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                                                                   Abstract 

 

The human vaginal tract harbours a large number of microbes believed to play a role in 

influencing the outcome of vaginal infections. One specific vaginal microbiota composition, 

known as community state type IV (CST-IV), has been linked to an 8-fold increase in infections 

by the human protozoan parasite Trichomonas vaginalis, causative agent of the most common 

non-viral sexually transmitted disease, trichomoniasis. The combined effect of T. vaginalis and 

CST-IV bacteria on host cells is poorly understood. This thesis aims to address this knowledge 

gap by investigating interactions between T. vaginalis and the CST-IV bacteria, and 

particularly how this polymicrobial combination impacts the human vaginal epithelial cells 

(hVECs). Several complementary approaches were employed, including studies of microbial 

growth, antibiotic (metronidazole) resistance and interaction with the mucus layer; host cell 

studies of paracellular permeability, tight junction integrity, cytokine production, metabolic 

activity and early apoptosis. This research demonstrated for the first time that CST-IV bacteria 

aid T. vaginalis in not only resisting metronidazole treatment but also in propagating under 

unfavourable environmental conditions, reflecting nutrient-deprived vaginal conditions. 

Moreover, it was demonstrated in vitro that CST-IV associated bacteria assist the migration of 

T. vaginalis through the mucus layer. The combination of CST-IV bacteria 

and T. vaginalis adversely affects host cells by increasing paracellular permeability, due to 

decreased tight junction integrity, most likely due to a combined effect of cytokine and 

phosphatase production. It was also determined that CST-IV bacteria increase 

T. vaginalis adherence in a concentration- and contact-dependent manner, and induce early 

apoptosis of hVECs. In conclusion, this thesis shows that the anaerobic CST-IV bacteria 

increase pathogenicity of T. vaginalis and together these microorganisms synergistically affect 

the barrier function of the human vaginal epithelial cells. These findings establish the 

importance of microbiota composition in regards to trichomoniasis infection outcomes.  
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1. General Introduction 

 Microbial cells are as abundant as somatic cells with an estimated 500 - 1000 different 

species (Gilbert et al., 2018). Studies with Germ-free mice demonstrated that a diverse bacterial 

microbiota plays an important role in normal physiology, as well as in health and disease, with 

dysbiosis (i.e. unbalanced microbiota) increasing the risk of infection (Grover & Kashyap, 

2014). The National Institute of Health committed 100,000,000 US$ to the human microbiome 

project which is laid out to investigate five different sites; the oral and nasal cavity, 

gastrointestinal, genital-urinary tract and the skin (Lamont et al., 2011). Most focus has been 

on the microbiota of the gut and oral cavity but also other surfaces such as the human vagina 

are colonised by a vast number of commensal microorganisms constituting the microbiota, 

which plays a profound role in reproductive health (Hill et al., 2005; Lamont et al., 2011; 

Mirmonsef et al., 2011; Ma et al., 2012). Recent studies indicated that the microbiota of the 

female vagina can be divided into five so called community state types (CST) and that a specific 

vaginal microbiota composition, called community state type IV (CST-IV), is associated with 

an increase in acquisition of the human protozoan parasite Trichomonas vaginalis (Brotman et 

al., 2012). In addition, this specific microbiota showed an increase in infections with the 

bacterium Chlamydia trachomatis (Tamarelle et al., 2018). The decrease of lactobacilli and the 

increase of anaerobic bacteria (namely Gardnerella vaginalis, Atopobium vaginae and 

Prevotella bivia) define the composition of CST-IV. Notably, these bacteria are also associated 

with another very common vaginal infection, namely bacterial vaginosis (BV; Rathod et al., 

2011). The human vaginal protozoan parasite T. vaginalis is the causative agent of the most 

common non-viral sexually transmitted disease, trichomoniasis (Petrin et al., 1998). The 

overall aim of this study is to explore whether CST-IV bacteria (Gardnerella vaginalis, 

Atopobium vaginae and Prevotella bivia) affect T. vaginalis and if the co-incubation of CST-IV 

and T. vaginalis affect the human vaginal epithelial cell (hVECs) layer. The following 
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introduction includes the necessary background about the parasite, the vaginal microbiota and 

polymicrobial infections in order to equip the reader with the essential context of this project. 

 

1.1 The human vagina and associated microorganisms 

The human genital tract is a unique body environment that is required to provide 

mucosal immunity against infection and must simultaneously tolerate sperm and 

embryos/foetuses. The reproductive tract can be divided into three major areas: the vagina and 

ectocervix, endometrium and fallopian tubes, and the endocervix (Quayle, 2002).  

The vagina is part of the human female reproductive tract and extends from the vulva 

to the cervix. The vaginal surface (on average ~360 cm2) is the first point of contact between 

the female internal sexual organs and the environment. The vagina is also the outlet for 

menstrual flow and the channel for childbirth. Anatomically, the vagina is a tubular 10 cm long 

fibro-muscle canal lined with non-keratinised squamous epithelium, that is 150-200 µm thick, 

and areolar connective tissue which lies in a series of transverse folds, called rugae (Iwasaki, 

2010; Tortora & Derrickson, 2012). While little is known about differentiation of the vaginal 

epithelium, the histological structure is very similar to skin epithelium, including the 

mitotically active stratum basale, a superbasal layer and a flattened cornified stratum corneum. 

The cornified layers lose their nuclei and cytoplasmic organelles during differentiation 

(Anderson et al., 2014). Figure 1.1 shows the individual anatomical parts of the female 

reproductive tract and the epithelial structure (Iwasaki, 2010).  
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Figure 1.1 Anatomy of the female genital tract (left) and details of the genital mucosae (right). The 

female genital tract consists of the upper reproductive tract (uterus, cervix) and the lower reproductive 

tract (vagina)(Reproduced with permission from Iwasaki, 2010).   

 

 

Similarly to other surfaces in our body, the surface of the human vagina is colonised by 

a vast number of commensal microorganisms constituting the vaginal microbiota. The vaginal 

microbiota plays an important role in reproductive health (Hill et al., 2005; Lamont et al., 2011; 

Mirmonsef et al., 2011; Ma et al., 2012). However, there remains a lack of understanding about 

how the different microbial populations interact with each other and with the host and how this 

finely-balanced microbial environment is maintained (Tlaskalová-Hogenová et al., 2004; Ma 

et al., 2012).  

The vaginal tract of the mother is the first source of microbial colonisation of the new-

born. In case of Caesarean sections, as compared to a vaginal birth, it was shown that up to 

seven years after birth some children showed differences in their gut microbiota (Salminen et 

al., 2004; Neu & Rushing, 2011). In the first two to four weeks after birth, maternal oestrogen 

provided in breast milk promotes proliferation and thickening of the vaginal mucosa and 

production of glycogen that is utilised by the first microbial colonisers (Dominguez-Bello et 

al., 2010). The presence of glycogen and the subsequent ability of the microbiota to colonise 

leads to an increase of lactic acid-producing bacteria, which brings the local pH close to neutral 
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(Hammerschlag et al., 1978; Farage & Maibach, 2006). During the pre-pubescent stage in the 

female life cycle the microbiota consists of a diverse range of aerobic, strictly anaerobic and 

enteric species of bacteria (Godha et al., 2018). The start of menarche leads to systemic 

production of oestrogen which causes the vaginal epithelium to thicken even more along with 

a boost of glycogen depositions in the epithelium (Dominguez-Bello et al., 2010). The 

glycogen is used by lactobacilli as energy source. As a result, accumulation of lactic acid 

further decreases vaginal pH to an acidic level (Zhou, 2004) which is selective to a range of 

microorganisms such as Lactobacillus spp., Atopobium, Leptotrichia, Leuconostoc, 

Megasphaera, Pediococcus, Streptococcus, Prevotella and Weisella (Ravel et al. 2011). 

Exfoliation during menses maintains the anaerobic glycolysis by lactobacilli and other species 

of the vaginal microbiota by consuming glycogen from the exfoliated cells (Nauth, 2007). 

Although the establishment of lactobacilli in the vagina leads to an acidic mucosal environment 

(pH 3-4), pH does vary during the menstrual cycle. In general, oestrogen dictates the viscosity, 

glycogen level and lactic acid production. The physiological fluctuation of oestrogen levels at 

pre-menopause age changes the vaginal pH in accordance to the menstrual cycle (Wagner & 

Ottesen, 1982; Hill et al., 2005). During menstruation, the vaginal pH is around 6 (day 2) and 

decreases again to 4 (day 4), most likely due to fluctuations in the recovery rate of Lactobacillus 

species (Eschenbach et al., 2000). With the onset of menopause, the vaginal pH rises to 4.5 or 

5. In addition, the epithelium becomes very thin as the frequency of mitosis in the basal and 

parabasal layers decreases (Godha et al., 2018). In addition, decreased oestrogen reduces the 

production of glycogen, leading to a decrease in lactobacilli and other lactic acid-producing 

bacteria (Larsen et al., 1982; Ginkel et al., 1993).  

Even though the exact mechanisms were unclear, microbial colonisation of the female 

reproductive tract has been recognised for over a century. In 1887, Dӧderlein examined vaginal 

secretions and subsequently described what is known today as lactobacilli, the most common 
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bacterial type present in vaginal secretions (Lamont et al., 2011). With the application of 

culture-independent approaches such as 16S rRNA gene amplicon sequencing, the individual 

species of Lactobacillus were able to be identified (Ma et al., 2012; Rampersaud et al., 2012). 

Since then, next-generation sequencing has identified over 120 Lactobacillus species, with 

more than 20 found in the vagina (Rampersaud et al., 2012). The most common species of 

Lactobacillus in the vagina are L. crispatus, L. iners, L. gasseri and L. jensenii (Lamont et al., 

2011). As previously mentioned, resident bacterial communities represent the key 

antimicrobial defence in the vagina promoting reproductive health (Witkin & Linhares, 2017). 

The acidity of the vaginal pH promoted by lactic acid-producing bacteria (i.e. lactobacilli) is 

seen as beneficial to the host (Boris & Barbes, 2000). Lactobacilli also produce bacteriocins 

which kill other bacteria, and their ability to adhere to the epithelium prevents binding of other 

microorganisms (Ojala et al., 2014; Phukan et al., 2018).  

In recent years, cross-sectional studies of asymptomatic women led to the classification 

of the vaginal microbiota into five so-called community state types (CST) (Ravel et al., 2011). 

A large-scale survey by Ravel et al. (2011) of 394 healthy, pre-menopausal women showed 

that four of these CSTs are dominated by one or other species of Lactobacillus. L. iners is 

dominant in 34.1 %, L. crispatus in 26.2 %, L. gasseri in 6.3 % and L. jensenii in 5.2 % of the 

examined women. These four CSTs represent 72 % of the cohort. The remaining 28 % of 

women lack a significant number of lactobacilli. These women, who harbour the microbial 

community type CST-IV, display a species-rich community composed of mostly anaerobic 

bacteria such as A. vaginae, Corynebacterium, Anaerococcus, Peptoniphilus, Prevotella spp., 

G. vaginalis, Mobiluncus spp., and Megasphaera elsdenii, among others (Figure 1.2; Lamont 

et al., 2011; Ravel et al., 2011; Ma et al., 2012).  
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Figure 1.2 – Vaginal bacterial community composition. Representation of a heat-map of log10-

transformed proportions of bacterial taxa found in the vagina of 394 women of reproductive age. These 

women were equally distributed over four ethnic groups; Asian (n=97), Hispanic (n=97), African-

American (n=104) and Caucasian (n=98). Represents the five community state type (CST) groups and 

their corresponding microbiota composition. In CST-II L. gasseri is most abundant, in CST-III L. iners, 

in CST-I L. crispatus, in CST-V L. jensenii and in CST- IV the anaerobic bacteria are most abundant 

(Reproduced with permission from Ravel et al, 2011).  
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1.2 Vaginal infections 

Although the vaginal mucosa is considered a tightly balanced barrier against pathogen 

invasion, one million people nonetheless acquire sexually transmitted infections (STI) every 

day, according to the world health organisation (WHO; WHO, 2018). Roughly 37 million 

people worldwide were living with the human immunodeficiency virus (HIV) at the end of 

2017 (WHO, 2018). The worldwide prevalence of genital human papillomavirus (HPV) 

infection is estimated at 440 million people. The Herpes simplex virus type 2 causes 23.6 

million new genital infections/year (Saslow et al., 2007; Looker et al., 2008; Nardis et al., 

2013). The prevalence of bacterial sexual infections is also alarming. Neisseria gonorrheae 

infects an estimated 78 million people per year, while Chlamydia trachomatis causes 131 

million new infections annually (WHO, 2018). Syphilis, caused by the bacterium Treponema 

pallidum, affects an estimated 5.6 million people per year worldwide (WHO, 2018;  Nardis et 

al., 2013). A common genital infection, which is often neglected for not causing mortality, is 

trichomoniasis (Secor et al., 2014; Menezes et al., 2016). This is caused by the protozoal 

pathogen Trichomonas vaginalis, the main focus of this thesis. Aside from viruses, 

trichomoniasis is the most common STI worldwide, accounting for almost a quarter of a billion 

infections annually (more than N. gonorrheae and C. trachomatis together) (Ginocchio et al., 

2012). Finally, but still important, a sexual condition known as bacterial vaginosis (BV) does 

affect up to 3 out of 4 women in America (Koumans et al., 2007). While sexual transmission 

of BV is disputed, this polymicrobial infection has gyneco-obstetric consequences (Minkoff et 

al., 1984; Tabatabaei et al., 2018). In the following sections of this chapter, T. vaginalis and 

BV will be further discussed. 
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1.2.1 Trichomoniasis  

Trichomoniasis is an STI caused by infection by the extracellular protozoan parasite 

T. vaginalis, the only protozoan of the human urogenital tract (Petrin et al., 1998). Assessment 

of epidemiological data of trichomoniasis is difficult as it is not a reportable disease in any 

country (Poole & McClelland, 2013). Hence, the best estimate is likely that of the WHO, which 

indicates a figure of 143 million new cases of infections per year worldwide (WHO, 2018). 

With a higher incidence than C. trachomatis and N. gonorrhoeae infections combined, these 

numbers imply that trichomoniasis is the most common non-viral STI worldwide (WHO, 2018; 

Edwards et al., 2014). However, several studies showed a rather high variation in prevalence 

within countries, which might be due to differ testing for the infection, but also between 

countries most like due to the lack of reporting. In the US, prevalence of trichomonas infections 

is estimated at 2.5-26.2 % (Menezes et al., 2016), while in Asia trichomoniasis prevalence is 

7.8 % in South Korea and 8.5 % in India (Madhivanan et al. 2009; Kim, 2013). Among 

indigenous Australians, prevalence varies between 8.5 % and 48 % (Ryder et al., 2012; Bygott 

& Robson, 2013). Nordic European countries show a prevalence of 1.5 % (Faber et al., 2011). 

In South Africa, a variation of 6.5 % to 46 % of T. vaginalis infections has been reported 

(Naidoo & Wand, 2013). In South America, similar prevalence of trichomoniasis was observed 

in Argentina (7.6 %), Chile (7.8 %) and Peru (9.1%) (Salomon et al., 2011; Neira et al., 2005; 

Leon et al., 2009). However, in Brazil there was again a variation of 2.6 % to 20 % in the 

prevalence of trichomoniasis (Rafael et al., 2006; Luppi et al., 2011; Grama et al., 2013). 

Another problem in collecting data is that up to 85 % of cases can be asymptomatic with a 

healthy vaginal pH of 3.8 to 4.2 (Petrin et al., 1998), although a third of these cases will develop 

symptoms within six months (Edwards et al., 2014). Due to the underestimation of prevalence 

and the absence of a surveillance system to determine actual prevalence and treatment success, 
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Secor et al. classified trichomonasis as a neglected disease for which the impact has been 

underestimated; it is therefore deserving more attention (Secor et al., 2014).      

 

1.2.1.1 Clinical manifestation  

Infection with T. vaginalis results in a variety of clinical manifestations. In addition to 

asymptomatic cases, the disease is uneven between genders. While 50 -75 % of infected women 

show symptoms, only 15 – 50 % of men show any clinical sign of trichomoniasis (Sparks, 

1991; Lehker & Alderete, 2000; Swygard, 2004). The infection itself is restricted to the 

urogenital tract and patients can exhibit a wide array of symptoms (Lewis, 2010). An odorous 

vaginal discharge (as a result of leukocytic infiltration, pruritus and irritation) is mostly seen 

(Wolner-Hanssen et al., 1989; Lazenby et al., 2013), but this can also be associated with other 

etiological causes of vaginitis and cervicitis (Wolner-Hanssen et al., 1989). A more typical 

symptom of trichomoniasis is colpitis macularis or “strawberry cervix”, but it only occurs in 

about 2 – 5 % of symptomatic women (Figure 1.3). Infected men may remain asymptomatic or 

develop symptoms related to urethritis and prostatitis (Gilbert et al., 2000).   

 

Figure 1.3 – The clinical appearance of a ’strawberry cervix’ upon colposcopic examination. The 

cervix shows an erythematous, punctuate, and pipilliform appearance typically associated with 

T. vaginalis infection (Reproduced with permission Basu P, Sankaranarayanan R (2017). Atlas of 

Colposcopy – Principles and Practice: IARC CancerBase No. 13 [Internet]. Lyon, France: 

International Agency for Research on Cancer. Available from: http://screening.iarc.fr/atlascolpo.php, 

accessed on 5.4. 2019). 

http://screening.iarc.fr/atlascolpo.php
http://screening.iarc.fr/pici/C1biic.jpg
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In addition to the clinical symptoms, a main issue of trichomoniasis is its association 

with other serious risks and complications such as increased risk of HIV (Poole & McClelland, 

2013), development of cervical cancer (Gilbert et al., 2000), atypical pelvic inflammatory 

disease (Petrin et al., 1998) and adverse pregnancy outcomes (Cotch et al., 1997). In the year 

2000, estimated direct costs of trichomoniasis in the US alone amounted to US$ 34.2 million 

(Chesson et al., 2004). This estimate did not include the increased costs of subsequent 

complications such as HIV infection, cervical cancer, pelvic inflammatory diseases or the 

severe pregnancy outcomes associated with T. vaginalis infection.  All of these factors make 

this infection a matter of grave health concern and add an economic burden to healthcare 

systems.  

 

1.2.1.2 Diagnosis  

A lack of a typical symptomatology makes diagnose of trichomoniasis difficult. In 

addition to a large number of asymptomatic cases, only ~25 % of female patients present a 

frothy malodourous vaginal discharge. As early as 1980 it was shown that if only these features 

are being used to diagnose trichomoniasis, 88 % of cases will not be diagnosed and 29 % will 

be falsely diagnosed with trichomoniasis. Therefore, diagnosis today is carried out mainly by 

microscopic techniques, by examining wet mounts of vaginal swabs for motile flagellated 

parasites (Edwards et al., 2014). Yet, even this method is not optimal as sensitivity is only 

about 60 %, even among experienced technicians. If the number of parasites is too low, they 

might not be detected (Garber, 2005) and even a 10-minute delay in sample acquisition can 

reduce sensitivity to just 20 % (Kingston et al., 2003). Therefore, culturing T. vaginalis is 

preferred, but this involves a lengthy gap between the acquisition of the sample and final 

diagnosis, up to 7 days (Edwards et al., 2014). Another issue is that clinics or laboratories need 

to have access to special medium, Diamond’s or Trichosel (Van Der Pol, 2016). To circumvent 
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this, a special InPouch culture method is commercially available (Sood et al., 2007). However, 

again a delay in diagnosis for culturing the protozoan remains an issue. The most efficient and 

sensitive methods so far are nucleic acid detection systems, such as Affirm VPIII or Aptima 

(Nye et al., 2009). These can detect very few cells, with specificity and sensitivity of ~95 % 

(Harp & Chowdhury, 2011). A study in 2012, using the NAAT (nucleic acid amplification test) 

on 3,821 samples from women and 2,514 from men showed a 1.3 higher detection rate when 

compared to wet mounts, confirming the expected lack of sensitivity of the latter (Schwebke 

et al. 2011; Ginocchio et al., 2012; Muzny et al., 2014). However, not every health clinic in a 

developing or even developed country may have access to these tests on site. Cost and 

practicality have to be applied as exclusion criteria for T. vaginalis screening. This is likely to 

result in many untreated patients spreading and maintaining infections in human populations. 

 

1.2.1.3 Treatment 

Drugs of the 5-nitroimidazole group are the preferred choice for the treatment of 

anaerobic infections of protozoal and bacterial nature. For trichomoniasis, the derivatives 

metronidazole and tinidazole are the only Food and Drug Administration (FDA)-approved 

drugs in the US (Fung & Doan, 2005). Metronidazole was particularly developed to treat 

trichomoniasis in 1959 by Cosar and Julou and approved for clinical use in the following year; 

tinidazole followed in 1969 (Raja et al., 2016). The recommended oral treatment for 

trichomoniasis is either 250 mg, three times a day for 7 days, or a single dose of 2 g, according 

to WHO and CDC guidelines (Petrin et al., 1998). Both drugs belong to the so-called prodrugs 

category and need to be reduced first to become toxic against the parasite (Leitsch et al., 2014). 

Therefore, the activity of metronidazole depends on the metabolic activity of the parasite 

(Heine & McGregor, 1993; Leitsch, 2017). After reaching protozoan cells via passive diffusion 

(Löfmark, 2010), the prodrug is converted into reactive intermediates by reduction of the nitro 
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group (Müller & Gorrell, 1983) forming a short-lived toxic radical (Dunne et al., 2003). In 

T. vaginalis, the reduction of metronidazole is carried out by the enzyme pyruvate: ferredoxin 

oxidoreductase (PFOR) which transfers electrons from pyruvate to the electron carrier 

ferredoxin which in turn transfers electrons to the nitro group of metronidazole (Leitsch, 2017). 

As an electron transport system is employed, this creates a concentration gradient, decreasing 

intracellular levels and thus favouring the uptake of more tinidazole/metronidazole (Fung & 

Doan, 2005). Once activated, the drug reacts with DNA, inhibiting DNA synthesis and 

resulting in DNA damage by oxidation (Ings et al., 1974; Löfmark et al., 2010).  

However, ferredoxin knock-out mutants of T. vaginalis displayed only minimal 

amounts of PFOR but remained susceptible to metronidazole (Land et al., 2002), implying an 

alternative pathway for metronidazole activation in T. vaginalis. Recently, metronidazole 

activation through reduction of ferredoxin via NAD:ferredoxin oxidoreductase using NADH 

generated by hydrogenosomal decarboxylating malate dehydrogenase has been suggested 

(Hrdy et al., 2005). More recently, two other cytosolic enzymes, namely thioredoxin reductase 

and flavin reductase 1, have been identified in metronidazole activation as they play an 

important role in oxygen scavenging (Leitsch et al., 2010; Leitsch et al., 2011; Leitsch et al., 

2014).  

As with many other antibiotics in recent years, the number of drug-resistant cases has 

increased. In T. vaginalis several mechanisms of resistance have been observed: ‘aerobic’ or 

clinical resistance and ‘anaerobic’ or laboratory resistance (Meingassner et al., 1979; 

Cerkasovova et al., 1984). Clinical resistance is usually caused by a defective system of oxygen 

scavenging leading to increased levels of intracellular oxygen which counteracts metronidazole 

activation (Mason & Holtzman, 1975; Yarlett et al., 1986a). Anaerobic resistance is only 

induced in laboratory settings, but an exception has been seen in the clinical strain B7268 

(Voolmann & Boreham, 1993; Upcroft & Upcroft, 2001). Resistant strains show a lack of 
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PFOR and hydrogenase and consequently produce no hydrogen (Kulda et al., 1993). Other 

enzymes which are rendered inactive in laboratory resistance are flavin reductase 1 and 

thioredoxin reductase (Letisch et al., 2009). Nevertheless, several traits of aerobic and 

anaerobic resistance are similar. Expression of flavin reductase 1 is decreased or abolished, 

increasing intracellular oxygen levels (Ellis et al., 1992; Leitsch et al., 2012). In general, a 

defective metronidazole pathway including a lack of pyruvate: ferredoxin oxidoreductase and 

thioredoxin reductase is associated with anaerobic resistance while flavin reductase and a 

subsequent rise in intracellular oxygen levels has been observed with both resistance 

mechanisms (Yarlett et al., 1985; Yarlett et al., 1986a; Kulda et al., 1993; Leitsch et al., 2009).   

   

1.2.1.4 The (patho)biology of T. vaginalis 

T. vaginalis is a human-restricted parasite being obligately extracellular in intimate 

association with the surface of the urogenital mucosa. This flagellated protozoan is usually 

pear-shaped in culture but changes to an amoeboid form when adhering to vaginal tissue, which 

increases surface contact with host cells (Schwebke & Burgess, 2004; Harp & Chowdhury, 

2011). The parasite has an average length and width of 10 μm and 7 μm, respectively (Petrin 

et al., 1998). The structure of the parasite is unique, possessing five flagella with four of them 

located in the posterior part moving in a two pair cilia-type pattern (Lee et al., 2009). The fifth, 

recurrent flagellum is incorporated into an undulating membrane (Petrin et al., 1998). 

Furthermore, T. vaginalis has some unusual organelles and subcellular structures. Beside a 

large nucleus, the cell contains a costa-pelta-axostyle system (Schwebke & Burgess, 2004). 

The pelta-axostyle system consists of the axostyle and runs from the anterior to the posterior 

of the cell (Benchimol et al., 2000; Schwebke & Burgess, 2004). The exact role of the axostyle 

is not yet known but it is believed to have a supportive structural role. The pelta, which consists 

of microtubule sheets, supports the peri flagellar canal from which the flagella protrude 
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(Schwebke & Burgess, 2004; Lee et al., 2009). The costa is a wheel-like structure thought to 

support the overlying undulating membrane. The parabasal filaments are striated fibres, 

protruding through the cell to the posterior region, and are thought to play a role in cell integrity 

(Lee et al., 2009). 

One  feature of T. vaginalis is that it lacks mitochondria but instead contains organelles 

called hydrogenosomes which produce molecular hydrogen and ATP (Harp & 

Chowdhury, 2011). In hydrogenosomes, the enzyme pyruvate:ferredoxin oxidoreductase 

carries out the metabolism of pyruvate (Embley et al., 2003). Even though T. vaginalis has a 

unique structure, the life cycle of the parasite is rather simple (Figure 1.4). T. vaginalis is 

transmitted by vaginal intercourse and only exists as a flagellated trophozoite. To date, no cyst 

stage has been observed. Therefore, T. vaginalis cannot survive outside the host. The parasite 

divides asexually by binary fission (Schwebke & Burgess, 2004). However, pseudocysts may 

exist and have been more convincingly described in the bovine-relative trichomonad 

Tritrichomonas foetus (de Andrade Rosa et al., 2015). 
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Figure 1.4 – The life cycle of T. vaginalis. This figures shows the three stages of T. vaginalis, which 

starts with it residing in the urogenital tract where it multiplies by binary fission. Transmission occurs 

by sexual intercourse (CDC; http://www.cdc.gov/dpdx/trichomoniasis/). Parasite colonisation is host 

site restricted, i.e. between the vagina to the ectocervix in women and urethra to the prostate in men. 

T. vaginalis cannot invade tissues or disseminate to other body sites. 

 

T. vaginalis is believed to belong to one of the earliest branching lineages of eukaryotes, 

the phylum Parabasalia (Schwebke & Burgess, 2004), and was the first of its group to have its 

genome sequenced and published (strain G3) (Carlton et al., 2007). A set of ~ 60,000 protein-

coding genes was found, which are organised into six chromosomes. However, 65 % of the 

genes are repetitive and are clustered in highly homogenous repeat families (virus-like, 

transposon-like, retrotransposon-like, and unclassified repeats), which prevented a complete 

assembly of the genome (Carlton et al., 2007).  

The pathobiology of the parasite involves a multi-step process with successful 

colonisation depending on cytoadherence, cytolysis and evasion of the immune system. The 

research here has been mostly done with infections of vaginal cells in tissue culture, evaluating 

http://www.cdc.gov/dpdx/trichomoniasis/
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the effects of parasites on adhesion to and damage of host cells. Hence, these two virulence 

aspects will be discussed further in the next paragraphs. 

As an extracellular organism, the parasite has to circumvent the mucus barrier and 

adhere to the vaginal epithelial cells to establish infection. The level of cytoadherence of 

Trichomonas varies between strains and isolates (Lustig et al., 2013). The cytoadherence 

involves multiple molecules on the parasite surface as well as molecules associated with the 

host cells. Molecules responsible for the parasite’s binding to the host cells can be divided into 

three main groups; (1) metabolic proteins, (2) lipoglycans (LG) and (3) putative membrane 

proteins (as revised in Ryan et al., 2011a) (Figure 1.5).  

 

 

Figure 1.5 – T. vaginalis interaction with host cells and substrates. Various membrane molecules are 

apparently involved in T. vaginalis binding to host cells and substrates; the lipophosphoglycan (LPG), 

hypothetical proteins (Hyp Prot), membrane proteins with conserved domains (Cons Memb Prot) and 

dual function proteins (Dual Fxn Prot). Galectin-1 (Gal1) is the only host cell receptor so far implicated 

in adhesion of T. vaginalis. Detailed descriptions and appropriate references are given in the text 

(Reproduced with permission from Ryan et al., 2011a doi: 10.1042/bse0510161).  

 

https://dx.doi.org/10.1042%2Fbse0510161
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The first group is the most controversial group of adhesive proteins (AP) in T. vaginalis 

(revised by Ryan et al., 2011a). Five proteins have been identified so far (AP23, AP33, AP51, 

AP65 and AP120). These findings are controversial because, except for AP23, all other 

proteins have also been detected in the hydrogenosome, being primarily responsible for 

carbohydrate metabolism. In addition, AP23, AP33, AP51 and AP65 show no cell type 

specificity for their adhesive properties (revised by Ryan et al., 2011a; Edwards et al., 2014; 

Mielczarek & Blaszkowska, 2016). Nonetheless, other experiments have shown that these 

proteins are also present at the cell surface, where they mediate attachment of the parasite to 

hVECs (Engbring & Alderete, 1998; Menezes et al., 2016).  

