vaginalis. Clonal population was used to generate 

two isogenic populations: more adherent (MA) and parental (P). The MA population resulted 

from passaging culture tube-bound parasites daily. The P population was passaged without 

selection of tube-bound parasites. Changes in adherence to BPH-1 cells was measured using our 

standard adherence assay (18). (B) Adherence to BPH-1 cell monolayers by MA and P parasites 

passaged for 8-weeks. The mean of three experiments each done in triplicate is shown ± SEM. 

Statistical significance was determined using Student’s t test.  
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Figure 2-2. Proteins identified from multiplex proteomics illustrates differentially abundant 

proteins in MA compared to P. 

A total of 365 proteins were identified by proteomics analyses of MA and P, in triplicate (see 

Table S1). Volcano plot of -log10 (adjusted P value) is plotted against log2 (fold change: MA/P) 

as measured by TMT multiplexing and LC-MS/MS. The non-axial vertical line denotes ³ 2-fold 

change protein abundance MA vs. P. Red points correspond to proteins 2-fold or higher in 

abundance MA/P. Single green point corresponds to TvAD1 (TVAG_157210). Statistical 

analysis was performed for triplicate samples by two-sided t test. 



 

  
 

 

Table 2-1. Differentially expressed predicted membrane or membrane associated proteins with a 2-fold or higher abundance 
in membrane-enriched fractions of MA parasites compared to P. (TMD, transmembrane domain; MAP, membrane associated 
protein) 
 

Locus Description Fold Change TMD MAP Identified in Previous Studies 

TVAG_293660 Conserved Hypothetical Protein 14.47 --- --- (26) 

TVAG_477640; TVAG_335250 Conserved Hypothetical Protein 10.63 yes --- (26, 29) 

TVAG_228160; TVAG_150940; 

TVAG_203740 
Coactosin 4.62 --- yes --- 

TVAG_539120 Conserved Hypothetical Protein 4.30 --- --- (26) 

TVAG_157210 Conserved Hypothetical Protein 4.09 yes --- (26) 

TVAG_226630 Conserved Hypothetical Protein 3.93 --- --- --- 

TVAG_464410 AMP dependent ligase/synthetase 3.86 --- --- --- 

TVAG_222040 4-⍺-glucanotransferase 3.45 --- --- (26) 

TVAG_407150; TVAG_419690 arp2/3 complex 16 kD subunit 3.20 --- yes --- 

TVAG_270790 N-acylglucosamine-2-epimerase 2.87 --- --- --- 

TVAG_369030 Clathrin heavy chain 2.86 --- yes --- 

TVAG_270770 Conserved Hypothetical Protein 2.81 --- --- --- 

TVAG_283380 FMR1-interacting protein 2.69 --- --- --- 

TVAG_321740 Conserved Hypothetical Protein 2.67 yes --- (26) 

TVAG_369020; TVAG_558650; 

TVAG_516070; TVAG_502180 
Clathrin heavy chain 2.54 --- yes (26) 
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TVAG_348080 Calcium-transporting ATPase 2.50 yes --- --- 

TVAG_180570 FERM domain protein 2.49 --- yes --- 

TVAG_151920; TVAG_429360; 

TVAG_145570 
WD repeat domain protein 2.37 --- --- --- 

TVAG_376130 Gelosin 2.32 --- yes --- 

TVAG_028160 Cation-transporting ATPase 2.31 yes --- (26) 

TVAG_000810 Conserved Hypothetical Protein 2.30 --- --- --- 

TVAG_147050 Conserved Hypothetical Protein 2.25 yes --- (26) 

TVAG_258230 Conserved Hypothetical Protein 2.19 yes --- (26) 

TVAG_013580 Hypothetical Protein 2.16 --- --- --- 

TVAG_059980 Conserved Hypothetical Protein 2.15 yes --- (26) 

TVAG_000880 GP63-like 2.14 yes --- (19, 26) 

TVAG_038850 Conserved Hypothetical Protein 2.13 yes --- (26) 

TVAG_185680 Conserved Hypothetical Protein 2.00 yes --- (26) 
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Figure 2-3. Increased adherence of MA strain mediated by host cell proteoglycans. 

Ability of MA (A) and P (B) parasites to adhere to wild type (WT), heparan sulfate deficient 

(DHS), and GAG deficient (DGAG) CHO cell monolayers was quantified following 30 min 

incubation. Data shown are the means ± SEM from independent experiments each performed in 

triplicate. Statistical significance was determined using a one-way ANOVA with Tukey’s 

multiple comparisons test.  

p = 0.013

p = 0.001

n.s.

n.s.
B

A



 

  
 

55 

 
 
Figure 2-4. CRISPR-Cas9 knock-out of TvAD1 significantly reduces adherence of MA 

parasites to BPH-1 cell monolayers. 

(A) PCR analysis of the TvAD1 knockout (TvAD1-KO) and wildtype (WT) parasites for the 

presence of the NeoR gene in the TvAD1 locus. PCR reactions using primers to amplify the 5’ 

UTR integration site (5UTR_For + Neo_Rev) yielded the expected 1469 bp product (top panel) 

while primers used to amplify the 3’ UTR integration (Neo_For + 3UTR_Rev) yielded the 
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expected 1419 bp (middle panel) showing that the neomycin gene is present in the TvAD1 locus. 

The intact TvAD1 locus product of 2084 bp detected in WT parasites using primers located 

upstream of the 5’ integration site and within the TvAD1 gene (5UTR_For + 157internal_Rev 

(bottom panel) is absent in TvAD1-KO parasites. (B) Episomal expression of a C-terminal 

2xHA-tagged TvAD1 protein in the KO background (TvAD1-add back) was confirmed by anti-

HA immunoblot analyses and compared to parasites transfected with empty vector (EV). Hsp-70 

was used as a loading control. Expected sizes for Hsp-70 and TvAD1-add back are ~70 kDa and 

~37 kDa, respectively. The black line between TvAD1-add back and EV indicates the blot was 

spliced to remove a lane between the samples. (C) Attachment of TvAD1-KO and TvAD1 add 

back to BPH-1 cell monolayers was quantified and compared to attachment of MA parasites. 

Data shown are means of triplicate biological replicates, done in triplicate ± SEM. Statistical 

significance was determined using a one-way ANOVA with Tukey’s multiple comparisons test. 
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Figure 2-5. The loss of heparan sulfate on CHO cells significantly decreases adherence of 

TvAD1-add back parasite but not TvAD1-KO adherence.  

TvAD1-KO (A) and TvAD1-add back parasites exogenously expressing TvAD-1 in the 

knockout background (B) were measured for their adherence to wild type (WT), heparan sulfate 
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deficient (DHS), and GAG deficient (DGAG) CHO cell monolayers. (C) Comparison of TvAD1-

KO and TvAD1-add back parasites measured for their adherence to CHO cell monolayers. Data 

shown are means of independent experiments done in triplicate ± SEM. Statistical significance 

for (A) and (B) was determined using a one-way ANOVA with Tukey’s multiple comparisons 

test and unpaired t-test for (C).  
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Figure 2-6. Measuring interaction between TvAD1 and heparan sulfate by ITC. 

Binding interaction between TvAD1 protein (146.2 µM) and heparan sulfate (HS) (1 mg/ml) was 

measured using ITC at 25 °C. Initial injection was 0.2 µl of HS followed by 19 injections of 2 µl 

each applied with an interval of 3 min. The binding isotherm profile was obtained excluding the 

initial data point. The upper panel depicts the calorimetric output during the injection of HS into 

the rTvAD1 solution. The lower panel depicts the binding isotherm.  
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Figure 2-S1. Labeled LSU 160 MA parasites are greater in number per field of view/image 

compared to P.  

LSU 160 MA (A) and P (B) parasites were labeled with CellTracker Red and subjected to an 

attachment assay using BPH-1 monolayers as described in the methods. Average number of 

parasites per field/image for MA and P was 83 and 11, respectively. Representative images for 

both isogenic strains are shown.  
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Figure 2-S2. T. vaginalis surface proteins were biotinylated using sulfo-NHS-SS-biotin.  

(A) Parasite surface proteins were biotinylated using sulfo-NHS-SS-biotin whose sulfonate 

group prevents it from permeating the parasite membrane. Immunofluorescence assay of 

biotinylated parasites reacted with streptavidin conjugated to a 488 fluorophore is shown for 

MA. P strain had comparable staining. (B) SDS-PAGE analysis of 10 ug of membrane enriched 

fractions prior to protein purification by streptavidin. Biotin-labeled [B] and unlabeled proteins 

[NB] were separated by SDS-PAGE and silver-stained (left panel) or detected by Western blot 

with streptavidin-HRP conjugated antibody (right panel). Molecular weight marker shown on the 

left of each panel.  
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Figure 2-S3. mRNA expression of TvAD1 mirrors increased protein abundance of MA 

strain. 

mRNA expression level of TvAD1 (TVAG_157210) identified as a differentially expressed 

protein by multiplex proteomics was examined by qRT-PCR. Data was normalized to tubulin 

expression levels and is expressed as fold change when compared to P ± standard deviation. 

Statistical significance was determined for samples done in triplicate by Student’s t test. 
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Figure 2-S4. Overexpression of TvAD1 increases adherence of a lowly-adherent strain of T. 

vaginalis to prostate cells. 

Exogenous expression of a C-terminal 2xHA-tagged TvAD1 protein (TvAD1-OE) in the less 

adherent G3 strain was analyzed by Western blot (A) and attachment assay (B). (A) Expression 

for the HA-tagged TvAD1 protein was confirmed by anti-HA Western blot and compared 

against parasites transfected with empty vector (EV). Hsp-70 was used as a loading control. 

Expected sizes for Hsp-70 and TvAD1-OE are ~70 kDa and ~37 kDa, respectively. (B) 

Attachment of TvAD1-OE parasites to BPH-1 cells was quantified and compared to attachment 

of EV parasites. Data shown are means of triplicate experiments ± SEM. Statistical significance 

was determined using an unpaired t test with Welch’s correction.  
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Figure 2-S5. Purified His-tagged rTvAD1 obtained from Ni-NTA affinity chromatography 

under denaturing conditions. 

Eluted His-tagged rTvAD1 was analyzed by SDS-PAGE and Coomassie stain for purity. 

Expected rTvAD1 size is ~35 kDa. Molecular weight markers are shown on the left. 
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Figure 2-S6. Intrinsic tryptophan fluorescence emission spectra of refolded and urea-

denatured recombinant TvAD1 protein. 

Recombinant TvAD1 (rTvAD1) degree of refolding by step-wise dialysis was evaluated by 

measuring intrinsic tryptophan fluorescence emission. The intrinsic tryptophan fluorescence 

emission spectra of the protein were recorded from 300-450 nm upon excitation at 290 nm, and 

setting the excitation and emission slit widths at 5 nm. The fluorescence intensity of refolded 

rTvAD1 without denaturant (solid line) and under denaturing conditions (4M urea, <; 8M urea, 

p) was normalized to the refolded rTvAD1 maximum fluorescence intensity. The non-axial 

vertical lines denote the peak emission wavelengths (!max). rTvAD1 !max = 337 nm; rTvAD1 + 

4M urea !max = 345 nm; rTvAD1 + 8M urea !max = 362 nm. The higher !max values of urea 

denatured samples fall near or within the expected 350-365 nm range for fully denatured 

proteins. 
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Figure 2-S7. Non-normalized data of all attachment assay data shown in this study. 

The non-normalized attachment assay data for Figure 1B (A), Figure 3A (B), Figure 3B (C), 

Figure 4 (D) Figure 5A (E), Figure 5B (F), and Figure S4 (G) is shown as average number of 

parasites per coverslip ± SEM from triplicate experiments. 
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Table 2-S1. Complete LSU 160 MA vs. P Proteomics Data Set. (excel file) 

 
 

  



 

  
 

Table 2-S2. Proteins >2-fold less abundant in MA parasites, relative to P parasites. Locus and description are as listed in the 
TrichDB database. TMD = predicted transmembrane domain. 
 

Locus Description Fold Change TMD 

TVAG_230400 Conserved Hypothetical Protein 143.99 yes 

TVAG_544880 Conserved Hypothetical Protein 19.93 yes 

TVAG_310150 Conserved Hypothetical Protein 5.49 --- 

TVAG_226870; TVAG_484340 Conserved Hypothetical Protein 4.68 --- 

TVAG_439460 AP-2 complex subunit beta-1 4.24 --- 

TVAG_485120 Conserved Hypothetical Protein 3.74 yes 

TVAG_412220 Malic Enzyme 3.45 --- 

TVAG_009420;TVAG_241160; 
TVAG_009460;TVAG_228520; 
TVAG_471530;TVAG_320780; 

TVAG_491670  

Malic Enzyme 3.11 --- 

TVAG_457850  
Teneurin and N-acetylglucosamine-1-phosphodiester alpha-

N-acetylglucosamineidase 
3.01 yes 

TVAG_154680 Conserved Hypothetical Protein 2.74 --- 

TVAG_183790 Malic Enzyme 2.71 --- 

TVAG_467900 Conserved Hypothetical Protein 2.53 yes 

TVAG_238830 Malic Enzyme 2.50 --- 

TVAG_430830;TVAG_364620; 

TVAG_079260 
Phosphofructokinase 2.49 yes 

TVAG_371570 4-⍺-glucanotransferase 2.33 --- 

68 



 

  
 

TVAG_372530 serine/threonine-protein kinase ripk4 2.34 --- 

TVAG_487340 Galactokinase 2.29 --- 

TVAG_340570 Conserved Hypothetical Protein 2.23 yes 

TVAG_573910 Conserved Hypothetical Protein 2.22 yes 

TVAG_421580 Clathrin Coat Associated Protein ap-50 2.20 --- 

TVAG_338530;TVAG_148390; 

TVAG_289290;TVAG_525430; 

TVAG_073810;TVAG_034440; 

TVAG_200200 

Tubulin 2.16 --- 

TVAG_192540 Conserved Hypothetical Protein 2.14 --- 

TVAG_286280 Conserved Hypothetical Protein 2.11 yes 

TVAG_249080 Snare Proteins 2.02 yes 
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Chapter 3 

Quantitative proteomics of the surface of isogenic Trichomonas vaginalis reveals differential 

expression of proteins involved in host:pathogen interactions   
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Abstract 

 Trichomonas vaginalis is the most common sexually transmitted parasite and adheres to 

the mucosal epithelium of the human urogenital tract. While adherence is crucial for this 

extracellular parasite to establish and maintain infection within the host, relatively little is known 

about the mechanisms or factors involved in this process. In this study, we generated isogenic 

strains from the T. vaginalis B7RC2 strain which differ in their ability to adhere to host cell 

monolayers. We employed quantitative proteomics to identify differentially expressed surface 

proteins in parasites selected for an increased adherence (MA parasites), compared to the 

isogenic parental (P) parasite line. Preliminary in silico analysis identified motifs and members 

of protein families which may possibly play a role in parasite adherence to the host. However, 

further study is required to identify and characterize these putative T. vaginalis adherence 

proteins. 

 

Introduction 

 Trichomonas vaginalis is a human infective, eukaryotic parasite and is the etiologic agent 

of trichomoniasis, the most common non-viral sexually transmitted infection worldwide (1). 

There are an estimated 3.7 million people currently infected with T. vaginalis in the United 

States and over 276 million cases worldwide annually (2, 3). T. vaginalis infects the urogenital 

tract of both men and women. However, the Center for Disease Control (CDC) estimates that at 

least 50% percent of cases are asymptomatic, with symptoms manifesting in women more often 

than in men (4, 5). When symptoms do arise, they can range from mild symptoms such as 

vaginitis in women and prostatitis in men (1, 6) to more severe complications such as infertility, 

an increased risk of HIV infection (7–12) and adverse pregnancy outcomes such as preterm 
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delivery and low infant birth weight (13–16). In addition, infection with T. vaginalis has also 

been correlated with an increase incidence of cervical (17–19) and prostatic cancers (20–23), 

especially invasive types (19–21, 24). Despite the high prevalence of and serious complications 

attributed to T. vaginalis infections, the processes and factors involved in T. vaginalis 

pathogenesis are not well understood. 

 T. vaginalis is an extracellular pathogen and adheres to host cells to establish and 

maintain an infection (25–27). In vitro studies on parasite adherence ability have shown that the 

level of robustness in adherence is strain-dependent and exhibit up to a 45-fold difference in 

adherence between strains (28). As a result, it is thought that the degree of parasite binding to 

host cell monolayers in vitro mirrors the in vivo outcomes of infection (28), but a correlative 

study has yet to be completed to confirm this. Therefore, understanding the molecular 

mechanisms and factors involved in T. vaginalis attachment to host cells is essential to further 

elucidate parasite pathogenesis. Complete sequencing and annotation of the T. vaginalis genome 

in 2007 provided the first comprehensive identification of protein and protein families with a 

predicted involvement in parasite colonization and cytopathogenicity (29, 30). Furthermore, 

parasite surface glycans known as lipoglycans (TvLG) (31, 32), secreted parasite exosomes (33, 

34), a cadherin-like protein (35), and a host glycosaminoglycan-interacting protein (36) have also 

been identified and characterized for their role in T. vaginalis adherence to host cells. Thus, T. 

vaginalis adherence to the host epithelium is a multifaceted process as there are multiple players 

involved and no single player can fully recapitulate maximal adherence (25, 26). Further studies 

to identify and characterize parasite adherence factors are necessary (29, 37, 38). 

 Due to the large number of putative T. vaginalis adherence proteins identified by in silico 

analysis (29), the surface membrane proteomes of 3 adherent and 3 lowly adherent T. vaginalis 
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strains were analyzed and compared (39). Two hundred and seventy-one putative plasma 

membrane proteins were identified through this study, with 11 of them exhibiting a significantly 

higher abundance in the adherent strains compared to the lowly adherent strains. Further analysis 

into these differentially abundant proteins identified and characterized three parasite adherence 

proteins (35, 40, 41), providing further validation of this approach. This approach was 

furthermore adapted in Chapter 2 of this dissertation for the study of isogenic T. vaginalis strains 

in which an increased adherence phenotype was selected for over 8 weeks (more adherent 

parasites; MA) and its surface proteome compared back against their isogenic, parental (P) strain 

counterpart (36). This approach identified 28 surface proteins with a 2-fold or higher abundance 

in MA, relative to P parasites. Furthermore, this novel approach identified a T. vaginalis surface 

protein which interacts with host glycosaminoglycans to initiate parasite adherence to the host. 

Based on these proteomic studies, T. vaginalis strains have been shown to use multiple surface 

adherence proteins in a strain-dependent modulatory manner for parasite adherence to the host. 

For this reason, it is imperative to analyze the surface proteomes of additional T. vaginalis strains 

for the identification of putative adherence proteins which will help in further understanding T. 

vaginalis pathogenesis.  

 Here, we employed a previously described selection method to isolate isogenic T. 

vaginalis parasites that differ in their ability to bind host cells to analyze the surface proteome of 

a moderately adherent T. vaginalis strain, B7RC2 (28, 36). This method takes advantage of 

reported observations that T. vaginalis in vitro adherence to culture tubes is correlated with its 

ability to bind host cells in vitro and in vivo (42, 43). We report the identification of 42 putative 

surface proteins or protein families with a 2-fold or greater abundance in B7RC2 MA, relative to 
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B7RC2 P parasites. Preliminary in silico analysis identified motifs and protein family members 

which may possibly play a role in parasite adherence to the host. 

 

Methods 

Parasites, Cell Culture, and Media 

T. vaginalis strain B7RC2 (ATCC 50167) was cultured in Diamond’s modified 

Trypticase-yeast extract-maltose (TYM) medium supplemented with 10% horse serum (Sigma-

Aldrich), 10 U/mL penicillin/10 μg/ml streptomycin (Gibco), 180 μM ferrous ammonium 

sulphate, and 28 μM sulfosalicylic acid (6, 44). Parasites were grown at 37 °C to confluency and 

passaged daily. Human benign prostate hyperplasia (BPH-1) epithelial cells was cultured in 

RPMI 1640 [+] L-glutamine, [+] HEPES media (Gibco) supplemented with 10 U/ml 

penicillin/10 μg/ml streptomycin, 10% fetal bovine serum (FBS; Gibco) as previously described 

(45). BPH-1 cell monolayers were grown at 37 °C with 5% CO2. 

 

Parasite Selection for Increased Adherence 

T. vaginalis stain B7RC2 parasites underwent selection for increased adherence as 

previously described (36). Briefly, a clonal population of B7RC2 parasites was derived using 

limiting dilution cloning. To enrich for parasites with an increased adherence phenotype (more 

adherent; MA), a clonal population of parental (P) parasites was cultured for 20-24 hrs after 

which all free-floating, unbound parasites were discarded. The culture tube was then filled with 

fresh completed Diamond’s media, incubated for 10 min on ice, and vortexed for 30 sec to 

release tube-bound parasites. After counting these parasites by hemocytometer, they were 

passaged at a dilution of 5 x 104 cells/ml into 50 ml fresh Diamond’s media. This selection 
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process was carried out daily for 8 weeks. P parasites were passaged daily as previously 

described (28). Briefly, overnight cultures of P parasites were place on ice for 10 min and then 

vortexed for 30 sec before passaging at a dilution of 5 x 104 cells/ml into 50 ml fresh Diamond’s 

media. 

 

Attachment Assay 

Attachment of T. vaginalis parasites to BPH-1 was performed as previously described 

(28). Briefly, epithelial cells were seeded on 12-mm coverslips in 24-well plates at 1.75 x 105 

cells/well in culture medium and grown to confluence at 37 °C with 5% CO2 for 2 days. 

Coverslips were washed with fresh, pre-warmed completed RPMI medium prior to the addition 

of parasites. T. vaginalis was labeled with 10 mM CellTracker™ Red CMTPX dye (Invitrogen) 

and 105 labeled parasites were added to the monolayers in triplicate. Plates were incubated at 37 

°C in 5% CO2 for 30 min. The coverslips were washed in PBS to remove unbound parasites, 

fixed in 4% formaldehyde in PBS, and mounted on slides using Mowiol (Calbiochem). Fifteen 

images were taken per coverslip with three coverslips per condition using an Axioskop 2 

epifluorescence microscope (Zeiss). Cell counts were quantified using Zen (Zeiss) and ImageJ 

(46) software. 

 

Biotinylation of Surface Membrane Proteins and Purification from Membrane Fractions 

Biotinylation of T. vaginalis cell surface proteins was performed as described previously 

(36). Briefly, 2 x 108 parasites were collected and washed twice with pre-chilled PBS-S (PBS, 

5% sucrose) and incubated with 0.5 mg/ml EZ-Link™ Sulfo-NHS-SS-Biotin (Thermo 

Scientific) on ice for 45 min. The reaction was quenched by adding 50 mM Tris-HCl, pH 7.4 and 
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incubating on ice for 15 min. Biotinylation of the parasite membrane was confirmed by 

immunofluorescence assay using a streptavidin-488 conjugated antibody as previously described 

(39). Biotinylated parasites were then washed three times with pre-chilled PBS-S and subjected 

to freeze-thawing to lyse the cells. The homogenate was clarified by centrifugation (14,000 rpm 

for 30 min at 4 °C) in order to reduce cytosolic background. The membrane-enriched pellet was 

solubilized in 0.5 mL of lysis buffer (50 mM Tris-HCl, pH 8, 5 mM EDTA, 150 mM NaCl, 0.1% 

deoxycholate, 1% dodecylmaltoside, HALT protease inhibitor), sonicated for 3 cycles (5 sec 

sonication, 30 sec recovery on ice), and incubated at 4 °C for 16-18 hrs on a rotating mixer to 

fully solubilize proteins out of the membrane fraction. The biotinylated proteins were captured 

by affinity chromatography using equilibrated Streptavidin Sepharose™ High Performance 

slurry (150 μl/mg total proteins; GE Healthcare Life Sciences). Binding of biotinylated proteins 

was allowed to proceed overnight on a rotating mixer at 4 °C. The resin was washed once with 

each of the following sterile buffers using 7x bead volume: A (6M urea, 1% dodecylmaltoside, 

1% deoxycholate, 150 mM NaCl, 100 mM Tris-HCl, pH 8) and B (6M urea, 0.1% 

dodecylmaltoside, 0.1% deoxycholate, 500 mM NaCl, 100 mM Tris-HCl, pH 8, 3.7% EtOH, 

3.7% isopropanol), and C (6M urea, 100 mM Tris-HCl, pH 8). After final wash, the resin was 

resuspended in 50 mM TCEP in 100 mM Tris-HCl, pH 8 and incubated at room temperature for 

1hr on a rotating mixer in the dark to cleave off the biotin from the protein sample. Capture of 

biotinylated proteins was checked by SDS-PAGE and Western blot analysis using streptavidin-

HRP (Thermo Scientific). Protein samples were snap frozen and lyophilized. 

 

Proteolytic digestion and Tandem Mass Tag (TMT) 10plex Labeling 
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Lyophilized proteins were proteolytically digested in solution as previously described 

(36). Protein samples were resuspended in 8 M urea in 100 mM Tris-HCl, pH 8.5 and reduced 

with 500 mM TCEP for 20 min.  Reduced cysteines were subsequently alkylated with 500 mM 

iodoacetamide for 15 min at RT in the dark. 0.1 μg/μl Lys-C endopeptidase (Fujifilm Wako 

Chemicals USA) was then added and the samples incubated at RT in the dark for 4h to initiate 

proteolysis. The samples were then diluted using 100 mM Tris-HCl, pH 8.5 to a final 

concentration of 2 M urea and adjusted to 1mM CaCl2. 0.56 μg/μl mass spectrometry grade 

trypsin (Promega WI) was added and the samples then incubated at RT in the dark for 16-18 hrs 

to generate peptides. Formic acid was added at a final concentration of 5% to quench the reaction 

and the peptides were then lyophilized. Lyophilized peptide samples were resuspended in 100 

mM TEAB to eliminate the presence of primary amines and then labeled with TMT 10-plex 

labeling, according to manufacturer’s protocol (Thermo Scientific). The pooled samples were 

desalted by HPLC using an Optimize Technologies C8 microtrap cartridge. The desalted samples 

were lyophilized and then resuspended in 0.2% formic acid, ready for LC-MS/MS analysis. 

 

Mass Spectrometry Analysis 

Labeled peptides were analyzed by tandem mass spectrometry (LC-MS/MS) and the raw 

files bioinformatically analyzed as previously described (36). Briefly, desalted peptides were 

analyzed using a 26 cm analytical HPLC column (75 μm inner diameter) packed in-house with 

ReproSil-Pur C18AQ 1.9 μm resin (Dr. Maisch, Ammerbuch, Germany). After loading, the 

peptides were separated on a 120 min gradient at a flow rate of 200 nL/min at 50 °C. The 

Orbitrap Fusion (Thermo Scientific) was operated in data-dependent acquisition mode with SPS-

MS3 to automatically switch between an MS1 scan in the Orbitrap, an MS2 scan using CID 
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fragmentation and detection in the ion trap, and an SPS-MS3 scan using HCD fragmentation and 

detection in the Orbitrap. Monoisotopic precursor selection was enabled, as well as charge state 

filtering (only charge states 2-7, ignoring undetermined charge states), minimum intensity 

threshold of 5,000, and dynamic exclusion of 60 seconds. 

Thermo raw files were searched using MaxQuant (v. 1.5.5.1) (47, 48). Spectra were 

searched against UniProt T. vaginalis sequences (50190 entries) and a contaminant database 

including proteins like trypsin and human keratins (246 entries). A decoy database of reversed 

sequences was also included to estimate the false discovery rate. Proteins were further analyzed 

using limma (49), where a moderated t-test was performed between protein abundances in 

different sample types. P-values were adjusted using the Benjamini and Hochberg method. 

 

Bioinformatic Analyses 

The gene and protein sequences of the 2-fold or greater abundance proteins were 

analyzed against the TrichDB database (https://trichdb.org/trichdb/) for protein annotations and 

to identify homologs. Identification of transmembrane domains was carried out using TMHMM 

(50). To predict protein function, we used InterPro (51), Pfam (52), and Phyre2 (53) programs to 

analyze protein sequence and generate protein structures de novo. 

 

Results 

 

Enriching for T. vaginalis surface proteins involved in adherence 

 Analyses into the surface proteomes of highly-adherent and lowly-adherent T. vaginalis 

clinical isolates determined that surface proteins are differentially expressed between the strains 
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(39). As a result, differential expression of these adherence factors and ultimately their usage 

account for the varying adherence phenotypes seen between strains (28). Due to the high 

variability in expression of the predicted surface proteins, a recent approach using isogenic, 

adherence-modified clonal strains of T. vaginalis has successfully been employed to identify 

putative membrane proteins involved in parasite adherence to the host (36). In this study, we 

employed the adherence selection approach previously used on the T. vaginalis clinical strain, 

LSU 160, on the T. vaginalis clinical strain, B7RC2, which has been previously shown to have a 

lower adherence phenotype to BPH-1 monolayers (~30%) compared to LSU 160 (~50%) (28, 

36). 

As previously done with LSU 160 parasites (36), a clonal population of B7RC2 parasites 

were selected for an increased adherence phenotype. This was done by passaging the culture 

tube-bound parasites into fresh media daily, exploiting an observation that T. vaginalis in vitro 

adherence to culture tubes is correlated with its ability to bind host cells, both in vitro and in vivo 

(42, 43). After 8-weeks of daily passaging we obtained an isogenic strain, called more adherent 

(MA). The original parental (P) strain was also passaged daily, but without selection. To confirm 

that we succeeded in generating an isogenic strain with increased adherence, adherence assays 

were carried out to quantify adherence of the MA and P strains to benign prostate hyperplasia 

(BPH-1) cells. Similar to what our lab determined previously, this selection approach 

significantly increased (p <0.0001) adherence of MA to BPH-1 cells by approximately 6.5-fold 

compared to P (Fig 3-1). Analysis of these isogenic parasites not only allow for the identification 

of membrane proteins that are more abundant in MA parasites and possibly involved in 

adherence but can also identify a strain-specific preference of these membrane proteins which 

could account for the variation in adherence phenotypes. 
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TMT multiplex labeling and proteomic analysis of the B7RC2 isogenic strains identified 

differentially expressed proteins between MA and P 

 Biotinylation for the identification and analysis of surface membrane proteins by 

proteomics has been successfully carried out by our laboratory and others (39, 54, 55). To 

prevent labeling of non-surface localized proteins in both the MA and P populations, we 

employed a membrane-impermeable sulfo-NHS-SS-biotin. Protein labeling was confirmed by 

IFA using 488-conjugated streptavidin (Fig 3-S1), demonstrating that the surface proteins were 

selectively biotinylated. The labeled parasites were then lysed by freeze-thaw lysis and 

sonication and the membrane and labeled proteins subsequently fractionated by centrifugation. 

To release the proteins, the membrane-enriched fraction was detergent-solubilized and the 

biotinylated proteins captured and enriched for using a streptavidin affinity column. Three 

biologically independent surface-enriched samples from MA and P were labeled with tandem 

mass tag (TMT) isobaric labels to identify surface protein and their differential expression 

between the isogenic strains using liquid chromatography-tandem mass spectrometry (LC-

MS/MS) (56, 57). 

Analysis of the MA and P protein identifications identified 482 total T. vaginalis proteins 

(Table 3-S1). Of these proteins, 44% were proteins predicted to be membrane proteins based on 

previously published surface membrane proteomes and analysis of the T. vaginalis genome (29, 

36, 39). To graphically represent the quantitative data, a volcano plot -log10(P value) vs. log2(fold 

change: MA/P) was constructed (Fig 3-2A). Points to the right of the right-most non-axial 

vertical line, colored red, denote proteins which exhibited fold changes of MA/P greater than 2. 

After excluding known contaminating proteins, 13% are predicted to be putative membrane 
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proteins, 18% are hypothetical proteins with a transmembrane domain (TMD) and/or a signal 

peptide (SP), 18% are hypothetical proteins without a TMD/SP, 25% are membrane-associated 

proteins, and 26% are classified as other proteins which include enzymes involved in lipoglycan 

(TvLG) synthesis (Fig 3-2B). From this multiplexed proteomics approach, 42 proteins were 

predicted to be membrane or membrane-associated proteins with a 2-fold or greater abundance in 

MA compared to P (Table 3-1). 

 

In silico analysis of T. vaginalis B7RC2 candidate adherence proteins 

As a first step towards identifying and characterizing putative membrane proteins 

involved in B7RC2 MA adherence to host cells, the 41 abundant proteins were cross-referenced 

against the T. vaginalis database (https://trichdb.org/trichdb/). As a result, 21 proteins were 

annotated as hypothetical and the other 21 as having a known or predicted function (Table 3-1). 

One of the hypothetical proteins listed, TVAG_157210 (TvAD1), was previously characterized 

in Chapter 2 of this dissertation as a T. vaginalis adherence protein which mediates adherence 

through an interaction with host glycosaminoglycans (36). Thirteen of the 21 known, annotated 

proteins are predicted to be membrane-associated, cytoskeletal proteins. While cytoskeletal 

proteins are often in close proximity to the plasma membrane and their rearrangement has been 

shown to be critical for parasite adherence to the host (25, 26), molecular manipulation of these 

proteins may result in undesired adverse or complex cellular phenotypes. As a result, additional 

analyses of these proteins will not be pursued further in this study.  Likewise, proteins belonging 

to large protein families were also removed from the list as functional studies may be clouded by 

the compensatory effect of other protein family members. Using the TMHMM server (50), 12 of 

the remaining 22 proteins are predicted to have one or more transmembrane domains (TMD). 
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There are 10 hypothetical proteins which lack a TMD, yet may be anchored to or interacting with 

the surface membrane by other means; a confirmation of their interaction to the membrane will 

require additional functional analysis which is beyond the scope of this study.  

In silico sequence analyses and de novo protein modeling of the remaining 22 proteins 

were also carried out in an attempt to further identify these abundant proteins (Table 3-2).  Using 

InterPro (51) and Pfam (52) protein family analyses, we were able to determine significant 

protein family matches for 8 and 5 proteins, respectively. However, only one of those matches 

suggested a possible role in parasite adherence. TVAG_377380 was identified as a member of 

the beta-helix (IPR039448) and pectin_lyase_fold/virulence (IPR011050) protein families. 

Another member of the beta-helix family known as P.69 pertactin, a Bordetella pertussis 

virulence factor, has been shown to mediate bacterial adhesion to target mammalian cells (58), 

thus indicating a possible role for TVAG_377380 in parasite adherence to host cells. 

Phyre2 (53) analyses were able to provide protein structure models and functional 

predictions for 22 of the 28 proteins. Three proteins, TVAG_360030, TVAG_454340, and 

TVAG_239790, were all predicted to be membrane proteins involved in vesicle endo- and 

exocytosis. Although parasite-derived vesicles known as exosomes have been shown to play a 

role in parasite adherence to host cells (33), these proteins are not directly interacting with the 

host cell to modulate adherence and were therefore omitted from our final candidate list. 

Furthermore, the additional information provided by these analyses allowed us to identify 

additional cytosolic or membrane-associated proteins which were then removed from our list. 

From our analyses, we identified 10 putative T. vaginalis proteins that were 2-fold or 

more abundant in B7RC2 MA parasites compared to P and may be playing a role in the 

increased MA adherence phenotype (Table 3-3). However, in silico and de novo modeling 
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analyses were unable to identify protein families, structure, or function for 6 of the 10 proteins 

listed, making additional analyses of these proteins critical to confirm their involvement in 

parasite adherence. The remaining proteins, TVAG_059980, TVAG_377380, [TVAG_477640; 

TVAG_335250], and TVAG_133890 were all predicted to be involved in cell adhesion, but 

more specifically through interactions with host extracellular matrix (ECM) proteins. Proteins 

TVAG_059980 and [TVAG_477640; TVAG_335250] had partial structure homology to 

protocadherin and cadherin-like proteins, but may also be interacting with the membrane though 

carbohydrate- and lipid-binding (TVAG_059980), or heparan-binding ([TVAG_477640; 

TVAG_335250]). As previously mentioned, TVAG_377380 is in the same protein family as a B. 

pertussis virulence factor which binds RGD motifs on ECM proteins (58). Lastly, 

TVAG_133890 is predicted to bind collagen, the most abundant protein in mammals (59). 

Therefore, these findings implicate interactions between parasite surface proteins and host ECM 

proteins in the increased adherence phenotype of B7RC2 MA parasites, although additional 

analysis is required. 

 

Discussion 

Using a previously characterized selection method to create isogenic parasites (36) with 

different adherent phenotypes, isogenic strains of T. vaginalis B7RC2 were created with the 

more adherent (MA) strain exhibiting an approximately 6.5-fold increase in adherence compared 

to the parental (P) strain. Proteomic analysis of the cell surface proteomes of these isogenic 

parasites identified a total of 482 T. vaginalis proteins. Following the elimination of possible 

contaminants, approximately 74% of the proteins are putative membrane proteins, hypothetical 

proteins with and without transmembrane domains and/or signal peptides, or membrane-
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associated proteins. Quantitative analysis identified 41 membrane and membrane-associated 

proteins with a with a 2-fold or greater abundance in MA compared to P. Of these 41 membrane 

or membrane-associated proteins, 13 were previously identified in a surface proteomic analysis 

of 3 highly adherent vs. 3 poorly adherent T. vaginalis strains (39) and 11 were identified in the 

proteomics study using LSU 160 MA and P isogenic strains, one of which was further 

characterized as a parasite adherence protein (36). A more in-depth comparison between the LSU 

160 and B7RC2 MA vs. P proteomic analyses is discussed in Chapter 6.  Following the 

elimination of membrane-associated proteins, cytoskeletal proteins, proteins belonging to large 

families, and a previously studied adherence protein, we identified 10 putative adherence 

proteins that were 2-fold or more abundant in B7RC2 MA parasites (Table 3-3). 