The second group of possible adhesive molecules are the lipoglycans (LG). As with 

many other protozoa, T. vaginalis is coated by a dense glycocalyx layer, of which LGs are the 

most abundant molecules. Ryan et al. (2011b) described the chemical composition and 

structure of T. vaginalis LGs, also known as TvLG. TvLGs are anchored on the cell surface 

and are essential for adhesion of the parasite to hVECs (Ryan et al., 2011b). Mutations in these 

glycans result in a decrease, but not abolished, cytoadhesion (Bastida-Corcuera et al., 2005), 

indicating that other molecules also participate in this process. These TvLGs also bind to 

galectin-1 and galectin-3 on the host cells (Okumura et al., 2008; Fichorova et al., 2016). 

Galectins are a lectin family which bind explicitly to galactose-containing carbohydrates 

(Rabinovich & Gruppi, 2005).  

The last group of adhesive molecules are a large family of conserved membrane 

proteins which have been mostly identified by theoretical, genome-based investigation of 

T. vaginalis (Carlton et al., 2007). Four families including 128 genes encoding serine, cysteine- 

and metallo-proteases were identified. One protein exhibits sequence similarities to GP63, a 

metalloprotease implicated in attachment of the human protozoan parasite Leishmania (Kim, 

2004). However, these homologues in T. vaginalis have not been experimentally tested in terms 
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of demonstrating their role in cytoadhesion (Hirt et al., 2007). The largest group identified by 

genomic studies was the BspA-like group, the members of which are similar to leucine-rich 

proteins involved in adherence of mucosal bacteria (Hirt et al., 2007). The BspA-like family 

includes 191 proteins with predicted transmembrane domains (Carlton et al., 2007; Noel et al., 

2010). Experimental studies showed that at least one family member, TvBspA-625, is 

expressed on the surface of the parasite (Noel et al., 2010). However, more studies are 

necessary to claim their role in cytoadhesion of T. vaginalis. 

After adherence, the parasite uses cytolysis to lyse human cells (such as erythrocytes) 

to acquire nutrients and to maintain successful colonisation in a hostile environment (Petrin et 

al., 1998; Alvarez-Sánchez et al., 2000). T. vaginalis has several hydrolases (20 – 110 kDa), of 

which the leading group are the cysteine peptidases (CPs). One 165 different CPs have been 

identified so far (Hirt et al., 2011; Hernándesz et al., 2014). These CPs have trypsin-like 

activity, detaching human cells by degrading cellular components such as laminin or 

fibronectin (Mielczarek & Blaszkowska, 2016). Furthermore, T. vaginalis can lyse 

erythrocytes via pore-forming molecules that create transmembrane channels in the host cell 

membrane, leading to osmotic lysis (Ley et al., 1990; Figueroa-Angulo et al., 2012). So far, 12 

genes with these properties have been identified in T. vaginalis. The parasite also secretes other 

lytic factors with phospholipase A2 activity which can degrade phosphatidylcholine (Lubick 

& Burgess, 2004). 

 

1.2.2 Bacterial Vaginosis 

Bacterial vaginosis (BV) is one of the most common vaginal infections in women of 

reproductive age. BV affects up to 30 % of women of childbearing age in the United States and 

is twice as common in African-American women as in Caucasians (Jain et al., 2018; Eastment 
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& McClelland, 2018). It is considered to be a polymicrobial disease and is defined as the 

replacement of Lactobacillus spp. by opportunistic anaerobic bacteria which are part of the 

normal microbiota (Swidsinski et al., 2005; Patterson et al., 2010; Teixeira et al., 2012). 

Furthermore, BV is associated with adverse obstetric and gynaecologic complications. Recent 

research has suggested a correlation between BV-positive women and an increased risk of 

acquiring other sexually transmitted diseases such as gonorrhoea, chlamydiosis, genital herpes, 

HIV-1 and trichomoniasis (Swidsinski et al., 2005; Rathod et al., 2014). Like trichomoniasis, 

BV is a non-reportable disease, making an exact estimation of infection rate extremely hard 

(Pybus & Onderdonk, 1999). BV has similar symptoms to trichomoniasis, with a vaginal 

discharge, and is similarly treated by administering metronidazole or clindamycin (Hay, 2014).     

 

1.2.2.1 Etiology 

BV was first studied by Gardner and Dukes in the 1950s and was attributed solely to 

Gardnerella vaginalis, as this was the only consistently identified bacterium in their samples 

(Gardner & Dukes, 1955). However, modern sequencing methods have since identified a 

diverse range of bacteria with possible involvement in BV (Livengood, 2009). BV is 

characterised by the absence of H2O2-producing lactobacilli and the overgrowth of anaerobic 

bacteria such as G. vaginalis, Prevotella spp., Peptostreptococcus spp., Mycoplasma hominis, 

Ureaplamsa urealyticum and sometimes Mobiluncus spp. (Pybus & Onderdonk, 1999; 

Fredricks et al., 2005; Livengood, 2009). It is not clear how one or more bacterial species cause 

BV (Forsum et al., 2005) and why there is a decline in lactobacilli (Teixeira et al., 2012). Since 

the research in this thesis is concentrated on a polymicrobial infection model of vaginal cells 

with G. vaginalis, A. vaginae and P. bivia specifically, the following paragraphs will thus focus 

on how these bacteria become associated with BV. This is a simplified model of infection, but 

a step towards understanding the role of these bacteria in BV and trichomoniasis.  
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G. vaginalis has been identified in 95 % of all BV cases, although infection with a pure 

culture of G. vaginalis failed to cause disease (Patterson et al., 2010). G. vaginalis is the only 

species in the genus Gardnerella of the phylum actinobacteria. It is a fastidious, beta-

haemolytic, catalase-negative, non-motile, rod-shaped bacterium (Teixeira et al., 2012). It is 

Gram-positive to Gram-variable, with a much thinner peptidoglycan layer than other Gram-

positive bacteria (Catlint, 1992). The persistent biofilm seen in BV is produced by G. vaginalis 

(Saunders et al., 2007). The bacterium also produces a vaginolysin toxin, which is a member 

of the cholesterol-dependent family of pore-forming toxins that lyse human red blood cells 

(Patterson et al., 2010). Besides producing the toxin, G. vaginalis can agglutinate erythrocytes 

using thin pili (Catlint, 1992). It is still believed to be the most virulent bacterium, but no longer 

the sole, cause of BV (Marrs et al., 2012). However, it is possible that G. vaginalis has 

synergistic effects on other anaerobic bacteria by providing nutrients from the lysed red blood 

cells and using its biofilm as an anchoring medium and substrate for the growth of other 

bacteria (Teixeira et al., 2012). 

A. vaginae represents a good example of possible synergisms among BV-associated 

bacteria: it is found in BV clinical samples only if G. vaginalis is also present (De Backer et 

al., 2006). A. vaginae is an elliptical, small coccus or rod-shaped bacterium present in pairs or 

short chains. It is an anaerobic, facultative Gram-positive bacterium that is difficult to isolate 

(Verhelst et al., 2004; Polatti, 2012). This variability in morphology might be the reason why, 

A. vaginae remained undetected among the mixture of other bacterial species in BV samples 

until 1999 (Verhelst et al., 2004). The genus Atopobium was proposed to accommodate species 

formerly designated as Lactobacillus miutus, L. rimae and Streptococcus parvulus. A. vaginae 

produces lactic acid, which explains why it was first mistakenly characterised as a member of 

the Lactobacillus genus (Rodriguez Jovita et al., 1999; Ferris et al., 2004; Polatti, 2012). While 

G. vaginalis is still considered a gold standard for diagnosis of BV, the presence of A. vaginae 
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rather than G. vaginalis is in fact more specific for BV diagnosis. A. vaginae is present in 

~96 % of all BV-positive cases, while many women who carry only G. vaginalis do not develop 

BV. In recent years, A. vaginae has been shown to develop high resistance to metronidazole 

(Bradshaw et al., 2006).  

P. bivia is another common BV-associated bacterium. While most research has focused 

on G. vaginalis, little is known about the pathogenicity of this microorganism. P. bivia is a 

highly abundant anaerobic bacterium present in BV (Ravel et al., 2011). Previously known as 

Bacteroides bivius (Mikamo et al., 1998), it is a Gram-negative, non-pigmented bacillus (Pybus 

& Onderdonk, 1997). It grows in the presence of oestrogen and is found in the vaginal tract but 

also as a member of the oral microbiota (Mirza et al., 2012). As the most frequently isolated 

species from amniotic fluid of patients with intra-amniotic infections, P. bivia is believed to be 

the main cause for the preterm labour observed in BV patients (Strömbeck et al., 2007). P. bivia 

can adhere to and invade human cervix epithelial cells and is present in 44 % of BV cases. 

Prevotella species produce endotoxin and lipopolysaccharides (LPS), which in some strains is 

more potent than the LPS of Escherichia coli and Salmonella typhimurium and induces a rapid 

platelet response (Strömbeck et al., 2007; Aroutcheva et al., 2008). Recently, several P. bivia 

strains have shown resistance to clindamycin (Mirza et al., 2012). 

  

1.2.2.2 Clinical aspects, diagnosis and treatment 

Despite frequent asymptomatology (~40%), BV causes an abnormal vaginal discharge 

with a loss of usual vaginal acidity (Hay, 2014). Malodourous discharge results from amine 

production due to mucus degradation by BV-associated bacteria. These amines become volatile 

with increasing pH (Livengood, 2009; Lambert et al., 2013). There is some evidence that BV 

might be a sexually transmitted disease, as use of condoms decreased the risk of reinfection 

after treatment (Lambert et al., 2013). The standard method for diagnosing BV is the detection 
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of clinical symptoms, in which three out of four of the Amsel’s criteria are present (Table 1.1; 

Fredricks et al., 2005).  

 

Table 1.1 - Amsel’s criteria used for diagnosis of bacterial vaginosis  

 

Amsel’s criteria 

1. Vaginal pH >4.5 

2. Fishy smell on addition of alkali (usually 10% potassium hydroxide) 

3. Discharge upon examination 

4. Presence of ‘clue’ cells 

Three out of four criteria need to be met for a positive diagnosis of bacterial vaginosis. 

 

 

These signs and symptoms, however, may not be specific for BV. Trichomoniasis and 

candidiasis (yeast infection) can present the same symptoms. Applying a scoring system (the 

Nugent score) using Gram-staining microscopy can be useful to identify BV-positive cases. In 

the Nugent scoring system (Nugent et al., 1991), a score is calculated by assigning specific 

values to the different morphotypes of bacteria. A decrease in Lactobacillus spp. is scored from 

0 to 4, small Gram-variable rods (G. vaginalis) are scored from 0 to 4 and curved Gram-variable 

rods are scored as 0 to 2. The Nugent scale ranges from 0 to 10, and a score of 7 and above is 

considered to be positive for BV (Sha et al., 2005).  

As with trichomoniasis, BV has been implicated in increased risk of HIV acquisition. 

A 2.1-fold increase in susceptibility to herpes simplex virus II, an increased risk of acquiring 

pelvic inflammatory disease and plasma cell endometritis was also shown for BV-infected 

women (Livengood, 2009). In pregnant women, BV can cause severe complications such as 
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preterm delivery, preterm labour and premature rupture of the membranes (Pybus & 

Onderdonk, 1999).  

The usual treatment of BV involves metronidazole and clindamycin. The standard oral 

dose of metronidazole is 400 mg daily for 5 - 7 days. Topical treatments with intra-vaginal 

creams (2 % clindamycin or 0.75 % metronidazole) are also applied, although these have been 

associated with an increase of candidiasis. Probiotic treatments have also been investigated, 

but so far not been approved for general usage (Hay, 2014). The main problem is that BV has 

a very high recurrence rate. This is mostly due to a persistent biofilm produced by G. vaginalis 

and containing A. vaginae, which gives rise to another problem: A. vaginae has developed 

resistance to metronidazole (De Backer et al., 2006; Swidsinski et al., 2005; Polatti, 2012).  

 

1.3 Polymicrobial infections 

Bacteria rarely occur as a single entity (Murray et al., 2014). Like humans living in a 

city, where an inhabitant chooses where to live depending not only on the real estate (the host) 

but also on the neighbourhood (polymicrobial interactions), bacteria too live with other 

microorganisms to create multispecies micro-communities (Stacy et al., 2016). Despite 

Pasteur’s observations in 1877, which revealed colonies of multiple bacterial species and the 

acceptance that multispecies in the environment exist (Murray et al., 2014), polymicrobial 

infections were rarely acknowledged as underlying causes of diseases in the late 1800 and early 

1900 (Peters et al., 2012). However, even in times that were predominantly governed by Koch’s 

postulates (i.e. that one organism causes one disease), Miller identified uncultivated microbes 

and hypothesised that these might contribute to the severity of infections. In 1890, Miller 

attempted to study the gangrenous pus from oral diseases. He inoculated mice with the pus and, 

following Koch’s postulates, cultivated the bacteria from the mouse infection and reintroduced 

these cultivated bacteria into new mice. However, this time no infection occurred, leading 
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Miller to conclude that some uncultivable bacteria might also have been present in the original 

pus. Yet, it was not until almost a century later that sequence-based methods were used to 

identify these bacteria and implicate their role in infections (Koch, 1893; Miller, 1890; Peters 

et al., 2012). Since then, polymicrobial infections have become more widely recognised and 

the general hypothesis of microbial interference, whereby one microbe generates a niche for 

another, has become increasingly popular (Brogden et al., 2005).  

This polymicrobial ‘synergy’ often leads to the development of biofilm and increased 

virulence of previously less virulent strains (Murry, 2014). Synergy was previously defined by 

Krämmer (1924) as the ‘sum of activity of two or more microbes’ and was expanded by 

Bjornson (1982) to ‘a cooperative interaction of two or more microbes producing a result not 

achieved by the individual microbe’ (Krämmer, 1924; Bjornson, 1982; Stacy et al., 2016). 

Today, most of our understanding is derived from metagenomics (‘who is there?’), 

metatranscriptomics (‘what are they doing?’) and biogeography (‘who is next to whom?’) 

(Stacy et al., 2016). In regards to polymicrobial infections, biogeography is becoming an 

increasing focus. Biogeography is the study of the distribution of species in space and time 

and, until recently, dealt with microbial spatial patterns in regards to continents and oceans 

(Hanson et al., 2012). It has now become highly relevant for the human body. The Human 

Microbiome Project is a perfect example that the same site in different individuals is often more 

similar than different sites in the same individual, and therefore it can be assumed that the 

distribution of microorganisms is not random (Costello et al., 2009). 

Attachment and nutrients are the main points that establish initial spatial arrangement 

of microorganisms (Stacy et al., 2016). Some organisms use cell surface structures, so-called 

adhesins, to bind to specific host cell receptors (Palmer et al., 2003). Microorganisms capable 

of adhering to host tissue represent the early colonising microbes, such as G. vaginalis in the 

vagina, which can produce a persistent biofilm. These early vaginal microbes then attract 
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intermediate colonisers such as Fusobacterium nucleatum. It was shown that F. nucleatum can 

co-aggregate with other bacteria (Kerr et al., 2002). F. nucleatum can increase the growth of 

P. bivia, another vaginal bacterium which is considered to be a late coloniser of biofilms and 

associated with BV and CST-IV associated bacteria (Machado & Cerca, 2015). It is thus 

assumed that other bacteria may be actively recruited into a developing biofilm in an attempt 

to become polymicrobial to improve the survivability of the colony; it is also hypothesised that 

organisms within these biofilms combine their genetic resources to reduce energy consumption 

(Kuramitsu et al., 2007). One example of this is Streptococcus pneumoniae, which only 

possesses a portion of all genes needed to carry out the observed effects of infections. This 

observation has led to the distributive genome hypothesis (Wolcott et al., 2013). Sharing their 

genomes (supragenome) requires less energy by each individual species in maintaining their 

proportion of the total gene pool (Hogg et al., 2007). Another form of biofilm synergy includes 

passive resistance. Species exhibiting antibiotic resistance share genetic elements such as mecA 

cassettes or β-lactamase resistance genes. Haemophilus influenzae, for example, increases the 

minimum inhibitory concentration (MIC) of S. pneumoniae (Wolcott et al., 2013). Similarly, 

in the presence of Prevotella, pathogenicity of Staphylococcus aureus is increased (Mikamo et 

al., 1998).   

 

1.4 When our microbiota goes rogue 

  After decades governed by Koch’s postulates, i.e. that a single organism causes a 

particular disease and the disease-causing organism is not present in a healthy subject (Koch, 

1893), Theobald Smith introduced the idea that diseases can be the result of interplay between 

several microorganisms of the common microbiota (Larsen & Monif, 2001). In recent years, 

more evidence has emerged to challenge Koch’s postulates. Diseases such as otitis media and 

cystic fibrosis-associated lung infections are of polymicrobial cause (Peters et al., 2012). If 
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there is a dysbiosis (imbalance) in the microbial community, previously harmless commensal 

bacteria may become opportunistic pathogens or facilitate other pathogenic organisms to 

invade and colonise the host. In 2012, Brotman et al. established a correlation between the 

composition of the vaginal microbiota, previously described in section 1.1, and trichomoniasis 

(Figure 1.6). That study was able to detect T. vaginalis asymptomatic infections in the vaginal 

samples used by Ravel et al. (2011). The women were evenly distributed over four ethnic 

groups: Asian (n=97), Hispanics (n=97), African-American (n=104) and Caucasians (n=98). 

The study found that 2.8 % of participants (11/394) carry T. vaginalis infections, out of which 

eight (72 %) belonged to the CST-IV microbiota category, two (18 %) belonged to the L. iners-

dominated CST-II (9 %), and one fell into the L. crispatus-dominated CST-I. This distribution 

amounts to an increase in odds of detecting T. vaginalis in CST-IV compared to other CSTs. 

While this suggests an impact of the microbiota composition in regard to infections, this was 

just a cross-sectional study at a single time point and thus raises the question of whether the 

CST-IV microbiota state establishes before or after T. vaginalis acquisition (Brotman et al., 

2012).  
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Figure 1.6– Correlation of community state types and T. vaginalis infections. Heatmap of relative 

abundance of bacterial taxa in the vaginal bacterial communities of 394 reproductive age women (A) 

and of the 11 T. vaginalis positive cases (B). Vaginal bacterial community state type is indicated as 

described by Ravel et al. 2011. Nugent Gram stain scores, pH measurement and T. vaginalis positivity 

are shown for each of the 394 samples (Reprinted with permission from Brotman et al., 2012). 
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 Current knowledge about interactions among the human host, pathogens and the 

resident microbiota is limited in general, and even more so when one considers the pathogen 

T. vaginalis. Historically, most research has concentrated on host-pathogen interactions in 

isolation. This research project attempts to address this limitation by studying the nature and 

effect of such microbial interactions on disease. The interplay between T. vaginalis and 

prominent CST-IV bacteria is of particular interest since this correlation has been observed by 

Brotman et al. (2012).   

However, The study of Brotman et al. (2012) is potentially biased to a population of 

asymptomatic women of pre-menopausal age (with specific geography and ethnicity) and a 

limited number of samples, with only 11 cases of T. vaginalis infection.  Although it was only 

a correlational study, some of the CST-IV bacterial species are also known as causative agents 

of bacterial vaginosis (BV). In this context, it is interesting to note that trichomoniasis and BV 

present with similar symptoms (e.g. itching and a frothy malodorous discharge) and are 

associated with complications such as preterm birth and an increased risk of human 

immunodeficiency virus (HIV) acquisition (Laga et al.,1993; Kissinger, 2015). In this thesis, I 

concentrated on the three most dominant CST-IV bacteria, namely G. vaginalis, P. bivia and 

A. vaginae. These are also the main BV-associated bacteria known to induce physical, 

immunological and biochemical changes in the cervicovaginal mucosa (Sierra et al., 2018). 

Therefore, investigation is necessary to reveal potential synergism between these bacteria and 

T. vaginalis when it comes to disease. 
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1.5 Hypothesis and Aim  

The nature of this microbial association, involving a protozoan parasite (eukaryote) and 

specific CST-IV bacteria (prokaryotes) with pathogenic potential, is presently unknown. Thus, 

I hypothesise that the co-existence of Trichomonas and CST-IV is not coincidental but rather 

a unique type of inter-domain microbial association which might significantly impact the 

pathogenicity of T. vaginalis. My primary objective was to understand the role of different 

CST-IV associated bacteria (particularly P. bivia, G. vaginalis and A. vaginae) in T. vaginalis 

virulence and host response. My specific aims were: 

1. To evaluate the individual and cumulative effects of CST-IV bacteria and 

T. vaginalis on the integrity and function of human vaginal epithelial cells (Chapter 3). 

2. To assess the influence of CST-IV bacteria on adhesion of T. vaginalis to host cells 

and other potential adhesion substrates in the vagina (Chapter 4). 

3. To identify metabolic changes affecting the growth and drug resistance of 

T. vaginalis in the presence of CST-IV bacteria (Chapter 5).  

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

– Chapter two – 
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2.1 MATERIALS 

2.1.1 EQUIPMENT, SOFTWARE AND DATABASES 

The following tables detail the software and databases (Table 2.1) utilised to analyse 

experimental data and the individual equipment (Table 2.2) that was used for data acquisition. 

Table 2.1: Software used and the developing company or author  

Name Company, Head office 

BD Accuri C6 Plus BD Bioscience, San Jose, California, USA 

AMDIS National Institute of Standard and Technology, 

Boulder, Colorado, USA 

BlastP (NCBI) U.S. National Library of Medicine, Bethesda, 

Maryland, USA 

CELLO Molecular Bioinformatics Centre, National 

Chiao Tung University, Hsin-Chu, Taiwan  

Chromas Technelysium Pty Ltd, South Brisbane, 

Queensland, Australia 

Chemstation Agilent, Santa Clara, California, USA 

ExPasy Compute pI/MW Swiss Institute of Bioinformatics Lausanne, 

Switzerland 

GraphPad Prism 7 GraphPad Software Inc., La Jolla, California, 

USA 

ImageJ Wayne Rasband, National Institute of Health, 

USA 

ImageLab™ Software Bio-Rad Laboratories Inc., Hercules, California, 

USA 

MassOmics R package R foundation Ross Ihaka and Robert Gentleman 

National Centre for Biotechnology 

Information (NCBI) 

U.S. National Library of Medicine, Bethesda, 

Maryland, USA 
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Primer Blast (NCBI) U.S. National Library of Medicine, Bethesda, 

Maryland, USA 

QuantStudio™ Design and Analyze 

v1.4.3 

Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

SEAVIEW 4.5.3 Rhône-Alpes Bio-informatiques Center, France 

Signal 4.1 Server Technical University of Denmark, Lyngby 

TMHMM Technical University of Denmark, Lyngby 

TrichDB University of Pennsylvania University of 

Georgia, USA 

 

Table 2.2: Equipment used and the companies head offices  

Name Company, Head office 

AcuuBlockTM Digital Dry bath Labnet International, Edison, New Jersey, USA 

Agilent 59756 GC-MS +PAL 

autosampler 

Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Amersham Image 600 General Electric, Boston, Massachusetts, USA 

BD FACS Accuri C6 BD Bioscience, San Jose, California, USA 

Biological Safety Cabinet Class II Hood Westinghouse Pty Ltd, Australia  

Centrifuge 5810 R Eppendorf, Hamburg, Germany 

Christ Freeze Dryer John Morris Scientific, Sydney, NSW, Australia 

Contherm Biocell 100 Contherm Scientific Limited, Petone, New 

Zealand 

Coy anaerobic chamber Coy laboratory equipment, Grass Lake, 

Michigan, USA 

Electrophoresis chamber Labnet International, Edison, New Jersey, USA 

EnSpire plate Reader PerkinElmer, Llantrisant, UK 
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GenePulser XCell Bio-Rad Laboratories Inc., Hercules, California, 

USA 

Heal Force Class II Lamina Flow 

Cabinet 

Acorn Scientific Ltd, Auckland, New Zealand 

Heraeus Pico 17 centrifuge Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Heλioβ Spectrophotometer  Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Improved Neubauer Counting Chamber Hawksley, Lancing, UK 

Inverted Microscope CK2 Olympus Australia Pty Ltd, Melbourne, Victoria, 

Australia 

Mastercycler proS Eppendorf AG, Hamburg, Germany 

Max Q 4450 Incubator shaker Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Molecular Imager® Gel Doc™ XR+ Bio-Rad Laboratories Inc., Hercules, California, 

USA 

NanoDrop ND-100 Spectrophotometer  NanoDrop technologies, Wilmington, North 

Carolina, USA 

Nüve incubator EN 025  Bio-strategy, Auckland, New Zealand 

OWLVEP2 transfer tank Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Power supply Enduro 300V Labnet International, Edison, New Jersey, USA 

 

QuantStudio™5 Real-Time PCR 

System 

 

Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

SDS-PAGE OWLP8DS Tank Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 
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SpeedyVac concentrator Savant SC250 

exp 

Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Smart Cell Heal force CO2 incubator  Acorn Scientific Ltd, Auckland, New Zealand 

 

2.1.2 PLASTICWARE  

The following table lists all plastic consumables that were used throughout the project 

and the companies that supplied these consumables. 

Table 2.3: Plastic consumables used and the respective supplier  

Name Company, Head office 

0.4 cm electroporation cuvettes Bio-Rad Laboratories Inc., Hercules, 

California, USA 

1.5 mL graduated microfuge tubes SSIbio, Lodi, California, USA 

12 well plates Greiner-bio-one, Kremsmünster, Austria 

24 well plates Greiner-bio-one, Kremsmünster, Austria 

25G needle  Therumo Medical Corporation, Somerset, New 

Jersey, USA 

48 well plates Greiner-bio-one, Kremsmünster, Austria 

5 CellStar cell culture flasks 75 cm2 Greiner-bio-one, Kremsmünster, Austria 

96 well plates U shapes black Greiner-bio-one, Kremsmünster, Austria 

AnaeroGenTM 2.5L  Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

CellStar R 15 mL Conical bottom tubes Greiner-bio-one, Kremsmünster, Austria 

Costar® 24 well plates Corning Inc., Corning, New York, USA 

Costar® 96 well plates Corning Inc., Corning, New York, USA 

Costar® Transwell inserts 8.0 µm  Corning Inc., Corning, New York, USA 
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Cuvettes, semi-micro Greiner-bio-one, Kremsmünster, Austria 

Microscope slides and coverslips 

(LabServ) 

Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

MS certified vials (Amber) Thermo Fisher Scientific, Waltham, 

Massachusetts, USA 

PCR adhesive foil Eppendorf, Hamburg, Germany 

Petri dishes Technoplas Lab supply, Dunedin, New Zealand 

Skirted 384 well PCR plate SSIbio, Lodi, California, USA 

SnapStrip 8 Strip PCR tubes SSIbio, Lodi, California, USA 

Syringe sterile 10mL Therumo Medical Corporation, Somerset, New 

Jersey, USA 

ThinCertTM 24 well inserts transparent 

0.4 um 

Greiner-bio-one, Kremsmünster, Austria 

 

2.1.3 CHEMICALS 

The majority of chemicals was supplied by Sigma-Aldrich® Australia (Castle Hill, New 

South Wales, Australia) other suppliers are listed in table 2.4.  

Table 2.4: Chemicals used and the respective supplier (except Sigma-Aldrich®) 

Name Company, Head office 

5 x first strand buffer Invitrogen New Zealand Limited, Auckland, 

New Zealand 

50 µM oligo dt adapter Invitrogen New Zealand Limited, Auckland, 

New Zealand 

Acetic acid (glacial) Merck Millipore, Billerica, Massachusetts, USA 

Acrylamide/Bis solution 29:1  Bio-Rad Laboratories Inc., Hercules, California, 

USA 

Bacto™Tryptose BD Bioscience, San Jose,  California, USA 

Bacto™Yeast Extract BD Bioscience, San Jose,  California, USA 



 

37 

 

Difco TM Maltose  BD Bioscience, San Jose,  California, USA 

Difco™Agar, Granulated BD Bioscience, San Jose,  California, USA 

Difco™Lactobacilli MRS Broth BD Bioscience, San Jose,  California, USA 

D-Sucrose Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

DTT 0.1 M Invitrogen New Zealand Limited, Auckland, 

New Zealand 

dTTP, dATP, dCTP, dGTP New England Biolabs, Ipswich, Massachusetts, 

USA 

Glycerol  Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Glycine Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Hepes  PanReac Applichem, Darmstadt, Germany 

LB broth (Lennox L Broth Base)  Invitrogen New Zealand Limited, Auckland, 

New Zealand 

L-cysteine hydrochloride Merck Millipore, Billerica, Massachusetts, USA 

Methanol Merck Millipore, Billerica, Massachusetts, USA 

MgCl2 25 mM Invitrogen New Zealand Limited, Auckland, 

New Zealand 

Np-40 Roche, Basel, Switzerland 

Pierce Bovine Serum Albumin Standard 

2 mg / mL 

Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Pierce ECL Plus Western Blot substrate Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

 

Potassium phosphate, monobasic  

 

Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Protein Assay solution Bio-Rad Laboratories Inc., Hercules, California, 

USA 

Proteose Peptone No.3 Conda Pronadisa, Madrid, Spain 

SuperScript RT III Invitrogen New Zealand Limited, Auckland, 

New Zealand 
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2.1.4 ANTIBIOTICS 

Table 2.5 lists all antibiotics that were used in the study. 

Table 2.5: Antibiotics used in this study 

Name Company, Head office 

Metronidazole Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Penicillin-Streptomycin 200 U / mL Gibco Life Technologies, Invitrogen New 

Zealand Limited, Auckland, New Zealand 

 

2.1.5 DYES, LOADING DYES AND LADDERS 

Table 2.6 lists dyes and electrophoresis ladders that were used in the experiments. 