In silico functional analyses and de novo structure modeling were able to provide 

functional properties to 4 of the 10 putative adherence proteins: TVAG_059980, TVAG_377380, 

[TVAG_477640, TVAG_355250], and TVAG_133890, all of which are predicted to bind host 

proteins found in the ECM. Phyre2 analysis of TVAG_059980 and [TVAG_477640, 

TVAG_355250], the latter of which are ~95% identical in protein sequence, predicted structural 

similarities with protocadherin and cadherin-like proteins. A T. vaginalis cadherin-like protein 

(CLP), TVAG_393390, has been shown to mediate parasite adherence to the host cell and to 

increase parasite aggregation in a calcium-dependent manner (35), further supporting the role of 

these proteins in parasite adherence to the host. In addition, TVAG_059980 also had structural 

matches to human complement factors C3 and C4, known to bind cell surface carbohydrates 

(60). Similarly, [TVAG_477640, TVAG_355250] are also predicted to be heparan-binding 

proteins. Made up of linear carbohydrate chains consisting of repeating disaccharide units, 

glycosaminoglycans (GAG) comprise the branching arms of proteoglycans found within the 
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ECM (61). One such GAG molecule, heparan sulfate, has been previously shown to play a role 

in pathogen binding (62–64). Chapter 2 of this dissertation goes into great detail to describe the 

interaction between a T. vaginalis adherence protein, TVAG_157210 (TvAD1), with heparan 

sulfate (36). Identification of these additional cadherin-like and carbohydrate/heparan-binding 

proteins further support the role of these types of proteins in parasite adherence to the host. 

 In contrast, TVAG_377380 and TVAG_133890 seemingly use more novel adherence 

approaches. Pfam and InterPro analyses identified TVAG_377380 as a member of the beta-helix 

(IPR039448) and pectin_lyase_fold/virulence (IPR011050) protein families. Another member of 

the beta-helix family, the P.69 pertactin Bordetella pertussis virulence factor, has been shown to 

mediate bacterial adhesion to mammalian cells by binding ECM proteins (58). Furthermore, the 

pectin_lyase_fold protein family has overlapping homology with the Glycoside hydrolase, 

family 49, C-terminal and Carbohydrate-binding/sugar hydrolysis domain superfamilies. These 

findings suggest a role for TVAG_377380 in parasite adherence through an interaction with 

ECM proteins and/or surface carbohydrates found on proteoglycans. Similarly, TVAG_133890 

is predicted to bind the ECM protein, collagen. The collagen family is made up of 28 protein 

members and are the most abundant proteins in mammals (59). Multiple pathogens, both 

bacterial and eukaryotic, have been shown to utilize host collagen for adhesion and invasion of 

host cells (65). Additionally, a T. vaginalis cysteine proteinase, implicated in parasite adherence, 

has been shown to degrade collagen (66). To our knowledge, no collagen-binding adhesins have 

yet been identified in T. vaginalis. 

T. vaginalis adherence to the host epithelium is a multifaceted process in which many 

parasite factors have been shown to play a role (29, 32, 33, 35, 39–41, 67–70). Here we have 

identified additional putative T. vaginalis adherence proteins – two which use a mode of 
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adherence previously identified, two of which use a more novel approach, and 6 whose function 

is currently unknown. Further characterization of these proteins by functional or biochemical 

analysis is necessary to confirm their involvement in T. vaginalis pathogenesis. With the goal of 

possible designing therapeutic targets to inhibit the establishment of infection, a better 

understanding of the types and importance of T. vaginalis adherence factors is necessary. 
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Chapter 3 Figures/Tables 
 
 
 
 
 
 

 
 
 

Figure 3-1. T. vaginalis parasites were enriched for an increased adherence to host cells. 

T. vaginalis B7RC2 parasites underwent selective enrichment for 8-weeks to generate two 

isogenic populations: more adherent (MA) and parental (P) as previously described (36). 

Changes in adherence to BPH-1 cell monolaters was measured using our standard adherence 

assay. The mean of three experiments each done in triplicate is shown ± SEM. Statistical 

significance was determined using Student’s t test. 
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Figure 3-2. Proteins identified by multiplex proteomic analysis demonstrates differentially 

abundant proteins in MA compared to P. 

(A) A total of 482 proteins were identified by proteomic analyses of MA and P, done in triplicate 

(see Table 3-S1). Volcano plot of -log10 (adjusted P value) is plotted against log2 (fold change: 

MA/P) as measured by TMT multiplexing and LC-MS/MS. The non-axial vertical line denotes ³ 

2-fold change protein abundance MA vs. P. Red points correspond to proteins 2-fold or higher in 
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abundance MA/P. Statistical analysis was performed for triplicate samples by two-sided t test. 

(B) After eliminating known and predicted contaminating proteins, 293 proteins were further 

analyzed for surface membrane interaction or localization. Putative membrane proteins (~13%) 

are known to contain at least one TMD and whose function has been identified bioinformatically. 

~18% represent hypothetical proteins with a transmembrane domain (TMD) and or/signal 

peptide (SP), ~18% represent hypothetical proteins without a TMD/SP, ~25% were classified as 

membrane-associated proteins and are largely cytoskeleton proteins, and ~26% are classified as 

other proteins which include enzymes involved in lipoglycan (TvLG) synthesis. 

 



 

  
 

Table 3-1. Differentially expressed predicted proteins with ≥2-fold abundance in membrane-enriched fractions of MA 
parasites compared to P. (TMD, transmembrane domain; MAP, membrane-associated protein) 

 

 
Locus 

  
TrichDB Description Fold Change TMD MAP Previously Identified 

TVAG_360030 conserved hypothetical protein 13.98 Yes --- --- 

TVAG_059980 conserved hypothetical protein 4.81 Yes --- (39) 
TVAG_207990;TVAG_571140; 
TVAG_522470;TVAG_527690; 
TVAG_569180;TVAG_549130; 
TVAG_530720;TVAG_601810; 
TVAG_400000;TVAG_562010; 
TVAG_576920;TVAG_152020; 
TVAG_504090;TVAG_537480; 
TVAG_599910;TVAG_103680 

conserved hypothetical protein 4.50 Yes --- (36, 39) 

TVAG_285730 conserved hypothetical protein 4.25 --- --- --- 

TVAG_525700 conserved hypothetical protein 3.97 Yes --- (39) 

TVAG_414190 conserved hypothetical protein 3.81 Yes --- (39) 

TVAG_454340 conserved hypothetical protein 3.79 Yes --- --- 

TVAG_038420 conserved hypothetical protein 3.75 --- --- --- 

TVAG_239790 conserved hypothetical protein 3.51 --- --- --- 

TVAG_450640 conserved hypothetical protein 3.48 Yes --- --- 

TVAG_411090 protein tolA, putative 3.40 --- --- --- 

TVAG_336660 conserved hypothetical protein 3.13 --- -- --- 

TVAG_492250 Profilin 3.08 --- Yes (29, 39) 

1
0
0
 



 

  
 

TVAG_351310 plastin, putative 2.96 --- Yes (29, 39) 

TVAG_377380 conserved hypothetical protein 2.89 --- --- --- 
TVAG_090470;TVAG_512800; 
TVAG_534990;TVAG_054030; 

TVAG_150270 
actin, putative 2.80 --- Yes (29, 39) 

TVAG_421560 alpha-1,3-mannosyltransferase, 
putative 2.78 Yes --- (36) 

TVAG_239310 bollus pemphigoid antigen, 
putative 2.77 --- Yes (29, 36, 39) 

TVAG_468220 conserved hypothetical protein 2.687 --- --- --- 

TVAG_436840 dynamin, putative 2.686 --- Yes --- 
TVAG_277610;TVAG_574510; 
TVAG_009050;TVAG_538710; 
TVAG_203910;TVAG_339270 

tropomyosin, putative 2.68 --- Yes (39) 

TVAG_218130 conserved hypothetical protein 2.67 Yes --- (39) 

TVAG_477640;TVAG_335250 conserved hypothetical protein 2.63 Yes --- (36, 39) 

TVAG_092750;TVAG_336940; 
TVAG_071780;TVAG_023840 glucokinase 2.61 --- --- (29) 

TVAG_252160 conserved hypothetical protein 2.58 --- --- --- 

TVAG_222320;TVAG_177180 WD-repeat protein, putative 2.55 --- Yes (36) 

TVAG_157210 conserved hypothetical protein 2.50 Yes --- (36, 39) 

TVAG_087140 arp2/3, putative 2.47 --- Yes --- 

TVAG_314670 dynactin, putative 2.45 --- Yes (29) 

TVAG_124870 WD-repeat protein, putative 2.36 --- Yes --- 

TVAG_178100 hypothetical protein 2.35 --- --- --- 

1
0
1
 



 

  
 

TVAG_212500 conserved hypothetical protein 2.28 --- --- (36) 

TVAG_137880 peptidyl-prolyl cis-trans 
isomerase A, ppia, putative 2.21 --- --- (36) 

TVAG_159160 Profilin 2.16 --- Yes (29, 36) 

TVAG_133890 
carboxypeptidase regulatory 
region-containing protein, 

putative 
2.15 Yes --- (36) 

TVAG_484050 conserved hypothetical protein 2.14 --- Yes --- 

TVAG_228160;TVAG_150940; 
TVAG_203740 coactosin, putative 2.12 --- Yes (29) 

TVAG_330630 glycogen debranching enzyme, 
putative 2.11 --- ---- --- 

TVAG_371880 actin, putative 2.05 ---- Yes (29) 

TVAG_381060 conserved hypothetical protein 2.05 Yes ---- --- 

TVAG_026290 oxysterol-binding protein, 
putative 2.01 --- ---- --- 
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Table 3-2. In silico functional analysis of proteins with a 2-fold or higher abundance in MA parasites compared to P. (InterPro: 

InterProScan protein family membership results; Pfam: significant Pfam-A matches are listed; Phyre2: information provided is based 

on the PDB header and/or PDB Title of the top templates used to generate de novo protein models. Matches of >90% confidence 

shown in bold; membrane-associated proteins and members of large protein families were not included in these analyses; proteins 

lacking InterPro or Pfam matches or have a match confidence <50% for Phyre2 are listed as “---") 
 

 
Locus 

  
TrichDB Description FC InterPro Pfam Phyre2 

TVAG_360030 conserved hypothetical protein 13.98 --- --- Endocytosis; exocytosis; membrane 
protein 

TVAG_059980 conserved hypothetical protein 4.81 --- --- Hydrolase inhibitor; human 
immune factors; cell adhesion 

TVAG_285730 conserved hypothetical protein 4.25 
ARM-type fold (IPR016024); 

ARM repeat superfamilies (SSF48371) --- 
Apoptosis inhibitor; cell cycle; 

hydrolase 

TVAG_525700 conserved hypothetical protein 3.97 --- --- --- 

TVAG_414190 conserved hypothetical protein 3.81 Intermembrane transport protein PqiA-like 
(IPR007498) 

PqiA Transport protein; lipid-binding 
protein 

TVAG_454340 conserved hypothetical protein 3.79 --- --- Endocytosis; exocytosis; membrane 
protein 

TVAG_038420 conserved hypothetical protein 3.75 --- --- --- 

TVAG_239790 conserved hypothetical protein 3.51 --- --- Membrane protein; endocytosis 

TVAG_450640 conserved hypothetical protein 3.48 --- --- --- 

TVAG_411090 protein tolA, putative 3.40 --- --- --- 

TVAG_336660 conserved hypothetical protein 3.13 --- --- Hydrolase inhibitor; signaling protein 

1
0
3
 



 

  
 

TVAG_377380 conserved hypothetical protein 2.89 
Beta-helix (IPR039448); 

Pectin_lyas_fold (IPR012334); 
Pectin_lyase_fold/virulence (IPR011050)  

Beta_helix Lyase enzyme 

TVAG_421560 
alpha-1,3-mannosyltransferase, 

putative 2.78 ALG11 mannosyltransferase (IPR038013) 
ALG11_N; 

Glycos_transf_1 Transferase; glycosyltransferase 

TVAG_468220 conserved hypothetical protein 2.687 
YjeF N-terminal domain-containing 

protein NAXE-like (IPR032976) YjeF_N 
Carbohydrate kinase; protein 

binding 

TVAG_218130 conserved hypothetical protein 2.67 --- --- 
Cell adhesion; putative lipid binding 

protein (POOR ALIGNMENT 
COVERAGE) 

TVAG_477640; 
TVAG_335250 conserved hypothetical protein 2.63 --- --- 

Signaling protein; cell adhesion; 
protocadherin; heparin-binding 

protein 

TVAG_252160 conserved hypothetical protein 2.58 --- --- --- 

TVAG_178100 hypothetical protein 2.35 Surface antigen D15-like (IPR039910) --- 
Membrane protein; outer 

membrane protein assembly factor 

TVAG_212500 conserved hypothetical protein 2.28 Uncharacterized protein family 
UPF0371 (IPR014999) 

--- Unknown function 

TVAG_133890 
carboxypeptidase regulatory 
region-containing protein, 

putative 
2.15 --- --- Cell adhesion; collagen adhesin 

TVAG_381060 conserved hypothetical protein 2.05 ---- --- --- 

TVAG_026290 oxysterol-binding protein, 
putative 

2.01 Oxysterol-binding protein (IPR000648) Oxysterol_BP Oxysterol-binding protein; lipid 
binding protein; lipid transport 
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Table 3-3. Putative T. vaginalis adherence proteins which modulate B7RC2 MA adherence to host cells. (Proteins were chosen 

based on their in silico analysis and de novo modeling; FC = fold change; TMD = transmembrane domain; Proteins which require 

additional analyses are shown as “---" ) 

 
 

Locus 
  

TrichDB Description FC TMD Reasoning 

TVAG_059980 conserved hypothetical protein 4.81 Yes 

Top Phyre2 modelling hits include complement factors C3 and C4b (bind cell 

surface carbohydrates) in addition to alpha-2-macroglobulin (bind Ca2+ and 

lipids). Hits lower on the list include protocadherin and cadherin-like protein. 

TVAG_038420 conserved hypothetical protein 3.75 --- --- 

TVAG_450640 conserved hypothetical protein 3.48 Yes --- 

TVAG_377380 conserved hypothetical protein 2.89 --- 

P.69 pertactin from Bordetella pertussis, a virulence factor with a similar 

beta-helix topology, has been shown to mediate adhesion to target 

mammalian cells via RGD motifs found on ECM proteins (58). 

TVAG_218130 conserved hypothetical protein 2.67 Yes --- 

TVAG_477640;  

TVAG_335250 
conserved hypothetical protein 2.63 Yes 

TVAG_335250 (Tv3) and TVAG_477640 (Tv4) sequences are 95% 

identical. Tv3 top Phyre2 hits are signaling protein, protocadherin-like; and 

heparan-binding protein. 

TVAG_252160 conserved hypothetical protein 2.58 --- --- 

TVAG_212500 conserved hypothetical protein 2.28 --- --- 

TVAG_133890 

carboxypeptidase regulatory 

region-containing protein, 

putative 

2.15 Yes Predicted collagen adhesin; collagen is highly abundant in the human ECM. 

TVAG_381060 conserved hypothetical protein 2.05 Yes --- 

1
0
5
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Figure 3-S1. T. vaginalis surface proteins were biotinylated using sulfo-NHS-SS-biotin.  

T. vaginalis B7RC2 surface proteins were biotinylated using sulfo-NHS-SS-biotin whose 

sulfonate group prevents it from permeating the parasite membrane. Immunofluorescence assay 

of biotinylated parasites reacted with streptavidin conjugated to a 488 fluorophore is shown for 

MA (upper panel) and phase contrast (lower panel). P strain had comparable staining.
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Table 3-S1. Complete T. vaginalis B7RC2 MA vs. P Proteomics Data Set (excel file) 
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Chapter 4 

Development of a male murine urogenital tract model to study Trichomonas vaginalis 

pathogenesis in vivo   
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Abstract 

 Trichomonas vaginalis is a human infective parasite responsible for trichomoniasis – the 

most common, non-viral, sexually transmitted infection worldwide. T. vaginalis resides 

exclusively in the urogenital tract of both men and women. In women, T. vaginalis has been 

found colonizing the cervix and vaginal tract while in men it has been identified in the upper and 

lower urogenital tract and in secreted fluids such as semen, urethral discharge, urine, and 

prostatic fluid. Despite the over 270 million cases of trichomoniasis annually worldwide, T. 

vaginalis continues to be a highly neglected organism and thus poorly studied. Here we have 

developed a male mouse model for studying T. vaginalis infection in vivo by delivering parasites 

into the urogenital tract via transurethral catheterization. Parasite burden was assessed using a 

nanoluciferase-based gene expression assay and a microplate reader. Using this model, we 

demonstrate that increased parasite adherence in vitro establishes a higher parasite titer in vivo 

relative to its less adherent, isogenic strain. This data provides evidence that parasite adherence 

to host cells aids in establishing an infection in vivo and that molecular determinants found to 

correlation with host cell adherence in vitro are applicable to infection in vivo. We also found 

that the presence of a naturally occurring bacterial symbiont, Mycoplasma hominis, negatively 

affects the outcome of infection by decreasing parasite burden over time compared to its M. 

hominis-free, isogenic counterpart. The establishment of this infection model for T. vaginalis sets 

the stage for identifying and examining parasite factors that contribute to and influence infection 

outcomes. 
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Introduction 

Trichomonas vaginalis is an extracellular, eukaryotic protist and the causative agent of 

trichomoniasis – the most common, non-viral, sexually transmitted infection worldwide (1). 

Worldwide prevalence of trichomoniasis surpasses that of gonorrhea, syphilis, and chlamydia 

combined with reports of roughly 156 million new cases worldwide and over 276 million cases 

annually (2, 3). Clinical manifestations of trichomoniasis range from inflammation of the male 

and female urogenital tracts to more severe complications such as infertility, an increased risk of 

human immunodeficiency virus (HIV) transmission and adverse pregnancy outcomes in women 

such as preterm delivery and low infant birth weight (4–11). While it is assumed that the parasite 

can infect both sexes with equal frequency (12, 13), the asymptomatic nature of infection in men 

coupled with the unreliable diagnostic testing for men has resulted in an underestimation in 

infection numbers (14–17). As men are primarily asymptomatic, they can act as vectors for 

parasite transmission by passing T. vaginalis on to their partners (11–14, 18). Additionally, T. 

vaginalis has been associated with an increased risk of prostate cancer, the second leading cause 

of cancer death among men in the United States (19–23). 

To establish infection, T. vaginalis adheres to the epithelial lining of the urogenital tract 

by transitioning from a free-swimming ovoid cell into its adherent amoeboid form (24, 25). It is 

thought that the level of parasite binding to host cells seen in vitro mimics the outcome of 

infection in vivo (26), but this has correlation has yet to be investigated. T. vaginalis adherence to 

the host occurs through the use of multiple adherence factors. While some of these factors have 

been identified, such as lipoglycans (LG) (27, 28), BspA-like proteins (29), a rhomboid serine 

protease (30), a cadherin-like protein (31), and a host glycosaminoglycan-interacting protein 

(32), no single player can fully recapitulate maximal adherence. Therefore, this signifies that 
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parasite adherence to the host epithelium is multifactorial, with additional players still unknown 

(33, 34). 