Table 2.6: Dyes and ladders used and the respective supplier  

Name Company, Head office 

BenchMark™Pre-stained protein ladder Novex life technologies, Invitrogen New 

Zealand Limited, Auckland, New Zealand 

Bromophenol blue BDH, VWR, Radnor, Pennsylvania, USA 

Coomassie BlueG 250 Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Ethidium Bromide BDH, VWR, Radnor, Pennsylvania, USA 

TEMED Invitrogen New Zealand Limited, Auckland, 

New Zealand 

Triton-X 100 Scharlau (Scharlab), Barcelona, Spain 

Tween®20 Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

UltraPure™agaraose Invitrogen New Zealand Limited, Auckland, 

New Zealand 
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GeneRuler® 100bp Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

GeneRuler® 1kb Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

CellTracker™ Orange CMTMR dye Invitrogen New Zealand Limited, 

Auckland, New Zealand 

 

2.1.6 ASSAY KITS  

The below-mentioned assay kits were used during the experimental procedure. 

Table 2.7: Assay kits used in this study 

Name Company, Head office 

BD™Cell Viability Kit BD Bioscience, San Jose, USA 

FITC Annexin V /Dead Cell Apoptosis Molecular Probes™ by Invitrogen, 

Auckland, New Zealand 

Pierce® High Sensitivity Streptavidin Coated 

Plates 

Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Pierce® EZ Link™ Sulfo NHS-SS Biotinylation Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Total RNA extraction kit Omega bio-tek, Norcross, Georgia, USA 

Tissue DNA kit Omega bio-tek, Norcross, Georgia, USA 

 

PureLink® genomic DNA mini kit Invitrogen New Zealand Limited, 

Auckland, New Zealand 
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2.1.7 ENZYMES 

 The enzymes that were used in polymerase chain reactions (PCR) as well as enzyme 

inhibitors are listed in the table below. 

Table 2.8: Enzymes and enzyme inhibitors used in this study 

Name Company, Head office 

DreamTaq polymerase and buffer Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Phusion High-Fidelity PCR polymerase and 

buffer 

Thermo Fischer Scientific, Waltham, 

Massachusetts, USA 

Protease Inhibitors Roche, Basel, Switzerland 

RNase inhibitor Invitrogen New Zealand Limited, 

Auckland, New Zealand 

 

 

2.1.8 BUFFER AND SOLUTIONS 

 All buffers and solutions prepared are mentioned in Table 2.9. 

Table 2.9: Buffer and solutions used in this project 

TAE (1 x) buffer 121.1 g Tris 

61.86 g Boric acid 

    7.4 g EDTA 

 Total Volume 1000 mL H2O  

SDS-PAGE (10 x) running buffer   30 g Tris  

144 g Glycine 

  10 g SDS 

 Total Volume 1000 mL H2O 

Blotting Buffer (1 x) 30.2 g Tris 

 144 g Glycine 

20% (v/v) Methanol 

 Total Volume 1000 mL H2O 
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200 mL Methanol is added when diluted 

to 1 x concentration. 

Loading buffer SDS-PAGE (5x) 0.25 % Bromophenol blue 0.25 % 

0.5 M DTT 

50 % Glycerol 

10 % SDS 

0.25 Tris-HCl, pH 6.8  

 

 

Cell lysis buffer 20 mM Tris HCl, pH 8.0 

137 mM NaCl 

10 % Glycerol 

1 % NP-40 

2 mM EDTA 

TBS (10x) 20mM Tris-HCl, pH 8.0 

150 mM NaCl 

 

Table 2.10 lists buffers and solutions which were bought ready to use. 

Table 2.10: Ready to use solutions and buffers 

Name Company, Head office 

Phosphate Buffered Saline (PBS) pH 7.4 Invitrogen New Zealand Limited, 

Auckland, New Zealand 

RNAlater®ambion Invitrogen New Zealand Limited, 

Auckland, New Zealand 

Trypsin-EDTA 0.25 % phenol red Invitrogen New Zealand Limited, 

Auckland, New Zealand 
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2.1.9 OLIGONUCLEOTIDES 

All oligonucleotides were acquired from IDT Singapore and are listed below with 

their appropriate annealing temperature (TM).  

Table 2.11: Oligonucleotides used in this study 

Gene Sequence TM 

Occludin Sequence 5’ – 3’ sense CACATCACAATAATGAGCATAGACAGG  55 °C 

Sequence 5’ – 3’antisense AATTCTTCACTTCTAACAAATGGACCTC 

Claudin-2 Sequence 5’ – 3’ sense GGCGGTAGCAGGTGGAGTC 55 °C 

Sequence 5’ – 3’antisense CTTGGTAGGCATCGTAGTAGTTGG 

Zonulin-1 Sequence 5’ – 3’ sense CAAGATAGTTTGGCAGCAAGAGATG 55 °C 

Sequence 5’ – 3’antisense ATCAGGGACATTCAATAGCGTAGCC 

IL-6 Sequence 5’ – 3’ sense TGATGGATGCTTCCAAACTG 55 °C 

 Sequence 5’ – 3’antisense GAGCATTGGAAGTTGGGATA  

TNF-α Sequence 5’ – 3’ sense ACTGAACTTCAAGGTGATTG 55 °C 

 Sequence 5’ – 3’antisense GCTTGGTGGTTTGCTACGAC  

GAPDH Sequence 5’ – 3’ sense GTATTGGGCGGCTGGTCACC 55 °C 

 Sequence 5’ – 3’antisense CGCTCCTGGAAGATGGTGATGG  

Biofilm Sequence 5’ – 3’ sense GTGTCATTGAGCACACTTGC 53 °C 

Sequence 5’ – 3’antisense GTTGTTAAAGAACACATCGAAG 

qMBP-1 Sequence 5’ – 3’ sense GTTATGTAAGGGATGGCGAAGA 62 °C 

Sequence 5’ – 3’antisense TGTCCGCCCGTTCTATTTAC 

qMBP-2 Sequence 5’ – 3’ sense GAGAATGATCCTACACTTGGAATCT 62 °C 

Sequence 5’ – 3’antisense CTTGTCGGCCAATGTTGTAATC 

qMBP-3 Sequence 5’ – 3’ sense GGTGAGAATTGGTACGGTTTAGG 62 °C 

Sequence 5’ – 3’antisense TCCTTGAAACGCCACTGTAATC 

qMBP-5 Sequence 5’ – 3’ sense TGGTGGTGAAGGTCAAAGTC 62 °C 

Sequence 5’ – 3’antisense TGATCCGTTTCTCAACGAATAG 

qMBP-6 Sequence 5’ – 3’ sense CGGAGGCTTACAAGAAGTACAA 62 °C 

 Sequence 5’ – 3’ sense CATCCATCAGCAACAGCAAAG 62 °C 

qMBP-7 Sequence 5’ – 3’antisense CAGCCCGTAGTGTGTATTACTT 62 °C 

Sequence 5’ – 3’ sense GAGCTCTCCATACTCTGCTTTC 

qMBP-8 Sequence 5’ – 3’antisense GGCAAAGAGAGTGGACAAACTA 62 °C 

Sequence 5’ – 3’ sense GCACCAAATTCCCAACCATTC 
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qMBP-9 Sequence 5’ – 3’antisense CCAGCCGGAATCAAACAATTC 62 °C 

Sequence 5’ – 3’ sense GATTGCCGTCCAGTGTCTATC 

qMBP-10  

Sequence 5’ – 3’antisense 

 

GCAACAAAGATGGCTGGAATAG 

62 °C 

Sequence 5’ – 3’ sense GGAGTTCGGAGCCAAAGTAATA 

 

The abbreviation MBP stands for the mucin binding proteins of T. vaginalis used in 

qPCR.  

2.1.10 MEDIA 

 The list below shows the prepared media that were used during the project. 

Table 2.12: Media prepared for the project 

Modified TY Medium Tryptose                       22.1 g 

Yeast extract                                11.12 g 

Maltose                              5.56 g 

L-ascorbic acid                      0.22 g 

L-cysteine                                1.112 g 

Potassium phosphate, monobasic    0.88 g 

Potassium phosphate, dibasic         0.88 g 

 Medium was topped up with 890 mL of 

ddH2O 

After autoclaving 10 % horse serum and 

200 U/mL Penicillin-Streptomycin was 

added 

NYC-III (New York City medium) Sodium chloride                 5 g 

Yeast extract                10 g 

Hepes                   4 g 

Proteose peptone No.3              15 g 

 Medium was topped up with 890 mL of 

ddH2O  

After autoclaving, 5 % of glucose and 10 

% horse serum was added 
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Other media used in this study are listed below. 

Table 2.13: Cell culture media used in the study 

Media Company 

Defined keratinocyte serum-free media (KSFM) Gibco life technologies, Invitrogen New 

Zealand Limited, Auckland, New 

Zealand 

Defined keratinocyte serum-free media growth 

supplements 

Gibco life technologies, Invitrogen New 

Zealand Limited, Auckland, New 

Zealand 

Dulbecco’s Modified Eagle Medium (DMEM) Gibco life technologies, Invitrogen New 

Zealand Limited, Auckland, New 

Zealand 

 

2.1.11 SERA AND ANTIBODIES 

Sera for media and antibodies used throughout the project are listed in Table 2.14 

Table 2.14: Sera and antibodies used in the project 

Media Company 

Anti Zo-1 (mouse) Invitrogen New Zealand Limited, 

Auckland, New Zealand 

Anti-Claudin-3 (rabbit) Invitrogen New Zealand Limited, 

Auckland, New Zealand 

Anti-GAPDH (rabbit) Kindly gifted by Dr Hickey, School of 

Biological Science, University of 

Auckland, New Zealand 

Anti-Occludin (rabbit) Abcam, Cambridge, United Kingdom 

Goat-anti-mouse HRP Invitrogen New Zealand Limited, 

Auckland, New Zealand 
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Goat-anti-rabbit HRP Invitrogen New Zealand Limited, 

Auckland, New Zealand 

Horse serum, heat inactivated Invitrogen New Zealand Limited, 

Auckland, New Zealand 

 

 

2.1.12 CELLS AND ORGANISMS 

The bacterial, protozoan and human cell strains used in this study were: 

Table 2.15: bacterial, protozoan and human cells used in the project and their source 

Organism Strain Source 

Lactobacillus gasseri 9857 American Tissue and Culture Collection 

Prevotella bivia NZRM 4379 Deutsche Sammlung von 

Microorganismen 20514 (German 

Culture Collection) 

Atopobium vaginae NZRM 4359 American Tissue and Culture Collection 

BAA-55. 

Gardnerella vaginalis NZRM 4810 American Tissue and Culture Collection  

14018 

Trichomonas vaginalis G3 Kindly gifted by Dr Peter and Dr Jacqui 

Upcroft from Queensland Institute of 

Medical Research, Brisbane, Australia. 

Trichomonas vaginalis B7RC2 Laboratory strain derived kindly gifted 

by Dr Patricia Johnson, UCLA, 

California, USA 

Trichomonas vaginalis B7826 Kindly gifted by Dr Peter and Dr Jacqui 

Upcroft from Queensland Institute of 

Medical Research, Brisbane, Australia. 
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Human vaginal ectocervical cells CRL-2614 American Tissue and Culture 

Collection. 

 

The bacterial strains originated from the American Tissue and Culture Collection and 

the German Culture Collection (Deutsche Sammlung von Microorganismen und Zellkulturen) 

but were obtained from the New Zealand Reference Culture Collection due to biosecurity 

guidelines.  

 

2.2 Methods 

2.2.1 Cell culture  

Work related to continuous cell culture and seeding of hVECs was performed in a Heal 

Force class II laminar flow cabinet. Bacterial and Trichomonas work was carried out in a 

Biological Safety Cabinet Class II Hood. Centrifugation of cell cultures was carried out in an 

Eppendorf 5810R centrifuge for larger volumes (> 2 mL) and in a Thermo Scientific Heraeus 

Pico 17 centrifuge for smaller quantities. All work was completed under PC1 conditions 

approved by the Ministry of Primary Industry, New Zealand.  

2.2.1.1 Culture of T. vaginalis strains 

Trichomonas strains were grown in modified TY medium (section 2.1.10). The parasite 

was grown under microaerophilic conditions for 24 h at 37 °C in a Contherm Biocell 1000 

incubator, before being passed into fresh medium in a 1:15 dilution. For cell-based assays, the 

medium was only supplemented with horse serum but not with antibiotics.  

2.2.1.2 Culture of Bacterial Strains  

A. vaginae, G. vaginalis and P. bivia were revived according to the American Tissue 

Cell Culture guidelines for reviving freeze-dried microorganism in a Coy anaerobic chamber 
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and grown in NYC-III medium (section 2.1.10) anaerobically at 37 °C for two days in a Nüve 

EN025 incubator. Subcultures of the original stock were stored frozen at -80°C using 1% 

DMSO (dimethylsulfoxide). Lactobacillus gasseri was grown on de Man, Rogosa and Sharp 

agar supplemented with 10% horse serum and incubated overnight at 37°C, then transferred 

into MRS broth supplemented with 10% horse serum and incubated overnight at 37°C in a 

Nüve EN025 incubator.  

2.2.1.3 Culture of human vaginal epithelial cells (hVECs) 

hVECs were continuously cultured in sterile 75 cm2 filter cap tissue culture flasks with 

Keratinocyte Serum Free Media (KSFM) with 1 mL growth supplements and 200 U / mL 

Penicillin-Streptomycin. The cells were incubated in a humidified atmosphere of 37 °C and 

5 % carbon dioxide in a Smart Cell CO2
 incubator. Once they reached 80 - 90 % confluency, 

the medium was removed, and cells were incubated for 5 min with 5 mL 0.25 % 1 x EDTA - 

Trypsin at 37 °C. Detachment of cells was confirmed under an inverted microscope, and an 

equal volume of horse serum was added to neutralise the trypsin. Cells were pelleted by 

centrifugation at 3,000 x g for 10 min at room temperature. After discarding the supernatant, 

the cell pellet was resuspended in KSFM. The cells were then seeded either in a ratio of 1:3 in 

a new 75 cm2 filter capped tissue culture flask for continuous cell culture or as a concentration 

of 106 cells per well in case of downstream assays. In case of continuous cell culture, the media 

was changed every two days.  

2.2.2 Flow Cytometry (FCM) 

2.2.2.1 Cell staining 

 To assess cell viability and to count cell numbers, T. vaginalis, L. gasseri, G. vaginalis, 

A. vaginae and P. bivia were stained and counted by FCM as described in the following 

sections. In the case of T. vaginalis, the stained cells were used to inoculate downstream assays. 
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However, in regards to the bacteria, only the unstained stock was used for inoculation to avoid 

cross-staining during analysis.  

2.2.2.2 T. vaginalis cell staining for FCM analysis 

An overnight culture of T. vaginalis (15 mL) was incubated on ice for 10 min and then 

centrifuged at 3,000 x g for 10 min to remove the media. Cells were resuspended in 10 mL pre-

warmed modified TY medium (section 2.1.10) without horse serum and antibiotics. 1 µM of 

CMTMR dye was added and incubated for 45 min at 37 °C. The cells were then washed twice 

with 1 x PBS and finally resuspended in 1 x PBS. T. vaginalis was counted under the 

microscope using a haemocytometer and diluted to the desired concentration according to the 

respective down-stream assay.  

2.2.2.3 Bacterial cell staining for FCM analysis  

Bacterial cells used in the cell assays were stained with BDTM Cell Viability Kit, 

containing thiazole orange (TO) and propidium iodide (PI). Bacterial cells were grown 

overnight in NYC-III medium (section 2.1.10) and washed twice with 1 x PBS by 

centrifugation at 3,000 x g for 10 min. The cells were finally resuspended in 1 mL of 1 x PBS, 

of which 5 µL was added to three different microcentrifuge tubes already containing 95 µL of 

0.02 % Tween® 20 each. The first tube only contained 0.02 % Tween® 20 and bacteria. The 

second tube also contained 1 µL TO dye, and the third one contained both 1 µL of TO and 1 µL 

PI dye. The first and second (i.e., the one containing only bacteria in 0.02 % Tween® 20, and 

the one containing TO and bacteria in Tween® 20) served as internal controls. The actual 

counting was performed with aliquot three, containing 95 µL of 0.01 % Tween® 20, 5 µL of 

bacteria and 1 µL each of TO and PI dye.  
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2.2.2.4 Flow Cytometry (FCM) Data Analysis 

  A BD AccuriTM C6 flow cytometer was used to perform the analysis. The machine is 

equipped with 488 nm and 635 nm laser excitations. To distinguish between live and dead cells 

and to determine the cell number of bacteria, a BD cell viability kit was used. The two dyes 

included in the kit have different properties: TO stains only live cells, whereas PI, a cell 

membrane permeable dye, stains only dead cells. Therefore, the combination of these two dyes 

allowed us to differentiate live from dead cells.  

In case of T. vaginalis, CellTracker Orange CMTMR fluorescent dye was used, which 

is permeable and intercalates in the membrane to form a non-toxic cell impermeable product, 

which is well-retained in living cells and cannot be laterally transferred to adjacent cells.   

2.2.3 Cell-based assays 

All assays including bacteria and Trichomonas were carried out in a Biological Safety 

Cabinet Class II Hood. Centrifugation was performed either in an Eppendorf 5810R centrifuge 

for volumes larger than 2 mL or a Heraeus Pico 17 microcentrifuge, for smaller volumes. 

Assays that involved only bacteria were incubated in a Nüve EN025 incubator. Assays that 

included hVECs were incubated in a Smart Cell CO2
 incubator. All experimental work was 

performed under PC1 regulations as approved by the Ministry of Primary Industry, New 

Zealand. Cell numbers for T. vaginalis strains, L. gasseri, G. vaginalis, P. bivia and A. vaginae 

were established via FCM analysis before each assay as described in 2.2.2.4. In multi-culture 

assays (i.e., Trichomonas with bacteria and hVECs), only Trichomonas cells were stained to 

avoid fluorescence interference during FCM analysis. 

2.2.3.1 Biofilm formation  

Biofilm formation was used to analyse the quantity of biofilm formed by G. vaginalis 

and to assess the quality of the biofilm layer. 100 µL of a 1:100 dilution of G. vaginalis was 
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inoculated per well in a 48-well plate. The bacteria were incubated for 5 days at 37°C, with the 

medium (NYC-III, section 2.1.10) being changed every 2 days. After incubation, the 

supernatant containing the cells was removed, and the biofilm was washed twice with 1 x PBS. 

125 µL of 0.1 % crystal violet was added to each well and incubated at room temperature for 

15 min. The solution was removed, and the wells were washed four times with 1 x PBS. For 

qualitative assessment, the plates were left to dry for a few hours, and the picture was acquired. 

In the quantitative measurement, 125 µL of 30 % acetic acid was added to each well and 

incubated at room temperate for 15 min. The 125 µL solution was then transferred into a new 

96-well plate, and the absorbance was measured at 550 nm. Wells containing only NYC-III 

medium (Section 2.1.10) were used as a blank. A. vaginae was used as a negative control as 

the bacterium does not produce a biofilm.  

2.2.3.2 T. vaginalis resistance to metronidazole 

To assess antibiotic resistance, T. vaginalis strain G3 and B7268 were used. 2 mL of 

overnight cultures were centrifuged at 3,000 x g for 10 min, resuspended in 10 mL of fresh pre-

warmed modified TY medium (section 2.1.10) and counted using a haemocytometer. Parasites 

were diluted with fresh pre-warmed media to a concentration of 1 x 105 cells / mL in a total 

volume of 15 mL. 145 µL of the parasite was added to each well of a 96-well plate. Then a 

stock of 30.72 mg / mL of metronidazole in 100 % DMSO was made and diluted 1:4 with 

modified TY media to a final concentration of 7.68 mg / mL of metronidazole. 5 µL of the 1:4 

dilution was added to the first well of the 96-well plate, containing the parasites, and a set of 

two-fold serial dilutions were performed. A 1:4 dilution of DMSO in modified TY medium 

was performed for a DMSO treatment control to reflect the highest final DMSO concentration 

in the assay. Parasites were next simultaneously grown aerobically and anaerobically at 37 °C 

for 48 h. Samples were scored under a light microscope by estimating flagella movement. The 

scoring scheme used was 0 = no cells, 1 = cells but no movement, 2 = some movement and 3 
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= full movement. The same assay was performed using G. vaginalis and A. vaginae together 

with T. vaginalis G3 and with a combination of A. vaginae and G. vaginalis with T. vaginalis 

G3.  

2.2.3.3 Migration of T. vaginalis towards a bacterial Biofilm  

A layer of biofilm was grown in a 24-well plate as previously described (section 

2.2.3.1). After incubation, 8.0 µm inserts were inserted, and the basolateral compartment was 

filled with 750 µL modified TY medium (section 2.1.10), and the apical compartment was 

filled with 250 µL of modified TY medium. Additionally, the apical compartment was 

inoculated with pre-stained T. vaginalis (section 2.2.2.2) at a concentration of 2.5 x 105 cells / 

mL. Cells were incubated for 6 hours. Every 2 h, 50 µL of the apical compartment was 

removed, and the numbers of T. vaginalis remaining in the apical compartment were assessed 

via FCM analysis (section 2.2.2.4). Controls used included T. vaginalis in the presence of no 

biofilm in the basolateral compartment, and T. vaginalis only without an insert present as 

100 % control.  

 

 

 

 

Figure 2.1 – Biofilm Migration. Measuring Trichomonas vaginalis (Tv) remaining in the apical 

compartment to assess the amount of parasites which migrated through a 8.0 μm insert when biofilm is 

present in basolateral compartment. Controls included ells with no biofilm and with no insert. 
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2.2.3.4 Examining survivability of T. vaginalis in the presence of a biofilm  

A biofilm layer was grown as previously described (section 2.2.3.1) in a 48-well plate. 

2.5 x 105 cells / mL of pre-stained T. vaginalis (section 2.2.2.2) were added to the respective 

wells. This assay contained wells containing the biofilm with T. vaginalis plus 32 µg / mL of 

metronidazole and wells containing T. vaginalis and 32 µg /mL metronidazole without biofilm. 

The plates were incubated for 48 h at 37 °C. The supernatant was analysed via FCM to assess 

non-bound live/dead Trichomonas cells (section 2.2.2.4). 

2.2.3.5 Growth curve of T. vaginalis  

T. vaginalis (pre-stained; section 2.2.2.2) and CST-IV bacteria were diluted with 

modified TY medium (section 2.1.10) to a concentration of 1 x 104 cells / mL, for each of the 

bacteria and T. vaginalis, in a volume of 15 mL. Two samples were prepared: one sample 

contained only T. vaginalis, while the other sample contained T. vaginalis and the CST-IV 

bacteria. Both samples were incubated at 37 °C for different periods of time (4, 8, 16, 20, 24, 

28, 32, 40, and 48 h). At the end of each time point, 150 µL was removed from the samples 

and cells enumerated by FCM (section 2.2.2.4). The growth curve was then repeated with 

DMEM (Dulbecco’s Modified Eagle’s Medium) as minimal media with the same growth 

conditions.   

2.2.3.6 Nutrient deficient medium based growth experiments of T. vaginalis 

Growth curve assays were conducted in three parts. In the first part, a time series was 

conducted to determine if T. vaginalis could survive in a nutrient deficient environment when 

co-incubated with the CST-IV bacteria. For this, 1 x 104 cells / mL of CMTMR pre-stained 

T. vaginalis (section 2.2.2.2) combined with unstained CST-IV bacteria (1 x 105 cells / mL of 

P. bivia, 1 x 106 cells / mL of G. vaginalis, 1 x 106 cells / mL of A. vaginae) were inoculated 

in a total volume of 2 mL of DMEM in a 24 multi-well plate, and 1 x 104 cells / mL T. vaginalis 

alone as control. The combination was incubated at 37 °C. 150 µL of supernatant was collected 
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from each well and analysed by FCM (section 2.2.2.4) at 24 h and 48 h. The second part 

employed different concentration ratios of the individual bacteria but otherwise used the same 

conditions as assay one. The third assay used different combinations of the CTS-IV bacteria 

and T. vaginalis along with one combination including L. gasseri, to assess the effects of a 

probiotic bacterium. Similar to the first part, the cells were also analysed by FCM (section 

2.2.2.4), and the same concentrations as in experiment one were used. For L. gasseri a 

concentration of 1 x 106 / mL was used.  

2.2.3.7 Collection of supernatant for metabolic profile 

The supernatants of the combination T. vaginalis and CST-IV and the supernatant of 

T. vaginalis alone from section 2.2.3.6 were collected to identify the metabolic products 

produced under different conditions. The collection was done in a volume of 600 µL at time 

points 8, 16 and 32 h and stored at minus 80°C until GC-MS analysis.  

2.2.3.8 Binding of T. vaginalis to an artificial  mucus layer 

To asses binding of T. vaginalis to mucus, we labeled the mucin with biotin in order to 

immobilise  the mucus to streptavidin plates. For this we used the Pierce® EZ Link™ Sulfo 

NHS-SS Biotinylation Kit from Thermo Fisher Scientific. 1 mg of mucin from bovine 

submaxillary gland was dissolved in 2 mL of BupH PBS (supplied in the kit). The dissolved 

mucin was then biotin labelled as described in the manufacturer's protocol. After labelling the 

mucin with biotin we immobilized the mucin to the high sensitivity streptavidin plates (Thermo 

Fischer Scientific). The wells were washed with 200 µL wash buffer three times. Then 100 µL 

of the biotinylated solution was added and incubated at room temperature for 30 min. After 

incubation pre-stained T. vaginalis (section 2.2.2.2) and pre-stained T. vaginalis with CST-IV 

were added to the respective wells and incubated for 30 min. The supernatant was removed 

and analysed via FCM analysis (section 2.2.2.4).    
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Figures 2.2 – Binding of T. vaginalis to mucin. Mucin was labelled with biotin and immobilized on 

streptavidin coated plates. Wells were incubated with pre-strained T. vaginalis alone and in 

combination with CST-IV bacteria. A well containing no biotin labelled mucin was used to assess if 

T. vaginalis binds to streptavidin itself.    

 

2.2.3.9 Migration of T. vaginalis through an artificial mucus layer 

Mucin from bovine submaxillary gland was dissolved and diluted to 1 mg / mL in PBS 

and applied to cell inserts with a pore size of 8.0 µm placed in a 24-well plate and left to semi-

dry in a sterile culture hood. After the mucin layer was partly dried the basolateral compartment 

was filled with 750 µL PBS, and the apical compartment was filled with 250 µL of PBS, 

respectively. The apical compartment was inoculated with either 2.5 x 105 / mL of T. vaginalis 

alone, or together with 1 x 105 / mL of P. bivia, 1 x 106 / mL of G. vaginalis and 1 x 106 / mL 

of A.vaginae. Cells were incubated for 6 h. At the end of every 2 h, 50 µL of the apical 

compartment was removed, and the number of T. vaginalis remaining was assessed via FCM 

analysis (section 2.2.2.4). Controls used included T. vaginalis only without a mucin layer on 

the insert. 
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Figure 2.3 – Migration of T. vaginalis through a mucus layer. A mucin layer was applied to a 8.0μm 

insert and semidried. Wells contained in the apical compartment T. vaginalis alone and in combination 

with CST-IV bacteria. As control wells with no mucin layer on inserts and wells with no inserts were 

used.  

 

2.2.3.10 Adherence of T. vaginalis to hVECs 

An adhesion assay to determine the number of host cell adherent parasites was carried 

out as previously described (Phukan et al., 2013). Briefly, hVECs were grown to form a 

monolayer in a 48-well plate, and the media was aspirated. A total volume of 250 µL (of 

different combinations and concentrations of CST-IV and T. vaginalis) was added to the 

hVECs and incubated at 37 °C with 5 % carbon dioxide. After different incubation times and 

modes, the supernatant was decanted, and the cells were gently washed with 1 x PBS. The 

hVECs were then trypsinised for 5 min at 37 °C. After detachment was verified under the 

microscope, the trypsin was neutralised with an equal volume of horse serum. The mixture was 

centrifuged at 3,000 x g for 10 min to remove the horse serum, and the pellet was resuspended 

in 1 mL PBS and analysed by FCM (section 2.2.2.4). Several controls were used: KSFM only 

was used to ensure that residual media from the hVECs incubate would not interfere with the 

FCM readings. Further, a sample of unstained and stained T. vaginalis was used to ensure that 

the staining was successful. Wells incubated with pre-stained T. vaginalis cells only were used 

as a positive control, and all other combinations were compared to this control.   
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Several different adherence assays were carried out. For the saturation assay, hVECs 

were inoculated with 2.5 x 105 cells / mL of T. vaginalis, 1 x 104 cells / mL of P. bivia, 

1 x 106 cells / mL of G. vaginalis and 1 x 106 cells / mL of A. vaginae  and samples were 

collected at 20, 40 and 60 min post-incubation. The time point for the concentration-dependent 

assay was 30 min and concentrations used were a ratio of 1:1, 1:2 and 1:3 bacteria to 

Trichomonas. In the different incubation mode assay, the concentrations of the saturation assay 

were used and the incubation time of the concentration-dependent assay was used. We used 

several options for the incubation modes: (1) hVECs were pre-incubated for 30 min with 

T. vaginalis, (2) hVECs were pre-incubated for 30 min with CST-IV bacteria, (3) T. vaginalis 

and CST-IV bacteria were incubated together for 30 min before being added to the hVECs (4) 

the supernatant of the CST-IV bacteria was pre-incubated with the hVECs for 30 min before 

T. vaginalis was added. Aside from the previously mentioned controls, T. vaginalis strain 

B7RC2 was used as a positive control in all assays, since this strain is known to be highly 

adherent to hVECs (Phukan et al., 2013).  

2.2.3.11 Metabolic activity measurement of hVECs using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) 

hVECs were grown to form a monolayer. Once the monolayer was achieved, the cell 

culture medium was removed. The cells were incubated for 2, 4 and 6 h with T. vaginalis alone 

and CST-IV bacteria alone and in combination with T. vaginalis. The concentrations used were; 

2.5 x 105 cells / mL T. vaginalis, 1 x 104 cells / mL of P. bivia, 1 x 105 cells / mL of G. vaginalis 

and 1 x 105  cells/ mL of A. vaginae. A well containing only hVECs was used as a control and 

a well containing hVECs with camptothecin was used as positive control. Camptothecin 

induces apoptosis by inhibiting topoisomerase (Abcam). After incubation, the medium was 

removed, and 50 µL of serum-free media and 50 µL of MTT solution was added into each well, 

and the cells were incubated for 3 h at 37°C. Afterwards, 150 µL of MTT solvent was added 



 

57 

 

to each well. The plate was incubated shaking for 15 min in the dark. The absorbance was read 

at 590 nm.  

 

 

 

 

 

Figure 2.4 – MTT assay. MTT is a colorimetric assay for assessing metabolic activity. The yellow 

coloured tetrazolium dye MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide is 

reduced by the NAD(P)H dependent cellular oxidoreductase to its insoluble form formazan which has 

a purple colour.   

 

2.2.3.12 Analysing early apoptosis of hVECs  

hVECs were grown as a monolayer and inoculated with 2.5 x 105 cells / mL 

T. vaginalis, 1 x 104 cells / mL of P. bivia, 1 x 105 cells / mL of G. vaginalis and 1 x 105  cells/ 

mL of A. vaginae. One set of wells contained T. vaginalis only; the second set contained 

T. vaginalis and CST-IV bacteria combined. The positive control included hVECs treated with 

camptothecin to induce apoptosis, and the negative control contained hVECs only. The 

combinations and hVECs were incubated for 2, 4 and 6 h, harvested and washed in cold 1 x 

PBS. The cells were spun down (3200 x g for 5 min) and resuspended in 1 x annexin binding 

buffer (supplied in the kit) to a final concentration of 1 x 106 cells / mL in a total volume of 

100 µL. 5 µL FITC annexin V and 1 µL of 100 µg / mL PI was added to each 100 µL cell 

suspension. Suspensions were incubated at room temperature for 15 min. After incubation, 400 

µL of 1 x annexin binding buffer was added and mixed gently on ice. The cells were then 

analysed via FCM (section 2.2.2.4). The fluorescence emission was measured at 530 nm in 

FL1 and 575 nm in FL3.  
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2.2.3.13 Measuring the paracellular permeability of hVECs  

hVECs were grown on ThinCertTM inserts (24 well plate) with a pore size of 0.4 µm. 

After a monolayer was obtained, the cell culture medium was removed, and 250 µL of PBS 

was added to the apical compartment and 750 µL to the basolateral compartment. The different 

Trichomonas strains (G3, B7RC2, F1623) and the different bacterial and T. vaginalis 

concentrations, depending on the assay, were inoculated only into the apical compartment 

together with a final concentration of 10 µg / mL of fluorescein isothiocyanate-dextran (FITC-

dextran) with a molecular weight of 70,000 Daltons. In addition to using different strains and 

concentrations, the assay was also conducted using different combinations of Trichomonas and 

CST-IV bacteria. Controls consisted of wells containing only hVECs as a blank and wells with 

only FITC dextran without any inserts, which served as the 100 % control. 10 µL of each well 

was removed from the lower chamber at various time intervals (60, 120, 180, 240, 360 and 480 

min after treatment) and subjected to 10-fold dilution in a 96-well plate. Finally, the 

fluorescence was measured with excitation maxima at 492 nm and emission at 518 nm.  

                            

 

 

  

 

 

Figure 2.5 – Permeability assay. The apical compartment is inoculated with T. vaginalis and CST-IV 

bacteria in different combinations and concentrations and a sugar (dextran) labelled with a fluorescent 

dye (FITC) is added. If tight junctions are dysregulated the intracellular space is large enough for 

FITC-dextran to diffuse through the paracellular route. The amount of diffused FITC-dextran present 

in the basolateral compartment can be measured.   
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2.2.3.14 Measuring Phosphatase activity   

hVECs were seeded into a 96-well plate and treated with either T. vaginalis or with the 

CST-IV bacteria alone and CST-IV combined with T. vaginalis, with the same final 

concentrations as described for the paracellular permeability assay (2.2.3.13). After a pre-

incubation of 1 h, 10 mM p-nitrophenyl phosphate (pNpp) was added to each well to give a 

final concentration of 6mM per well and incubated at 37 C. At intervals of 20, 40, 60, 80, 100, 

120, 140 and 160 min, the reaction of the individual wells was stopped by adding 1 mL of 1 N 

NaOH and the absorbance at 405 nm was measured. Wells containing hVECs only were used 

as a blank.  

2.2.3.15 Inhibiting paracellular permeability of hVECs 

The parameters established in section 2.2.3.13 were also used for the inhibition assay, 

with the exception that time intervals of 30, 60, 90 and 120 min were used. Sodium 

orthovanadate was used at concentrations of 50 µM, 100 µM and 200 µM and pre-incubated 

for 30 min. Controls consisted of the untreated combination of CST-IV.  

 

2.2.4 Molecular Biology 

Buffer and solutions were prepared using ultra-pure water (MilliQ). All 

Oligonucleotides are listed in section 2.1.9. All work was carried out in a PC1 containment 

facility approved by the Ministry of Primary Industry of New Zealand.  

2.2.4.1 Genomic DNA extraction 

Genomic DNA (gDNA) was extracted from T. vaginalis G3, G. vaginalis and 

A. vaginae using the PureLink® Genomic DNA mini kit according to the manufacturer’s 

instructions. Purified DNA was quantified using the NanoDrop ND-100 Spectrophotometer 

and either used directly or stored at -20° C for future use.   
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The gDNA of human vaginal epithelial cells (hVECs) was extracted using the Tissue 

DNA Kit from Omega Bio-tek according to instructions and quantified using the NanoDrop 

ND-100 Spectrophotometer. The extracted gDNA was stored at -20° C or used directly.   

2.2.4.2 RNA extractions and cDNA conversion  

Cell extracts of hVECs incubated with T. vaginalis alone and T. vaginalis with CST-

IV bacteria were collected by trypsinisation and lysed using NP-40 lysis buffer (section 2.1.8). 

After collection of cell extracts, samples were stored in RNAlater® Solution, snap frozen and 

stored in minus 80 °C. RNA from hVECs and T. vaginalis G3 were extracted following the 

manufacturers’ instruction using the total RNA extraction kit from Omega Bio-tek. Following 

extraction, 5 µg of RNA was reverse transcribed to pure cDNA. The reaction was carried out 

in a total volume of 20 µL as described in Table 2.16.  

Table 2.16 reaction components for cDNA synthesis 

 Volume 

Superscript RT III 1 µL 

0.1 M DTT 2 µL 

5 x first strand buffer 5 µL 

50 µM oligo dt adapter 1 µL 

25 mM MgCl2 0.4 µL 

RNase inhibitor 0.5 µL 

10 mM dNTPs 2 µL 

RNA 5 µg 

H2O To add to 20 µL 

 

The reaction was incubated at 42 °C for 1 h. The cDNA obtained was stored at -80 °C 

until further use. 
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2.2.4.3 qPCR  

 First primer efficiency was determined by creating a two-fold titration curve. The 

mastermix that was used is listed in Table 2.17.   

Table 2.17: qPCR Mastermix for primer efficiency 

 Volume 

SYBR Green Mastermix  25 µL 

Forward primer 900 nM 

Reverse primer 900 nM 

gDNA 50 ng 

H2O Top up to 50 µL 

 

The run was performed in a QuantStudio 5 and data was analysed to create a standard 

curve with QuantStudio™ Design and Analyse v1.4.3.  The run parameters are shown in Table 

2.18. 

Table 2.18: qPCR program used for primer efficiency 

Step Activation PCR 

Hold Cycle (40 cycles) 

Denaturation Anneal/Extend 

Temp. 95 °C 95 °C 60 °C 

Time 10 min 15 s 1 min 

 

After primer efficiency was determined the same mastermix concentrations and 

program parameters that were used for primer efficiency were used except that only 5 ng of 

cDNA was used. Data was analysed using the CT method and values were normalised against 

the housekeeping gene α-tubulin in the case of T. vaginalis gene expression and GAPDH in 

the case of hVECs gene expression analysis.  
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2.2.4.4 Primer design 

The primer tool website from Integrated DNA Technologies was used to design and 

analyse primers and their properties such as melting temperature, GC content, the probability 

to form secondary hairpin structures and primer dimers. A full list of all primers used in this 

study can be found in Section 2.1.9. 

2.2.4.5 Polymerase Chain Reaction (PCR) 

100 ng of gDNA, previously extracted from T. vaginalis G3, G. vaginalis and 

A. vaginae (section 2.2.4.1), was used. The PCR mastermix is listed in Table 2.19.  

Table 2.19: PCR Mastermix 

 Volume 

1 x Phusion Green GC Buffer 

(1.5 mM MgCl2)  

5 µL 

0.2 mM dNTPs 2.5 µL 

0.2 µM Forward primer 2 µL 

0.2 µM Reverse primer 2 µL 

2 U / µL Phusion Green High-

Fidelity enzyme 

0.5 µL 

gDNA 100 ng 

H2O Top up to 50 µL 

 

The reaction was carried out as stated in table 2.20.  

Table 2.20: PCR program used 

Stage Time Temperature 

Initial denaturation 30 s 98 °C 

Denaturation 10 s 98 °C 

Annealing 45 s See Table 2.10                              

Elongation 1 min 72 °C 

Final elongation 10 min 72 °C 
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The PCR run was repeated for 35 cycles, and the PCR products were analysed on a 1 % 

agarose gel as described in 2.2.4.6. 

2.2.4.6 Agarose gel electrophoresis 

PCR amplicons were analysed on 1 % UltraPure™ agarose dissolved in 1 x TAE buffer 

(section 2.1.8) and stained with ethidium bromide at a concentration of 2.5 µg / mL. The DNA 

samples were prepared using 10 x TrackitTM Cyan / Orange, and 7 µL of 1kb DNA ladder was 

used as a size standard. The gel electrophoresis run was carried out at 100 Volts for 45 min. 

The gels were analysed under ultraviolet light.  

 

2.2.5 Bioinformatics 

2.2.5.1 Phylogenetic analysis 

Phylogenetic analysis was carried out using a published investigation into several 

organisms containing novel extracellular zinc (Zn) – metallopeptidases as a starting point. This 

publication found that 25 T. vaginalis-genes contained a novel M60-like/PF13402 domain 

(Nakjang et al., 2012). We reduced this number further by identifying those of the first 25 genes 

which also contain an HEXXH motif. These final 10 genes were used together with their 

respective top hit in BlastP to generate a phylogenetic tree. PhyML was used within the 

SEAVIEW program to perform the calculations using the LG model. 

 

2.2.6 Protein Analysis 

2.2.6.1 Human cell lysis 

hVECs were trypsinised and collected via centrifugation (3000 x g for 5 min at 4 °C). 

The pellet was then carefully washed twice in ice-cold 1 x PBS and resuspended in 1 mL pre-

chilled NP-40 lysis buffer (section 2.1.8) for 15 min, and vortexed occasionally. The lysate was 
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centrifuged at 20,000 x g for 10 min at 4 °C. After collection of the supernatant the lysate was 

stored at -20 °C until further use.   

2.2.6.2 Determination of Protein concentration  

To load equal amounts of protein in each well on an SDS-PAGE gel, protein 

concentration was determined using the Bradford assay. To create the standard curve a BSA 

standard (2 mg / mL) was diluted to obtain different protein concentrations. 20 µL of the sample 

and standards were combined with 1 mL of 1 x Bradford solution and incubated for 5 min at 

room temperature. After the incubation period, the absorbance was read at 595 nm. The 

concentration of the samples were read from the standard curve and diluted in 6 x loading 

buffer to obtain a concentration of 20 µg. The samples were incubated for 5 min at 95 °C and 

stored at  -80 °C until further use.  

2.2.6.3 SDS-Polyacrylamide electrophoresis (PAGE) and staining 

All SDS-PAGE gels used employed a 12 % running gel and a 3 % stacking gel. 20 µL 

of the sample was loaded onto each well. A pre-stained protein ladder was used as a size 

standard. The SDS-PAGE was electrophoresed at 120 V for 1 h or until the loading dye was 5 

mm from the end of the gel. Two identical gels were run: one was used for Western blotting 

while the other gel was stained with Coomassie Blue for 1 h and destained for 2 h before being 

stored in distilled water.   

2.2.6.4 Western Blotting 

Following electrophoresis, the gel was transferred onto polyvinylidene fluoride (PDVF) 

membrane which was first activated for 1 min in methanol. During this activation time, the gel, 

filter paper and sponge were incubated in cold blotting buffer. After the sponge, filter paper 

membrane and gel were correctly stacked, the cassette was inserted in the Trans-blot devices, 

and the chamber was filled with 1 x blotting buffer (section 2.1.8). The transfer was carried out 

at 30 V for 1.5 h at 4 °C.  
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After the transfer was complete, the membrane was blocked for 60 min at room 

temperature in 5% BSA / TBS buffer. The primary antibody was added and incubated overnight 

at 4°C. Primary antibodies were used in a 1:1000 dilution (Anti-Zo-1, anti-Claudin3, anti-

Occludin). The membrane was then washed three times for 10 min each with 1 x TBST buffer 

(section 2.1.8). The secondary antibody was incubated at room temperature for 1 h in a dilution 

1:5000 (anti-rabbit HRP and anti-mouse HRP). After incubation, the membrane was washed 

three times for 10 min each with 1 x TBST buffer and incubated with ECL according to the 

manufacturer’s instructions. Detection was performed using a Fuji LAS-4000 Imaging System.  

 

2.2.7 Gas Chromatography-Mass Spectrometry (GC-MS) 

Gas chromatography-mass spectrometry (GC-MS) was used to identify secreted 

metabolites produced during co-culture of T. vaginalis and CST-IV and T. vaginalis mono-

culture. Two methods were used to determine the full range of metabolites. Methyl 

chloroformate (MCF) was used to target amino and nonamino organic acids and the second 

trimethylsilyl (TMS) targeted alcohol, acids and amines (Villas-Bôas et al., 2011). As 

preparation for gas chromatography, 20 µL of 10 mM D4-Alanine was added to each sample 

as an internal standard. Another 20 µL was added into an empty tube as a blank. The sample 

was then freeze-dried at -80 °C at a pressure of 0.10 pa and left overnight.  

2.2.7.1 Methyl chloroformate Extraction 

After freeze-drying, samples were resuspended in 400 µL of 1 % NaOH. 68 µL of 

pyridine (79.1 g / mol) and 334 µL of methanol (32.04 g / mol) were mixed, and the previous 

samples were added. 40 µL of MCF (94.5 g / mol) was added and mixed for 30 s. This step 

was repeated once. Afterwards, 400 µL of chloroform (119.38 g / mol) was added and mixed 

for 10 s. Finally, 800 µL of sodium bicarbonate was added and mixed for 10 s. All samples 

were centrifuged at 12,500 x g for 5 min at 6 °C. The upper layer was then removed using a 
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water pump and glass pipette. A small pinch of sodium sulphate was added, and the remaining 

supernatant was collected and transferred into a GC vial.  

The samples were then loaded into the Agilent 7890B chromatography machine, and 

1 µL of sample was injected using the autosampler into a glass/splitless 4 mm ID straight inlet 

liner packed with deactivated glass wool. The inlet was set to 290 °C; the column flow was 

1.0 mL/min with an initial velocity of 35 cm /s. Purge flow was set to 25 mL/min 1 min after 

injection.  

The GC oven temperature programming started isothermally at 45 °C for 2 min then 

increased by 9 °C / min to 180 °C and held for 5 min. This was followed by an increase of 

40 °C / min to 220 °C and again held for 5 min. The temperature was then increased by 40 °C 

/ min to 240 °C and held for 11.5 min, and finally increased by 40 °C / min to 280 °C and held 

for 10 min.  

The transfer line to the mass spectrometric detector was maintained at 250 °C, the 

source at 230 °C, and the quadruple at 150 °C. The detector was turned on 5.5 min into the run. 

The detector was run in positive-ion electron-impact ionisation mode, at 70 eV electron energy 

with electron multiplier set with no additional voltage relative to the autotune value. The data 

were identified using mass spectra acquired through a scan mode from 38 to 550 atomic mass 

unit with a detection threshold of 100 ion counts. 

2.2.7.2Trimethylsilyl Extraction 

After freeze-drying, 500 µL of 80% methanol was added to each sample and mixed. 

samples were centrifuged at 1,800 x g for 5 min at minus 9 °C. The supernatant was collected 

and transferred to new tubes. 500µL of 100 % methanol was added to the remaining precipitate 

and mixed. The centrifugation was repeated, and the supernatant was combined with the first 

supernatant in the tube. Samples were placed in a speed vacuum concentrator and evaporated 
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for 4 h using the following parameters: zero temperature, zero heat time, vacuum pressure at 

level 1 with ramp set to 3. Once dried the samples were placed in a desiccator overnight. 90 

µL methoxyamine HCl in pyridine was added and mixed for 1 min. The solution was 

transferred to the GC vials and incubated at 30 °C for 90 min. After this, 80 µL of N-Methyl-

N (trimethylsilyl)trifluoroacetamide (MSTFA) was added and incubated for another 30 min at 

37 °C. The samples were processed using the sample parameters as for MCF except for the GC 

oven settings. The GC oven temperature programming started isothermally at 70 °C for 5 min, 

was increased by 10 °C / min to 220 °C, held for 1 min and increased again by 2.5 °C / min to 

365 °C and held for 1 min, increased by 10 °C /min to 280 °C and held for 1 min. Finally, the 

temperature was increased by 1°C / min to 290 °C and held for 0.6 min.   

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

– Chapter three – 
 

CST-IV and Trichomonas vaginalis affect the integrity of the 

human vaginal epithelial cell layer by dysregulation of tight 

junctions 
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3.1 Introduction  

The human epithelium forms a semi-permeable barrier regulating the diffusion of 

solutes and charged molecules, but preventing the migration of microbes, through the 

paracellular pathway. This paracellular permeability is controlled by the apical junctional 

complex, the tight junctions (Figure 3.1; Shen et al., 2015; Hu et al., 2013; Rajasekaran et al., 

2008). However, some pathogens and proteins can disrupt the “fence” function of the tight 

junctions, such as enteropathogenic Escherichia coli effector proteins EspF or Map and 

Helicobacter pylori CagA. Bacteria of the microbiota, such as Clostridium difficile and 

Citrobacter rodentium, may also disrupt tight junctions (Fujita et al., 2000; Karimi et al., 2018; 

Singh et al., 2018; Wessler & Backert, 2018). Therefore, my aim for this chapter was to 

evaluate whether the CST-IV bacteria and T. vaginalis affect paracellular permeability, and if 

co-incubation of these organisms results in a synergistic increase of permeability.  

 

 

 

 

 

 

Figure 3.1 – Integrity of the paracellular space. The paracellular pathway regulates the diffusion of 

nutrients through the paracellular space, which is regulated by the main tight junction proteins claudin 

and occludin, which are linked to the cytoskeleton by the scaffolding protein zonulin-1 (zo-1).   
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3.2 CST-IV and T. vaginalis synergistically increase the paracellular permeability of 

hVECs  

Clinical isolates and laboratory strains of T. vaginalis exhibit different levels of 

virulence, measured as levels of host cytoadhesion and cytotoxicity (Lustig et al. 2013). 

Therefore, as detailed below, we examined whether three strains available in our lab (exhibiting 

different levels of adhesion and cytotoxicity) would alter paracellular permeability of a host 

cell monolayer at different levels. This was done by measuring the diffusion of a tracer through 

a cell layer. Paracellular diffusion can be measured by employing tracer molecules such as 

insulin or dextran which are coupled to fluorescent dyes or radioisotopes. In our case, we used 

a 70 kDa dextran, linked to fluorescein isothiocyanate (FITC) to measure fluorescence of the 

diffused molecules. For our paracellular diffusion assay, human vaginal epithelial cells 

(hVECs) were grown as a monolayer on ThinCell inserts, creating an apical and a basolateral 

compartment (section 2.2.3.13). If paracellular permeability increases, diffusion of FITC-

dextran to the basolateral compartment will also increase. At various time points, a sample was 

taken from the basolateral compartment and analysed for fluorescence. Fluorescence uses the 

ability of the FITC molecule to absorb a photon of light, leading to excitation of an electron to 

a higher energy state. In our case, FITC has an excitation of 480 nm and an emission of 540 nm, 

which is detected by an Enspire plate reader (Simeonov & Davis, 2015).    

The T. vaginalis strains that were chosen (G3, F1623 and B7RC2) display different 

levels of adhesion to host cells. There is an approximately 6-7 fold difference in cytoadhesion 

between the least and most cytoadherent strains, G3 and B7RC2 respectively (Brooks et al. 

2013; Phukan et al. 2013). Paracellular permeability was measured at concentrations and time 

periods for which cytotoxicity of the three strains is unlikely (Lustig et al. 2013) and it was not 

observed in our lab (Ann-Katrein Bar, personal communication). Hence, we can rule out that 

T. vaginalis cytotoxicity accounts for the effects on paracellular permeability observed here.  
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Figure 3.2 shows that, except for time points 120 min, 180 min and 360 min, G3 caused 

higher changes in paracellular permeability than B7RC2 or F1623. However, changes in 

paracellular permeability caused by G3 and B7RC2 were not statistically significant when 

compared to each other, with the exception of time point 60 min (P = 0.0145). G3 and B7RC2 

have starting permeability values of 9.6 % and 7.8 %, respectively. After 360 min, G3 has a 

final value of 30 % and B7RC2 a value of 30.8 %. Throughout the time interval (except for 

120 min), G3 caused a significantly higher change in diffusion compared with F1623 ( P < 

.0001). B7RC2 also showed a significantly higher diffusion rate than F1623  (P < .0001) and 

P = 0.0209 at time point 240 min. As for G3 at time point 120 min there was no statistical 

difference. These results indicate that (i) all three strains can induce paracellular diffusion in a 

time-dependent manner, and (ii) there is no correlation between paracellular permeability and 

the levels of cytoadherence among the strains. 

 

      Figure 3.2 - Paracellular permeability of different T. vaginalis strains. Fluorescence readings 

of FITC-dextran diffusion of the individual samples were compared to a 100 % control sample. 

A concentration of 2.5 x 105 cells per mL was used for all three strains. Statistical significance 

in paracellular permeability is represented by (***) for P < .0001, (**) for P = 0.0145 and (*) 

for P = 0.0209. All tests were performed in triplicate. 
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Since all three strains were able to induce paracellular permeability and there appeared 

to be no correlation between cytoadherence and permeability, we decided to continue all 

downstream experiments with the T. vaginalis reference strain G3. This strain was used 

previously in our lab for adherence and cytotoxicity assays for so it use here enabled a better 

comparison with previous results.  

With the focus on the reference strain G3, we evaluated whether induction of 

paracellular permeability is dependent on concentration of the parasite. We tested different 

concentrations, more specifically: 104, 105, 2.5 x 105 and 106 T. vaginalis / mL. As seen in 

Figure 3.3, the lowest concentration of parasite (104 and 105cells / mL) had the lowest induction 

of paracellular permeability, when compared to 2.5 x 105 and 106 cells / mL (P < .0001), 

throughout the time series with a starting value of 2.7 % and 5.9 % and a maximum value after 

360 min of 13.9 % and 19.7 %. The two highest concentrations (2.5 x 105 and 106 cells / mL) 

had a similar effect on paracellular permeability with starting values of 9.8 % and 10 % and a 

maximum of 29.5 % and 28 % at 360 min. Between concentrations 2.5 x 105 and 106 cells / 

mL there was no statistical significance except for time point 180 min and 360 min with p < 

.0001. Since permeability differences between the concentrations of 2.5 x 105 and 106 parasites 

/ mL are negligible, indicating that the effect of permeability had reached a saturation point, 

we decided to use a concentration of 2.5 x 105 parasite / mL for the subsequent experiment.   
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Figure 3.3 - Paracellular permeability of different concentrations of T. vaginalis reference 

strain G3. Fluorescence readings of FITC of the individual samples were compared to a 100 % 

control sample. Statistical significance in paracellular permeability is represented by (***) for 

P < .0001, (**) for P = 0.0302 and (*) for P = 0.0031. All tests were performed in triplicate.     
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concentrations reached the same end values. However, G. vaginalis did not show any statistical 

difference between a concentration of 105 and 106 bacteria / mL. Preliminary data (not shown) 

indicated that saturation levels of permeability were reached after 360 min. Furthermore, a 

longer incubation could result in T. vaginalis causing apoptosis and cell lysis (in our lab this 

was shown for hVECS to start from 480 min).     

 Since alterations in paracellular permeability were overall significant but nonetheless 

modest (up to 12-14 % at latest time and concentrations), we decided to use the highest 

concentration of each of the CST-IV bacteria tested here for subsequent experiments.    
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Figure 3.4 - Paracellular permeability of different concentrations of the individual CST-IV bacteria. 

Fluorescence readings of FITC of the individual samples were compared to a 100 % control sample. 

T. vaginalis was used as a second control and compared to previous results obtained to ensure limited 

variations in the assay. Statistical significance in paracellular permeability is represented by (***) for 

P < .0001. All tests were performed in triplicate.     

 

To examine the contribution of individual CST-IV bacteria and T. vaginalis to 

paracellular permeability, we compared the level of diffusion side by side for the chosen cell 

concentrations of the microorganisms (Figure 3.5). T. vaginalis had a significantly higher 

diffusion rate than any of the individual CST-IV bacteria (P < .0001), some > 2-fold higher 
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paracellular permeability.       
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Figure 3.5 - Paracellular permeability of individual bacterial species compared to T. vaginalis. 

Fluorescence readings of FITC of the individual samples were compared to a 100 % control sample. 

T. vaginalis has a significantly higher diffusion at all time points with P < .0001. All tests were 

performed in triplicate.    

 

The bacteria from the CST-IV group appear as a consortium in the vagina. Hence, we 

used these bacteria in different combinations to observe the cumulative effects on paracellular 

permeability (Figure 3.6). Except for time points 240 and 360 min, where a combination of 

A. vaginae and P. bivia had a significantly lower diffusion than the combination with all 

bacteria (P = 0.0401), there were no differences in paracellular permeability between the 

different combinations of CST-IV associated bacteria. However, the overall increase of 

paracellular permeability between 60 min and 360 min was almost doubled (30 % to ~ 60 %).   
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Figure 3.6 - Paracellular permeability of different combinations of the CST-IV bacteria. 

Fluorescence readings of FITC of the individual samples were compared to a 100 % control 

sample. T. vaginalis was used as a second control and compared to previous results obtained to 

ensure limited variations in the assay. Statistical significance in paracellular permeability is 

represented by (*) for P = 0.0401. All tests were performed in triplicate.      

 

T. vaginalis caused a higher level of paracellular permeability than individual species 

of CST-IV bacteria (Figure 3.5). However, it was noticeable that combining different bacteria 

had a significant cumulative effect on paracellular diffusion (Figure 3.6). Therefore, we next 

investigated whether CST-IV bacteria and T. vaginalis together would display any cumulative 

effect on paracellular permeability of hVECs.  

In Figure 3.7, we compared T. vaginalis, the individual bacteria and a combination of 

two or all three bacteria with and without the parasite. Since tracer diffusion was saturated for 

both T. vaginalis and CST-IV bacteria (and their combination) at 360 min, we focused on the 

first 3 hours. As seen previously, T. vaginalis induced a higher level of paracellular 

permeability than the individual bacteria (2-fold). Nevertheless, when any two bacteria were 

combined, a synergistic effect on paracellular permeability was observed (Figure 3.7a-c). This 
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synergistic effect resulted in a 3.5 fold increase of paracellular permeability when compared to 

the individual CST-IV bacteria. Furthermore, adding T. vaginalis had a cumulative effect.    
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Figure 3.7 – Comparison of paracellular permeability of T. vaginalis and bacteria alone and in 

various combinations. Fluorescence readings of FITC of the individual samples were compared to a 

100 % control sample. A) G. vaginalis, P. bivia and T. vaginalis alone, in combination and in 

combination with T. vaginalis. B) P. bivia, A. vaginae and T. vaginalis alone, in combination and in 

combination with T. vaginalis. C) A. vaginae, G. vaginalis and T. vaginalis alone, in combination and 

in combination with T. vaginalis. D) P. bivia, G. vaginalis, A. vaginae and T. vaginalis alone, in a 

combination of all bacteria, and in combination with T. vaginalis. In all four graphs, the statistical 

significance of the individual bacteria and T. vaginalis and their respective combinations amount to P 

< .0001. All tests were performed in triplicate.     
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3.3 Increased paracellular permeability of hVECs is due to phosphatase activity  

Selective paracellular permeability of the human vaginal cell monolayer is regulated by 

the tightness of the intercellular space via tight junction proteins (Figure 3.1). As examined 

above, at least some vaginal microorganisms are capable of dysregulating paracellular 

permeability of hVECs. One hypothesis is that the tight junctions that regulate paracellular 

permeability are affected post-translationally, as observed for other pathogens (Findley & 

Koval, 2009). The most important regulatory mechanism of tight junctions is the 

phosphorylation level of serine/threonine and tyrosine residues. Phosphorylation of 

serine/threonine and dephosphorylation of tyrosine is associated with tight junction assembly, 

while dephosphorylation of serine/threonine and phosphorylation of tyrosine is associated with 

dysregulation of tight junctions (Brautigan, 2013). Since both CST-IV bacteria and T. vaginalis 

are known to possess multiple phosphatases, it was of interest to determine whether an increase 

in activity of secreted phosphatases occurs when CST-IV bacteria and T. vaginalis are co-

incubated (Anderson & VanItallie, 1995). Para-nitrophenyl phosphate (pNpp), a commonly 

used substrate for the detection of phosphatase activity, is hydrolysed into inorganic phosphate 

and the conjugative base para nitrophenyl if phosphatases are present, resulting in a colour 

change (Kim & Wyckoff, 1991).  

Based on preliminary data (not shown), phosphatase activity was tested with 6 μM of 

pNpp as substrate. In this assay, phosphatase activity was measured in the supernatant of an 

hVECs monolayer when incubated with CT-IV bacteria and T. vaginalis individually, and in 

combination with CST-IV bacteria and T. vaginalis together. The supernatant of hVECs alone 

was used as a negative control.   