T. vaginalis co-exists with a bacterial symbiont, Mycoplasma hominis (35). Between 50-

90% of T. vaginalis isolates contain this naturally occurring symbiotic bacteria (36–38). In vitro 

studies on the presence of M. hominis in T. vaginalis cultures has shown to benefit parasite 

survival through the promotion of increased replication, higher ATP production, and higher 

hemolytic activity (38). However, the presence of M. hominis also induces an increased cytokine 

release from host cells in response to T. vaginalis in vitro (39, 40), which may be detrimental to 

parasites in vivo. 

Despite numerous attempts to establish an in vivo vaginal mouse model for the study of 

trichomoniasis (41–44), a reliable establishment of infection has been unsuccessful. Variability 

in the murine vaginal microbiota (45), hormonal variations during the menstrual cycle of women 

and female mice, as well as differences in vaginal pH, are thought to contribute to the difficulty 

of establishing a robust T. vaginalis infection in female mice (44, 45). A male murine model for 

the study of prostatitis caused by T. vaginalis has been reported using Wistar rats (46), 

suggesting that male mice might also be successfully infected by T. vaginalis. However, this 

study primarily focused on pathological changes and failed to provide a method for 

quantification of parasite burden. Furthermore, there is a smaller repertoire of genetically 

modified or knock-out rats compared to mice, valuable if studying host:Tv interactions, and the 

use of rats as an animal model can prove to be more expensive in the long run. 

Here we have established a T. vaginalis infection model using the mouse male urogenital 

tract (MUT). We demonstrate that infection with T. vaginalis strains that are more adherent to 

host cells in vitro results in higher parasite burden in vivo, providing the first direct evidence that 
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parasite adherence to host cells aids in establishing infection in vivo. We also demonstrate that 

the presence of M. hominis affects infection outcomes by resulting in a decrease in parasite 

burden in vivo. 

 

Methods 

Mice 

BALB/cJ male mice were obtained from The Jackson Laboratory at 8 weeks of age. All 

procedures were reviewed and approved by the Institutional Animal Care and Use Committee of 

the University of California, Los Angeles Research Safety and Animal Welfare Administration 

(protocol ARC 2009-063). 

 

Parasites and Media 

T. vaginalis strains MSA 1103 (St. Paul, MN, USA, 2004) and LSU 160 MA and P were 

cultured in Diamond’s modified Trypticase-yeast extract-maltose (TYM) medium supplemented 

with 10% horse serum (Sigma-Aldrich), 10 U/mL penicillin/10 μg/ml streptomycin (Gibco), 180 

μM ferrous ammonium sulfate, and 28 μM sulfosalicylic acid (47, 48). Parasites were grown at 

37 °C and passaged daily. Overnight cultures of MSA 1103 and LSU 160 P were placed on ice 

for 10 min and vortexed for 30 sec prior to passaging to a concentration of 5 x 104 cells/mL in 15 

or 50 mL fresh completed media. LSU 160 MA strain was passaged as previously described 

(32). Briefly, an overnight culture of LSU 160 MA was decanted to remove free-swimming 

parasites from the culture and replaced with fresh completed medium. The culture is then placed 

on ice for 10 min and passaged as described above. To generate M. hominis free MSA 1103 

strains (1103-Nluc (Mh-)), the parasites were grown in the presence of 50 μg/mL 
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chloramphenicol (Sigma-Aldrich) and 5 μg/mL tetracycline (Sigma-Aldrich) as previously 

described (39). Clearance of M. hominis was confirmed by PCR as described below. 

 

Nucleofections with the Nanoluciferase Expression Construct 

T. vaginalis parasites were nucleofected as previously described (32, 49). Briefly, 100 μg 

of the T. vaginalis specific plasmid, pMasterNeo (50), harboring the nanoluciferase (Nluc) gene 

(51) was nucleofected into MSA1103 and LSU 160 parasites using T-cell buffer (Lonza) + D-

023 program or V-kit buffer (Lonza) + X-001 program, respectively. Recovered parasites were 

selected with 100 μg/mL G418 (Invitrogen) 24 hrs. post-nucleofection. Presence of the Nluc 

plasmid was confirmed via nanoluciferase activity assay described below. 

 

Mouse Infections Using Transurethral Catheterization 

All experiments were performed on 10-14-week-old BALB/cJ male mice. Transurethral 

inoculation of the mouse MUT tissue was carried out as previously described (52) with 

modifications. Briefly, mice were anesthetized with isoflurane and catheterized using a sterile 

polyethylene IntramedicÔ PE-10 catheter (BD Biosciences) lubricated with SurgilubeÒ (HR 

Pharmaceuticals Inc.). 1 x 108 Nluc-expressing parasites were resuspended in 100 μL completed 

RPMI-1640 (+ L-glutamine, + HEPES, 10 U/mL penicillin/10 μg/mL streptomycin, and 10% 

fetal bovine serum; Invitrogen) without G418 to avoid any toxicity G418 may have on the 

recipient mice and injected into the MUT. Mice were kept anesthetized for an additional 30 min 

post-inoculation to increase the chance of colonization and minimize parasite loss through 

urination. Infected animals were sacrificed at the indicated times post-infection. The MUT tissue 

(prostate glands, bladder, urethra, and seminal vesicles) were excised and processed for parasite 
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quantification via luciferase activity, protein concentration, or tissue histology as described 

below. 

 

Tissue Histology 

Two mice were euthanized immediately after inoculation with 5 x 107 T. vaginalis MSA 

1103 parasites and the harvested MUT tissue was fixed in 10% formalin overnight at room 

temperature. The tissues were then rinsed for 15 min under running water and stored in 70% 

ethanol. Fixed tissues were embedded in paraffin, serially sectioned at a width of 5 μm, and 

stained with Hematoxylin & Eosin (H&E) staining. Samples were imaged using a BX43 light 

microscope (Olympus) and Aperio ScanScope AT Turbo Whole Slide Scanning System (Leica 

Biosystems) and analyzed using the Aperio ImageScope software (Leica Biosystems). 

 

Tissue Processing 

Infected mice were euthanized at respective time points and the MUT tissue was excised 

and placed in pre-weighed tubes containing 5 mL 1x PBS (-CaCl2, -MgCl2) until ready for 

further processing. Tubes + MUT were weighed to determine the weight of the tissue and the 

tissue was then minced and resuspended in 1x MUT lysis buffer (50 mM Tris-HCl, 2 mM 

EDTA, 0.1% Triton X-100, pH 8 + 1x HALT protease inhibitor (ThermoFisher) at a volume of 1 

mL for every 0.5 g tissue. Lysates were then sonicated using a Sonic Dismembrator F60 (Fisher 

Scientific) probe sonicator on ice at 60% power for 5 cycles, 0.5 min on/off, set at setting 12 

which was followed by centrifugation at 10,000 rpm at 4 °C for 10 min to pellet insoluble 

material. Supernatant was collected and used for Nluc or Bradford assays further described 

below. 
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Nanoluciferase Activity Assay 

The linear dynamic range of the NanoGloÒ Luciferase Assay System (Promega) in T. 

vaginalis parasites was determined per the manufacturer’s instructions. Briefly, the NanoGlo 

reagent was prepared by mixing the NanoGlo substrate in NanoGlo buffer at a ratio of 1:50. 

Serial dilutions of T. vaginalis-Nluc parasites were prepared (ranging from 0 parasites/100 μL to 

106 parasites/100 μL) by diluting parasites in 1x MUT lysis buffer. 100 μL of protein dilutions 

were added to the wells of a 96-well, round bottom white plate (Corning) in triplicate wells and 

mixed with 100 μL NanoGlo reagent per well. Luminescence was read using a Synergy H1 

Hybrid Multi Mode (BioTek) plate reader at 460 nm. Data was analyzed using Gen5Ô 

Microplate Reader and Imager software (BioTek) and Microsoft Excel. 

Measuring luminescence of mouse MUT tissue infected with Nluc-expressing T. 

vaginalis parasites was carried out similarly with one minor difference. 100 μL of the processed 

MUT tissue supernatant was added to the wells of a 96-well, round bottom white plate in 

triplicate and mixed with 100 μL NanoGlo reagent. The samples were read and analyzed as 

described above. 

 

Bradford Assay 

To quantify protein concentration of the infected MUT tissue, processed supernatants 

were diluted 1:10 in 1x MUT lysis buffer and 5 μL of the diluents were transferred to a 96-well, 

flat bottom clear plate (Corning) in triplicate wells. Samples were then mixed with 200 μL 1x 

Bio-Rad Protein Assay (Bio-Rad) reagent. Absorbance was read using a Synergy H1 Hybrid 

Multi Mode plate reader at 595 nm. Absorbance values of serially diluted bovine serum albumin 
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(BSA) done in triplicate was used to generate a standard curve. Data was analyzed using Gen5Ô 

Microplate Reader and Imager software as well as Microsoft Excel.  

 

Confirmation of M. hominis clearance by PCR 

Chloramphenicol- and tetracycline-treated MSA 1103-Nluc parasites were evaluated for 

the presence of the endosymbiont M. hominis using PCR as previously described (39). Briefly, 

dense cultures of 1103-Nluc (Mh+) and (Mh-) parasites were lysed using UNSET buffer (8M 

urea, 2% sarkosyl, 150 mM NaCl, 1 mM EDTA, and 100 mM Tris-HCl pH 7.5) and DNA was 

extracted using phenol:chloroform:IAA (Fisher Scientific). The DNA was then precipitated 

using isopropanol and reconstituted in 10 mM Tris-HCl pH 8 and RNase A. The purified DNA 

was used in PCR using the following universal 16S rDNA primer pairs (53): 5’ – 

AGAGTTTGATCCTGGCTCAG – 3’ and 5’ – GGACTACCAGGGTATCTAAT – 3’. 

 

Statistical Analyses 

Graphs were generated and statistical analyses performed using Prism7 (GraphPad) software. 

One-way ANOVA with Tukey’s multiple comparisons test was used to determine significance 

for in vivo luminescence/μg protein data (Figures 4-4A, 4-4B, 4-5A, 4-5B) and total parasite 

counts following recovery from mouse MUT tissue (Figure S1). Unpaired t-test with Welch’s 

correction was used to determine significance in in vivo luminescence/μg protein data 

normalized to 0 hr. control mice (Figures 4-4C and 4-5C). Repeated measures one-way ANOVA 

was used to determine significance in Nluc signal levels of parasites grown in the absence of 

G418 (Figure 4-S2). Data are expressed as ± standard error of the mean (± SEM). 
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Results 

Delivering T. vaginalis into the Mouse Male Urogenital Tract 

 T. vaginalis has been found in the semen, urethral discharge, urine, and prostatic fluids of 

infected men (14, 54). In this study, we investigated whether the mouse male urogenital tract 

(MUT) can maintain T. vaginalis and serve as a tractable in vivo model to study Tv pathogenesis. 

Transurethral catheterization was employed to deliver Tv to the mouse prostate as this approach 

has been used to infect the mouse MUT with Escherichia coli (52, 55–57), Propionibacterium 

acnes (58), and Chlamydia muridarum (59), as well as delivery of Tv to the rat prostate (46). Tv 

is introduced into the mouse MUT via a syringe and catheter which is inserted past the urethral 

meatus and into the urethra (Fig. 4-1A) which flows to the bladder, seminal vesicles, and 4 lobes 

of the mouse prostate (Fig. 4-1B). 

 To confirm T. vaginalis delivery into the mouse MUT via transurethral catheterization, 

two mice were injected with T. vaginalis, immediately euthanized, and the MUT tissue excised. 

The tissues were then paraffin embedded and examined using Hematoxylin & Eosin (H&E) 

staining. Stained tissues were shown to contain T. vaginalis (Fig. 4-1C), based on the presence of 

cells with a pear-shaped morphology and central/anterior elongated nuclei and anterior flagella 

(Fig. 4-1D). Cells with this morphology were not seen in the mock vehicle control tissue (Fig. 4-

1E). A greater number of parasites were observed within the anterior lobes likely due to their 

larger size and anatomy, as opposed to a preference for this location. 

 

Nanoluciferase as Quantifiable Measure of T. vaginalis Burden in vivo 

 We initially examined whether available T. vaginalis-specific antibodies could be used to 

accurately quantify parasites using immunofluorescent detection with immunohistochemistry but 
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found this to be an unreliable method due to high background levels. As a result, we developed a 

method to employ T. vaginalis parasites expressing the nanoluciferase (Nluc; 10) gene as a 

quantitative measure of parasite load in inoculated mouse prostates. The use of nanoluciferase 

has been used to analyze infection and lifecycles in vivo of other eukaryotic pathogens (60, 61) 

and has also been used in T. vaginalis in an in vitro proof-of-function approach (49). To confirm 

Nluc expression and function as well as determine the linear range of the assay, a serial dilution 

of the Nluc-harboring T. vaginalis parasites used in this study were assayed (Fig. 4-2). The LSU 

160 parental (P) parasites displayed a notable difference in luminescence compared to their 

isogenic more adherent (MA) counterparts (Fig. 4-2A).  The MSA 1103 parasites displayed a 

similar linear range to that of the LSU 160 P parasites, however the MSA 1103 maximum 

luminescence within the linear range was emitted by 105 parasites rather than 106 as seen with 

LSU 160 P  (Fig. 4-2B). To determine whether Nluc signals would diminish over time post-

inoculation of parasites into the prostate, in the absence of G418 selection of the plasmid 

encoding Nluc, we grew parasites in the absence of G418 in vitro and measured Nluc 

luminescence over 72 hours. No differences in luminescence signals were detected (Fig. 4-S1). 

These data demonstrate that Nluc signal reflects parasite numbers, as required to directly 

compare parasite survival in mice over a 72-hour period. 

 To confirm that Tv-Nluc parasites would yield a detectable signal post-inoculation into 

the mouse MUT, we introduced 108 Tv-Nluc parasites or RPMI medium into three mice per 

condition. We then harvested the MUT tissues and homogenized the tissue by mincing and probe 

sonication to prepare the samples for Nluc and Bradford assay analysis (Fig. 4-3A). T. vaginalis-

Nluc infected mice display a significantly higher Nluc signal (p = 0.0088) at 96,600 ± 20,200 

RLU/µg protein compared to the vehicle control at 4.41 ± 1.37 RLU/µg protein (Fig. 4-3B). 
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Together, these data illustrate that T. vaginalis can be reproducibly delivered into the mouse 

MUT and that the Nluc-expressing parasites can be harvested and parasite burden measured via 

luciferase activity and total protein quantification. 

 

Increased Host-Cell Adherence in vitro Correlates with Increased Parasite Survival in vivo 

 Having established a male mouse model to study T. vaginalis infection in vivo, we first 

asked whether parasites that differ in their ability to adhere to host cells in vitro differ in their 

infectivity of MUT tissue in vivo. It is well-established that T. vaginalis adherence to host cells in 

vitro varies between strains (26, 62, 63). In addition, biochemical and genetic analyses indicate 

that these strains may differ in other properties in addition to their adherence phenotypes (49, 

64–67). To measure parasite infectivity based solely on adherence ability, isogenic strains of T. 

vaginalis with different adherence abilities (more adherent – MA; parental – P) were used to 

determine if in vitro host cell adherence is correlated with in vivo survival (32). Equivalent 

numbers of MA and P parasites (108/100 µL) were delivered into the mouse MUTs using 

transurethral catheterization and parasite burden was determined 48 hrs and 72 hrs post-

inoculation. Eleven to fourteen mice were analyzed for the MA strain at each time point while 

nine to twelve mice were used for the P strain. MUT tissues were processed and parasite burden 

quantified as described above. 

 At 48 hrs post-inoculation, MA Nluc signal was 22,400 ± 4670 RLU/µg protein and 

1,590 ± 389 RLU/µg at 72 hrs compared to 72,300 ± 13,500 RLU/ug protein seen at 0 hrs (Fig. 

4-4A). This is a maximum reduction of ~1.75 orders of magnitude in signal per ug protein 

between 0 hrs and 72 hrs. A similar trend was observed at 48 and 72 hrs post-inoculation for P 

parasites, with the signal averaging at 19,100 ± 3920 RLU/µg and 1620 ± 523 RLU/µg, 
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respectively compared to 198,000 ± 36,200 RLU/ug protein seen at 0 hrs (Fig. 4-4B). This is a 

maximum reduction in signal per ug protein of ~2 orders of magnitude between 0 hrs and 72 hrs  

However, taking into account that P parasites express Nluc at higher levels than MA, as seen in 

Fig. 4-2A, MA and P data was normalized to their respective 0 hrs and compared to see if the 

enhanced in vitro adherence of MA results in increased survival in vivo. At both 48 hrs and 72 

hrs, MA yields significantly higher parasite burden at ~3.4 (p = 0.006) and ~2.7 (p = 0.03) times 

higher than P, respectively (Fig. 4-4C). These data demonstrate that the MA parasites have 

higher survival rates in vivo than P parasites and the data demonstrate that the difference 

observed in adherence ability to host cells in vitro are reflected in the ability of parasites to 

establish short-term infection in vivo. This is likely due to the fact that adherence to host cells 

facilitates parasite infectivity and maintenance in vivo. 

 

The Symbiosis Between T. vaginalis and M. hominis Results in Reduced Parasite Numbers in vivo 

Between 50-90% of T. vaginalis clinical isolates are found to harbor the endosymbiont 

Mycoplasma hominis (36–39). Interestingly, the presence of M. hominis in T. vaginalis cultures 

has been shown to benefit parasite survival in vitro (38). To determine if the presence of M. 

hominis affects T. vaginalis survival in vivo, we quantified parasite burden in the mouse MUT 

tissue after 24 and 72 hrs post-inoculation of Nluc-expressing T. vaginalis harboring (Mh+) or 

lacking (Mh-) M. hominis. T. vaginalis strain MSA 1103, which is known to contain M. hominis, 

was treated with tetracycline and chloramphenicol for a week to kill M. hominis as previously 

described (39). This allowed us to create isogenic strains that differ solely in the presence or 

absence of the endosymbiont. The presence of M. hominis was confirmed by PCR using bacterial 

specific primers (Fig. 4-S3). 
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Following 48 and 72 hrs of infection with Mh+ parasites, T. vaginalis burden decreased 

from 58,500 ± 12,500 RLU/ µg protein at 0 hrs to 12,500 ± 2,720 RLU/µg protein (p < 0.0001) 

and 1,400 ± 404 RLU/µg protein (p < 0.0001), respectively (Fig. 4-5A). Likewise, the burden of 

Mh- parasites at 48 and 72 hrs post-inoculation also significantly decreased from 68,300 ± 

12,700 RLU/µg at 0 hrs to 14,700 ± 3,520 RLU/µg (p < 0.0001) and 5,600 ± 1,600 RLU/µg (p < 

0.0001), respectively (Fig. 4-5B). These findings are similar in trend to what was seen with the 

adherence-modified isogenic strains in Figure 4-4. To determine whether M. hominis plays a role 

in in vivo survival, the data was normalized to their respective 0 hr time points and compared 

(Fig. 4-5C). Mice infected for 48 hrs with T. vaginalis containing or lacking M. hominis showed 

no discernable difference in signal. However, mice infected with T. vaginalis absent of the 

endosymbiont exhibited a significantly higher luminescence signal at 72 hrs, approximately 

~3.44 times more than parasites containing M. hominis (p = 0.033). These data indicate that 

counter to in vitro studies where M. hominis confers an increased fitness in T. vaginalis, the 

endosymbiont confers a survival disadvantage in vivo. 