In Figure 3.8, phosphatase activity was enhanced over time. It was also observed that 

T. vaginalis induced a higher level of phosphatase activity than CST-IV bacteria and that there 

was a cumulative effect when T. vaginalis and bacteria were incubated together with hVECs. 
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Phosphatase activity for the CST-IV treatment was significantly lower than for CST-IV + 

T. vaginalis (P < .0001). Phosphatase activity from CST-IV + T. vaginalis was similar to that 

for T. vaginalis alone, except at the last time points (120 and 150 min) when phosphatase 

activity was even more enhanced (P < .0001). At 30 min, T. vaginalis alone was slightly lower 

than CST-IV + T. vaginalis (P = 0.0204).  
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Figure 3.8 - Phosphatase activity of CST-IV bacteria, T. vaginalis, and CST-IV combined with 

T. vaginalis. Phosphatase activity of hVECs was deducted as blank from each corresponding 

concentration. All readings were done in triplicate.      

 

Observations from the previous studies indicated that the presence of microorganisms 

with the host cell monolayer leads to a synergistic increase in phosphatase activity. Hence, it 

was reasoned that if phosphatase activity is involved in induction of paracellular permeability 

(section 3.1) then inhibiting phosphatase activity during co-incubation should prevent or at 

least alleviate the enhancement of paracellular permeability. Here, we decided to test this 

hypothesis by performing paracellular permeability assays in the presence of the phosphatase 

inhibitor sodium orthovanadate (NaV). NaV is a competitive inhibitor of phosphatases; 

however, it is unspecific for Ser/Thr or Tyr phosphatases. NaV acts as a phosphate analogue 

as it mimics the tetrahedral structure of the phosphate intermediate.  
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This experiment was done in the presence of 0, 50, 100, 150 and 200 μM of NaV, and 

results were compared across samples from different time points (Figure 3.9). As T. vaginalis 

and CST-IV bacteria were co-incubated with host cells, we again saw an increase of 

paracellular permeability of the human cell monolayer when in the absence of NaV (>50 %). 

On the other hand, a decrease in paracellular permeability could be observed in the sample 

containing NaV. The lowest dose (50 μM) already caused a significant decrease in diffusion, 

and during the entire time series, there was no  significant difference between the individual 

concentrations of NaV. Nonetheless, the level of reduction in paracellular permeability, when 

compared with the sample without NaV, reached  ~ 6-fold at the last time point (360 min) (P < 

.0001). A slight increase in paracellular permeability was observed for the samples containing 

50 µM NaV inhibitor suggesting that phosphatases might be accumulating in the culture, 

thereby overcoming the inhibitor.  
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Figure 3.9 - Inhibition of paracellular permeability by various concentrations of sodium 

orthovanadate. Fluorescence readings of FITC of the individual samples were compared to a 100 % 

control sample. All tests were performed in triplicate.     
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To confirm this observation, we chose a concentration of 100 μM of NaV and repeated 

the previous experiment with shorter time intervals (Figure 3.10). After as little as 20 min, 

paracellular permeability was greatly reduced compared to the control (absence of NaV). 

Again, over time paracellular permeability increased in the presence of NaV. In the previous 

experiment, this was assumed to be due to saturation of the inhibitor, since the inhibitor was 

not replenished.  
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Figure 3.10 - Inhibition of paracellular permeability by sodium orthovanadate over a 2h time course. 

Fluorescence readings of FITC of the individual samples were compared to a 100 % control sample. 

All tests were performed in triplicate.     

 

3.4 Tight junction integrity is affected by CST-IV and T. vaginalis  

These results implicated phosphatase activity in the alteration of paracellular 

permeability induced by these microorganisms. The most direct host cell targets would 

presumably be the proteins that form tight junctions, since these are the key regulators of 

paracellular permeability. (De)phosphorylation of some of these proteins is a major mechanism 

controlling the function of tight junctions. Thus, in this section, we examined the central protein 

components of tight junctions in relation to gene expression and protein translation. Tight 

junction proteins were assessed at these levels because gene regulation at a transcriptional level 
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does not necessarily correlate with levels of protein translation. Zonulin-1, Claudin-3 and 

Occludin are major structural components of tight junctions and tightly linked to their integrity 

(Schulzke et al. 2012).  

Hence, expression of the genes encoding these three tight junction proteins was 

compared between hVECs in the absence versus presence of T. vaginalis, with and without 

CST-IV bacteria (Figure 3.11). Expression of the genes encoding Zonulin-1 and Occludin, but 

not Claudin-3, was downregulated (2-3 fold) in the presence of the microorganisms (Figure 

3.11a). This result correlated with the relative protein abundance (Figure 3.11b). As with 

paracellular permeability, the difference was more pronounced for the combination of 

T. vaginalis and CST-IV bacteria than for T. vaginalis alone. The most striking observation 

was that Occludin was barely detectable at protein level when both microorganisms were 

present with the VECs.  

 

  

Figure 3.11 T. vaginalis and CST-IV bacteria affect expression of tight junction genes Zonulin-1, 

Claudin-3 and Occludin. Relative expression of these genes and proteins was compared between 

conditions where host cells were not exposed to the microorganisms versus host cells exposed to T. 

vaginalis alone or T. vaginalis in combination with the CST-IV bacteria. (A) Transcriptional regulation 

of Zonulin-1, Claudin-3 and Occludin detected by RT-qPCR. (B) Relative abundance of Zonulin-1, 

Claudin-3 and Occludin proteins, as compared to GAPDH, detected by Western blot. 
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Another mechanism regulating tight junctions (and thus paracellular integrity) is 

cytokine production. We evaluated the expression of cytokines IL-6 and TNF- by RT-qPCR 

(Figure 3.12), since these cytokines have been associated with tight junction disruption and 

were detected from hVECs in the presence of T. vaginalis or CST-IV bacteria (Fichorova et al. 

2009; Capaldo & Nusrat, 2010). IL-6 expression was significantly increased when hVECs were 

incubated with T. vaginalis and with T. vaginalis + CST-IV (P < .0001). There was no 

significant difference between T. vaginalis and T. vaginalis + CST-IV incubation. TNF- gene 

expression was also significantly increased (P < .0001) when incubated with both treatments. 

However, it was interesting to see that even though the difference was not significant, the 

expression levels of IL-6 (T. vaginalis and T. vaginalis+ CST-IV) and TNF- (T. vaginalis and 

T. vaginalis+ CST-IV) were exactly the opposite.         
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Figure 3.12 Gene expression of IL-6 and TNF-alpha. The gene expression of IL-6 and TNF-alpha 

produced by hVECs when incubated alone, with T. vaginalis and with T. vaginalis + CST-IV were 

normalised to the housekeeping gene GAPDH and compared to each other. Statistical significance is 

represented by (***) for P < .0001. All measurements were done in triplicate. 
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3.5 Discussion 

The human mucosa represents a physical barrier in the defence against infections. The 

outermost cell layer (i.e. epithelial cells) functions as a semi-permeable barrier which 

selectively regulates the diffusion of macromolecules through the intercelllular space (Shin et 

al., 2006; Stevenson, 1999). The varying tightness of the space between adjacent cells is 

achieved by tight junctions, which are linked to components of the cytoskeleton and regulate 

‘cell-to-cell’ and ‘cell-to-substratum’ adhesion sites (Schneeberger & Lynch, 2004). Tight 

junctions play a key role in epithelial polarisation and limiting the diffusion of particles 

between the apical and basolateral domains of the cell (Blaskewicz et al., 2011). For the vagina, 

in particular, the integrity of this cell layer is of great importance as disruption of paracellular 

integrity is associated with an increase in HIV acquisition and cervical remodelling. Cervical 

remodelling is a natural ripening process of the cervix to induce birth. However, if induced 

early, premature ripening might lead to pre-term birth (Nelson et al. 2009; Laga et al. 1993). 

Both T. vaginalis and CST-IV bacteria (particularly, BV bacteria P. bivia and 

G. vaginalis) are associated with an increase in HIV acquisition and premature rupture of 

membranes and preterm birth (Nelson et al. 2009; Laga et al.1993; Guenthner et al. 2005). 

Since Brotman et al. (2012) indicated the co-occurrence of CST-IV bacteria (some species 

involved in BV) and T. vaginalis in the vagina, it is possible that the synergistic effects between 

these microorganisms might explain the disease complications mentioned above. In this 

chapter it was shown that, under concentrations where cytotoxicity is negligible, T. vaginalis 

and CST-IV bacteria have a synergistic and cumulative effect on paracellular permeability of 

the host vaginal epithelial cells.  

T. vaginalis has a synergistic relationship with the bacterial endosymbiont Mycoplasma 

hominis (Fiori et al. 2013). Microbial synergism has been described by Fiori and co-workers 

as a phenotype of two or more microorganisms which cannot be achieved by the individual 
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microorganisms (Fiori et al. 2013). Therefore, it was not surprising to see that the relationship 

between CST-IV bacteria and T. vaginalis was also synergistic. To our knowledge, this is the 

first report about synergism between a vaginal commensal and the parasite T. vaginalis. 

In addition to the induction of paracellular permeability, we showed that this effect is 

accompanied by an increase of phosphatase activity (Section 3.3). A cumulative effect of 

parasite and bacteria was again observed, mirroring that for paracellular permeability. The 

increased permeability and phosphatase activity suggest a barrier dysfunction due to infection 

by T. vaginalis and CST-IV bacteria (Schulzke et al. 2012; McCole 2013).  This was further 

demonstrated by showing that the phosphatase inhibitor NaV can virtually restore paracellular 

integrity of a vaginal cell monolayer when in the presence of these microorganisms. 

Phosphorylation and dephosphorylation are important regulatory mechanisms 

controlling the function of proteins in both prokaryotes and eukaryotes (Chang & Stewart 1998; 

Stock et al. 1998). The reversible phosphorylated status of a protein is driven by kinases 

(phosphorylation) and phosphatases (dephosphorylation) switching on or off the activity of 

many enzymes and receptors in a cell (Cozzone 1988). Concerning the main tight junction 

proteins (i.e. Claudin, Occludin and Zonulin-1), phosphorylation and dephosphorylation of 

serine/threonine and tyrosine have been associated with assembly and disassembly of tight 

junctions, respectively. Three signalling pathways have been identified to modify the 

phosphorylation status of tight junction proteins; Rho/Rho-associated protein kinases (ROCK), 

protein kinase Cs (PKCs) and mitogen-activated protein kinase (MAPK; Gonzales-Mariscal et 

al. 2008). In regards to dephosphorylation, protein phosphatase 2 A and protein phosphatase 1 

(a serine/threonine phosphatase and the tyrosine phosphatase PTP1B, respectively) have been 

implicated in tight junction regulation (Rao, 2009). Although other mechanisms cannot be 

ruled out, an altered phosphorylation status of tight junctions seems to be the major mechanism 

by which T. vaginalis and CST-IV bacteria affect the paracellular integrity of vaginal 
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ectocervical cells. Our study, however, has not revealed if the phosphatases implicated in this 

phenotype are of microbial and/or host origin. Regardless of the origin, the resulting physical 

change to the vaginal ectocervix could possibly explain the observed complications of 

trichomoniasis and BV, namely HIV acquisition and preterm birth (Guenthner et al., 2009; 

Cotch et al., 1997).  

Several gut pathogens are known to induce tight junction disassembly in order to 

migrate through the paracellular space and to the basolateral side of the cells. The effector 

proteins EspF and Map of E. coli are capable of disrupting tight junctions in the gut (Singh et 

al. 2018). In the stomach, Helicobacter pylori uses the paracellular route to reach the integrin-

β1 at the basolateral surface of the cells. H. pylori secretes HtrA, which targets specific 

components of the tight junction proteins (Wessler and Backert 2018). Even intracellular 

pathogens, such as Shigella flexneri and Listeria monocytogenes, can disrupt the tight junctions 

by acting on E-cadherin and c-Met and hijacking the host cytoskeleton (Gaillard & Finlay 

1996; Pentecost et al. 2006). In the domain of parasitic protozoans parallels may be drawn 

between the case for T. vaginalis and that of Entamoeba histolytica, an extracellular protozoan 

parasite of the human gut. E. histolytica can alter paracellular permeability of the intestinal 

epithelial barrier by changing the phosphorylation status of tight junction proteins (Leroy et al. 

2000; Lauwaet et al. 2004). Membrane-associated and secreted tyrosine phosphatases, 

produced by the amoeba, have been claimed to drive these changes on the human gut 

epithelium (Anaya-Ruiz et al. 2003, Aguirre-Garcia et al. 2003). 

 A large survey identified 169 genes encoding serine threonine phosphatases (Kutuzov 

& Andreeva 2008). As an extracellular parasite of the mucosa, surface proteins of T. vaginalis 

should play a major role in the parasite’s virulence and ecto-phosphatase activity and surface 

ser/thr phosphatases were recently detected (de Miguel et al. 2010; de Jesus et al. 2002). In 
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addition, tyrosine phosphatase and protein phosphatase 1 have been identified in the secretome 

of T. vaginalis (Gould et al. 2013). 

In addition to phosphatase activity as a mechanism for the modulation of host 

paracellular permeability, we also demonstrated that major tight junction proteins were 

downregulated when hVECs were incubated with parasite and bacteria (section 3.4). We 

focused on the three major tight junction components: Occludin, Zonulin-1 and Claudin-3. The 

first two were affected in expression and Occludin, in particular, became virtually undetectable 

from the hVECs by Western blot when both microorganisms were present. Occludin, the first 

tight junction protein to be identified, which was detected in avian tissue (Cummins, 2012), 

has a predicted size of 60 kDa (Tsukita et al., 2001) but larger bands (~ 82 kDa) are seen in 

SDS-PAGE gels due to different levels of phosphorylation. The protein contains four 

transmembrane domains forming two extracellular loops that are rich in glycine and tyrosine 

and a short cytosolic loop rich in serine, threonine and tyrosine (Schneeberger & Lynch, 2004). 

The scaffolding proteins of the zonula occludens family (ZO-1) connect the Occludin proteins 

to the actin cytoskeleton (Shin et al., 2006). Occludin is thought to be involved in regulating 

tightness of the tight junctions, since overexpression alters paracellular permeability 

(Stevenson, 1999, Gonzalez-Mariscal et al., 2003). Claudins were the second group of tight 

junction proteins to be identified, with 24 members identified to date (Shin et al., 2006). These 

proteins are all between 20-27 kDa in size and, although the presence of four transmembrane 

domains and two extra- and one intracellular loop can be observed, they have no sequence 

similarity to Occludins (Schneeberger & Lynch, 2004, Furuse et al., 1998; Shin et al., 2006). 

In addition, claudins possess a PDZ binding motif (the name PDZ is derived from the names 

of proteins in which this domain was first identified - Postsynaptic density protein, Drosophila 

disc large tumour suppressor, zonula occludens 1) at their C-terminus which is necessary for 

binding to the scaffolding protein ZO-1 (Shin et al., 2006). A WWCC (tryptophan, tryptophan, 
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cysteine, cysteine) motif, found in the first loop with unknown function, is conserved among 

all members of the Claudin family and the C-terminus contains a YV (tyrosine, valine) domain, 

responsible for binding to the ZO proteins (Turksen & Troy, 2004, Schneeberger & Lynch, 

2004). Concerning their function, Claudin proteins behave similarly to charged selective pores, 

regulating the passage of ions across the paracellular space (Turksen & Troy, 2004). The 

scaffolding protein ZO-1 belongs to the membrane-associated guanylate kinases proteins or 

MAGUK (Gonzalez-Mariscal et al., 2003). These proteins are linked to the cytoskeleton and 

act as adaptor proteins to the tight junction proteins (Blaskewicz et al., 2011). The ZO proteins 

contain three main domains, the PDZ, SH3 (SRC homologue 3) and GK (guanylate kinase). 

The PDZ domain binds to claudin. The second domain is an SH3 domain which is 50-70 amino 

acids long and binds to PXXP (proline, any amino acid, any amino acid, and proline) motifs. 

The GK domain is assumed to be inactive, but it is believed to activate the guanine nucleotide-

binding protein which regulates tight junction assembly (Gonzalez-Mariscal et al., 2003).  

Finally, we showed that both CST-IV bacteria and T. vaginalis can induce expression 

of the pro-inflammatory molecules IL-6 and TNF- (section 3.4). Both cytokines are known 

to affect tight junctions and to be associated with bacterial infections (Al-Sadi et al., 2014; Al-

Sadi et al., 2013; Suzuki et al, 2011). Both IL-6 and TNF-α expression have been shown to be 

upregulated from hVECs in the presence of T. vaginalis or certain species of CST-IV bacteria 

(Fichorova 2009). The proinflammatory cytokine TNF-α can downregulate ZO-1 and 

reorganize Occludin, both leading to decreased barrier function in inflammatory bowel disease 

(IBD; Ye et al. 2006; Mankertz et al. 2000). Ye et al. (2006) showed that TNF-α activation of 

NF-kB leads to upregulation of myosin light chain kinase (MLCK)-mediated phosphorylation 

of myosin light chain (MLC) which, in turn, promotes tight junction dysregulation (Ye et al. 

2006; Zolotarevsky et al. 2002). IL-6 leads to mis-localization of ZO-1 in the cell (Capaldo & 

Nusrat 2010). Therefore, disruption of tightness of the paracellular space, as seen in section 
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3.2, may derive from loss of the regulatory function of Occludin and the actin binding function 

of Zonulin-1. 

We conclude that T. vaginalis and CST-IV employ two distinct mechanisms to increase 

paracellular permeability via dysregulation of tight junction integrity (Figure 3.13). The first 

mechanism acts on the phosphorylation level of tight junction proteins and seems to be the 

primary or major effector mechanism for the phenotypes observed here. As described above, 

T. vaginalis expresses protein phosphatase 2 A and protein phosphatase 1 (de Miguel et al. 

2010; de Jesus et al. 2002; Gould et al. 2013). To our knowledge, the CST-IV bacteria have 

not yet been associated with specific phosphatase production but several other pathogenic 

bacteria affecting cell remodelling are known to act on tight junction integrity, either by 

specific effector proteins, toxins and/or phosphatases (Singh et al. 2018; Wessler & Backert 

2018; Gaillard & Finlay 1996; Pentecost et al. 2006).  

The second mechanism that might induce the observed increase in paracellular 

permeability relates to cytokines and gene expression of the major tight junction proteins. Both 

CST-IV bacteria and T. vaginalis can induce IL-6 and TNF-α production by hVECs (Fichorova 

2009). Both cytokines are associated with NF-kB activation, which in turn upregulates myosin 

light chain kinase (MLCK)-mediated phosphorylation of myosin light chain (MLC) promoting 

disruption of Zonulin-1 and Occludin gene expression in IBD (Ye et al. 2006; Zolotarevsky et 

al. 2002). Since both cytokines are associated with trichomoniasis and bacterial vaginosis, and 

we observed downregulation of ZO-1 and Occludin gene expression (particularly for the latter 

at protein level), we assume that the same NF-kB associated pathway might also be used by 

T. vaginalis and CST-IV bacteria. This study does not rule out the possibility that there are 

other mechanisms induced by these microorganisms that could affect tight junction integrity. 

However, we believe that our work has revealed unforeseen cooperations between the pathogen 
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T. vaginalis and bacterial components of the vaginal microbiota that could potentially enhance 

pathogenesis and have implications for the outcomes of trichomoniasis.  

 

 

Figure 3.13 – Two possible effector mechanisms employed by T. vaginalis and CST-IV bacteria  

acting on the integrity of the host tight junction. These effector mechanisms increase paracellular 

permeability by dysregulating the tight junction. The first pathway results from overproduction of 

phosphatases of either host or microbial origin, dephosphorylating serine threonine residues of tight 

junction proteins. The second pathway results from upregulation of IL-6 and TNF-α in hVECs which 

activates NF-kB and downregulating the expression of zo-1 and occludin.   

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

–  Chapter four – 
Identifying novel binding substrates for Trichomonas vaginalis 

and the affect of parasitic adhesion in the presence of CST-IV 

bacteria 
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4.1 Introduction 

T. vaginalis is an extracellular parasite. In other words, it does not invade cells but 

rather lives in close interaction with the urogenital mucosa and the associated microbiota. 

Hence, the ability to adhere to the outermost layer of epithelial cells is essential for the parasite 

to establish colonization (Petrin et al. 1998). Upon attachment, the parasite changes its 

morphology from a pear-shaped to an amoeboid form, facilitating surface contact (Petrin et al. 

1998). Different strains of T. vaginalis show different intensities of adherence in the laboratory 

(de Miguel et al. 2010). To date, multiple proteins have been identified as adhesins in 

T. vaginalis including a set of controversial metabolic proteins, a set of possible membrane 

proteins which have been identified through genomics and proteomics, and lipoglycans or LGs 

(as reviewed by Ryan et al. 2011). However, the dual-functional metabolic enzymes and 

adhesins can bind to tissues in a non-specific manner and are not limited to vaginal epithelial 

cells (Hirt et al. 2007, Addis et al. 2000). In addition, no receptor has been found so far, raising 

questions about the binding capabilities of these proteins as true adhesins (Hirt et al. 2013). 

Recently, several genes have been claimed as binding proteins by genome analysis. However, 

these membrane proteins have only been identified bioinformatically by sequence comparison 

and are yet to be verified experimentally (reviewed by Ryan et al. 2011). The most convincing 

“true” adhesive proteins identified so far are the lipoglycans, for which a receptor has been 

identified (galectin-1,-3). However, research with LG mutations has shown that adherence is 

only diminished and far from abolished (Okamura et al. 2008; Singh 1993; Singh et al. 1999; 

Bastida-Corcuera et al. 2005). It is thus likely that adhesion of the parasite to host cells is multi-

factorial, i.e. many adhesins of the parasite bind to various receptors of the host cell, and much 

remains unknown. 

Furthermore, little investigation has been done in regard to adhesion of the parasite to 

host substrates other than cells. It is known that women with bacterial vaginosis (BV) often 
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have patches of a persistent biofilm, produced by virulent strains of Gardnerella vaginalis 

(Swidsinski et al. 2008). As described in the introduction of this thesis, Trichomonas vaginalis 

infections are often accompanied by these bacteria (Bromtan et al. 2012). The non-adherent 

Atopobium vaginae, another bacterium typical of BV, uses the biofilm produced by 

G. vaginalis to establish colonization to the host (Hard et al. 2016). A question that remains 

open for exploration is whether T. vaginalis is also able to attach to the biofilm, and if so how?  

Another possible host substrate for the attachment of T. vaginalis is the mucous layer 

which is built by secretion of mostly mucins on top of the vaginal epithelial cells towards the 

lumen of the organ. All mucosa have a mucous layer, composed mostly of mucins, and the 

vagina is no different.  Lehker and Sweeney showed that T. vaginalis was able to bind to and 

degrade bovine submaxillary gland and porcine stomach mucus in an iron-dependent 

mechanism (Lehker & Sweeney 1999). In recent years, multiple gene families showing 

sequence similarities to other known binding domains have been identified in T. vaginalis 

(reviewed by Ryan et al. 2011; Hirt et al., 2007; deMiguel et al., 2010). A comparative 

genomics study by Nakjang et al. 2012 searched for novel protein domains from mucosal 

microbes (pro- and eukaryotic microorganisms) that share sequence similarities. One family of 

T. vaginalis surface proteins shared significant sequence similarities to the carbohydrate 

binding module (CBM) of the Entamoeba histolytica immune dominant surface protein 

(Nakjang et al. 2012). CBMs bind carbohydrates including galactose, GlcNAc (N-

acetyllactosamine) and GalNAc (N-acetylgalactosamine) (Grondin et al. 2014, Mizutani et al. 

2014). This domain was experimentally proven to be responsible for the binding of the gut 

bacterium Bacteroides thetaiotaomicron to human mucus (Nakjang et al. 2012; Sekirov et al. 

2010; Martens et al. 2008).  
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 In this chapter I aimed to analyse the binding capabilities of T. vaginalis to different 

binding substrates and to investigate the possible effects of CST-IV bacteria on these 

capabilities.   

 

4.2 T. vaginalis uses the bacterial biofilm created by Gardnerella vaginalis as initial 

binding substrate 

Since different strains of G. vaginalis have different capabilities for biofilm production 

(Swidsinski et al. 2008),  we assessed the level of biofilm production in vitro for G. vaginalis 

strain ATCC 14018. As described in section 2.2.3.1, we used two variations of a biofilm 

formation assay. In the first, we quantified the relative amount of biofilm produced by 

comparing absorbance of retained crystal violet between G. vaginalis and a non-biofilm 

producing control (A. vaginae). As shown in Figure 4.1a, G. vaginalis had a significantly higher 

absorbance (and therefore significantly more biofilm) than the A. vaginae biofilm-negative 

control (P < .0001). The second variant of the biofilm formation assay evaluated the overall 

quality of biofilm production. Figure 4.1b shows that the negative control (A. vaginae) 

produced almost no biofilm as there was no crystal violet stain retained, while the wells 

containing G. vaginalis produced a visible biofilm stained by crystal violet. The level of stain 

retention correlates with the quality of the biofilm. Therefore, the darker the crystal violet, the 

higher the quality and quantity of biofilm produced.  
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Figure 4.1 – Assessment of biofilm production by G. vaginalis. The intensity of crystal violet staining 

between G. vaginalis and A. vaginae (negative control) was compared in regards to retaining crystal 

violet. (A) Absorbance of crystal violet by A. vaginae and G. vaginalis. (B) Different intensity of 

retained crystal violet staining in multi-well plates. Significant difference was represented by (***) for 

P < .0001. All measurements were performed in triplicate. 

 

  After ensuring that our G. vaginalis strain was capable of producing a consistent 

biofilm, we sought to determine whether T. vaginalis can use the bacterial biofilm as a binding 

substrate. As done previously, pre-stained T. vaginalis was incubated on plates containing 

biofilm previously produced by G. vaginalis (section 2.2.2.1 and 2.2.3.4). In the presence of 

bacterial biofilm T. vaginalis adheres to the biofilm matrix after 6 h, as significantly (P < .0001) 

fewer cells remained in the medium of the well with bacterial biofilm (~ 1 x 105 from an initial 

inoculum of 2.5 x 105) (Figure 4.2a). Figure 4.2b shows the percentage of adherent parasite 

cells. After 6 hours, 49 % of T. vaginalis cells adhered to the bacterial biofilm.    
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Figure 4.2 – Interaction of T. vaginalis with a bacterial biofilm. (A) Number of T. vaginalis cells in 

suspension compared between wells containing a biofilm layer and wells only containing a cell 

suspension of T. vaginalis. (B) Percentage of T. vaginalis cells adhered to the bacterial biofilm. 

Statistical significance is represented by (***) for P < .0001 and evaluated with the Holm-Sidak 

method. All measurements were carried out in triplicate. 

 

After finding that T. vaginalis  adheres to the biofilm, we were interested in determining 

whether or not Trichomonas could sense this biofilm as a biological cue and migrate faster in 

the direction of the biofilm. Thus, we analysed if T. vaginalis would migrate faster through a 

cell insert into the basolateral compartment of a multi-well plate in the presence of G. vaginalis 

biofilm (section 2.2.3.3). Figure 4.3 shows that in both cases (presence or absence of biofilm) 

the parasite can migrate through the cell insert. However, in the presence of the biofilm in the 

basolateral compartment, Trichomonas migrates slightly faster from an initial value of 7.3 x 

104 cells / mL to 2.1 x 105 cells / mL after 8 h. With an initial inoculum of 2.5 x 105 in the 

apical compartment, this means that after 8 h in the presence of biofilm almost all of the 
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Trichomonas cells migrated across the cell insert. Nevertheless, the difference in migration was 

only statistically significant at time points 4 h and 6 h, with a p-value of 0.0289 and 0.0038, 

respectively.   
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Figure 4.3 – Migration of Trichomonas in the presence and absence of a biofilm. Enumeration of 

T. vaginalis cells in the basolateral compartment was analysed by FCM (section 2.2.2.4) and 

T. vaginalis samples in the presence of biofilm were compared with T. vaginalis samples in the absence 

of biofilm. Statistical significance is represented by (*) for P = 0.0289 and (**) for P = 0.0038. All 

measurements were performed in triplicate.    

 

 In regard to the bacterial biofilm as an initial binding substrate, we can conclude that 

T. vaginalis is able to adhere to the bacterial biofilm produced by G. vaginalis, and that the 

bacterial biofilm might provide a biological cue for the parasite to migrate faster through a 

physical barrier.  
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4.3 Trichomonas vaginalis can bind to and migrate through an artificial mucus layer  

Mucosal pathogens need to overcome the physical barrier of the mucus layer before 

establishing colonisation and infection. Hence, most of them harbour specific enzymes such as 

sialidases and glycosidases to migrate through this barrier (Lewis et al., 2013). In patients with 

CST-IV, sialidase activity by bacteria associated with this specific microbiota composition 

(especially with P. bivia and G. vaginalis) was increased (Howe et al., 1999). In regards to 

Trichomonas studies, sialic acid-specific lectins were identified in T. foetus (present in cattle), 

T. mobiensis (found in the intestine of squirrel monkeys) and T. suis (found in the porcine 

stomach). In the case of Trichomonas vaginalis, several glycosidases have been identified 

(Hicks et al., 2000). A new gene family coding for several putative carbohydrate binding 

proteins was recently described in T. vaginalis (Nakjang et al. 2012), supporting the notion that 

T. vaginalis is capable of migrating through the mucus layer. Therefore, we wanted to see if 

T. vaginalis can use an artificial mucus layer as binding substrate,  if it can migrate through the 

layer and whether the CST-IV associated bacteria would increase the amount of binding or rate 

of migration.  

Firstly, we assessed if T. vaginalis could bind to mucus and if the binding is increased 

by the presence of CST-IV associated bacteria. To this end, we labelled mucins with biotin and 

immobilised them on streptavidin plates (see section 2.2.3.8). Streptavidin is a tetrameric 

protein and therefore can bind four biotin-labelled proteins at once. Biotin-Avidin binding is 

the strongest non-covalent interaction known and is not affected by pH, temperature or solvents 

(Wayment & Harris, 2009). T. vaginalis cells incubated with or without the CST-IV bacteria 

were added to the immobilised mucus and unattached cells were collected for enumeration 

(section 2.2.2.4). T. vaginalis cells added to streptavidin-coated wells lacking the biotinylated 

mucus served as negative controls. In figure 4.4, we can see negligible binding of T. vaginalis 

alone to the streptavidin-coated wells (negative control), thus ensuring that the binding we 
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subsequently see is solely attributable to T. vaginalis binding to mucins and not to the avidin 

itself. It was also apparent that, after 4 h, about half of the T. vaginalis cells (1.19 x 105 out of 

2.5 x 105) were bound to mucins, and this seems to be the saturation level of cellular attachment 

as there is no further increase from this time point (4 h) onwards. However, it is interesting to 

note that T. vaginalis bound at a slower rate to the mucus when in presence of the CST-IV 

bacteria. When co-incubated with the CST-IV  bacteria, T. vaginalis attachment to mucins 

reached saturation only after 6 h.  
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Figure 4.4 – Binding of T. vaginalis to immobilised mucus. The graph compares the remaining 

T. vaginalis cells which did not bind to mucins and remain in the suspension. The comparison was done 

in the presence and absence of CST-IV bacteria. As a positive control, the binding of T. vaginalis to the 

streptavidin plates was used to ensure that observed binding can be attributed to the presence of mucins. 

Statistical significance is represented by (***) for P < 0.0001 and (*) for P = 0.0256. All measurements 

were done in triplicate.   

 

Our next aim was to study the rate at which T. vaginalis can migrate through an artificial 

mucus barrier and determine if the CST-IV bacteria positively influence this migration. To do 
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this, we created an apical and basolateral compartment in 24-well plates by using 8 µm inserts. 

Preliminary results confirmed the migration of T. vaginalis through these inserts. Therefore, 

wells with inserts that were only inoculated with the parasites were used as positive controls, 

while the rest of the assay was carried out with inserts containing a mucus layer on top, to 

which T. vaginalis with or without CST-IV bacteria was added (see section 2.2.3.9). In the 

positive control (with no mucus layer as an additional barrier), T. vaginalis migrates the fastest 

and by the end of 4 h, about 50 % of the parasites migrated through the inserts (Figure 4.5). In 

the presence of CST-IV bacteria, T. vaginalis migrates significantly faster through the mucus 

layer, with half of the T. vaginalis cells having migrated through the mucus layer by time point 

6 h as compared to T. vaginalis through the mucus alone (P < .0001).      

 

2 4 6 8
1

2
2

4

0

1  1 0
5

2  1 0
5

3  1 0
5

t i m e  ( h )

c
e

ll
s

 i
n

 s
u

s
p

e
n

s
io

n
 (

c
e

ll
s

/m
L

) I n s e r t  o n l y  + T .  v a g i n a l i s

M u c u s  + T . v a g i n a l i s

M u c u s  +  T . v a g i n a l i s / C S T - I V

Figure 4.5 – T. vaginalis cells remaining in the upper compartment. Migration rate of T. vaginalis 

through an artificial mucus layer in the presence or absence of CST-IV bacteria. T. vaginalis cells 

which remained in the apical compartment (and thus did not pass through the insert) were counted. 

Migration of T. vaginalis through the insert without a mucus layer served as the positive control. The 

significance of all samples at each time point was P < .0001. All measurements were done in triplicate.   
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 We concluded that T. vaginalis is able to bind to and migrate through an artificial mucus 

layer without the help of CST-IV bacteria. In fact, these bacteria delay the binding of 

T. vaginalis. Based on this and the findings of Nakjang et al. (2012), we decided to investigate 

the properties of putative mucin binding proteins in T. vaginalis using bioinformatics, 

phylogenetic and gene expression analyses.  

 

4.4 Bioinformatics analysis revealed 11 putative proteins as potential candidates for 

mucin binding proteins (MBP) in Trichomonas vaginalis 

 Nakjang et al. (2012) conducted a comparative genomics study which focused on 

protein domains from mucosal microbes to identify sequence similarities. One family of 

T. vaginalis surface proteins shared significant sequence similarities to the carbohydrate 

binding module (CBM) of the Entamoeba histolytica immune dominant surface protein. CBMs 

bind carbohydrates including galactose, GlcNAc (N-acetyllactosamine) and GalNAc (N-

acetylgalactosamine) (Grondin et al. 2014, Mizutani et al. 2014). In this process, another 

domain with significant sequence similarity was identified (Pfam entry 13402). This novel 

domain was recognized as a new sub-family of extracellular zinc (Zn) – metallopeptidases, and 

hence was called M60-like/PF13402. Furthermore, Nakjang et al. (2012) identified 415 entries 

across seven major bacterial and eukaryotic taxa and baculoviruses that contained the novel 

M60-like/PF13402 domain using HMMER. HMMER pinpoints homologous sequences by 

comparing a profile-HMM (Hidden Markov Model) to a database of sequences. Sequences that 

score better than the profile-HMM compared to a null model are deemed homologues to the 

sequences that were used for the profile-HMM (Krogh etal., 2001). In T. vaginalis, 25 genes 

whose protein products contained the M60-like/PF13402 domain were identified. Next, we 

concentrated on the genes that next to the M60-like domain also include an HEXXH motif, 

which is known as a zinc motif present in a broad range of Zn-metallopeptidases (Nakjang et 
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al., 2012). This reduced the number of 25 genes, containing the M60-like/PF13402 domain, to 

11 genes, containing both the M60-like/PF13402 domain and the zinc motif. Table 4.1 shows 

the 11 genes selected for this project along with their corresponding Trichomonas Database 

(TrichDB) accession number and NCBI Gene ID. It also shows the new nomenclature we 

assigned to them for easier understanding. 

 

Table 4.1 – New nomenclature of MBP. Table shows the TrichDB accession number 

and NCBI gene ID for the 11 chosen putative MBP and their new nomenclature. 

T. vaginalis possible mucin-

binding proteins 

TrichDB accession 

number 

NCBI Gene ID 

MBP-1 TVAG_364940 XM_001304496 

MBP-2 TVAG_589680 XM_001299522 

MBP-3 TVAG_093990 XM_001583160 

MBP-4 TVAG_432870 XM_001580627 

MBP-5 TVAG_204850 XM_001319566 

MBP-6 TVAG_199300 XM_001582427 

MBP-7 TVAG_339720 XM_001330162 

MBP-8 TVAG_076700 XM_001583859 

MBP-9 TVAG_052010 XM_001313081 

MBP-10 TVAG_189150 XM_001313627 

MBP-11 TVAG_451370 XM_001310028 

 

Multiple sequence alignments of these 11 proteins (SFI A.1) that were carried out using 

SEAVIEW 4.5.3 revealed highest sequence similarity between the sequences in the HEXXH 
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motif area (Figure 4.6). It is interesting to note that any variation in amino acid composition 

usually occurred in MBP-3 and MBP-4 sequences, while the other MBP sequences shared very 

similar amino acid compositions or at least amino acids with similar properties. Also, sequence 

alignment of the HEXXH motifs from all 11 proteins using SEAVIEW 4.5.3 revealed the 

presence of a highly conserved HEXXHX(8,15)E gluzincin-like motif. 

 

 

Figure 4.6 – Sequence alignment of glucinzinc-motif of putative MBP in T. vaginalis. The 

HEXXHX(8,15)E is highly conserved between all 11 MBP of T. vaginalis. The first red box highlights the 

HEXXH motif and its conserved nature across all sequences, while the second red box shows the second 

glutamine residue.     

 

After sequence analysis of the 11 MBPs of T. vaginalis, we were curious to learn if 

other microorganisms also harboured similar proteins that might enable them to adhere to 

mucins (Table 4.2). Except for Bacillus thuringiensis, all BlastP top hits belonged to bacteria 

found in a mucus-rich environment. However, B. thuringiensis contains S-layer proteins which 

at least in Lactobacillus sp. interact with mucus as well. In the case of Prosthecobacter 

debontii, Verrucomicrobium sp., Akkermansia muciniphila and Clostridium perfringens it was 

experimentally demonstrated that they could degrade mammalian mucus (Deplancke et al., 

2002; Derrien et al., 2008). The top hits were chosen according to the e-value which is an 
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estimation of some hits that can be expected by chance and represents the background noise. 

The closer to zero the more significant the hit is.   

 

Table 4.2 - Results with the highest level of sequence similarities to the T. vaginalis 11 MBPs 

using NCBI BlastP. The table shows the 11 MBP of T. vaginalis and their top BlastP hits and their 

corresponding e-values. 

MBP of T. vaginalis BlastP top hit Identity  /e.value 

MBP-1 
putative uncharacterized 

protein [Akkermansia 

muciniphila CAG:154] 

1e-09 

MBP-2 
immuno-dominant variable 

surface antigen, partial 

[Entamoeba histolytica] 

1e-10 

MBP-3 
discoidin domain protein 

[Clostridium perfringens] 

1e-18 

MBP-4 
S-layer protein [Bacillus 

thuringiensis] 

1e-05 

MBP-5 
putative antigenic protein NP1 

[Clostridium sp. CAG:307] 

1e-10 

MBP-6 
hypothetical protein 

[Mycoplasma iners] 

1e-8 

MBP-7 
immuno-dominant variable 

surface antigen, partial 

[Entamoeba histolytica] 

1e-16 

MBP-8 
Peptidase M60, enhancin and 

enhancin-like [Prosthecobacter 

debontii] 

1e-12 

MBP-9 
Hypothetical protein 

[Verrucomicrobium sp. 

BvORR106] 

1e-11 

MBP-10 
antigenic protein NP1 

[Clostridium perfringens] 

1e-23 

MBP-11 
hypothetical protein 

BHW10_07565 [Clostridium 

sp. CAG:307_30_263] 

1e-12 
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Following our results from the NCBI search, we next queried the TrichDB database for 

the presence of mRNA fragments (Expressed Sequence Tags or ESTs) of these 11 genes to 

determine if they would be expressed in T. vaginalis. ESTs are used to identify possible gene 

transcripts and gene-sequence determination (Velculescu et al., 1995). However, it does not 

necessarily mean that a gene is not expressed if ESTs are absent; this could be due to 

experimental method or low sequence coverage. In Table 4.3, it can be seen that MBP-2/-5/-

7/-9/-10 and -11 have ESTs identified in the TrichDB database.  

Additional analysis was carried out to identify signalling peptides using the SignalP 

prediction program with a sensitive D-cut-off value and transmembrane region input sequence 

method for eukaryotes. Except for MBP-5/-6/-8 and MBP-10, all other proteins contained a 

signal peptide (Table 4.3). Signalling peptides are usually indicative of whether or not a protein 

is part of the secretory pathway. Proteins are directed by the signalling peptide to the plasma 

membrane where the signalling peptide is cleaved off, and the protein is secreted from the cell 

or anchored into the plasma membrane (Martoglio & Dobberstein, 1998). Next, to check if the 

11 MBPs are integral membrane proteins, the prediction server TMHMM 2.0 was used. MBP-

2/-3/-5/-6/-7 and MBP-10 are predicted to have one transmembrane domain. This might 

indicate that these proteins are membrane-anchored proteins. We also analysed the predicted 

subcellular localisation with CELLO (Table 4.3). MBP-1, -2, -3, -6, -7, -8 and -9 were predicted 

to be localised in the plasma membrane while MBP-5 and -11 are supposed to be lysosomal 

proteins. MBP-4 was predicted to be extracellular, and MBP-10 was predicted to be in the 

nucleus (Table 4.3). As mentioned earlier, these are all predictions and their expression, as well 

as cellular localisation, needs to be experimentally proven. However, these predictions allow 

us to reaffirm our selection of the candidate genes.  
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Table 4.3 Overview of bioinformatics properties analysis of 11 MBP in T. vaginalis. (PM = plasma membrane) 

Proteins Signal 

peptides  

Transmembrane 

domains 

EST  

(Expression tags) 

Isoelectric 

Point 

Protein size 

(kDa) 

Amino acid  

(aa) 

Location 

MBP-1 ✓    6.55 78 669 PM 

MBP-2 ✓  ✓  ✓  5.04 108 939 PM 

MBP-3 ✓  ✓   4.5 128 1128 PM 

MBP-4 ✓    4.88 114 988 Extracellular 

MBP-5  ✓  ✓  6.91 95 829 Lysosomal 

MBP-6  ✓   5.49 132 1162 PM 

MBP-7 ✓  ✓  ✓  6.93 130 1148 PM 

MBP-8    6.52 69 595 PM 

MBP-9 ✓   ✓  9.01 58 504 PM 

MBP-10  ✓  ✓  7.72 141 1247 Nuclear 

MBP-11 ✓   ✓  7.02 93 816 Lysosomal 
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Since we hypothesised that T. vaginalis could have acquired these putative MBPs via 

lateral gene transfer from other mucin degrading and binding pathogens, we created a 

phylogenetic relationship between the top BlastP hits and the MBPs of T. vaginalis (figure 4.7). 

For this, we used the top BlastP hits and generated a neighbouring algorithm with bootstrap 

values obtained from 100 pseudo-replicates. It can be seen that there are two main groupings 

within the phylogenetic tree. MBP-1, -2, -3, -4 and -5 seem to be related to E. histolytica and 

Prosthecobacter debontii while MBP-7, -9 and -10 can be grouped with Clostridium 

perfringens, Verrucomicrobium sp. and B. thuringiensis.  In contrast, Akkermansia muciniphila 

and MBP-6, -8 and -11 are grouped separately. In a phylogenetic tree, horizontal dimensions 

represent the number of genetic changes, and branches represent evolutionary lineages which 

change over time. The longer the branch length, the larger the amount of genetic changes. 

Evolutionary distance is represented by the scale bar which represents the number of nucleotide 

substitutions per site. The numbers next to the nodes measure the support of the next branch 

which can be acquired by different statistical analysis, in our case bootstrapping (1 is the 

maximum support). Both groups start with relatively strong support (0.91 and 0.97) and even 

though their branches are longer (indicating a higher amount of genetic changes), the group of 

MBP-7, -9 and -10 continue to have a support value above 0.5 (Figure 5.4). In contrast, node 

support for the group around MBP-1, -2, -3, -4 and -5 falls from 0.91 to only 0.15. Therefore, 

the group of MBP-7, -9 and -10 and C. perfringens, Verrucomicrobium sp. and B. thuringiensis 

is more trustworthy in having a phylogenetic relationship. This is in line with our hypothesis 

of the lateral gene transfer between other mucin dwelling bacteria and T. vaginalis. 
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Figure 4.7 – Phylogenetic tree. Representation of evolutionary relationship between the top BlastP hits 

and the MBP of T. vaginalis. The top BlastP hits were used to generate a neighbouring algorithm with 

bootstrap values obtained from 100 pseudo-replicates. 
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After narrowing down the putative mucin binding proteins to 11, we wanted to see if 

the genes would be transcriptionally up-regulated when either in contact with the CST-IV 

bacteria or in the presence of mucins. However, gene 11 was dropped as primer efficiency was 

below 65 %, despite trying three different primer pairs. To analyse relative gene expression, 

we used the ΔΔCT method and normalised values to the housekeeping gene GAPDH (see 

section 2.2.4.4).  In figure 4.8, we can see that the expression of MBP-2, MBP-3, MBP-6, 

MBP-9 and MBP-10 are significantly increased when T. vaginalis is in the presence of mucins 

(P < .0001). In the case of MBP-2, MBP-3, MBP-9 and MBP-10 the expression of these genes 

is also significantly increased when T. vaginalis is in the presence of CST-IV (P < .0001).   
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Figure 4.8 – Gene expression of 10 putative mucin binding proteins of T. vaginalis. Gene expression 

relative to the housekeeping gene GAPDH of the 10 putative mucin binding proteins of T. vaginalis was 

compared when incubated in different conditions. Statistical significance is represented by (***) for P 

< .0001. All measurements were done in triplicate.   

 

 In conclusion, four promising candidates for mucin binding proteins could be present 

in T. vaginalis from our investigation above. MBP-2, -3, -6 and -10 were significantly 
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upregulated in T. vaginalis when in contact with mucins. Additionally, all were predicted either 

to be secreted or localized on the surface or to contain a trans-membrane domain. Although 

these carbohydrate binding domain proteins could help explain the ability of T. vaginalis to 

bind to and migrate through mucus, experimentation is necessary to actually demonstrate this.   

 

4.5 CST-IV bacteria increase T. vaginalis cytoadherence to human vaginal ectocervical 

cells (hVECs) in concentration- and contact-dependent manner 

 It is known that T. vaginalis adheres to hVECs as an initial step to establishing infection. 

Our lab has previously shown that T. vaginalis strain B7RC2 has a higher adherence than 

T. vaginalis strain G3 (40% versus ~ 6 % of parasites attach to host cells) (Brooks et al., 2013; 

Phukan et al., 2013). An increase in phosphatase activity and subsequent increase in 

paracellular permeability of hVECs occurs when T. vaginalis G3 is incubated with CST-IV 

bacteria (Chapter 3). Here, we wanted to see if bacteria can change the rate and number of 

Trichomonas cells adhering to hVECs. For this, we incubated T. vaginalis G3 together with 

the CST-IV bacteria for different time periods (20, 40 and 60 min), removed the unbound cells 

and analysed the remaining bound cells via FCM (see section 2.2.2.4). As a control, we used 

T. vaginalis G3 without CST-IV bacteria and T. vaginalis B7RC2 without CST-IV (Figure 

4.9). There was a significant increase in adherence of T. vaginalis G3 + CST-IV from the very 

first time point compared to G3 alone (P < .0001). Adherence of T. vaginalis G3 in the presence 

of CST-IV was still significantly lower than the adherence of T. vaginalis B7RC2 at an 

incubation time of 20 min (P < .0001) and 40 min (P = 0.0005). However, after 60 min of 

incubation there was no difference in adhesion between G3 and B7RC2. Thus, CST-IV bacteria 

can transform the cytoadherence capability of a poorly-adherent T. vaginalis strain. In fact, 

these bacteria make strain G3 as cytoadherent as B7RC2.     
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Figure 4.9 Time course of adherence of T. vaginalis to hVECs. The adherent cells of T. vaginalis G3 

was compared to the number of adherent cells in the presence of CST-IV. As control T. vaginalis B7RC2 

was used. Statistical significance is represented by (**) for P = 0.0005 and (***) for P < .0001. All 

measurements were done in triplicate.   

 

Following these results, we wanted to see if this effect is concentration dependent. 

Hence, we repeated the adherence assay (section 2.2.3.10) with different parasite:bacteria ratios 

(1:1, 1:2 and 1:3). Figure 4.10 shows a slight increase between ratio 1:1 and 1:2 (P = 0.0074) 

but not between ratio 1:2 and 1:3. Nevertheless, all three ratios showed a significant increase 

in adherence for T. vaginalis G3 alone.  
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Figure 4.10 Adherence of T. vaginalis to hVECs with different concentrations of bacteria. 

Adherent cells of T. vaginalis G3 were compared to numbers of adherent cells in the presence of CST-

IV. Statistical significance is represented by (**) for P = 0.0074 and (***) for P < .0001. All 

measurements were done in triplicate.   

 

Subsequently, we wanted to see if the increase in adherence is host-cell contact-

dependent or independent. Thus, we again repeated the adherence assay (section 2.2.3.11) with 

different incubation modes (CST-IV + T. vaginalis labelled as ‘together’ in Figure 4.11; CST-

IV pre incubation for 30 min labelled as ‘pre incubation (CST-IV)’; T. vaginalis pre incubation 

for 30 min labelled as ‘pre incubation (T. vaginalis)’; pre incubation of both together before 

adding them to the hVECs, labelled as ‘pre incubation (CST-IV + T. vaginalis)’; and incubation 

of the CST-IV supernatant (of pre-incubating the CST-IV 30 min together) with T. vaginalis, 

labelled as ‘supernatant of CST-IV’).  

Figure 4.11 shows that the highest change in cytoadherence of T. vaginalis was 

observed when both protozoa and CST-IV bacteria were added simultaneously to the hVECs 

monolayer, with a 7-fold increase compared to T. vaginalis alone. When T. vaginalis was pre-

incubated with hVECs, parasite cytoadherence was increased 2.5 times by the bacteria. When 
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CST-IV was pre-incubated with either hVECs or T. vaginalis, there was a 3.5-fold increase in 

parasite cytoadherence. Finally, pre-incubation of CST-IV supernatant with the hVECs did not 

change the level of parasite cytoadherence. 

 

 

Figure 4.11  Adherence of T. vaginalis to hVECs with different incubation modes of bacteria and 

parasite. Adherent cells of T. vaginalis G3 were compared to the number of adherent cells in the 

presence of CST-IV. All measurements were done in triplicate.   

 

4.6. T. vaginalis and CST-IV bacteria decrease metabolic activity and early apoptosis in 

human vaginal epithelial cells 

 Following the above results, we wanted to see if T. vaginalis when co-incubated with 

CST-IV could induce apoptosis of host cells. T. vaginalis has several cysteine peptidases 

causing cytolysis and early apoptosis, but we wanted to determine if the presence of CST-IV 

bacteria can amplify this effect (Quan et al., 2017; Sommer et al., 2005).  
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 Firstly, we assessed the metabolic activity of the hVECs when incubated with 

T. vaginalis and T. vaginalis + CST-IV bacteria. This was done using the MTT 

(methylthiazolyldiphenyl-tetrazolium bromide) assay that measures the metabolic activity of 

cells and is closely correlated with cell viability. The MTT assay is a colourimetric assay in 

which the tetrazolium dye is reduced to  insoluble formazan. As a positive control of cell death, 

we used the chemical camptothecin which is a cytotoxic topoisomerase inhibitor.     

 We tested different concentrations of T. vaginalis to determine its optimum 

concentration for this assay. A concentration of 1 x 104 cells / mL of T. vaginalis did not have 

any significant difference compared to the negative control (hVECs alone) (Figure 4.12). On 

the other hand, a concentration of 1 x 105 and 1 x 106 cells / mL showed a significant decrease 

in metabolic activity (P = 0.0261 and P = 0.0029). Between the concentrations 1 x 105 and 1 x 

106 cells / mL, there was no significant difference.    

 

           

0 5 1 0 1 5

0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

t im e  ( h )

A
b

s
o

r
b

a
n

c
e

 5
5

0
n

m

c a m p t o t h e c in

h V E C s

T .  v a g in a l i s  1 0
4

T .  v a g in a l i s  1 0
5

T .  v a g in a l i s  1 0
6

 

Figure 4.12 Metabolic activity of hVECs incubated with different T. vaginalis concentrations. 

Concentrations of 1 x 104, 1 x 105 and 1 x 106 cells / mL of T. vaginalis were incubated with hVECs, 

and the metabolic activity of hVECs was measured. The positive control was hVECs only with 

camptothecin, and the negative control was hVECs only. All measurements were done in triplicate.   
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Since a concentration of 1 x 105 cells / mL was not significantly different to 1 x 106 

cells / mL, we decided to use 2.5 x 105 cells / mL of T. vaginalis as our cell concentration for 

the MTT assay. Next, we repeated the MTT assay with the combination T. vaginalis + CST-

IV. Figure 4.13 indicates that T. vaginalis alone, as well as combined with CST-IV, 

significantly affects the metabolic activity of hVECs (P = 0.0068 and P = 0.0021).  
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Figure 4.13 Metabolic activity of hVECs incubated with T. vaginalis and CST-IV bacteria. 

Combinations of T. vaginalis alone and T. vaginalis + CST-IV were incubated with hVECs, and the 

metabolic activity of hVECs was measured. The positive control was hVECs only with camptothecin, 

and the negative control was hVECs only. All measurements were done in triplicate.   

 

Subsequently, we decided to analyze early apoptotic events caused by T. vaginalis and 

CST-IV, using Annexin V and PI stains for FCM analysis (see section 2.2.2.4). Annexin 5 is 

commonly used to detect apoptotic cells as it binds to phosphatidylserine at the outer plasma 

membrane, which is a marker of apoptosis (ThermoFisher). We incubated hVECs with 

T. vaginalis alone, camptothecin as a positive control, and hVECs with T. vaginalis, 

G. vaginalis, A. vaginae and P. bivia for 6 h (Sommer et al. 2005). After incubation, the 

samples were stained with Annexin V and PI (see section 2.2.3.11). There was a 6 % increase 
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in apoptosis when T. vaginalis was incubated with hVECs, while T. vaginalis co-incubated 

with CST-IV caused an increase of 11 % of apoptotic hVECs cells (P < .0001) (Figure 4.14). 
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Figure 4.14 Percentage of live and apoptotic hVECs. Combinations of T. vaginalis alone and 

T. vaginalis + CST-IV were incubated with hVECs, and the percentage of apoptotic hVECs was 

measured. The positive control was hVECs only with camptothecin, and the negative control was hVECs 

only. All measurements were done in triplicate.     

 

Figure 4.15 represents the dot-plot results for the annexin V assay. In this specific dot-

plot, the different clusters of cells (quadrants) represent different stained cells. The upper right 

quadrant represents dead cells, stained by Annexin V and PI, while the lower right quadrant 

represents cells stained only with Annexin V (those cells entering early apoptosis). The upper 

left quadrant represents PI-stained cells which are dead, and the lower left quadrant represents 

unstained live hVECs. We can see that the density of events in the lower right quadrant 

increased in the sample of T. vaginalis + CST-IV and camptothecin. In this quadrant, cells that 

are Annexin V positive are detected. We can also see that the events increase in the upper right 

quadrant which detects PI and annexin V positive cells.   
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Figure 4.15 Dot-plot of apoptotic and live hVECs. Combinations of T. vaginalis alone and T. vaginalis 

+ CST-IV were incubated with hVECs, and the metabolic activity of hVECs was measured. The positive 

control was hVECs only with camptothecin, and the negative control was hVECs only. All 

measurements were done in triplicate.   

 

 

 

4.7 Discussion 

 Adherence of pathogens to host cells is a crucial step in colonization, particularly for 

extracellular pathogens such as T. vaginalis (Petrin et al., 1998; Boyle & Finlay, 2003). As 

described earlier, T. vaginalis has several possible adhesive proteins, which can be grouped 

into three categories: a set of dual-functional metabolic enzymes, putative membrane proteins 

identified through genomics and proteomics, and the lipoglycans or LGs. 
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 The first group of adhesive proteins (AP) is quite controversial. In contradiction to the 

first descriptions that these proteins are present at the cell surface (Engbring & Alderete, 1998; 

Garcia & Alderete, 2007), several independent follow-up studies have shown their localization 

to be hydrogenosomal, where their function is associated with carbohydrate metabolism (as 

reviewed in Shiflett and Johnson, 2010). Other experiments also indicated that their binding is 

not cell type specific: AP23, AP33, AP51 and AP65 bind to different cell types and this binding 

occurs in the absence of membrane proteins (Addis et al., 2000; Hirt et al., 2007). Other groups 

showed that AP51 and AP65 also bind to haem and haemoglobin, supporting their lack in cell 

specificity (Ardalan et al., 2009).  

However, this concept of “moonlighting proteins” (metabolic proteins with a second 

cellular function) has not been claimed only in T. vaginalis. It has also been described in other 

microorganisms such as Streptococcus pneumoniae, in which the glycolytic enzyme 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is involved in adherence (Terrasse et 

al., 2012). Similarly, the enzyme alcohol acetaldehyde dehydrogenase in Listeria 

monocytogenes enables the bacterium to bind to host cells but is also important for energy 

consumption (Santiago et al., 1999). As suggested by Hirt et al., finding specific binding-

receptors of these dual-function proteins and the experimental indication that these proteins are 

transported to the cell surface will resolve their controversial status (Hirt et al., 2007).  

The second category of adhesive proteins, identified by domain predictions (Carlton et 

al., 2007; Hirt et al., 2007), has not been well characterized experimentally. Bioinformatics 

studies have identified four families containing 128 genes encoding serine, cysteine- and 

metallo-proteases including proteins with sequence similarity to a metalloprotease of 

Leishmania implicated in virulence (Kim, 2004). In addition, three families with 47 proteins 

sharing similar domains to surface proteins of other mucosal pathogens such as Chlamydia and 

Giardia have been identified (Hirt et al., 2007).  
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The only “true” adhesion proteins identified so far are the LGs, which are part of the 

glycocalyx covering the T. vaginalis surface (Warton et al., 1988). These are also the only 

adhesion proteins for which a host-receptor has been identified, namely galectin-1 (Okamura 

et al., 2008). However, removing the LGs from the surface or mutagenizing them did only 

reduce the cytoadherence of the parasite (Bastida-Corcuera et al., 2005). Therefore, there are 

other adhesive proteins or other attachment mechanisms that remain to be discovered.   

 Besides cytoadherence being multifactorial (as revised by Ryan et al. 2011), our 

research proposes that there are adhesion substrates to T. vaginalis in the vagina other than 

cells. More specifically, these substrates are biofilm and mucus, though both have been 

unnoticed in the literature. In the vagina, G. vaginalis can adhere to hVECs and produce a 

persistent biofilm. Microbial colonisation happens in successive steps in most environments 

including in the establishment of a host-specific microbiota (Stacy et al., 2014). Early 

colonisers attract intermediate colonisers and so on. This process of colonisation depends on 

cues or signals produced by the first colonisers in a successive order. For example, 

Fusobacterium nucleatum is an intermediate coloniser of the vagina. F. nucleatum can co-

aggregate with other bacteria such as P. bivia, another vaginal bacterium considered to be a 

late coloniser of biofilms and part of CST-IV (Machado et al. 2013).  

Here, we showed that biofilm produced by G. vaginalis serves as binding substrate and 

a cue for T. vaginalis migration. Possibly, G. vaginalis biofilm represents a signal for later 

colonisers such as P. bivia  and T. vaginalis. On the other hand, co-aggregation between 

L. gasseri and T. vaginalis was shown to occur and may be important for the inhibitory action 

of L. gasseri against this parasite (Phukan et al. 2018). A parallel exists in other body cavities 

where biofilm acts as a binding matrix. In the oral cavity, the initial colonizer Streptococcus 

gordonii or S. mitis binds to salivary receptors and in particular S. mitis is associated with oral 

biofilm production (Kolenbrander et al., 2010; Di Giulio et al., 2011). F. nucleatum is then able 
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to bind to these biofilms (Kolenbrander et al., 2010). F. nucleatum is a bacterium of the oral 

microbiota but the pathogen P. gingivalis is able to co-aggregate with F. nucleatum, enabling 

the attachment and colonization of P. gingivalis which leads to periodontal disease (Liu et al., 

2010; Park et al., 2016). Our results indicate a similar interaction between CST-IV bacteria (G. 

vaginalis and P. bivia) and T. vaginalis. The gut protozoan Giardia duodenalis produces 

cysteine proteases that disturb the microbiota and biofilm leading to bacterial invasion, tight 

junction disruption and bacterial translocation (Beatty et al., 2017). Hence, the interaction of 

protozoal pathogens with biofilms produced by the local microbiota might have implications 

for these diseases. 