 

Discussion 

We have developed a male mouse model for the study of T. vaginalis infection in vivo. 

Using transurethral catheterization, we inoculated the male urogenital tract (MUT) of BALB/cJ 

mice with T. vaginalis parasites that express a nanoluciferase gene. After establishing a linear 

range to allow Nluc signals to be compared at different time points post-inoculation, live 

parasites recovered from the MUT tissue 24 hrs and 72 hrs post-inoculation were assessed using 

a nanoluciferase-based gene expression assay and a microplate reader. Using this method, we 

demonstrated that parasites could be detected up to 3 days post-inoculation. Having established 
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this mouse model, we tested whether T. vaginalis isolates with an increased adherence to host 

cells in vitro survived better in the mouse MUT in vivo and examined the effect M. hominis has 

on parasite burden in vivo. 

To determine whether there is a correlation between the ability of a T. vaginalis strain to 

adhere to host cells in vitro and survival in the mouse MUT in vivo, isogenic strains of T. 

vaginalis which differ in their adherence phenotypes to host cells in vitro (32) were examined. 

We found that the more adherent (MA) parasites isolated from inoculated MUT tissues exhibited 

~3.4-fold higher signal/ug protein at 48 hrs and ~2.7-fold higher signal/ug protein at 72 hrs 

compared to their less adherent parental (P) counterparts (Fig 4-4C). These data indicate that 

parasite adherence to host cells in vitro can be correlated with survival in vivo. This is consistent 

with strains displaying higher levels of in vitro adherence (26) which would likely cause a higher 

titer and more sustained survival. T. vaginalis is auxotrophic for several essential nutrients and 

must acquire these from the host or culture media when grown in culture. Nutrient acquisition is 

thought to require host cell lysis (34) and it has been shown that parasites must adhere to host 

cells to lyse them (26).  It is notable that in a Listeria monocytogenes infection model, highly 

adherent strains were found to be more infective to the murine liver compared to lowly adherent 

strains (68). These data provide the first demonstration that T. vaginalis adherence to the host 

epithelium may aid in establishing an infection in vivo and underscores the usefulness of using in 

vitro biochemical approaches to identify additional adherence factors which may ultimately 

inform design of additional therapeutics to treat infections. 

 We also observed a marked difference in parasite survival dependent on whether the 

naturally occurring bacterial symbiont, M. hominis, was present or absent during T. vaginalis 

infection. The presence of M. hominis resulted in decreased parasite titers in the mouse MUT 
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compared to parasites lacking its endosymbiont after 72 hrs of infection (Fig 4-5). These 

decreased in vivo parasite titers of T. vaginalis lacking M. hominis is contrary to in vitro data 

previously observed where the symbiont was found to increase parasite fitness (38). It is unclear 

whether our current in vivo data suggests that M. hominis promotes parasite clearance, as we 

have not yet determined whether cytokines are induced and/or neutrophils migrate to the prostate 

during the 72 hours parasite survival has been monitored. However, should this be found to be 

the case, it is possible that enhanced parasite proliferation, ATP production, and iron acquisition 

conferred by the symbiont in vitro (38) offsets a possible disadvantage of triggering an immune 

response during infection in vivo. This would explain the successful T. vaginalis:M. hominis 

symbiosis in patients that mount a proinflammatory immune response (69). Whether the net 

effect of M. hominis symbiosis is advantageous to the parasite or increases symptoms and 

inflammatory pathology during infection has yet to be determined. 

 Our male mouse model allows the introduction of T. vaginalis in the prostate without the 

need of pretreatments with hormones, antibiotics, corticosteroids or Lactobacillus, the 

predominant bacteria of the human vaginal microbiome (41, 70), as is necessary in mouse 

vaginal infection models (41, 42, 45, 71). Using the prostate as an infection model has allowed 

us to avoid issues in reproducibility and parasite titer sustainability as seen in the Tv vaginal 

models monitoring early infection which is thought to arise from the aforementioned required 

pretreatments. The vaginal microbiome is also known to affect the outcome of vaginal infections 

(72, 73). The sterility of the upper male urogenital tract (74) likely contributes to our ability to 

infect male mice without the need to manipulate the site of infection. While this approach is not 

the first male murine model for T. vaginalis infection, similar to that of the Tv rat prostatitis 
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model (46), a mouse infectivity model will grant access to the increased availability of 

genetically modified lines compared to rats as well as reduced cost of maintenance.  

 Persistent asymptomatic carrier state infection with T. vaginalis has been documented in 

men, whereas parasite clearance within 2 weeks has also been reported (75). Future experiments 

will be necessary to determine whether chronic infections can be established in the mouse 

prostate and whether such infections are primarily asymptomatic or lead to inflammation and 

pathology. The ability to study chronic infections may allow better characterization of factors 

that contribute to adverse outcomes of infection. Information learned using the MUT model may 

also better inform design of vaginal models which would allow the contribution of the vaginal 

microbiota in T. vaginalis pathogenesis to be addressed.  
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Chapter 4 Figures 
 
 

 
 
 
 
Figure 4-1: T. vaginalis is delivered into the mouse male urogenital tract (MUT) using 

urethral catheterization. 

(A) Diagram of catheterization and T. vaginalis delivery into the mouse MUT. 108 Nluc 

expressing parasites suspended in 100 µl RPMI-1640 medium were introduced through the 

urethral meatus into the urethra via a syringe and polyethylene catheter. Additional mouse penile 

features such as the glans, penile bone, and the male urogenital mating protuberance (MUMP) 
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are depicted. Mouse penis sketch adapted from a mid-sagittal sectioning of the adult mouse penis 

(76). (B)  A simplified diagram of a lateral view of the male urogenital system in adult mice 

modified from (77). Parasites introduced into the mouse MUT via urethral catheterization would 

be delivered through the urethra (U) to the anterior (AP), dorsal (DP), lateral (LP), and ventral 

(VP) prostatic lobes. The bladder and seminal vesicles (SV) are also depicted. Histological 

validation of T. vaginalis delivery into the mouse MUT (C) versus the vehicle control (RPMI-

1640 media only (E). The right panels are a 20X magnification of the left anterior prostate lobe 

(marked by a circle in the left panels). T. vaginalis parasites are indicated by a blue arrow. (D) 

100X magnification of T. vaginalis parasite found in infected mouse MUT tissue. Blue arrow 

indicates the presence of flagella. 
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Figure 4-2: Linearity of luminescence in different Nluc-expressing T. vaginalis strains.  

T. vaginalis strains LSU 160 MA and P (A) and MSA1103 (B) nucleofected with pMasterNeo-

Nluc plasmid were measured for luminescence at a varying amounts of parasites from 0 to 106 

parasites to determine the linear range of the assay for each strain. Data shown are averages of 

luminescence signal from 3 technical replicates with standard deviation for each strain.  

A.

B.
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Figure 4-3: Quantifying parasite burden using nanoluciferase-expressing T. vaginalis. 

(A) Schematic of mouse MUT tissue sample preparation and quantification of T. vaginalis 

parasite burden. Excised mouse MUT tissue is finely minced and suspended in prostate lysis 

buffer (2 ml/mg tissue). MUT tissue then undergoes additional homogenization via probe 

sonication to ensure complete tissue dissociation. Insoluble material is pelleted via centrifugation 

and the supernatant is transferred to a new tube to further quantify luciferase activity and protein 

concentration using the Nano-Glo® luciferase and Bradford assays, respectively. Detailed 

description found in materials and methods. (B) Mice were infected with 10^8 parasites (n = 3) 
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or RPMI vehicle control (n = 3) and promptly euthanized. Samples were processed and analyzed 

by Nluc and Bradford assays to quantify parasite load. Data is shown as average luminescence 

signal/ug protein of the sample. 
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Figure 4-4: T. vaginalis adherence to host cells in vitro correlates with an enhanced 

infection in the mouse urogenital tract.  

Quantification of Nluc-expressing LSU 160 more adherent (MA) (A) or parental (P) (B) 

parasites in infected mouse MUT tissues at 48 hrs. and 72 hrs. post-infection. 11-14 mice were 
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used for the MA strain at each time point. 9-12 mice were used for the P strain at each time 

point. Data shown are averages of luminescence/ug protein of the sample with standard deviation 

and are representative of 3 independent experiments. (C) Comparison of LSU160 MA (▲) and 

LSU160 P (�) parasite load quantifications. Data is expressed as fold change in luminescence in 

the mouse urogenital tract with standard deviation normalized to their respective 0h post-

infection luminescent signals. 
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Figure 4-5: Presence of the T. vaginalis symbiont, M. hominis, decreases parasite survival in 

vivo.  

Quantification of Nluc-expressing MSA1103 parasites in the presence (Mh+) (A) or absence 

(Mh-) (B) in infected mouse MUT tissues 48 hrs. or 72 hrs. post-infection. Data are based on 12 
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infected mice per time point per strain and are averages of luminescence/ug protein of the sample 

with standard deviation. Data are representative of 3 independent experiments. (C) Comparison 

of MSA1103 (Mh+) (▲) and MSA1103 (Mh-) (�) parasite load quantifications. Data is 

expressed as fold change in luminescence in the mouse urogenital tract with standard deviation 

normalized to their respective 0h post-infection luminescent signals. 
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Supplementary Materials 

 

 

 

Figure 4-S1: Nluc signal is not altered in the absence of G418 selection.  

LSU 160 MA-Nluc (A), LSU 160 P-Nluc (B), 1103-Nluc (Mh+) (C), and 1103-Nluc (Mh-) (D) 

were passaged daily for up to 72 hrs. in the absence of G418 selective pressure. Luminescence 

signal was assayed from 104 parasites at 48 hrs. and 72 hrs. post-removal of G418 for each strain 

and found to have no significant difference in luminescence compared to their respective 0 hr. 

control. Data shown are averages of luminescence signal with standard deviation and were 

carried out using 3 biological and 3 technical replicates for each strain. 
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Figure 4-S2: Viable parasites are recovered from mouse MUT tissue up to 72 hours post-

infection.  

108 T. vaginalis parasites were introduced into the mouse urogenital tract and the infected tissue 

was then excised at 0 hr., 48 hrs., and 72 hrs. post-infection. Tissue was minced, dissociated 

using Accutase® cell detachment solution, resuspended in completed modified TYM media and 

counted via hemocytometer. Data shown are the total number of parasites/sample with standard 

deviation and were carried out using 3 mice per timepoint. 
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Figure 4-S3: Mycoplasma hominis is undetectable in 1103-Nluc cultures following antibiotic 

treatment.  

Following treatment with chloramphenicol and tetracycline, Nluc-expressing 1103 parasites 

(1103-Nluc (Mh-)) were analyzed for the presence of M. hominis using universal 16S primers as 

previously described (39). The primers amplify a fragment of 834 bp.  
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CRISPR/Cas9-mediated gene 
modification and gene knock out 
in the human-infective parasite 
Trichomonas vaginalis
Brian D. Janssen1, Yi-Pei Chen1,2, Brenda M. Molgora1,2, Shuqi E. Wang  3, Augusto Simoes-
Barbosa3 & Patricia J. Johnson1,2

The sexually-transmitted parasite Trichomonas vaginalis infects ~1/4 billion people worldwide. Despite 
its prevalence and myriad adverse outcomes of infection, the mechanisms underlying T. vaginalis 
pathogenesis are poorly understood. Genetic manipulation of this single-celled eukaryote has been 
hindered by challenges presented by its complex, repetitive genome and inefficient methods for 
introducing DNA (i.e. transfection) into the parasite. Here, we have developed methods to increase 
transfection efficiency using nucleofection, with the goal of efficiently introducing multiple DNA 
elements into a single T. vaginalis cell. We then created DNA constructs required to express several 
components essential to drive CRISPR/Cas9-mediated DNA modification: guide RNA (gRNA), the 
Cas9 endonuclease, short oligonucleotides and large, linearized DNA templates. Using these technical 
advances, we have established CRISPR/Cas9-mediated repair of mutations in genes contained on 
circular DNA plasmids harbored by the parasite. We also engineered CRISPR/Cas9 directed homologous 
recombination to delete (i.e. knock out) two non-essential genes within the T. vaginalis genome. 
This first report of the use of the CRISPR/Cas9 system in T. vaginalis greatly expands the ability to 
manipulate the genome of this pathogen and sets the stage for testing of the role of specific genes in 
many biological processes.

Trichomonas vaginalis is an obligate extracellular, unicellular flagellated protozoan parasite and the causative 
agent of trichomoniasis, an infection that afflicts ~¼ billion people worldwide1. Infection can be asymptomatic or 
result in a variety of negative outcomes in women and men including vaginitis, cervicitis, pelvic inflammatory dis-
ease, prostatitis and urethritis2,3. Alarmingly, public health studies have reported an increased incidence of drug 
resistance to the drug used to treat infections, metronidazole4–7. Despite being a very common sexually transmit-
ted infection, the basic mechanisms underlying pathogenesis and drug resistance are poorly understood. This is 
in part due to the slow adoption of molecular tools to study the genes and proteins involved in these processes8,9. 
The development and application of cutting-edge gene technologies to manipulate this medically-important par-
asite are needed to further advance our knowledge of disease mechanisms.

Studies aimed to test the function of T. vaginalis genes have been limited by inefficient methods of genomic 
manipulation. Most reports have relied on isolates naturally lacking expression of particular genes10–22 or those 
directed by lab-acquired mutations23–27 that result in changes in gene expression. Only two studies have reported 
gene knockout of non-essential proteins by integrating a drug resistance selection cassette in the gene locus relying 
purely on homologous recombination28,29. A few reports have also utilized knockdown-based strategies utilizing 
antisense RNA expression30,31 and modified oligonucleotides32,33. Knockdown techniques do not result in elimination 
of gene expression, which is often required to effectively test gene function, limiting the usefulness of this technology.

Recent advances in in vivo gene modification techniques have increased the ability to test gene function in 
both model and non-model organisms. The CRISPR (clustered regularly interspaced short palindromic repeats) 
system has recently revolutionized the ability to specifically target genes for modification in many organisms34–37. 
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The CRISPR system is composed of two components, the Cas9 double stranded DNA nuclease of Streptococcus 
pyogenes and a user-customized version of its cofactor (guide RNA) to selectively target genes and induce dou-
ble stranded DNA breaks. The double stranded breaks are repaired by non-homologous end joining (NHEJ), 
microhomology-mediated end joining (MMEJ) or homology-directed repair (HDR) pathways36,38. In many 
organisms, Cas9-gRNA expression induces repair of the double stranded break by the NHEJ and MMEJ path-
ways, which can result in insertion (NHEJ) or deletions (NHEJ and MMEJ) of nucleotides that may cause gene 
disruption and loss-of-function mutations. A more directed approach utilizes Cas9-gRNA in combination with a 
provided DNA template containing homology to the repair site to direct specific user-defined gene modifications. 
This approach requires a small region of donor DNA homology around the site of modification. More recently, 
CRISPR-based techniques have been applied to modify genes in a variety of parasitic protozoa39–50 and have been 
proposed for multicellular parasites51.

Here we report the first application of CRISPR/Cas9 to alter genes in T. vaginalis. We demonstrate Cas9-gRNA 
directed modification of a nanoluciferase reporter gene using homology directed repair. Cas9-gRNA mediated 
knockout of two endogenous T. vaginalis genes by replacement with a drug resistance gene cassette were also 
achieved. This report lays the foundation for further development and utilization of this CRISPR/Cas9 to rigor-
ously test gene function in this understudied parasite.

Results
Expression of Cas9 and gRNA in Trichomonas vaginalis. To date only two genes are reported28,29 
to have been deleted (i.e. knocked out) from the haploid genome52 of the human parasite T. vaginalis. In order 
to improve the ability to modify T. vaginalis genes, we have developed the use of the CRISPR/Cas9 system as a 
means to directly modify genes in this parasite. One technical problem encountered when developing CRISPR/
Cas9 in several systems is the toxicity associated with Cas9 expression in vivo43. In initial experiments in which 
cas9 was constitutively expressed using our standard T. vaginalis expression vector (pMasterNEO)53 and selection 
with G418, we were unable to select viable parasites, consistent with possible Cas9 toxicity. To address whether 
Cas9 was toxic in T. vaginalis cells selected for stable expression, we cloned the cas9 gene as a fusion protein with 
an N-terminal FKBP destabilization domain (FKBP-DD). The presence of this domain on a protein results in the 
degradation of the protein in the absence of the stabilizing ligand, Shield-154,55. We also added both a hemagglu-
tinin (HA) tag and two SV40 C-terminal nuclear localization motifs56 at the 3′ end of Cas9, to allow detection 
of the protein by immunoblot and to direct it into the nucleus, respectively (pMN:fkbp-cas9; Fig. 1A). Using 
this construct, we were able to transfect and G418 select for parasites with the pMN::kfbp-Cas9 plasmid in the 
presence or absence of the stabilization ligand Shield-1. Regulating the expression of Cas9 using the FKBP-DD 
and Shield-1 greatly reduced, but did not eliminate, basal expression of the FKBP-Cas9 protein in the absence 
of Shield-1 (Fig. 1B). We found that a low concentration of Shield-1 (0.1 µM) resulted in ~4-fold increased sta-
bilization of the FKBP-Cas9 protein compared to cultures lacking Shield-1. A greater than 6.5-fold increase was 
observed using 1 µM Shield-1 (Fig. 1B). Moreover, we noticed no growth difference in parasites containing the 
pMN::fkbp-cas9 plasmid compared to parasites transfected with an empty vector (pMN::EV) when grown in the 
absence of Shield-1 (data not shown). Upon addition of Shield-1 parasite numbers were reduced in the pMN::fk-
bp-cas9 transfectants compared to the pMN::EV parasites which did not exhibit growth rate reduction (data not 
shown), confirming the initial suspicion that Cas9 might exhibit toxicity in T. vaginalis.