 The mucus is another host protective layer which is likely to represent a binding 

substrate to T. vaginalis, as it allows the binding of many other mucus dwelling 

microorganisms. The mucus is actually the outermost layer on a mucosal surface and possibly 

the first layer of contact to an invading pathogen. The mucus layer itself is made up mostly of 

secreted and cell-anchored mucin proteins (Corfield., 2000). These proteins contain a core 

region with several proline, serine and threonine residues to which the carbohydrate side chains 

are attached via O-glycosidic linkage. These side chains consist of N-acetylgalactosamine 

(GalNAc), L-fucose and galactose (Hicks et al., 2000). Many of these side chains are 

terminated with N-acetylneuraminic acid (sialic acid) of which Neu5Ac is the most common 

in mammalians (Cone, 2009; Wiggins et al., 2001). 

 The complex chemical nature of the mucus and mucins make in vitro studies difficult. 

Indeed, only one study about the interaction of T. vaginalis with mucins exists, which showed 

an iron-dependent adhesion of T. vaginalis to bovine and porcine mucus (Lehker & 

Sweeney,1999).  
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We demonstrated that T. vaginalis is able to bind to an artificial mucin layer composed 

of purified mucins cross-linked to a plastic surface. Surprisingly, CST-IV bacteria slow the 

binding of T. vaginalis to mucins. However, when it comes to migration through this mucin 

layer, T. vaginalis was again positively influenced by CST-IV bacteria. It is not surprising that 

that T. vaginalis has some form of interaction with mucus since all mucus dwelling pathogens 

need to overcome the mucus barrier to reach the underlying epithelial cells. Therefore, most 

mucosal pathogens possess proteases, glycosidases and sialidases that degrade the mucus layer 

and enable them to migrate through the layer to the apical face of the epithelial cells  (Naughton 

et al., 2013). Gram-positive anaerobes in the gastrointestinal tract, for instance, can degrade 

these glycans by catabolic cleavage of  N-acetylneuraminic acid (sialic acid) (Corfield et al., 

1992).  

Curiously, women diagnosed with BV (thus carrying CST-IV bacteria) have an 

increased sialidase activity (enzymes that cleave sialic acids). Among CST-IV bacteria, 

G. vaginalis and P. bivia contain sialidases which are able to break down the sialic acid residues 

of mucus glycoproteins (Lewis et al., 2013). T. vaginalis produces glycosidases in addition to 

cysteine proteinases (Rughooputh & Greenwell, 2005). Other trichomonad species, such as 

T. foetus, possess glycosidases that specifically cleave the side chains (N-acetylgalactosamine; 

GalNAc) of mucus  (Doumecq et al., 2014). We envisage that T. vaginalis migration may be 

facilitated by CST-IV bacteria (such as G. vaginalis and P. bivia) cleaving off the sialic acids 

from mucins. This could make GalNAc available for cleavage by T. vaginalis glycosidases 

and, at some stage, lead to protease degradation of the mucin peptide backbone. Further 

experimentation will be necessary to investigate this possible synergism. 

Binding of T. vaginalis to mucins, however, was not positively affected by CST-IV 

bacteria. In fact, it was slowed down by the bacteria. It is possible that some initial step of de-

glycosylation of the mucins, such as proposed in the previous paragraph, is necessary to expose 
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the carbohydrate moieties to which T. vaginalis binds. Nakjang et al. (2012) identified 

carbohydrate binding domains that could be involved in the binding of T. vaginalis to mucus. 

Nakjang et al. (2012) identified several T. vaginalis genes shared with other mucosal microbes 

that were shown to bind complex glycans. Of these genes, one showed significant sequence 

similarity to a known immune-dominant surface protein from E. histolytica which contains a 

carbohydrate binding module (CBM). After further investigation, Nakjang et al. (2012) 

discovered that this protein also contained a novel domain named M60-like/PF13402, which 

belongs to a new sub-family of extracellular zinc (Zn) – metallopeptidases, also conserved 

among several mucosa-associated bacteria. One of these bacteria is Bacteroides 

thetaiotaomicron for which it was experimentally demonstrated that this domain is responsible 

for mammalian mucus degradation (Nakjang et al. 2012).  

We have used bioinformatics, phylogenetics and gene expression analysis and obtained 

further insights into these genes and proteins. T. vaginalis possesses 11 genes that contain the 

novel M60-like/PF13402 domain and a zinc motif. These may be involved in the binding to 

and migration through mucus, as described in our findings. A top list of 4 candidates was 

identified, for which genes are upregulated when T. vaginalis is in the presence of mucins and 

proteins are potentially secreted or localized on the parasite surface. Further experimentation 

is necessary to evaluate the role of these phenotypes, though this was limited by the time 

constraints of this research.  

After providing experimental indications that T. vaginalis can use additional binding 

substrates available in the vagina , we turned our attention to T. vaginalis adherence to hVECs 

and how this might be affected by CST-IV bacteria. T. vaginalis undergoes an impressive 

morphological transformation, from a pear-shaped to an amoeboid form upon contact with 

hVECs (Petrin et al., 1998). Parasite cytoadhesion is mediated by the several possible adhesin 

proteins, as described earlier, and it has been shown to vary among laboratory strains or clinical 
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isolates of T. vaginalis (Lustig et al., 2013; Phukan et al., 2013). In order to see a clear effect 

on cytoadherence, a poorly adherent (G3) strain as experimental strain and a highly adherent 

strain (B7RC2) for comparison were used. When CST-IV bacteria are present, G3 achieves a 

similar level of cytoadherence as to the highly adherent strain B7RC2. This effect was 

concentration- and contact-dependent.  

A few possibilities can be envisaged here. Firstly, we have significant increase of 

phosphatase activity when these microbes are incubated with hVECs (Chapter 3). Coincidently,  

knock-down of the T. vaginalis phosphatase TvPP1 reduced its cytoadherence by 50 % (Munoz 

et al., 2012). Hence, it is possible that such enhancement of phosphatase activity could increase 

the cytoadherence of G3, the mechanism of which is currently undefined. Modulation of 

protease secretion by CST-IV bacteria could also play a role in increasing cytoadherence of 

T. vaginalis. CST-IV bacteria G. vaginalis and P. bivia can attach to hVECs (Sobel et al., 1982; 

Johnson & Davis, 1984; Scott et al., 1989; Stömbeck et al., 2007). These bacteria can also co-

aggregate (Africa et al., 2014; Pessoa et al., 2017). We envisage that G. vaginalis and P. bivia 

would bind to the hVECs and provide a physical bridge via co-aggregation with T. vaginalis. 

Our attempts to vary the modes of incubation did not clarify that. However,  if co-aggregation 

happens between CST-IV bacteria and T. vaginalis, this could also explain the increased 

cytoadherence of G3 when in the presence of CST-IV.   

In addition to parasite adherence to the various host substrates (mucus, biofilm and 

cells), we also assessed subsequent effects on the host epithelial cells. We demonstrated that 

CST-IV bacteria and T. vaginalis cause a decrease in metabolic activity and early apoptosis in 

hVECs. However, neither effect was significantly elevated in the presence of CST-IV bacteria. 

T. vaginalis causes caspase-3 associated apoptosis in neutrophils by reducing expression of 

Mcl-1 (Kang et al., 2006). T. vaginalis also affects macrophage survival. TNF-α transduces 

signals for survival, differentiation and cell death (Roulston et al., 1998) and is stimulated by 
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NF-kB activation. It was shown that T. vaginalis induces apoptosis by activating NF-kB and 

subsequent TNF-α production (Chang et al., 2004). The same process was shown to cause 

apoptosis in human cervical cancer (siHa) cells (Quan et al., 2017).  

Host cell death by T. vaginalis can also be caused by cell lysis / damage. However, in 

our experiments, we were careful to utilize concentrations of T. vaginalis (< 1 x 106 cells/ml) 

that are sub-cytolytic. Genome surveys have shown that the T. vaginalis genome contains an 

abundance of cysteine proteinases (CP), with up to 23 genes encoding for CPs when compared 

with other parasites. The proteinases damage the cells predominantly by creating pores within 

the epithelial cells (Schwebke & Burgess, 2004). However, only three proteinases have been 

clearly identified and partly characterized so far. The first one is a 65 kDa peptidase (CP65) 

located on the cell surface. Its optimal activity lies within a pH of 5 and a temperature of 37°C, 

which is precisely the environment preferred by T. vaginalis (Alvarez-Sánchez et al., 2000). 

Solano-González et al. suggest that the putative cell binding domain (CBD) of CP65 is located 

on the first 206 amino acid residues of the N-terminal region and degrades collagen IV and 

fibronectin but not laminin or haemoglobin (Solano-Gonzales et al., 2006). Hence, CP65 is 

thought to drive host cell destruction via a cell-binding domain that specifically recognizes its 

putative receptor on the host cell surface. Another cysteine proteinase identified to date is 

CP30, which also binds to the host cell surface and exhibits a proteolytic activity against 

collagen IV, fibronectin as well as haemoglobin (Mendoza-Lopez et al., 2000). Recently, a 39 

kDa (CP39) proteolytic protein was claimed to be involved in cytotoxicity and also capable of 

degrading several types of collagen. In contrast, CP65 was suggested to degrade haemoglobin, 

which might have implications for how Trichomonas acquires its nutrients. It also degrades 

ECM proteins, contributing to the tissue damage seen in infection (Hernández-Gutiérrez et al., 

2004).  
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Another first subset of cysteine proteinases identified in T. vaginalis are hydrolyses 

(20-110 kDa) which have trypsin-like activities and function as cell-detaching factors. In 

contrast to the previously described proteinases, they have a very specific range of activity as 

they hydrolyse substrates with arginine-arginine residues (Harp & Chowdhury, 2011). 

Additionally, analysis of T. vaginalis identified a lytic factor which specifically hydrolyzed 

lipids and phospholipids, nucleated mammalian cells and red blood cells. In additional 

experiments this lytic factor specifically hydrolysed phosphatidylcholine in a similar manner 

to the known phospholipase A2, suggesting that this might be a major component of the 

identified lytic factor in Trichomonas (Lubick & Burgess, 2004). After T. vaginalis destroys 

the host cells it phagocytoses fragments of these cells.  

Some strains of G. vaginalis cause host cell death by activating the protein kinase 

pathway via secretion of cytolysins (Gelber et al., 2008). Other than these, it is unknown if and 

how CST-IV bacteria would be able to induce apoptosis in hVECs. Therefore, we believe that 

the lack of synergistic effect in metabolic activity and early apoptosis of hVECs in the presence 

of CST-IV bacteria and T. vaginalis is due to the fact that these effects are attributed to 

T. vaginalis only.  

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

– Chapter five – 
Metabolic changes as a result of CST-IV and Trichomonas 

vaginalis co-incubation contribute to parasitic growth in nutrient 

deprived media and resistance of Trichomonas vaginalis to the 

drug metronidazole 
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5.1 Introduction  

Bacteria are not only affected by their environment but also by the variety of other 

microbial species that co-inhabit the niche. This polymicrobial interaction can take multiple 

forms, as seen in the metabolic interplay between different species. Three broad categories of 

nutritional interactions have been established: competition, syntrophy and cross-feeding (Seth 

& Taga, 2014). In some cases, one microorganism might excrete certain vitamins or amino 

acids for which other surrounding microorganisms lack the biosynthetic pathways (Schink, 

2002). This interaction between species leads to an increase in fitness as the individual 

organism is not required to contain all metabolic pathways needed to survive in a specific 

environment (Burmølle et al., 2006). In the vagina, Fusobacterium nucleatum cross-feeds with 

G. vaginalis and the endosymbiont which frequently affects T. vaginalis, Mycoplasma hominis, 

increases energy synthesis of T. vaginalis and also interacts with G. vaginalis (Agarwal et al., 

2018; Morada et al., 2010; Adamowicz et al., 2018). In addition, T. vaginalis must overcome 

a rather unfavourable and nutrient-deficient environment, the vagina (Ley et al., 1990). For that 

reason, we sought to determine whether the CST-IV bacteria influence the growth rate of 

T. vaginalis and, if so, whether this effect is due to metabolic changes when co-incubated. 

 

5.2 CST-IV bacteria enable Trichomonas vaginalis to survive and propagate in  

the nutrient-deficient niche of the human vagina  

First, we created favourable conditions for T. vaginalis by using its optimal growth 

medium TYM (section 2.2.11), to determine whether the CST-IV bacteria have a positive 

impact on T. vaginalis growth in an environment where the parasite does not require additional 

nutrients. The growth curve in TYM was performed as described in section 2.2.3.5. Briefly, 

two samples of 15 mL TYM media were inoculated with either 1 x 104 cells / mL of prestained 

T. vaginalis (section 2.2.2.2) alone or in combination with 1 x 105 cells / mL G. vaginalis and 
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A. vaginae and 1 x 104 cells / mL P. bivia. At time points 8, 12, 16, 20, 24, 28, 32, 40, 44 and 

48 h, 100 µL aliquots were collected and analysed by flow cytometry (section 2.2.2.4). 

Aliquots were not collected before 8 h due to negligible growth at that time. Figure 5.1 shows 

the growth rate of T. vaginalis alone and in combination with the CST-IV associated bacteria. 

When T. vaginalis is grown alone, growth only increases after 12 h with 3.1 x 105 cells / mL 

as compared to 5.46 x 105 cells / mL in the presence of the CST-IV associated bacteria at the 

same time point. However, between 12 and 16 h, T. vaginalis alone reaches similar levels to 

the sample grown in the presence of the CST-IV associated bacteria. At 24 h the growth of 

T. vaginalis grown together with the CST-IV bacteria shows a steep increase, whereas when 

grown alone this steep increase is not observed until 28 h. At the 48 h end-point, T. vaginalis 

grown in the presence of the CST-IV bacteria reached a concentration of 4.58 x 106 cells / mL 

while when grown alone the concentration was 3.46 x 106 cells / mL. However, there was no 

statistically significant difference between the two growth curves.   
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Figure 5.1 – Growth curve of T. vaginalis in TYM medium. T. vaginalis alone (red) and 

T. vaginalis in the presence of CST-IV bacteria (green) were grown in TYM medium; growth of 

T. vaginalis was compared by FCM analysis (section 2.2.3.4). Measurements were obtained in 

triplicate. 
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After establishing that CST-IV associated bacteria do not benefit T. vaginalis when 

grown in its preferred medium (TYM plus serum), we wanted to know how this relationship 

evolves in an unfavourable environment for T. vaginalis. For this, the serum-free growth 

medium DMEM was chosen, as it is usually used for human cell culture and does not promote 

the growth of T. vaginalis (unpublished data from our laboratory). Preliminary tests were run 

to determine whether T. vaginalis will grow in DMEM in the presence of CST-IV bacteria 

(section 2.2.3.6). The first tests included measurements on two samples after 24 and 48 h. 

Briefly, 1 x 104 cells / mL of T. vaginalis were inoculated in 15 mL DMEM alone and together 

with 1 x 105 cells / mL A. vaginae and G. vaginalis and 1 x 104 cells / mL P. bivia. Aliquots of 

100 µL each were collected at 24 and 48 h and analysed by FCM (section 2.2.2.4). There was 

significantly more growth of T. vaginalis in the presence of the CST-IV associated bacteria in 

DMEM after 24 and 48 h with an approx. 3-fold growth increase but no further growth visible 

when T. vaginalis was grown alone in DMEM (figure 5.2). 
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Figure 5.2 – Growth rate of T. vaginalis in unfavourable medium DMEM, with and without CST-

IV associated bacteria. . Statistical significance (P < .0001) is represented with (***). All 

measurements were done in triplicate.  
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After establishing that T. vaginalis is not only able to survive but proliferate in DMEM 

when co-incubated with CST-IV, we tested different bacteria to parasite ratios. As described 

previously (section 2.2.3.6), a ratio of 1:1, 1:2 and 1:3 of parasite to bacteria was used with the 

starting concentrations of the previously described preliminary test (1 x 104 cells / mL of 

T. vaginalis, 1 x 105 cells / mL A. vaginae and G. vaginalis and 1 x 104 cells / mL P. bivia). 

In figure 5.3 it can be seen that, at 24 h, two times more bacteria than parasite resulted 

in significantly higher (P = 0.0014) growth than a 1: 1 ratio, while three times more bacteria 

had an even higher difference in cell numbers ( P < .0001). At 48 h, all ratios showed a 

concentration-dependent increase in cell concentrations. T. vaginalis consistently increases 

from a density of 3.1 x 106 cells per mL in the 1:1 ratio to a final density of 4.15 x 106 cells per 

mL in the 1:3 ratio. These data further indicate a seemingly decisive role of the CST-IV bacteria 

in enhancing T. vaginalis growth.  
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Figure 5.3 – Concentration-dependent growth of T. vaginalis in the presence of varying densities of 

CST-IV associated bacteria in DMEM. . Significant difference is represented by (**) for P = 0.0014 

and (***) for P < 0.0001. All measurements were done in triplicate. 
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The third test involved different combinations of CST-IV associated bacteria and 

T. vaginalis with the concentrations of 1 x 104 cells / mL T. vaginalis, 1 x 105 cells / mL 

A. vaginae and G. vaginalis and 1 x 104 cells / mL P. bivia. Also, the test included the probiotic 

bacterium Lactobacillus gasseri. L. gasseri was included, as it was previously shown to reduce 

T. vaginalis pathogenicity (Phukan et al. 2018, personal communication with Ann-Katrein 

Bär). We wanted to evaluate whether the effect on T. vaginalis ability to survive and propagate 

in the presence of CST-IV bacteria in DMEM is specific to the interaction between CST-IV 

bacteria and Trichomonas or if bacteria in generally produced substances that help T. vaginalis 

to survive in a non-favourable environment.  

There is no difference between combinations including one bacterium or two bacteria 

at 24 or 48 h (figure 5.4). At 24 h the combination with G. vaginalis and the combination 

including A. vaginae did not differ significantly from the combination including both bacteria. 

The combination with A. vaginae alone was not significantly different to the combination 

involving A. vaginae and P. bivia. However, the treatments containing only G. vaginalis or 

only A. vaginae were significantly different from the combination comprising only P. bivia and 

containing P. bivia together with G. vaginalis (P < .0001). At 48 h there is no significant 

difference between the combination of T. vaginalis + G. vaginalis and T. vaginalis + A. vaginae 

when compared to the combination T. vaginalis + A. vaginae + G. vaginalis, and T. vaginalis 

+ A. vaginae + P. bivia. All other combinations have a significant difference in growth of 

T. vaginalis (P < .0001). Thus, among the three BV-associated bacteria, P. bivia, A. vaginae 

and G. vaginalis, the third bacterium appeared to promote T. vaginalis growth the most when 

incubated with the parasite. When used in different combinations, it was the pairing with 

G. vaginalis (G. vaginalis + A. vaginae) that resulted in the highest growth rate. However, this 

seemed to be exclusive to this particular combination only, since G. vaginalis paired with 

P. bivia, resulted in the lowest T. vaginalis growth rate among the 3 binary CST-IV 
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combinations. Interesting to note is that even though growth is significantly lower (p < 0.0001) 

compared to all other combinations and T. vaginalis alone, T. vaginalis was still able to survive 

in the presence of the probiotic bacterium L. gasseri.   
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Figure 5.4 – Comparison of T. vaginalis growth in different combinations of CST-IV associated 

bacteria and L. gasseri in DMEM. The growth of T. vaginalis in the presence of different combinations 

of one or two bacteria of the CST-IV associated bacteria and the presence of L. gasseri was compared 

to the growth of T. vaginalis alone in DMEM medium. T. vaginalis grown in TYM (its preferred medium) 

was used as a control. All measurements were run in triplicate.  

 

Having established that the growth of T. vaginalis in nutrient-deficient media is 

enhanced by the presence of CST-IV bacteria and that this is not due to T. vaginalis 

phagocytosing the bacteria (data not shown), we repeated the previous growth curve assay 

(figure 5.1) (but using DMEM instead of TYM) to create a more detailed picture of T. vaginalis 

growth rate (section 2.2.3.5). While T. vaginalis density (number of cells per mL) stays 

relatively low with a minor increase after 32 h when T. vaginalis is grown alone in DMEM, 
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growth spikes in the presence of CST-IV bacteria at time points 28 to 48 h. Between time points 

12 and 28 h, growth of T. vaginalis in the presence of CST-IV was relatively slow but 

significantly faster than when T. vaginalis was grown alone.  
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Figure 5.6 - Growth curve of T. vaginalis in DMEM in the presence or absence of CST-IV associated 

bacteria. . All measurements were done in triplicate.  

 

In summary, CST-IV bacteria positively affect T. vaginalis growth in a nutrient-

deficient media. Moreover, the effect is concentration dependent but not dependent on the 

combination of bacteria. 

 

5.3 Metabolic differences between cultures of  Trichomonas vaginalis alone and in 

combination with CST-IV bacteria   

 Considering that cooperative and syntrophic interactions in metabolic cross-feeding 

play an essential role in polymicrobial environments, we hypothesised that the observed growth 

effect is the result of metabolic differences between the samples with and without CST-IV 
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bacteria (Zelezniak et al., 2015). To test this hypothesis, gas chromatography- mass-

spectroscopy (GC-MS) was employed to analyse the metabolites produced. Mass spectrometry 

is an analytical technique in which samples are ionised and individual ions sorted according to 

their mass-to-charge ratio. Coupled with gas chromatography, this has become a widely used 

technique to analyse metabolic compositions due to its stable protocols for sample preparation 

and analysis. Furthermore, GC-MS allows quick identification and relative quantification of 

hundreds of metabolites within a single extract (Zarate et al., 2017). Hence, to analyse 

metabolic composition we used samples from the previously described DMEM growth curve 

of the sample with T. vaginalis grown alone and of the combination of T. vaginalis and CST-

IV bacteria in DMEM at 8, 16 and 32 h (section 2.2.3.7). In order to generate a broad overview 

of metabolic compounds, we used methyl chloroformate (MCF), which is known to target 

amino and non-amino organic acids, and trimethylsilyl (TMS), which targets alcohol, acids and 

amines (Villas 2011). 

 We were able to identify 410 metabolites with these two methods. Of these, 40 showed 

a significant different abundance between the samples containing T. vaginalis alone and 

samples containing T. vaginalis and CST-IV bacteria,  after performing a two-way ANOVA 

analysis. These metabolites can be divided into five major super-pathways: amino acids, 

cofactors & vitamins, carbohydrates, lipids, energy (Table 5.1). 
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Table 5.1 – Summary of biochemicals altered based on super-pathways in the presence of 

CST-IV bacteria a  (Higher = abundance increased in CST-IV containing samples, Lower = 

decrease in abundance in CST-IV containing samples.) 

 Total no. Higher Lower 

Amino acid 4 3 1 

Carbohydrates 11 3 8 

Energy 12 5 7 

Lipids 10 4 2 

Cofactors & Vitamins 3 3 0 

a Biochemicals categorised according to KEGG pathways. 

 

After comparing the variations between metabolites present in the two growth 

conditions and after identifying 40 metabolites with statistical significance after a primary two-

way ANOVA analysis, we applied the Bonferroni – Dunn post-hoc test, which counteracts the 

problem of multiple comparison by rejecting the null hypothesis if the likelihood of the 

observed  data under the null hypothesis is low. With this method we identified metabolites 

involved in fermentation of glucose and catabolism of arginine (the two major energy 

producing pathways in T. vaginalis). Metabolites involved in glucose fermentation, were 

detected (glucose, maltose, lactic acid). Especially lactic acid was detected with an increased 

abundance as growth progressed, at 16 h and 32 . Related to arginine catabolism, ornithine was 

significantly different from time point 8 h. Putrescine was also detected. 

Based on the metabolic profiling it is evident that the important metabolite of the 

arginine catabolic pathway, ornithine, is significantly upregulated when CST-IV bacteria are 

present. However, the start and intermediate products arginine and citrulline were not detected 

by TMS or MCF. In regards to glucose fermentation, lactic acid was detected but pyruvate was 

not.   
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5.4 Metabolites and their possible implications for drug resistance of T. vaginalis 

The metabolic analyses revealed that thiols, specifically cysteine and malate, accumulate 

over time in the presence of CST-IV bacteria. Each of these metabolites has a dcoumented role 

in drug resistance. Cysteine affects metronidazole efficacy by impeding drug reduction 

preventing the production of toxic radicals of metronidazole (Lindmark & Müller 1976; 

Upcroft et al. 2001). An accumulation of malate, on the other hand, might indicate that pyruvate 

production is inhibited, possibly via inactivation of malate dehydrogenase, the enzyme 

responsible for pyruvate production (Leitsch et al. 2009). In addition to the metabolic findings, 

it is known that certain vaginal bacteria, especially G. vaginalis, are linked to biofilm 

production; persistence of biofilm is considered the main reason for the observed  60 % 

recurrence rate of biofilm patches after metronidazole treatment in bacterial vaginosis 

(Gottschick et al., 2016; Swidsinski et al., 2005). The biofilm produced by G. vaginalis is also 

thought to function as binding substrate for other bacteria such as A. vaginae, which rarely 

occurs in the absence of G. vaginalis (Bradshaw et al., 2006). Furthermore, A. vaginae is 

resistant to the drug metronidazole used to treat trichomoniasis (Polatti, 2010). 

Based on the above, we aimed to determine whether the CST-IV bacteria A. vaginae and 

G. vaginalis affected drug resistance in T. vaginalis. First, we needed to verify that T. vaginalis 

G3  is susceptible to metronidazole. We thus performed an antibiotic resistance test by 

assessing T. vaginalis motility with increasing concentrations of metronidazole (section 

2.2.3.2). As a control, we included strain B7268 as it is known to be much more resistant than 

G3 against metronidazole (Bradic et al., 2017; Leitsch et al., 2012). A scoring system was used 

to evaluate drug efficacy: 0 = no parasite present (dead), 1 = parasite present but non-motile, 2 

= parasite present and slightly motile, 3 = parasite present and highly motile.. 

T. vaginalis G3 was only able to survive once the concentration of metronidazole was 

reduced to 4 μg / mL, and it was only motile at 1 μg / mL (Table 5.2). This is in accordance 
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with a general MIC of 10 μg / mL for T. vaginalis G3. B7268, on the other hand, was able to 

survive and be motile at a level starting from 128 μg / mL.    

 

Table 5.2 – Metronidazole resistance of T. vaginalis strains 

G3 and B7268. Scoring system (0-3) explained in text above. 

 
B7268 G3 

256 μg/mL 0 0 

128 μg/mL 1 0 

64 μg/mL 2 0 

32 μg/mL 3 0 

16 μg/mL 3 0 

8 μg/mL 3 0 

4 μg/mL 3 1 

2 μg/mL 3 2 

1 μg/mL 3 3 

0 μg/mL 3 3 

DMSO control 3 3 

   

Considering the results of table 5.3, we can say that T. vaginalis G3 (alone) is 

susceptible to the antibiotic metronidazole.  

To assess whether G. vaginalis and A. vaginae affect antibiotic susceptibility of 

T. vaginalis, the above antibiotic testing was repeated with the sensitive strain G3 but in the 

absence versus presence of G. vaginalis and/or A. vaginae. G3 alone is only able to survive 

from a concentration of 1 μg/mL, but can tolerate the highest level of 256 μg/mL when co-

incubated with G. vaginalis and G. vaginalis / A. vaginae (Table 5.3). Also in the presence of 

A. vaginae, G3 can tolerate a much higher dose of metronidazole (128 μg/mL). In the presence 

of A. vaginae, G3 is fully motile at a 4-fold increase in concentration (8 μg/mL) as compared 
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to G. vaginalis (2 μg/mL). When co-incubated with both bacteria, the antibiotic resistance of 

G3 again doubles and even increases up to 16 times that when compared with G3 alone.   

 

Table 5.3 – Metronidazole resistance of T. vaginalis G3 in the presence of G. vaginalis, 

A. vaginae and both bacteria. 

 
G3 G. vaginalis A. vaginae 

G. vaginalis & 

A. vaginae 

256 μg/mL 0 1 0 1 

128 μg/mL 0 1 1 1 

64 μg/mL 0 2 1 2 

32 μg/mL 0 2 2 2 

16 μg/mL 0 2 2 3 

8 μg/mL 0 2 3 3 

4 μg/mL 1 2 3 3 

2 μg/mL 2 3 3 3 

1 μg/mL 3 3 3 3 

0 μg/mL 3 3 3 3 

DMSO control 3 3 3 3 

 

 

In addition to different combinations of the bacteria, we also used different incubation 

methods, namely the presence or absence of oxygen. Table 5.4 indicates a slight decreases in 

resistance in anaerobic conditions as compared to aerobic conditions.     
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Table 5.4 – Metronidazole resistance of T. vaginalis G3 in the absence and presence of 

oxygen. 

 
T. vaginalis 

G. vaginalis + A. vaginae/   

T. vaginalis 

 aerobic anaerobic aerobic anaerobic 

256 μg/mL 0 0 0 0 

128 μg/mL 0 0 1 0 

64 μg/mL 0 0 2 1 

32 μg/mL 0 0 2 2 

16 μg/mL 0 0 3 2 

8 μg/mL 1 0 3 3 

4 μg/mL 2 1 3 3 

2 μg/mL 2 2 3 3 

1 μg/mL 2 2 3 3 

0 μg/mL 2 3 3 3 

DMSO control 3 3 3 3 

 

Having established that T. vaginalis G3 antibiotic resistance increased when co-

cultured with G. vaginalis and A. vaginae, we sought to determine whether this effect can be 

attributed to the biofilm produced by G. vaginalis. It was already shown in Chapter 4 that 

T. vaginalis can use the biofilm matrix of G. vaginalis to adhere as initial attachment.  

Consequently, we cultivated a G. vaginalis biofilm (section 2.2.3.1) and inoculated 

wells with pre-stained T. vaginalis alone (section 2.2.2.2) plus 16 μg/mL of metronidazole 

without a biofilm present and T. vaginalis with a biofilm present plus 16 μg/mL as described 

in section 2.2.3.4. In the presence of the biofilm and metronidazole T. vaginalis is not only able 

to survive but also to grow (Figure 5.6). However, T. vaginalis in the presence of metronidazole 

but without the biofilm present was not able to survive, as predicted.   
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Figure 5.6 – Survival of T. vaginalis in the presence of metronidazole with and without 

G. vaginalis biofilm. Cell numbers of T. vaginalis after metronidazole addition (16 μg/mL) 

compared between wells containing a biofilm layer and wells without a biofilm layer. All 

measurements were done in triplicate.      