We then made a construct that would allow the expression of gRNA(s) using the pMasterNEO plasmid 
backbone (Fig. 1C; see Methods for details). The gRNA construct (pMN::gRNA) contains the 360 bp sequence 
upstream of the U6 transcription start site (TSS), and is flanked at the 3′ end by the original 37 bp downstream 
of the U6 transcription unit to ensure proper transcription termination57. Between these 5′ and 3′ regulatory ele-
ments, we inserted the first 20 nt sequence of the U6 snRNA transcript (5′- AGCTGAGGATATGGCCTAGT)57 
followed by the conserved 76 bp scaffold sequence necessary for Cas9 targeting specificity and gRNA interaction, 
respectively (Fig. 1C). To evaluate whether transcription of this small RNA (a gRNA mimic) would be driven 
by the putative T. vaginalis U6 promoter, we performed RT-PCR on total RNA extracts from cells transfected 
with this construct (pMN::gRNA). Transcription was only detected from cells transfected with this construct 
(Fig. 1D) and was absent in negative control samples, transfected with an empty vector (pMN::EV). Next, sequen-
tial mutagenesis was done to replace the first 20 nt of T. vaginalis U6 snRNA, except for the first adenosine. None 
of the nt substitutions had an effect on transcription by end-point RT-PCR (data not shown). While the first 
transcribed nucleotide in the U6 transcript of metazoans and plants is typically a guanosine, T. vaginalis uses an 
adenosine57. Since the first transcribed nucleotide is necessary for U6 transcription in other systems58, but dispen-
sable for the DNA target specificity of the Cas9 gRNA59, we did not alter the +1 adenosine in our gRNA construct. 
The ability of the 360 nts upstream of the T. vaginalis U6 gene to drive transcription of an internally altered U6 
gene indicates that the T. vaginalis U6 gene uses an upstream promoter as is found in metazoans and plants, and 
does not rely on internal promoter sequences as described for some unicellular eukaryotes (e.g. yeast and trypa-
nosomes)60–62. These data also demonstrate that the T. vaginalis U6 promoter can be used to drive transcription 
of a sequence-customizable gRNA. In metazoan and plants, the core promoter of the U6 snRNA gene sits within 
the first ~70 bp upstream of the TSS60. In T. vaginalis, the core promoter of the U6 snRNA gene is unknown 
however we observed by end-point RT-PCR that there was no effect on transcription when the upstream region 
was reduced from 360 bp to 131 bp (data not shown). All additional gRNA plasmids produced contain the 360 nt 
sequence 5′ of the U6 gene (Fig. 1C) preserving the +1 adenosine followed immediately by a 19 nt seed region 
that is customized to target the gene of interest.

Increasing transfection efficiency of Trichomonas vaginalis. Previous reports on transfection of 
T. vaginalis have used electroporation to deliver plasmids, linearized DNA or small oligonucleotides into the 
cell53. Although sufficient to introduce DNA, transfection efficiency using this method is low. With the need 
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to introduce multiple DNAs into the same cell to achieve CRISPR/Cas9 editing, we sought to improve the 
transfection efficiency using the Amaxa nucleofection system39,63–65. We first compared electroporation versus 
nucleofection using the nanoluciferase reporter system47,63. Nanoluciferase (also termed NanoLuc) is a newly 
developed luciferase gene from a deep sea shrimp that produces stronger bioluminescence than the firefly lucif-
erase (Promega). After normalization of parasite numbers, we subjected cells to either electroporation using our 
previously described protocol53 or nucleofection to introduce the wild-type nanoluciferase gene with a duplicate 
hemagglutinin (HA) tag at the 3′end (pMN::nluc) (Fig. 2A). To optimize nucleofection, multiple programs and 
buffers were tested. Two of the programs tested (D-023 and X-001) and buffer (Parasite-2) resulted in detection 
of nanoluciferase signal compared to controls, however the signal was less than that obtained using standard 
electroporation (Supplemental Figure 1 and Fig. 2B). We found that one program (U-033) yielded better nano-
luciferase signal, although parasite survival was low (<25% of untransfected controls at +24 hours post transfec-
tion, comparable to electroporation). Increased nanoluciferase signal was observed for two nucleofection buffers 
tested, T-cell and Parasite-1. As predicted, cells transfected with the pMN::nluc(stop) plasmid containing a pre-
mature stop codon that eliminates nanoluciferase protein production (Fig. 2A and B) produced only background 
signals. In comparison to the signal intensity achieved using nucleofection we found that nanoluciferase sig-
nals measured from parasites electroporated with pMN::nluc barely increased over background signal (Fig. 2B). 
This is consistent with the low frequency of transfection of parasites by electroporation, 3% at best for surviving 

Figure 1. Setup of pMN::fkbp-cas9 and pMN::gRNA constructs. (A) Cartoon representation (not to scale) of 
pMN::fkbp-cas9 plasmid. The T. vaginalis gene α-SCS 5′ and 3′ UTRs of the pMasterNEO plasmid (pMN)53 
drive expression of the fkbp(FKBP destabilization domain)-cas9 fusion gene. The cas9 variant used is the human 
codon optimized version with 2 SV40 nuclear localization signals at the C-terminus56. (B) Representative 
immunoblot analysis (inset) and quantification of replicate samples of pMN::fkbp-cas9 expression. Samples 
were induced for 24 hours with 0, 0.1, 0.5 or 1 µM Shield-1 ligand before protein was collected and resolved by 
SDS-PAGE. Inset, upper: anti-Cas9 immunoblot (Clontech); Inset, lower: anti-TvGAPDH antibody (Cocalico 
Biologicals). Control sample used a pMN::EV (pMasterNEO::empty vector) transfectant. Quantitative 
comparison of samples utilized normalized signal of Cas9 (upper blot) to GAPDH signal (lower blot) taken 
from within an experiment and analyzed in parallel on separate immunoblots using a Bio-Rad Gel Doc and 
ImageLab software. Bar graph represents average +/− standard deviation of two independent analyses. (C) 
Cartoon representation (not to scale) of pMN::gRNA – 360 bp of the T. vaginalis U6 5′ UTR and 37 bp of the 
3′ UTR flank the gRNA. A 20 nt seed region with the first nucleotide always an adenine residue followed by 
19 nt seed region used for specific targeting and the gRNA scaffold. (D) RT-PCR products amplifying either 
the gRNA sequence or the U6 snRNA (control). Total RNA was subjected to +/− reverse transcriptase then 
amplified by PCR using gRNA- or U6 snRNA-specific primers. Control PCRs included the pMN::EV and 
pMN::gRNA plasmids, genomic DNA and no DNA template. PCR products were imaged using a Bio-Rad Gel 
Doc and ImageLab software. Full length blots/gels are presented in Supplementary Figure S5.
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Figure 2. Parameters for transfection of Trichomonas vaginalis for detection of nanoluciferase activity. (A) 
Cartoon representation of nanoluciferase plasmids and predicted outcome for protein production. (B) A total of 
1 × 107 parasites were either nucleofected using the U-033 (“U”) or D-023 (“D”) programs (Amaxa) or mock (no 
nucleofection) with 10 µg of pMN::nluc or pMN::nluc(stop) in buffers Parasite-1 or T-cell (Lonza) or electroporated 
(975 µF, 350 V, Bio-Rad) in completed TYM media. Plasmids are pMN::nluc, denoted as “nluc” and pMN::nluc(stop), 
denoted as “nluc(stop)” where indicated. Parasites were immediately recovered in completed TYM media. After 
24 hours, a total of 1 × 106 parasites were collected and nanoluciferase activity was measured by NanoGlo assay 
(Promega). Graph represents the average relative luminescence value +/− standard deviation of two transfections 
per condition. (C) Samples transfected with the pMN::nluc or pMN::nluc(stop) constructs and the U-033 program 
from Fig. 2B were subjected to G418-selection and allowed to grow for an additional +24 hours (+48 hours total, 
post-transfection). Equivalent numbers of parasites (1 × 106) were assayed for nanoluciferase activity and the graph 
represents the average relative luminescence value +/− standard deviation of two attempts per condition.
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cells66. Nucleofection with the U-033 program increased nanoluciferase signal 18-fold using Parasite-1 buffer and 
30-fold using T-cell buffer, relative to signals detected using electroporation.

To determine if signal was stable and detectable at later time points, we passaged the parasites in the presence 
or absence of 100 µg/ml G418 to select for the pMN::nluc and pMN::nluc(stop) plasmids (Fig. 2C). We noted that 
G418 selection for the pMN::nluc plasmid resulted in high levels of detectable nanoluciferase activity compared 
to transient nucleofection (Figures S2 and S3). The overall nanoluciferase signal for the unselected pMN::nluc 
parasites was reduced at +48 hours post-nucleofection compared to +24 hours. Selection for parasites harboring 
the pMN::nluc plasmids using G418 resulted in a dramatic increase with greater than 20 fold higher nanolucif-
erase signal compared to those transiently nucleofected (Fig. 2C). Electroporation did not yield the same increase 
(average ~1.2-fold) over the unselected counterparts (Fig. 2C and Fig. S3). Based on these data, we selected the 
U-033 program and the T-cell buffer as the optimal conditions to use for nucleofection of this strain of T. vagi-
nalis. Together, these data demonstrate that nucleofection greatly improves transfection efficiency of T. vaginalis.

CRISPR repair of a dead-luciferase gene in Trichomonas vaginalis. To test the activity of Cas9, we 
used the highly-sensitive nanoluciferase repair assay originally described by Striepen and colleagues47. To express 
the DD- Cas9 and gRNAs together in T. vaginalis, we first constructed a plasmid containing both elements as 
well as a puromycin acetyltransferase (PAC) gene, pCas9-gRNA(nluc) (Fig. 3A). As outlined in Fig. 2A, we then 
preselected parasites containing the plasmid that expresses a dead luciferase (i.e. pMN::nluc(stop)) using G418. 
We subsequently co-nucleofected preselected parasites with the pCas9-gRNA(nluc) plasmid expressing a gRNA 
targeting the premature stop codon (Y18ochre) region of the gene and pre-annealed oligos capable of both repair-
ing the stop codon (“repaired”, ochre18Y) and introducing a mutation that eliminates the PAM (AGG- > AGC). 
Mutation of the PAM requires the correction of two sites by oligo template-directed repair, increasing the confi-
dence that repair is Cas9-gRNA directed, and not due to random point mutation that changed a stop codon back 
to a tyrosine codon. Mutation also prevents further targeting of the repair site by Cas9-gRNA(nluc). Transient 
nucleofection was used, without drug selection for expression of the gRNA or Cas9. Using this approach, we were 
able to demonstrate that CRISPR/Cas9 is capable of repairing the mutation to allow detection of nanoluciferase 
signal above background levels in T. vaginalis (Fig. 3).

The nanoluciferase repair assays were done using different lengths of oligos (50 nt and 125 nt) and we found 
that although the 50 bp annealed oligos yielded similar or better efficiency of repair, more variability was also 
observed (Fig. 3B). We also tested the use of PCR products corresponding to the 125 bp annealed oligos and the 
full length nluc gene. These also repaired pMN::nluc(stop), restoring nanoluciferase activity (Fig. 3C) however, 
the efficiency was not increased.

To further explore the ability to utilize CRISPR/Cas9 in T. vaginalis, we co-nucleofected parasites with 
pCas9-gRNA(nluc), pMN::nluc(stop) and either the 50 bp or 125 bp annealed repair oligos and selected for para-
sites containing both the pCas9-gRNA(nluc) (puromycin selection) and pMN::nluc(stop) (G418 selection) plas-
mids (Fig. 4A). Assaying for nanoluciferase signal 24 hours post-nucleofection, prior to drug selection, yielded 
a low overall signal compared to previous nucleofections (Fig. 4B). This is likely the result of requiring the same 
parasite to acquire all three DNAs to allow Cas9-directed repair. We also found that the 50 bp annealed oligo 
treatment did not work effectively, compared to previous experiments using parasites preselected to contain 
pMN::nluc(stop) target. Conversely, treatment with the 125 bp annealed oligos yielded a ~six-fold increase in 
nanoluciferase signal over background (water).

We then subjected the nucleofected parasites to selection with G418 and puromycin for either 7 or 14 days 
and tested for nanoluciferase activity. The amount of nanoluciferase signal observed was very high for parasites 
nucleofected with the 125 bp repair oligos (Fig. 4C). This signal did not increase between the 7 and 14 day meas-
urements. To confirm expression of intact nanoluciferase protein at 14 days, total protein was extracted and 
analyzed by immunoblot analysis for the presence of repaired nanoluciferase-2xHA. We observed expression of 
the protein in parasites nucleofected with all three DNAs (pCas9-gRNA(nluc), pMN::nluc(stop) and the 125 bp 
annealed repair oligos), but not in parasites where the pCas9-gRNA (nluc) was replaced with an empty vector 
(pMPAC::EV) (Fig. 4C, inset), consistent with the nanoluciferase activity assay. These data show that the repair 
of the dead luciferase was dependent on the presence of both essential components of the CRISPR/Cas9 system: 
the Cas9 and gRNA.

To confirm the repair of nanoluciferase by directly examining the DNA sequence of the luciferase gene, we 
cloned parasites from a selected population demonstrated to express the enzyme by activity and immunoblot 
assays, using limiting dilution. We then assayed 79 clones for nanoluciferase activity and observed that 91% (72 
clones) gave signal above background, while 9% (7 clones) were below a cutoff of 30,000 relative luminescence 
units. The high percentage of clones expressing nanoluciferase indicates that the majority of parasites in the cul-
ture were expressing a repaired nanoluciferase gene. To support this observation, we collected total protein from 
8 clones and performed immunoblot analysis (Fig. 4D, upper). Although varied in amount of observable signal, 
we were able to detect nanoluciferase signal in all 8 clones. We further PCR amplified and then sequenced the nluc 
gene from total gDNA extracts of 8 clones (Fig. 4D, lower). In all 8 clones, the codon 17 contained a mixed popu-
lation of guanine (GGA, glycine) and cytosine (GCA, alanine) sequence. Additionally, without exception, codon 
18 contained a mixed population of thymine (TAT, tyrosine) and adenine (TAA, ochre/stop). The presence of a 
mixed population of nluc(stop) (GGATAA or GCATAA) and nluc(repaired) (GGATAT or GCATAT) sequences 
in the examined clones is expected. Our previous study indicates that ~15–20 episomes are maintained per T. 
vaginalis cell53, hence CRISPR/Cas9-mediated repair may not reach every single plasmid copy within a cell. In 
fact, repair of a single modified nluc(stop) gene would likely be sufficient to be detectable by DNA sequencing and 
to produce enough luciferase activity for detection using the sensitive NanoGlo assay (Figure S2). Together, the 
data presented clearly demonstrate that the expression of Cas9 & gRNAs in T. vaginalis can mediate gene repair 
via the CRISPR/Cas9 pathway.
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Figure 3. Nanoluciferase repair assay. (A) Upper: cartoon representation of nanoluciferase repair assay. Below: 
Cas9-gRNA(nluc) editing sites of nluc(stop) with mutation to create a premature stop codon (red, underlined). 
Also represented are the wild-type (nluc) and repaired (nluc(repaired)) versions. (B) A total of 5 × 107 parasites 
pre-selected for the pMN::nluc(stop) plasmid were nucleofected in T-cell buffer using the U-033 program 
(Amaxa) with 10 µg or 100 µg of annealed repair oligos and 10 µg of pCas9-gRNA(nluc). Oligos contained the 
repair sequence and either 50 bp or 125 bp annealed repair oligos. Parasites were immediately recovered in 
completed TYM media +/− 1 µM Shield-1 and assayed for nanoluciferase activity after 24 hours. Equivalent 
numbers of parasites (1 × 106) were assayed for nanoluciferase activity and the graph represents the average 
relative luminescence value +/− standard deviation for each condition. (C) A total of 5 × 107 parasites pre-
selected for pMN::nluc(stop) were nucleofected in T-cell buffer using the U-033 program (Amaxa) with 10 µg 
pCas9-gRNA(nluc) and either 100 µg of PCR-amplified 125 bp repair sequence (equivalent to ds repair oligos) 
or the full length nluc (“Full nluc PCR”) sequence. Parasites were immediately recovered in  completed TYM 
media + 1 µM Shield-1 and assayed for nanoluciferase activity after 24 hours. Equivalent numbers of parasites 
(1 × 106) were assayed for nanoluciferase activity and the graph represents the average relative luminescence 
value +/− standard deviation for each condition.
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CRISPR knockout of the Ferredoxin-1 and Mif genes from the T. vaginalis genome. To test 
whether the CRISPR/Cas9 system we have established is capable of knocking out a gene in the complex T. vagina-
lis genome, we first attempted to knockout the ferredoxin-1 (Fd-1) gene previously shown to be non-essential to 
the parasite29,67. A neomycin resistance (NeoR) gene flanked by ~1000 bp of the 5′ and 3′ UTRs of Fd-1 was con-
structed (Fig. 5A). Parasites were co-nucleofected with either the pMPAC::EV or the pCas9-gRNA(Fd) plasmid that 
expresses a gRNA targeting the 5′ end of the gene and an ~2800 bp PCR product containing the NeoR genes flanked 
by Fd-1 gene 5′ and 3′ UTRs (Fig. 5A). After selection for parasites resistant to G418, parasites were screened 
for the presence of the NeoR gene in the Fd-1 locus, using PCR and primers that sit just outside the Fd-1 UTRs 
included in the ~2800 bp PCR product. Positive amplicons of expected size were observed in the pCas9-gRNA(Fd) 
nucleofected parasites, while the pMPAC::EV parasites did not grow as expected. We then obtained cloned para-
sites from a NeoR positive population using limited-dilution cloning. Two clones (2–2 G4 “∆Fd-1 clone 1” and 2-1 
D9 “∆Fd-1 clone 2”) were randomly selected and tested for the presence of the NeoR gene as well as the wild-type 
Fd-1 gene (Fig. 5B). Confirmation of the sequence of all PCR products clearly demonstrates that both clones con-
tain the NeoR gene in the Fd-1 locus and to also lack the endogenous Fd-1 gene (Fig. 5B). Immunoblot analysis 
using an antibody that detects Fd-167 also confirmed the loss of Fd-1 protein in both clones (Fig. 5C).

Figure 4. Transient transfection, selection and screening for nanoluciferase repair. (A) Cartoon representation 
of transient nanoluciferase repair activity assay followed by selection with puromycin and G418. (B) A total 
of 5 × 107 parasites were nucleofected with 10 µg of pCas9-gRNA(nluc), 10 µg pMN::nluc(stop) and 100 µg 
of either 50 bp or 125 bp annealed repair oligos or water using T-cell buffer (Lonza) and the U-033 program 
(Amaxa). Parasites were immediately recovered in completed TYM media + 1 µM Shield-1. After 24 hours 
of recovery, equivalent numbers of parasites (1 × 106) were assayed for nanoluciferase activity and the 
graph represents the average relative luminescence value +/− standard deviation from duplicate samples 
for each condition (C). After 24 hours of recovery, one transfection population of the pMPAC::EV- and 
pCas9-gRNA(nluc)-treated parasites from Fig. 4B was treated with 30 µg/ml puromycin and 50 µg/ml G418 
to select for parasites transfected with both plasmids. After 7 and 14 days (post-nucleofection), parasites 
were re-tested for nanoluciferase activity by assay of equivalent numbers of parasites (1 × 106). The graph 
represents the average relative luminescence value +/− standard deviation for each condition. Inset: Anti-HA 
epitope immunoblot analysis of control samples (pre-selected parasites) compared to protein isolated from 
puromycin/G418 selected parasites grown for two weeks. (D) Upper: anti-HA epitope immunoblot analysis 
of controls (pre-selected plasmids) and representative clones from 14 day puromycin/G418 selected pCas9-
gRNA(nluc) + pMN::nluc(stop) + 125 bp oligo parasites in Fig. 4C. Lower: representative DNA sequencing trace 
(Genewiz sequencing and FinchTV sequence viewer) of PCR products amplifying the nanoluciferase gene from 
T. vaginalis genomic DNA preparations. Highlighted (and arrows) are residues G50C and A54T which are the 
site of the two predicted modifications for repair of the stop codon (A54T) and oligo-modification confirmatory 
mutation (G50C). Immunoblot analyses in Fig. 4C and D were imaged using a Bio-Rad Gel Doc and ImageLab 
software. Full length blots/gels are presented in Supplementary Figure S5.
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Figure 5. CRISPR-directed KO of ferredoxin-1 and mif. (A) Cartoon representation of the KO scheme using 
nucleofection of parasites with a linearized neo resistance gene flanked by the ferredoxin-1 UTRs and a plasmid 
containing Cas9 and Fd gRNA (pCas9-gRNA(Fd)) followed by selection for G418-resistance (image not to 
scale). The resulting parasites were then screened for the presence of the KO and wt alleles using sequence-
specific primers (horizontal arrows). (B) PCR analysis of G418-resistant clones for the presence of the neo 
resistance gene in the ferredoxin-1 locus. PCR screens utilized primers specific to the neo resistance gene 
(yellow arrows in 5 A) combined with primers specific to the ferredoxin-1 locus (blue arrows in 5 A) in regions 
outside the region present in the original KO PCR introduced by nucleofection. The 5′ end PCR screen (upper 
panel) predicts a product of 1665 bp and the 3′ PCR screen (middle panel) predicts a product of 1236 bp if the 
neo gene is present in the ferredoxin-1 locus. Lowest panel: PCR analysis of the ferredoxin-1 gene in clones. 
Amplification utilized primers specific to the wild-type ferredoxin-1 (yielding a 324 bp product, if present). The 
PCR products for the different panels were run in parallel from reactions on 100 ng of the indicated genomic 
DNA extracts and resolved on separate agarose gels then imaged using a Bio-Rad Gel Doc and ImageLab 
software. (C) Immunoblot protein analysis of the clones yielding positive PCR products for KO in Fig. 5B. Total 
protein extracts were resolved by SDS-PAGE and immunoblotted using anti-Ferredoxin-1 and TvGAPDH 
antibodies. All immunoblots contained equal amounts of the same experimental samples and were analyzed 
in parallel using a Bio-Rad Gel Doc and ImageLab software. (D) Cartoon representation of the KO scheme 
using nucleofection of parasites with a linearized neo resistance (NeoR) gene flanked by the mif UTRs and a 
plasmid containing Cas9 and mif gRNAs (pCas9-gRNA(mif)), followed by selection for G418- and puromycin-
resistance (image not to scale). The resulting parasites were then screened for the presence of the KO and wt 
alleles using sequence-specific primers (horizontal arrows). (E) PCR analysis of G418 and puromycin-resistant 
clones for the presence of the neo resistance gene in the mif locus. PCR screens utilized primers specific to the 
neo resistance gene (yellow arrows in 5D) combined with primers specific to the mif locus (orange arrows in 
5D) in regions outside the region present in the original KO PCR introduced by nucleofection. The 5′ end PCR 
screen (upper panel) predicts a product of 1290 bp and the 3′ PCR screen (middle panel) predicts a product 
of 1220 bp if the neo gene is present in the mif locus. Lowest panel: PCR analysis of the mif gene in clones. 
Amplification utilized primers specific to the wild-type mif gene (yielding a 500 bp product, if present). The PCR 
products for the different panels were run in parallel from reactions on 100 ng of the indicated genomic DNA 
extracts and resolved on separate agarose gels then imaged using a Bio-Rad Gel Doc and ImageLab software. 
(F) Immunoblot protein analysis of the clones yielding positive PCR products for KO in Fig. 5E. Total protein 
extracts were resolved by SDS-PAGE and immunoblotted using anti-MIF and TvGAPDH antibodies. All 
immunoblots contained equal amounts of the same experimental samples and were analyzed in parallel using a 
Bio-Rad Gel Doc and ImageLab software. Full length blots/gels are presented in Supplementary Figure S5.
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To further test the CRISPR/Cas9 system, we attempted to knockout the single copy mif gene, which codes for a 
homologue of the human macrophage migration inhibitory factor (MIF) and was recently reported to affect host 
cell physiology68. A neomycin resistance (NeoR) gene flanked by ~1000 bp of the 5′ and 3′ UTRs of mif was con-
structed (Fig. 5D). To illustrate the ability to use CRISPR/Cas9 in multiple T. vaginalis strains, the B7RC2 strain22 
was used. Parasites were co-nucleofected with the pCas9-gRNA(mif) plasmid expressing a gRNA targeting the 
5′ end of the gene and an ~2800 bp PCR product containing the NeoR gene flanked by mif gene 5′ and 3′ UTRs 
(Fig. 5D). After selection for parasites resistant to G418 and puromycin, parasites were screened for the presence 
of the NeoR gene in the mif locus, using PCR and primers that sit just outside the mif UTRs included in the 
~2800 bp PCR product. Positive amplicons of expected size were observed in the pCas9-gRNA(mif) nucleofected 
parasites (Fig. 5E). Control reactions wherein parasites were nucleofected with only the linear KO PCR prod-
uct survived G418 selection, however no positive PCR signal was observed for the NeoR gene in the mif locus 
(Supplementary Figure S4). We further examined these control parasites lacking the pCas9-gRNA(mif) plasmid 
by screening 800 cells, split into 40 subpopulations of 20 parasites each to directly test whether the NeoR gene 
was in the mif locus. No PCR product was detected in any of the 40 subpopulations (Supplementary Figure S4). 
This is in contrast with obtaining positive PCR signal for NeoR integration at the mif locus in 39/40 subpopula-
tions of the parasites nucleofected with both the pCas9-gRNA(mif) plasmid and the linear KO PCR product. To 
confirm that the mif gene was knocked out in these NeoR PCR positive populations, parasites were cloned using 
limited-dilution cloning. Two clones (“∆mif clone 1” and “∆mif clone 2”) were randomly selected and tested for 
the presence of the NeoR gene in the mif locus and the absence of the wild-type mif gene (Fig. 5E). Confirmation 
of the sequence of all PCR products clearly demonstrated that both clones contain the NeoR gene in the mif 
locus and also lack the endogenous mif gene (Fig. 5E). Immunoblot analysis using an antibody that detects MIF 
likewise confirmed the loss of the MIF protein in both clones (Fig. 5F). Together, our findings demonstrate that 
CRISPR/Cas9 can be used to disrupt gene sequences in the T. vaginalis genome by a homology-directed repair 
pathway.

Discussion
Here we describe the development of a system to achieve CRISPR/Cas9 gene modification and gene knockout 
in Trichomonas vaginalis. Three technical advances made this possible. One was to decrease the toxicity of Cas9 
when expressed in T. vaginalis by using FKBP-DD/Shield-1 regulated expression of the endonuclease. The second 
was to increase transfection efficiency using nucleofection. These together, with the use of a sensitive nanolu-
ciferase reporter assay to detect homology directed repair of a premature stop codon back to wild-type firstly 
described by Streipen and colleagues47,69, provided a sensitive assay to facilitate identifying optimal nucleofection 
parameters. Finally, we were able to utilize the strong RNA polymerase III T. vaginalis U6 promoter to drive 
transcription of a sequence-customizable gRNA. This, the first report of CRISPR/Cas9 gene modification in T. 
vaginalis, will greatly enhance the ability to test gene function in this pathogen.

It has been previously reported that expression of Cas9 in various organisms leads to cell growth issues43. 
We found that initial attempts at plasmid-based Cas9 expression by transfection and selection of T. vaginalis 
repeatedly failed. Different reports have addressed decreased cell growth by transient transfection of cas9-gRNA 
from plasmids or transfecting with Cas9 mRNA or holoenzymes70–72. We chose to regulate Cas9 expression at the 
protein through fusion to the FKBP-destabilization domain (FKBP-DD), which by default sends proteins for pro-
teolytic degradation. In the presence of a stabilizing ligand Shield-1, the protein accumulates54,55. We found that 
this method allowed the regulation of cellular Cas9 levels in T. vaginalis, which in turn yielded viable parasites 
expressing sufficient, but not toxic, levels of Cas9.

Testing the biological role of genes in T. vaginalis has previously been severely compromised by limited tech-
nologies to alter the highly, repetitive genome of this parasite52. Only two previous reports have successfully 
knocked out T. vaginalis genes28,29 and knockdown of gene expression is limited to four reports30–33. Lacking the 
ability to knockout gene expression, researchers have primarily relied on episomal over-expression of gene vari-
ants to study protein function.

One reason that homologous gene replacement has been hampered in T. vaginalis is the poor transfection 
efficiency achieved with standard electroporation. Here, using nucleofection64,73, we have greatly enhanced the 
transfection efficiency by 20-fold or greater as compared to that achieved using electroporation method. This 
enhancement of transfection efficiency has enhanced both the probability of successful modification of genes and 
the ability to detect the modifications by sensitive techniques such as nanoluciferase activity assays or PCR. Thus, 
developing successful nucleofection methods allowing sensitive screening and selection for gene modifications 
was key to our ability to achieve and monitor CRISPR/Cas9 modification of T. vaginalis genes.

Our analyses of the T. vaginalis genome for homologs of NHEJ pathway components indicated that 
this pathway is absent or highly divergent from other organisms. Based on this observation, we focused on 
homology-directed repair pathways to establish the use of CRISPR/Cas9 in this parasite. We were able to detect 
CRISPR activity using the sensitive technique of early termination mutation repair first used to demonstrate 
CRISPR in Crytosporidium parvum47. Using a 125 bp repair template of annealed oligonucleotides with flanks 
on both sides of the CRISPR cut site, we were able to repair an early termination codon restoring nanolucif-
erase activity as demonstrated by enzyme activity assays, immunoblot analysis and DNA sequencing. The repair 
template makes two specific point mutations both changing the stop codon to a tyrosine and a proximal gly-
cine to alanine. The nanoluciferase repair assay demonstrates that small oligonucleotides are sufficient to modify 
multi-target episomally maintained genes and thus the length of a homology template may not have to be large. 
Repair is due to homology-directed repair (HDR) using the oligonucleotide template, as opposed to NHEJ activ-
ity. Notably, in the absence of the HDR template, we did not observe signal of repaired nanoluciferase above 
background signal, consistent with the lack of NHEJ-mediated repair.
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Nucleofection of pre-selected pMN::nluc(stop) parasites with pCas9-gRNA(nluc) and repair oligos resulted 
in an increase of nanoluciferase activity. This varied based on concentration of oligos with 100 µg working more 
effectively than 10 µg. Transient co-nucleofection of all DNA components (pMN::nluc(stop), pCas9-gRNA(nluc) 
and repair oligos) resulted in lower nanoluciferase signals, however, this could be overcome using drug selec-
tion to enrich for parasite populations containing DNAs required for CRISPR/Cas9-mediated repair. Using 
drug selection and cell cloning by limited dilution, we found that 91% of the clones had nanoluciferase activity 
above background. DNA sequencing of the clones confirmed the modification of the nluc(stop) to nluc(repaired), 
demonstrating CRISPR-Cas9 mediated repair of the nluc(stop) gene.

We have also demonstrated the ability to use CRISPR-Cas9 mediated homology-repair to eliminate two genes 
(ferredoxin-1 and mif) from the genome of T. vaginalis. CRISPR-mediated gene knock-out was achieved in two 
different T. vaginalis strains. The methods we have developed to increase transfection efficiency for both plasmids 
and KO cassettes and to direct CRISPR/Cas9 gene modification will greatly increase the success rate of gene 
knockouts in this parasite. The expanded toolkit for molecular modification of the T. vaginalis genome will signif-
icantly enhance the ability to assess gene function in this medically-important pathogen.

Methods
Parasite culture. Parasites (T. vaginalis strain B7RC222 and MSA 110374) were maintained by daily passage in 
modified TYM media75 supplemented with 10% heat-inactivated horse serum (Sigma), 10 U/ml penicillin/10 µg/
ml streptomycin (Invitrogen), 180 µM ferrous ammonium sulfate and 28 µM sulfosalicylic acid (completed TYM 
media). To select for the pMasterPAC (pMPAC)53,76 or pMasterNEO (pMN)22 plasmids, puromycin (AG scien-
tific) or G418 (Invitrogen) was added to cultures to a final concentration of 30 µg/ml and 100 µg/ml, respectively.

Plasmid constructs. Plasmid pMN::cas9 was created by PCR amplification of the human codon opti-
mized cas9 gene of plasmid pMJ92056 using primers For-hcas9-SacII and Rev-hcas9-Bam. All oligos used 
in this study are listed in Supplemental Table 1. The resulting hcas9 product was digested with SacII/BamHI 
and ligated to pMN::fkbp. The resulting construct was then PCR amplified using primers For-dS-HuCas9 and 
Rev-MN3UTR to silently mutate an internal SacI sequence. This product was then used in megaprimer PCR with 
primer For-MN-SacXho and subsequently digested with SacI/BamHI and ligated into pMN::fkbp to produce 
pMN::fkbp-cas9. To create the pMPAC::fkbp-cas9 construct, pMN::fkbp-cas9 was digested with SacI/BamHI and 
the product cloned into the pMPAC-empty vector plasmid (pMPAC::EV). The gRNA cassette was constructed 
by PCR amplification of a synthetic gene construct (Table S1) containing the U6 seed region and gRNA scaf-
fold flanked upstream by the 360 bp 5′ of the U6 start nucleotide and downstream with 37 bp of the 3′ UTR of 
the U6 gene using primer U6_SacI_F1 and downstream 3′ UTR with primer U6_SacI_R1. The resulting prod-
uct was then digested with SacI and ligated to the unique SacI site in pMasterNEO53. The nluc gRNA was con-
structed by megaprimer amplification of the gRNA scaffold using primers For-Nluc-gRNA and U6_SacI_R1 
and then used in a megaprimer PCR with U6_SacI_F1. The resulting PCR product was digested with SacI and 
ligated to pMPAC::fkbp-cas9. The final construct was termed to pMPAC::fkbp-cas9-gRNA(nluc), abbreviated as 
pCas9-gRNA(nluc).

Construction of nanoluciferase plasmids utilized codon-optimized plasmid templates of nluc (wt) and nluc 
(Y18ochre, “dead”/stop) from the Nluc-Neo and Dead Nluc-Neo plasmids (a generous gift from the Boris 
Striepen laboratory, University of Georgia)47, respectively. For each nluc variant, a megaprimer PCR was per-
formed utilizing primers For-MN-SacXho and Rev-Nluc-Nde to amplify the 5′ UTR of a-SCS on pMasterNEO 
with a portion of the 5′ end of the nluc gene. The resulting products were gel-purified and used with primer 
Rev-Nluc-Kpn to amplify the remainder of nluc and nluc(stop). The PCR products were then digested with SacI/
KpnI and ligated to pMasterNEO such that the nluc (or repaired) sequence would by fused to a 2xHA epitope tag 
when translated. These plasmids were termed pMN::nluc and pMN::nluc(stop).

For construction of the pCas9-gRNA construct targeting the ferredoxin-1 gene (TVAG_003900), the 20 nt 
seed region of pMPAC::fkbp-cas9-gRNA(nluc) was replaced after the adenosine reside start with 19 nucleotides 
of the ferredoxin-1 gene (residues 5–23, 5′ - TCT CTC AAG TTT GCC GCT T) which lie 5′ upstream of a TGG 
PAM sequence. This was constructed by PCR amplification with primers For-gRNA-Fer-1 and U6_SacI_R1. The 
resulting PCR product was purified and used in a second PCR with primer U6_SacI_F1, followed by digestion 
with SacI and cloning into pMPAC::fkbp-cas9-gRNA(nluc). The resulting plasmid was termed pCas9-gRNA(Fd). 
For construction of the pCas9-gRNA construct targeting the mif gene (TVAG_219770), a dual gRNA was con-
structed. For each of the gRNAs the 20 nt seed region of pMPAC::fkbp-cas9-gRNA(nluc) was replaced after the 
adenosine reside start with 19 nucleotides of the mif gene. The mif sequences “g300” (5′ - CAA AGA GTG CTG 
AGG ACT G) and “g301” (5′ -CCA AAG AGTGCT GAG GAC T) were used to construct 19 nucleotides after the 
A in the seed region. Briefly, “g300” gRNA was constructed using PCR primers For-gRNA-g300 + U6-KpnI-R. 
The resulting product was purified and used in a second PCR with primer U6_SacI_F1. For “g301” gRNA was 
constructed using PCR primers For-gRNA-g301 + U6_SacI_R1. The resulting product was purified and used in 
a second PCR with primer U6-Kpn-F. Both PCR products were digested with KpnI, ligated together and gel puri-
fied. The resulting ligated product was then digested with SacI and ligated into pMPAC::fkbp-cas9-gRNA(nluc) 
producing the plasmid pMPAC::fkbp-cas9-gRNA(mif).

Construction of the ferredoxin KO cassette utilized 1000 bp upstream of the ferredoxin-1 start codon 
and 1000 bp downstream of the stop codon. Briefly, the neo resistance gene was PCR amplified using primer 
For-Neo-Eco and Rev-Neo-Bam. The resulting product was cloned into pSC-A (Stratagene) to produce the 
plasmid pSC-A::neo. PCR amplification of the 5′ UTR of ferredoxin utilized For-Fer-Kpn and Rev-Fer-Eco. The 
product was then digested with KpnI and EcoRI and cloned into the pSC-A::neo plasmid resulting in plasmid 
pSC-A::5′UTR-Fd-neo. Amplification of the 3′ UTR of ferredoxin utilized For-Fer-Bam and Rev-Fer-Sac. The 
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resulting product was digested with BamHI and SacI and cloned into the pSC-A::5′UTR-Fd-neo plasmid to pro-
duce plasmid pSC-A::5′UTR-Fd-neo-3′UTR-Fd (termed pKO-Fd).

Construction of the mif KO cassette utilized the same method used to generate the ferredoxin KO cassette 
except using mif gene-specific primers. Briefly, the 1000 bp upstream of the mif start codon and downstream 
of the stop codon were ligated to the NeoR gene. PCR amplification of the 1000 bp 5′ UTR upstream of the mif 
start codon utilized primers For-MIF-Kpn and Rev-MIF-Xho. The resulting product was digested with KpnI and 
XhoI and ligated to the pSC-A::neo plasmid resulting in plasmid pSC-A:: 5′UTR-mif-neo. PCR amplification of 
the 1000 bp 3′ UTR downstream of the mif stop codon utilized primers For-MIF-Bam and Rev-MIF-Sac. The 
resulting products were digested with BamHI and SacI and ligated to pSC-A::5′UTR-mif-neo to produce plasmid 
pSC-A::5′UTR-mif-neo-3′UTR-mif (termed pKO-mif).

Repair oligos/PCR. Repair oligos were constructed to target mutations in the nluc(stop) gene (Operon). 
Annealing of the 125 nt repair oligos utilized Repair-oligo-F and Repair-oligo-R. Annealing of the 50 nt repair 
oligos utilized Repair-oligo-F50 and Repair oligo-R50. An equal concentration of each repair oligo (200 µg) was 
annealed in 1x NEB T4 ligase buffer to create a stock of anneal oligos. For PCR amplification of the 125 bp repair 
sequence, primers For-125bp and Rev-125bp were used on the annealed 125 bp oligos above. For full length PCR 
of nluc, the digested (SacI/KpnI) and gel purified template of pMN::nluc was used as a PCR template using prim-
ers For-pMN-5UTR and Rev-Nluc-Kpn. The resulting product was treated with DpnI and then gel purified and 
amplified using the same primers. The final PCR product was precipitated, resuspended and quantified.

PCR amplification of the ferredoxin-1::neo knockout utilized the primers For-Fer-Kpn and Rev-Fer-Sac on a 
gel-purified product from a KpnI and SacI digestion of pKO-Fd. PCR amplification of the mif::neo knockout uti-
lized the same method described above with mif-specific primers For-MIF-Kpn and Rev-MIF-Sac. The resulting 
PCR products were treated with DpnI and confirmed to be free of template plasmid. The final KO PCR product 
was precipitated, resuspended and quantified.

Protein and Immunoblot analysis. For Shield-1 (Clontech) titration, parasites were seeded at 
1 × 105 cells/ml and treated with the indicated concentrations for 24 hours. For all immunoblot analyses, total 
protein was extracted and analyzed by SDS-PAGE using equal amount of soluble protein (10 µg). Protein was 
then transferred to a membrane which was subsequently incubated with an anti-Cas9 antibody (Clontech). For 
TvGAPDH detection, the membrane was incubated with an anti-TvGAPDH antibody (Cocalico Biologicals). 
Images were captured and analyzed by Bio Rad Gel Doc and ImageLab software (v. 5.1, Bio Rad). Resulting 
values were normalized to TvGAPDH signal and presented as the average +/− the standard deviation from two 
independent analyses. For detection of nanoluciferase-2xHA protein, total protein was extracted from parasites, 
resolved by SDS-PAGE, transferred to a PVDF membrane and incubated with an anti-HA antibody (Covance). 
For immunoblot analysis of the Ferredoxin-1 and MIF KO samples, total soluble protein from parasite samples 
was resolved by SDS-PAGE, transferred to a membrane and incubated with an anti-Ferredoxin-167, anti-MIF68 
and anti-TvGAPDH (Cocalico Biologicals) antibodies. Uncropped images for the corresponding immunoblots 
are included in Figure S5.

Nanoluciferase activity assay. A total of 1 × 106 parasites were harvested per reaction (in duplicate), 
washed in ice-cold 1x PBS with 5% sucrose (w/v) and resuspended at a concentration of 1 × 106 cells/100 µl in the 
same PBS/sucrose solution. Each 100 µl aliquot was mixed with 100 µl of completed NanoGlo luciferase assay 
reagent (Promega) and transferred to round bottomed white walled 96-well plates (Costar). Luciferase activity 
was analyzed by measurement with a Victor 3 model 1420 plate reader at 460 nm. Relative luminescence signal 
was measured in duplicate or triplicate for each assay and the average signal calculated +/− standard deviation.

Transfection of T. vaginalis using nucleofection and electroporation. Parasites were collected 
by centrifugation and resuspended in 100 µl T-cell, Parasite-1 or Parasite-2 buffers (Lonza) and the indicated 
amounts of DNA and parasites (1 × 107 or 5 × 107). Typically, 10 µg plasmid(s) and/or 100 µg of anneal oligos 
or PCR product was added. After five minutes of incubation at room temperature, parasites were nucleofected 
using an Amaxa nucleofector using the programs U-033, D-023 or X-100. For parasite electroporation, 5 × 107 
parasites were resuspended in 100 µl of completed TYM media and placed into electrocuvettes with the indicated 
DNA. Parasites were then electroporated using a single pulse of 350 V with 975 µF capacitance using a Bio Rad 
Gene Pulser II53. For both nucleofection and electroporation parasites were immediately resuspended into 50 ml 
of fresh completed TYM media. During recovery, parasites were treated with 1 µM Shield-1 where indicated.

Knockout of the ferredoxin-1 gene (TVAG_003900) in the MSA 1103 T. vaginalis strain74 utilized the 
nucleofection conditions (U-033 and T-cell buffer) with the substitution of pCas9-gRNA(Fd) or pMPAC::EV and 
50 µg of KO PCR product in duplicate. Parasites were recovered in completed TYM media for four hours and then 
selected for resistance to 50 µg/ml of G418. After an additional 16 hours, the parasites were harvested and resus-
pended in fresh completed TYM media and 100 µg/ml G418. After outgrowth from selection to 1 × 106 parasites/
ml, genomic DNA was extracted from ~1.5 × 107 parasites samples and PCR screening was done for the presence 
of the KO allele at the ferredoxin-1 locus (see below). The cultures with signal positive for ferredoxin-1 disruption 
were diluted and re-screened using limiting dilution until clones were obtained. The clones were screened for the 
presence of the neo gene at the ferredoxin locus as well as for the presence of the wild type ferredoxin-1 gene. All 
PCRs were performed on 100 ng of purified genomic DNA and utilized NEB Phusion polymerase, per the man-
ufacturers’ instructions. Screening for the wild-type gene used primers For-003900-1 and Rev-003900-1 (PCR 
cycle: 95 °C- 30 sec, 60 °C- 30 sec, 72 °C- 90 sec). Screening for the 5′ end of the ferredoxin-1::neo KO locus used 
primers For-003900-5UTR-1 and Rev-Neo-Int3 (PCR cycle: 95 °C- 30 sec, 60 °C- 30 sec, 72 °C- 90 sec). Screening 
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for the 3′ end of the ferredoxin-1::neo KO locus used primers For-Neo-Int2 and Rev-003900-3UTR-2 (PCR cycle: 
95 °C- 30 sec, 64 °C- 30 sec, 72 °C- 90 sec). All PCR products were confirmed by DNA sequencing.

Knockout of the mif gene (TVAG_219770) in T. vaginalis strain B7RC222 utilized nucleofection conditions 
described for the knockout of ferredoxin-1 above, except the D-023 program and V-kit buffer were utilizied, and 
pCas9-gRNA(mif) or water (for the negative control) and 100 µg of KO PCR product was used. B7RC2 parasites 
were recovered in completed TYM media for 24 hours and selected for resistance to 100 µg/ml of G418, and 30 
µg/ml of puromycin for the parasites that received pCas9-gRNA(mif). Negative control parasites that did not 
receive pCas9-gRNA(mif) were only selected with 100 µg/ml of G418. After an additional 24 hours, the parasites 
that received pCas9-gRNA(mif) were re-dosed with the 100 µg/ml G418, and 30 µg/ml of puromycin and con-
trol parasites were re-dosed with just 100 µg/ml G418. Drug selected parasites were then sub-populated into 20 
cells per well in a 96-well plate. When the parasites reached ~1 × 107 parasites/ml, genomic DNA was prepared 
for PCR screening. Initial screening was done utilizing the 5′ end of the mif::neo KO with primers For-219770-
5UTR-1 and Rev-Neo-Int4 (PCR cycle: 95 °C- 30 sec, 55 °C- 30 sec, 72 °C- 90 sec). A subpopulation with the cor-
rect Neo replacement based on 5′ UTR PCR analyses was cloned and then screened for the presence of the NeoR 
gene in the mif locus using both the 5′ primer described above and the 3′ primer For-Neo-Int3 and Rev-219770-
3UTR-1 (PCR cycle: 95 °C- 30 sec, 55 °C- 30 sec, 72 °C- 90 sec). Screening for the wild-type mif gene used primers 
For-219770-1 and Rev-219770-1 (PCR cycle: 95 °C- 30 sec, 55 °C- 30 sec, 72 °C- 30 sec). All PCR products were 
confirmed by DNA sequencing.

RT-PCR analysis of gRNA expression. Total RNA was isolated from ~1.5 × 107 parasites using the 
Direct-zol RNA Miniprep kit (Zymo) and then fractionated into small RNAs using the RNA Clean and 
Concentrator kit (Zymo). Small RNAs were further treated with the TURBO DNA-free kit (Ambion). Poly-A tails 
were then added using the Poly(A) polymerase tailing Kit (Ambion). Small RNAs were quantified and cDNA 
created by utilizing an equivalent amount of RNA in the Superscript III first strand synthesis system for RT-PCR 
(Invitrogen) using the provided oligo-dT20 primer. All PCRs were performed on one microliter of the result-
ing cDNA and utilized NEB Phusion polymerase, per the manufacturers’ instructions. For the gRNA, primers 
For-gRNA and Rev-gRNA were used to detect the gRNA and primers For-U6 and Rev-U6 were used to detect 
the U6 snRNA (for both, the PCR cycle: 98 °C- 10 sec, 55 °C- 20 sec, 72 °C- 8 sec). All samples were resolved on 
agarose-TBE gels, stained with ethidium bromide and imaged by Bio-Rad Gel Doc, as above.

Data Availability. All data generated or analysed during this study are included in this published article (and 
its Supplementary Information files).
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 Trichomonas vaginalis is a highly prevalent, yet heavily neglected, human-infective, sexually 

transmitted parasite (1, 2). With T. vaginalis adherence being a multifaceted process, identification 

and characterization of parasite cell surface factors and mechanisms both in vivo and in vitro will 

allow us to further elucidate parasite biology and pathogenesis within the host. The studies presented 

in this dissertation highlight the existence of a T. vaginalis surface expressed protein which modified 

adherence of the parasite to the host through its interaction with host glycosaminoglycans (Chapter 

2). This is an important finding as it implicates glycan binding in parasite interaction with the host 

cell and overall pathogenesis. The results presented in Chapter 3 illustrate the differences in surface 

protein abundances found within more adherent parasites. This data, when compared to the similarly 

selected strains employed in Chapter 2, highlight how different strains will utilize different factors 

for parasite binding to the host. Multiple factors, like adherence proteins and the endosymbiont 

Mycoplasma hominis, have been implicated in T. vaginalis virulence, yet had not been examined in 

vivo due to the lack of a reliable animal model. In Chapter 4, we developed a male mouse model for 

the study of T. vaginalis pathogenesis  in vivo and determined that both adherence and the presence 

of M. hominis affect parasite viability in the host. To facilitate the study of gene function and 

mechanisms involved in parasite biology and pathogenesis, efforts in adapting CRISPR-Cas9 to edit 

the T. vaginalis genome is described in Chapter 5. Collectively, these findings reveal a role for host 

glycans in parasite adherence, how factors such as adherence ability and the endosymbiont determine 

the outcome during in vivo infection, and how the field is employing novel genetic tools to continue 

elucidating the biology and pathogenesis of this parasitic organism. 

 

TvAD1 and its role in parasite adherence to the host epithelium 

TvAD1 (TVAG_157210) is the first identified T. vaginalis surface protein implicated in 

adherence which interacts with host glycans to mediate parasite adherence to host cells. This protein 
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was identified in a previous proteomic study as a hypothetical surface protein and was found to be 

present on both adherent and lowly adherent T. vaginalis strains (3), but did not garner enough 

attention until this present study. Using isogenic parasites which underwent a novel selection method 

in order to create a more adherent (MA) population, TvAD1 was identified to be 4.13-fold more 

abundant on the more adherent parasites compared to parental (P) using quantitative proteomics 

(Chapter 2). In addition, loss-of-function studies using CRISPR-Cas9 (4, Chapter 5) determined that 

adherence is negatively affected when TvAD1 is eliminated, while a TvAD1 rescued strain exhibited 

a partially restored phenotype. Furthermore, we show that our adherence selection approach selected 

for factors that interact with host surface glycans and that TvAD1interacts with the host 

glycosaminoglycan, heparan sulfate, to mediate T. vaginalis adherence (Chapter 2). 

In humans, glycosaminoglycans (GAG), such as heparan sulfate (HS), comprise large 

polysaccharides commonly found coating epithelial cells and extracellular matrices (5, 6). 

Previous studies using pathogenic bacteria and viruses that bind and modify host glycans, such as 

heparan sulfate, have successfully established a role for glycosaminoglycans in host colonization (7–

10). As T. vaginalis adherence is a multifaceted process (11, 12), it is understandable that the 

parasite has also adapted to use a similar approach for colonization and infection. Furthermore, 

the Johnson laboratory recently described an abundant exosomal surface T. vaginalis protein, 4-

⍺-glucanotranferase (TVAG_222040), as a HS binding protein (13). T. vaginalis exosomes have 

been shown to help mediate parasite adherence to the host (14). Proteins of the 4-⍺-

glucanotranferase family were also identified in the surface proteomic studies described in 

Chapter 2 and Chapter 3. Therefore, results from three independent experiments, using different 

biochemical approaches underscore the importance of the interaction between T. vaginalis 

surface proteins and host proteoglycans in parasite pathobiology. 
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Importance of identifying additional proteins that may contribute to pathogenesis 

 T. vaginalis adherence to the host epithelium is a multifaceted process in which many 

parasite factors have been shown to play a role (3, 14–23). As a result, it is imperative that we 

identify and characterize parasite adherence factors to better understand parasite biology and 

pathogenesis. Chapter 3 employed the novel selection method described in Chapter 2 to create 

isogenic parasites with varying adherence abilities except it employed a moderately adherent 

strain, B7RC2 (24). This proteomic data set, like that reported for the LSU 160 strains in Chapter 

2, resulted in multiple differentially abundant proteins in MA vs. P. More specifically, 41 

proteins were identified to be 2-fold or greater in abundance on B7RC2 MA parasites compared 

to P. A comparison between these 41 differentially abundant proteins and the 28 identified from 

the LSU 160 MA vs. P proteome (Table 2-1) only exhibited an overlap of 11 proteins; 6 proteins 

after membrane-associated and cytoskeletal proteins were disregarded. Such minimal crossover 

of proteins between strains that underwent identical selective methods suggests that while 

adherence to the host is critical for parasite survival, the proteins utilized for adherence and their 

abundance will vary between strains. This is further corroborated by the 2010 proteomic study 

which not only determined that adherence proteins found on the parasite surface were more 

abundant in the adherent strains compared to the lowly adherent strains, but that there was also a 

difference in adherence protein abundance between the adherent T. vaginalis strains (3). 

Therefore, it is possible that common biological mechanisms of adherence may be conserved 

across different T. vaginalis strains, but it’s the type or the abundance of these proteins and 

surface molecules which dictate the degree of adherence (24). 

 Of the 6 proteins that did overlap between the LSU 160 and B7RC2 MA vs. P proteomic 

analyses, 5 were able to be further identified by in silico analyses. These proteins were all 
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predicted to be involved in cell adhesion through interactions with components of the host 

extracellular matrix (ECM) such as collagen, glycosaminoglycans, and protocadherin/cadherin-

like proteins. A cadherin-like protein (21) and glycosaminoglycan-interacting protein (25) have 

already been implicated in T. vaginalis adherence to host cells, but parasite adherence mediated 

by a collagen interaction has yet to be identified. The observation that protocadherin/cadherin-

like proteins and ECM-binding proteins appear across these independent surface proteomic 

datasets underscores their importance in parasite binding to the host as well as suggesting that 

our novel adherence selection method used to generate MA parasites in Chapters 2 and 3 of this 

dissertation may have also selectively enriched for proteins of this nature. Additional study into 

these T. vaginalis differentially abundant proteins are necessary to confirm their involvement in 

T. vaginalis adherence and pathogenesis. A better understanding of the types and importance of 

T. vaginalis adherence factors will better elucidate how a parasite establishes infection and if 

there are strain-dependent differences in adherence ability. 

 

An animal model for the study of T. vaginalis pathogenesis 

 We have developed the first male mouse model for the study of T. vaginalis survival in vivo. 

Previous attempts at establishing a female mouse model have seen high levels of variability and a 

lack of reproducibility as a result (26–30). However, a reliable in vivo animal model has been sought 

after to study disease pathophysiology and the host immune response to trichomoniasis (31). Our 

infection approach is very similar to that reported for the infection of Wistar rats (32), yet we used 

nanoluciferase as a readout for measuring parasite burden. This allowed us to determine whether 

pathogenesis factors such as adherence ability and the presence of the Mycoplasma hominis 

endosymbiont play a role in in vivo survival. Through these studies we determined that an increased 

adherence ability and the absence of M. hominis independently increased parasite survivability within 
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the host. In terms of adherence, this finding is consistent with stains displaying higher levels of in 

vitro adherence (24) which should cause a higher titer and longer lasting survival. A similar 

phenomenon was seen in a Listeria monocytogenes infection model (33). Furthermore, the 

presence of M. hominis in vivo decreased parasite numbers contrary to the in vitro data 

previously observed (34). It is possible that M. hominis does in fact confer a fitness advantage in 

vivo as is seen in vitro, but that the immune response is also triggered in response to M. hominis. 

As a result, the benefits provided by M. hominis seem to offset the disadvantages and would 

explain the successful immune responses observed in patients infected with both T. vaginalis and 

M. hominis (35). Furthermore, this male mouse model may allow for the reproducible study of T. 

vaginalis pathogenesis in vivo, which was difficult to successfully measure using the reported 

female mouse models (27, 29, 30, 36, 37). Future experiments examining additional virulence 

factors in vivo may allow researchers to unravel the mechanisms of infection as well study host 

inflammation and pathology which results from a T. vaginalis and/or M. hominis infection. 

 

Application of CRISPR-Cas9 in T. vaginalis 

 The CRISPR-Cas9 system has significantly improved the ability to knockout genes in T. 

vaginalis and has subsequently made it easier to study gene function and elucidate their involvement 

in parasite biology and pathogenesis (4). However, the need to use the homology-directed repair 

pathway as the other pathways do not exist requires the use of a knockout cassette which is 

comprised of an antibiotic resistance gene flanked with homologous arms for directional insertion. 

Unfortunately, only two antibiotic resistance genes have been successfully used in T. vaginalis as 

selective markers (38, 39). With the T. vaginalis genome encoding ~60,000 protein coding genes and 

many of them belonging to large gene families (16, 40), studying protein and protein family 

functions becomes increasingly difficult. The CRISPRi knockdown system, which is built upon the 
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CRISPR-Cas9 system and uses catalytically inactive Cas9 and target specific gRNAs, targets RNA 

transcription to block its initiation or elongation (41, 42). Unlike the CRISPR-Cas9 knockout 

approach, CRISPRi can block the transcription of the target gene and additional gene copies in the 

genome, resulting in a knockdown of the target proteins without the need for selectable markers. For 

these reasons, optimizing the CRISPRi system for use in T. vaginalis is crucial to provide researchers 

a more efficient approach to manipulate gene expression for the study of their functions. 

 Overall, this dissertation work has employed a novel selection method to identify putative T. 

vaginalis surface adherence proteins in two T. vaginalis strains, identified a novel adherence surface 

protein that modulates parasite adherence through an interaction with host glycosaminoglycans, 

developed a new male mouse model for the study of T. vaginalis pathogenesis in vivo, and adapted 

the CRISPR-Cas9 system for gene knockout in T. vaginalis. Using well-defined molecular 

approaches in addition to newly developed techniques, this work has investigated the T. vaginalis’ 

adherence factors and mechanism both in vitro and in vivo and led to a deeper understanding of T. 

vaginalis pathogenesis. Understanding how T. vaginalis establishes and maintains by elucidating the 

players and mechanisms involved could also lead to the development of novel therapeutics for this 

highly neglected pathogen.  
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