 

 We also included wells containing T. vaginalis only and wells containing T. vaginalis 

and bacterial biofilm with the above-mentioned assay, with neither containing metronidazole, 

in order to assess proper growth of T. vaginalis (section 2.2.3.4). Although we can assume a 

positive effect of biofilm towards antibiotic resistance in T. vaginalis G3 (figure 5.7), parasite 

growth is significantly decreased (p = 0.017) when biofilm is present.    
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Figure 5.7 – Growth of T. vaginalis in the presence and absence of a bacterial biofilm. Comparison 

of growth of T. vaginalis G3 in wells containing G. vaginalis biofilm and wells only containing 

T. vaginalis. Statistical significance is represented by (***) for p < 0.0001 and by (**) for p = 0.017. 

All results were obtained in triplicate.  

 

 It can be concluded that a previously metronidazole-sensitive strain of T. vaginalis, 

namely G3, increased antibiotic resistance when in the presence of G. vaginalis and A. vaginae. 

This could be due to the previously found increase of metabolites, such as malate which points 

to an inactivation of important drug activating enzymes, and cysteine which can bind to 

metronidazole inactivating the drug, or the biofilm produced by G. vaginalis provides an 

evasion possibility for T. vaginalis.  
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5.5 Discussion 

Competition for nutrients shapes the composition of environments and niches in almost 

every aspect, from the ocean floor to the human body (including the vagina). The ability to 

acquire nutrients determines whether a microbe is able to persist in a particular niche (Hibbing 

et al. 2010). Such niche competition can be influenced by either competitive exclusion (nutrient 

competition) or by facilitating niche differentiation (cross-feeding and syntrophy) (Flint et al., 

2012; Tremaroli & Bäckhed, 2012). Syntrophic metabolic cooperation allows access to 

nutrients that neither microbe could metabolize alone (Sieber et al. 2012, Morris et al. 2013). 

Nutrient cross-feeding refers to molecules such as amino acids or vitamins being produced by 

one microbe but taken up by another which requires these nutrients but is unable to produce 

these nutrients in the present environment (Seth & Taga 2014). In this process, metabolic cross-

feeding is central to the diversity of the community (Zelezniak et al., 2015). The niche that 

T. vaginalis inhabits, the vagina, is a rather harsh environment for the parasite to thrive. An 

indication of nutritional cross-feeding or syntrophy can be expected given that, in the four CST-

IV microbiota compositions in which lactobacilli dominate, these Lactobacillus species 

compete for nutrients and restrict the growth and development of a species-rich microbiota 

(Bermudez-Brito et al. 2012; Candela et al. 2008;  Ravel et al. 2011; Brotman et al. 2012). 

Once the Lactobacillus species decrease a more species-rich community of anaerobic bacteria 

is present (i.e. CST-IV), which might indicate a general nutritional interaction between the 

different anaerobic bacteria. Due to its apparent association with CST-IV bacteria, aimed to 

determine if there is a metabolic dependency or interaction between the main CST-IV bacteria 

(G. vaginalis, A. vaginae and P. bivia) and T. vaginalis, which affects the growth capabilities 

of the latter.   

In this chapter it was demonstrated that when T. vaginalis is grown under optimal 

conditions, including 10 times more glucose and serum than in its natural habitat, the CST-IV 
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bacteria have no additive or beneficial effect on the growth of the parasite. However, once a 

serum-free environment was created, T. vaginalis was not able to survive on its own but was 

able to propagate in the presence of the CST-IV bacteria. This effect was time- and 

concentration dependent but did not depend on any of the individual CST-IV bacteria (section 

5.2). The probiotic bacterium L. gasseri was also included, in order to establish whether the 

beneficial effect on T. vaginalis was limited to bacteria associated with the parasite (i.e. CST-

IV) or if the effect is more generic . Consistent with the general idea that Lactobacillus spp. 

provide a protective role on the human vaginal epithelium against pathogens (Phukan et al., 

2013), we demonstrate that L. gasseri does slow down growth of T. vaginalis. In regards to the 

vaginal microbiota, synergism between G. vaginalis and P. bivia has been reported in the past. 

G. vaginalis produces amino acids that can be used by P. bivia and, in turn, G. vaginalis utilises 

ammonia produced by P. bivia (Pybus & Onderdonk, 1997). Given that our growth curves 

strongly suggested a beneficial effect of CST-IV bacteria on the growth of T. vaginalis under 

unfavourable conditions, we next analysed whether these benefits were also due to the release 

of metabolites. Due to a lack of prior knowledge regarding the expected metabolites, and also 

to gain a broad overview of metabolites present, two derivatising processes for GC-MS were 

used: TMS and MCF. In the TMS procedure, a silyl group [–Si(CH3)3–] is introduced into the 

metabolite substituting the active hydrogen (e.g., –OH, –SH, –NH4+, –COOH) to generate 

stable and less polar derivatives. TMS is especially useful for identifying sugars and alcohols 

(Zarate et al., 2017). The other method, MCF, is used to derivatise polyfunctional amines and 

organic acids by alkylation (Villas-Bôas et al., 2011). 

Five metabolites which were identified via TMS and MCF analysis and significantly 

accumulated when CST-IV bacteria were present are part of the two main energy pathways in 

T. vaginalis, the arginine dihydrolase (ADH) pathway and glucose fermentation.  
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Carbohydrates are the preferred source of energy for the parasite, although under 

limiting conditions T. vaginalis uses amino acids such as arginine to sustain growth and 

survival (Petrin et al. 1998). The ADH pathway uses arginine to produce ornithine and 

ammonia via arginine deiminase (ADI), catabolic ornithine carbamyltransferase (cOCT) and 

carbamate kinase (CK) to remove the nitrogen from the amino acid under generation of ATP 

(Linstead & Cranshaw 1993). This pathway generates 10 % of the energy requirements of 

T. vaginalis (Yarlett et al. 1996). The first enzyme ADI appears to be localized in the 

hydrogenosome, whereas other enzymes of the ADH pathway are localized in the cytoplasm 

(Yarlett et al. 1994). Regarding metabolic interaction, it is interesting to note that the urogenital 

parasite Mycoplasma hominis is an intracellular parasite of T. vaginalis (Rappelli et al. 1998), 

and that the ADH pathway is present in this endosymbiont (Fenske & Kenny 1976; Dessi et al. 

2005). Morada et al. 2010 showed that T. vaginalis infected with M. hominis exhibit increased 

arginine consumption and an associated increase of ornithine and putrescine production. M. 

hominis lacks the gene encoding the ornithine decarboxylase (ODC) enzyme (Pereyre et al. 

2009; Morada 2010) and it is suggested that ornithine is exported via an arginine / ornithine 

transporter which is present in other prokaryotes (Driessen et al. 1987). These transporters 

pump ornithine into the cytoplasm of T. vaginalis, which in turn drives increased putrescine 

formation, which is again used by M. hominis. The advantage of this relationship for 

T. vaginalis is because increased scavenging of arginine reduces the amount of free arginine 

for nitric oxide production by macrophages (Chen et al. 1982). Furthermore, ornithine was 

proposed by Morada et al. 2010 to function as a substrate for the T. vaginalis lysine/ornithine 

aminotransferase (OAT), resulting in glutamate formation (Carlton et al. 2007). This in turn 

may drive the formation of alanine by alanine aminotransferase which enters the 

hydrogenosome, resulting in production of pyruvate being involved in ATP generation (Carlton 
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et al. 2007, Morada et al. 2010). The ADH pathway and interaction between T. vaginalis and 

M. hominis is presented in Figure 5.8.      

 

 

Figure 5.8 – ADH pathway of T. vaginalis and the endosymbiont M. hominis. The lower part 

represents the pathway in T. vaginalis while the upper part of the figure represents the pathway in M. 

hominis. Enzymes are prefixed with Mh and Tv; ADH – arginine dihydrolase, ADI arginine deiminase, 

aOCT – anabolic ornithine carbamyltransferase, CK – carbamate kinase, cOCT – catabolic ornithine 

carbamyltransferase, OAT – ornithine aminotransferase, OCT – ornithine carbamyltransferase, ODC 

– ornithine decarboxylase (Reprinted with permission from Morada et al.2010).   
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Polyamines such as putrescine are increased in women with BV (Chen et al. 1979). 

Production of polyamines was inhibited by addition of metronidazole, indicating that bacteria 

(such as CST-IV members) are responsible for the increase in polyamines (Chen et al. 1982). 

These amines are volatile when pH is elevated and cause the fishy odor associated with BV 

(Brand & Galask 1986). The precursor of putrescine is arginine, which is detected in lower 

levels in BV-positive women (Srinivasan et al. 2015). In the case of BV-associated CST-IV 

bacteria, it was postulated that putrescine is converted to succinate via γ-aminobutyrate 

(GABA), which was recently discovered in E. coli, and not to spermine (Kurihara et al. 2005; 

Kurihara et al. 2010). P. bivia decarboxylates arginine to putrescine (Nelson et al. 2015). In 

addition to intermediate metabolites potentially involved in interactions between CST-IV 

bacteria and T. vaginalis, as in the example of M. hominis, glucose restriction itself upregulated 

genes encoding for the enzymes ornithine carbamyltransferase and carbamate kinase (Huang 

et al. 2017). As in our case arginine was not detected, suggesting its rapid consumption (Huang 

et al. 2017). Also in accordance with our results, they showed that glucose restriction increased 

cell survival in T. vaginalis (Huang et al. 2014b).   

A potential mechanism to explain the increased growth of T. vaginalis in the presence 

of CST-IV bacteria is that the latter may also affect enzymes such as the ornithine 

carbamyltransferase, leading to the increased amounts of ornithine and putrescine that were 

observed. Moreover, there was an increase in glutamate when CST-IV bacteria were present. 

Since T. vaginalis can use glutamate to drive the process of pyruvate production, which in the 

hydrogenosomes is used for ATP production, this could explain the increased growth observed 

in a serum-free environment.  

Glucose fermentation also involved metabolites which differed significantly between 

T. vaginalis alone and in the presence of CST-IV bacteria. Glucose and maltose, both known 

energy sources of T. vaginalis, first increased in abundance (16 h) but then decreased (32 h) in 
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the presence of CST-IV bacteria. This may reflect T. vaginalis reducing the arginine present in 

the environment using the ADH pathway, then turning  to other energy sources once arginine 

is depleted. Glucose is converted to phosphoenolpyruvate and subsequently to pyruvate. In the 

protizt T. vaginalis uses fermentive oxidation of pyruvate and substrate phosphorylation to 

produce ATP.   

In my experiments lactic acid increased over time, perhaps due to A. vaginae being a 

lactic acid producer.  Lactic acid production associated with lactobacilli is deemed to be 

probiotic and has an antimicrobial effect on pathogens such as T. vaginalis (O’Hanlon et al. 

2013; Aldunate et al. 2015). However, for CST-I, -II, -III and V communities, the amount of 

lactic acid in vaginal fluid is roughly 110 mM, due to the Lactobacillus species. It is assumed 

that the lactic acid produced by A. vaginae is not enough to result in antimicrobial activity 

(O’Hanlon et al. 2013).    

The second half of the chapter concentrated on the possible effects of CST-IV bacteria 

on metronidazole resistance in T. vaginalis G3. An increase in cysteine when CST-IV bacteria 

were present provided evidence of an effect. Cysteine affects metronidazole efficacy and is an 

important constituent of iron-sulphur clusters which are present in many proteins essential to 

T. vaginalis, for example pyruvate: ferredoxin oxidoreductase (PFOR) and ferredoxin 

(Lindmark & Müller 1976; Upcroft et al. 2001). Cysteine is highly reactive with oxygen but 

also with compounds such as metronidazole (Wilson & Searle 1975, Mason & Josephy 1985). 

Hence, an increase in cysteine when T. vaginalis is co-incubated with CST-IV bacteria protects 

T. vaginalis from metronidazole by interacting with the drug.                

 

Another metabolite indicating a possible involvement of CST-IV bacteria in 

metronidazole resistance in T. vaginalis G3 was malate, which accumulated when CST-IV 

bacteria were present. In T. vaginalis malate is converted to pyruvate by the enzyme malate 

dehydrogenase. Since we detected an increase in malate but not pyruvate, it may be that this 
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step is altered when CST-IV bacteria are present. This would affect subsequent electron 

transfer from pyruvate to ferredoxin by the enzyme pyruvate: ferredoxin oxidoreductase. 

Ferredoxin is then not able to transfer electrons to the nitro group of metronidazole and not 

activate the drug (Leitsch et al. 2017). 

However, these are not the only mechanisms causing resistance in T. vaginalis. In 

general, two different types have been established, namely clinical resistance  (Meingassner & 

Thurner, 1979) and laboratory resistance (Cerkasovova et l. 1984; Kulda ,1999). In clinical 

resistance the oxygen scavenging system of T. vaginalis is defective, leading to an increase in 

intracellular oxygen which inhibits metronidazole activation (Mason & Holtzman 1975). This 

effect is called clinical resistance since in growth media oxygen saturation is almost limited, 

while at the mucosal epithelium of the human vagina the oxygen concentration is around 15 to 

56 μM (Ellis et al. 1992). Anaerobic resistance only occurs in laboratory settings and is 

associated with physiological changes of the parasite, laking central hydrogenosomal pathways 

(Kulda et al. 1993; Rasoloson et al. 2002). In metronidazole-resistant T. vaginalis, lactate rather 

than hydrogen is produced as the major metabolic end-product (Kulda et al. 1993). In addition, 

resistant strains exhibit very low levels of flavins (Leitsch et al. 2009), indicating that flavin 

dependent pathways including the thioredoxin reductase are affected (Leitsch et al. 2009). 

Other enzymes decreased in expression are PFOR (Land et al. 2004) and flavin reductase 1 

(Ellis et al. 1992; Leitsch et al. 2012a). Flavin reductase 1 is mainly responsible for oxygen 

scavenging in T. vaginalis (Chapman et a. 1999; Linstead & Bradley 1988; Leitsch et al. 

2014a). Other mechanisms affecting metronidazole resistance in the parasite, such as 

nitroreductases, also exist (Pal et al. 2009). Recently, stop mutations were found in two 

nitroreductase genes, ntr4 and ntr6 (Paulish-Miller et al. 2014). Furthermore, resistance is 

strongly associated with decreased activity of alcohol dehydrogenase 1, a zinc-dependent 



 

152 
 

enzyme (Leitsch et al. 2012a; Leitsch et al. 2013). These different mechanisms show the 

multifactorial nature of resistance in T. vaginalis.               

 In addition to enzymatic or metabolic explanations for the observed increase in 

metronidazole resistance of T. vaginalis G3, we tested whether the biofilm matrix of 

G. vaginalis has any effect on G3 resistance. It is well known that G. vaginalis produces a 

persistent biofilm in bacterial vaginosis-positive women (Swidsinski et al. 2005). Biofilm-

associated resistance is nothing new, as it has long been known that  bacteria lacking protective 

mutations of other resistance mechanisms show less susceptibility to antibiotic treatment when 

grown in biofilms (Anderl et al. 2000). This effect can be rapidly reversed when the biofilm is 

dispersed, indicating that the biofilm itself is having an effect, rather than genetic alterations of 

the bacteria (Hausner & Wuertz 1999). This is in accordance with the fact that most antibiotics 

are growth-dependent, however growth is reduced in biofilms due to chemical gradients 

resulting in bacteria remaining in the stationary phase (Gilbert & Brown 1995). In the case of 

P. aeruginosa, extracellular DNA (eDNA) increases resistance to certain antimicrobial agents 

(Chiang et al. 2013). eDNA is the major component of bacterial biofilm matrix and might be 

derived from quorum-sensing mediated release or outer membrane vesicles (Allesen-Holm et 

al. 2006; Jakubovics et al. 2013). One mechanism by which eDNA can contribute to resistance 

is that eDNA is anionic and can chelate cations, leading to a decrease in the concentration of 

magnesium ions (Mulcahy et al. 2008). Low magnesium levels can activate two-component 

systems in P. aeruginosa and Salmonella enterica serovar Typhimurium (McPhee et al. 2003; 

McPhee et al. 2006; Johanson et al. 2013).  

 In conclusion, it is evident that CST-IV bacteria benefit T. vaginalis growth in serum-

free media, most likely via interference with the ADH pathway. The metabolic changes 

occurring might also affect metronidazole resistance of T. vaginalis G3, either inactivating the 

drug directly (cysteine) or enzymes involved in drug activation. T. vaginalis further benefits 
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from the biofilm produced by G. vaginalis which was shown to increase metronidazole 

resistance most likely by decreasing growth of the parasite, which we showed was decreased 

in the presence of the biofilm, and possible action of the extracellular matrix within the biofilm.         
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6. General Discussion 

 All multi-cellular organisms harbour a microbiota. This collection of microorganisms 

inhabits exposed host surfaces and may be specific to the host species and/or location. Through 

co-evolution of the host and microbiota, and the development of an immune system, humans 

provide favourable niches to commensal microorganisms but exclude pathogens when 

possible. The number of commensal microorganisms that inhabit the human body is 

comparable to the number of our own somatic cells, with a minimal estimation of 500-1000 

different bacterial species in the gut alone (Turnbaugh et al., 2007; Sender et al., 2016; Gilbert 

et al., 2018). The National Institutes of Health committed 100 million USD to the Human 

Microbiome Project, which investigated the microbiomes of five body sites: oral cavity, nasal 

cavity, gastrointestinal tract, genital-urinary tract and the skin (Turnbaugh et al., 2007; Lamont 

et al, 2011). The description of the human microbiota indicates that a particular body site fosters 

a specific biogeography (‘who is next to whom?’) and that the development of the human 

microbiota is body site specific (Stacy et al., 2016). Biogeography is the distribution of species 

in space and time and, until recently, tended to deal with microbial spatial patterns in regards 

to continents and oceans (Hanson et al., 2012; Stacy et al., 2016); however, the biogeography 

of the human body has recently become a major topic of research. The Human Microbiome 

Project showed that the same body site among different individuals is often more similar than 

different sites in the same individual, and therefore it can be assumed that the distribution of 

microorganisms is not random (Turnbaugh et al., 2010; Gilbert et al., 2018).   

Nevertheless, the human microbiome behaves as any other ecosystem, open to the 

influence of biotic and abiotic factors such as diet and medications (antibiotics, contraceptives 

etc.; David et al., 2011). Just like the continents and oceans, humans are susceptible to seasonal 

changes (hormones, blood sugar levels, etc), aggressions (UV light, desiccation, infections, 

etc) and aging. Studying temporal changes in human-associated microbial communities 
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remains a major research challenge. Most studies must refrain from interventions, for obvious 

ethical reasons, and thus rely solely on observations within and correlations among population 

groups. Moreover, human development is slow compared to that of model animals used in 

experimental research. For these reasons, we must be very careful with claims based solely on 

correlational or observational studies, as these may not identify causation. As a result, we still 

lack understanding about how the different microbial populations interact with each other and 

with the host, and how this finely balanced microbial environment is established and 

maintained (Ma et al., 2012; Tlaskalová-Hogenová et al., 2004). 

Because the gut is rich in diet-derived nutrients, it is the site which harbours the highest 

density and diversity of microorganisms in the body. Host-microbiota communication in the 

gut – the gut-microbiota-brain axis - has been suggested to be of critical importance to human 

physiology (Cryan & O’Mahony, 2011; Carabotti et al., 2015). For these reasons, many 

microbiome studies have focused on the gut. In general, high microbial diversity in the gut is 

indicative of a favourable health status. The mucosal surface of the human vagina, the subject 

of this thesis, is colonised by a vast diversity of site-specific commensal microorganisms as 

well. The interplay of the vaginal microbiota, host cells and the immune system  plays a 

profound role in reproductive health, including fertility and pregnancy outcomes (Hill et al., 

2005; Lamont et al., 2011; Ma et al., 2012; Mirmonsef et al., 2011). While less studied than 

the gut, the relatively low diversity of the vaginal microbiota makes this a simpler model to 

understand microbial interactions on the human mucosa. Contrary to the gut, however, high 

microbial diversity is indicative of an unfavourable health status for the vagina (Ravel et al., 

2011).   

In 2011, Ravel et al. categorized the human vaginal microbiota into five so-called 

Community-State-Types (CSTs). Four of these CSTs are dominated by Lactobacillus spp. 

while the fifth is defined by a lack of lactobacilli and a species-diverse community including 
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some anaerobic bacteria. Ravel et al. surveyed the vaginal microbial composition of 394 

healthy women of premenopausal age. Seventy-three percent of them fit in one of the CSTs 

composed predominantly of lactobacilli, with the remaining 27% grouped into CST-IV, which 

lacks lactobacilli. The CST-IV bacteria resemble the dysbiotic bacteria found in sick women 

with BV. Although lactobacilli are generally host-protective, many women carry a diverse 

microbiome without having vaginitis. It is also worth noting that the aforementioned study has 

a population bias towards African-American women residing in New York City (Ravel et al., 

2011, Brotman et al. 2012). African-American women more frequently harbour a diverse 

vaginal microbiome than Caucasians (Ravel et al., 2011; Fettweis et al., 2014). Also, this is a 

cross-sectional study and it is possible that these women carry a transitional microbiome that, 

at this point in time, had not caused detectable symptoms. It is widely accepted that most 

lactobacilli are protective against STDs (Martius et al., 1988; Hawes et al., 1996; Antonio et 

al., 1999). It is possible that, even if women with a CST-IV microbiota do not develop BV, 

they might be more susceptible to acquiring  STDs (Rathod et al., 2011). 

Curiously, a subsequent study on the same population of women by Brotman et al. 2012 

showed that T. vaginalis asymptomatic infections were 8 times more likely to happen in 

association with CST-IV than with the lactobacilli-rich CSTs. There is also a positive 

association between Chlamydia trachomatis and CST-IV (Tamarelle et al. 2017). As 

mentioned before, these are correlational studies so caution must be exercised when 

considering such claims. Until cause and effect can be established experimentally, we can only 

speculate that lactobacilli may protect against T. vaginalis infections, but we cannot conclude 

that T. vaginalis is incapable of infecting a lactobacilli-rich CST woman. The opposite is also 

true. We can speculate that CST-IV bacteria and T. vaginalis may synergize but we cannot 

conclude that CST-IV bacteria are necessary for T. vaginalis to establish infection. Although 

our scientific community suffers from lacking a proper animal model for trichomoniasis, the 
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research from our group represents some of the first experimental support for these cause-effect 

hypotheses. 

It is also apparent that the situation is not as straightforward as a  simple dichotomy in 

the vaginal microbiome (i.e. lactobacilli versus non-lactobacilli; van de Wijgert & Jespers, 

2017). While some species of Lactobacillus are clearly excluded from BV women (e.g. L. 

crispatus and L. gasseri), L. iners has been particularly correlated with intermediate BV and 

found along with a more species-rich composition of the vaginal microbiome including CST-

IV species (van de Wijgert et al., 2014). The question remains as to why some patients show 

symptoms while others do not. Initially thought to be caused by G. vaginalis, it is now generally 

accepted that BV is a polymicrobial infection caused by a cluster of bacterial species present 

in high abundance in the vagina (Gardner & Dukes, 1955; Forsum et al. 2005). What makes a 

woman develop BV may be a combination of species/strains in a certain density threshold, 

combined perhaps with the genetic individuality of the immune response. These bacteria (e.g. 

P. bivia, G. vaginalis) are often called pathobionts (Cerf-Bensussan & Gaboriau-Routhian, 

2010). Pathobionts are part of the microbiota but, in contrast to commensals, they have 

pathogenic capabilities (Chow & Mazmanian, 2010). Pathobionts have initially been proposed 

to play a pathogenic role in periodontitis but have been described in the gut as well (Figure 

6.1).  

Since its first description and isolation, trichomoniasis was claimed to be of mono-

microbial cause (Petrin et al., 1998). However, in our study, we formulated a hypothesis that 

challenged this concept. In our research hypothesis, we proposed that the dysbiotic bacteria of 

CST-IV (particularly species strongly associated with BV) facilitate infection by T. vaginalis 

and increase pathogenesis. We hypothesized that in CST-IV women, where P. bivia, 

G. vaginalis and A. vaginae are predominant, these bacteria act as pathobionts affecting the 

pathogenicity of T. vaginalis with consequential effects on the epithelial cell layer. T. vaginalis 
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is the causative agent of trichomoniasis but we showed that these CST-IV bacteria indeed cause 

significant changes in parasite and host responses.  

In the presence of CST-IV bacteria, T. vaginalis can grow in a serum-free media, most 

likely due to an increased arginine dihydrolase pathway (Chapter 4). Strikingly, T. vaginalis 

resistance to metronidazole was increased very significantly, due to metabolic changes and 

interaction with the biofilm produced by G. vaginalis. Furthermore, T. vaginalis is able to use 

the bacterial biofilm as a binding substrate for initial adherence and adherence of a low adherent 

strain G3 to hVECs is enhanced when in direct contact with CST-IV bacteria (Phukan et al. 

2013). The effects of CST-IV bacteria on T. vaginalis, as found in this research for the first 

time, might explain why women with a CST-IV microbiota (particularly including species of 

BV bacteria) show a higher infection rate with T. vaginalis than women with a lactobacilli-rich 

CST (Brotman et al., 2012). The main findings of my PhD thesis that support this correlation 

were that these bacteria promote growth of the parasite in nutrient-limited conditions, enhance 

adhesion to host cells and G. vaginalis-derived biofilm, and disrupt epithelial integrity. Due to 

our results and the correlation between CST-IV and T. vaginalis, we applied a well-known 

theory that a disrupted microbial community affects the outcomes of infections. Originally 

described for the gut microbiota, we drew a parallel depicting the interplay of commensals and 

pathobionts with T. vaginalis and the host responses in the vagina based on the findings of our 

study here (Figure 6.1).  

In the gut, the pathobionts Clostridioides difficile or Enterococcus are present together 

with the commensal microbiota. However, in a healthy or balanced microbial community, the 

dominance of commensal bacteria restricts the overgrowth of these pathobionts. Besides 

nutrient competition, these commensal bacteria secrete certain antimicrobial substances 

(Rupnik et al., 2009; Arias & Murray, 2012). This excludes exogenous pathogens from 

invading the host. In a situation where the commensal microbiota is depleted (antibiotic 
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treatment, diet changes, stress, etc), overgrowth of these pathobionts can occur (Kamada et al., 

2014). C. difficile, for instance, can cause epithelial damage and subsequent diarrhea and low 

absorbance of nutrients (Rubnik et al., 2009). Outnumbered by pathobionts, commensals can 

no longer protect the host, leading to an environment that facilitates invasion by exogenous 

pathogens such as Salmonella and Shigella. In the worst-case scenario, these pathogens migrate 

into the bloodstream causing sepsis (Bohnhoff et al. 1954; Kamada et al., 2014). We applied a 

similar theory for the vagina (Figure 6.1), whereby lactobacilli are the predominant commensal 

bacteria in a balanced microbial community restricting the growth of CST-IV associated 

bacteria (the pathobionts P. bivia, G. vaginalis and A. vaginae) and excluding T. vaginalis via 

competitive binding to hVECs (Phukan et al. 2018). However, when the lactobacilli are 

diminished (by antibiotics, contraceptives, douching, etc), the CST-IV pathobionts overgrow. 

This causes epithelial damage by the bacteria themselves but also, according to our findings, 

by facilitating T. vaginalis growth, adherence to the host mucosa and resistance to 

metronidazole treatment. These microbes together synergize in the disruption of mucosa 

epithelial integrity, causing the symptoms of trichomoniasis (Figure 6.1).  
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Figure 6.1 – The interplay of commensals and pathobionts with pathogen and host responses at the 

mucosal interface. Commensal microbiota prevent colonization of exogenous pathogens and restrict 

pathobionts. Pathobionts, on the other hand, favor pathogen establishment on the mucosa and alter 

host responses facilitating infection. A parallel from the gut has been drawn for the vagina (adapted 

from Kamada et al. 2014). The light blue boxes represent commensals (lactobacilli), pathobionts (CST-

IV) and pathogen (T. vaginalis) in the vagina.  (Left) In the healthy mucosa, commensal microbiota 

suppress the proliferation of opportunistic pathobionts (gut: C. difficile; vagina: P. bivia, G. vaginalis 

and A. vaginae) and exclude pathogens (gut: Salmonella, Shigella; vagina: T. vaginalis) through 

multiple mechanisms. A change in microbial composition and a decrease of commensal bacteria result 

in an outgrowth of indigenous pathobionts and colonization by pathogens. T. vaginalis can disrupt the 

ectocervical epithelium and cause hemorrhagic spots but it cannot disseminate systemically, such as 

illustrated here for some gut bacterial pathogens (Reprinted with permission, Kamada et al., 2014).      

 

Importantly, we propose that the bacteria-parasite cooperative changes on the human 

ectocervical epithelial response might explain the association of BV and trichomoniasis with 

pre-term birth, increased acquisition of HIV and HPV and pelvic inflammatory disease (PID). 

Lactobacilli 

CST-IV  

T. vaginalis 

T. vaginalis 
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In regards to host responses, we have shown that CST-IV bacteria and T. vaginalis 

synergistically increase paracellular permeability of the epithelium and early apoptosis of 

epithelial cells, due to phosphatase activity and down-regulation of tight junction expression 

(thus their localization and/or integrity) and activation of caspase pathways.  

Disruption of the physical barrier of the cervicovaginal epithelial layer should facilitate 

the passage of these viruses as well as bacteria that cause PID through the increased 

intercellular space, when these pathogens can migrate through the basolateral side of the cells 

to enter the blood stream (Timmons et al., 2010; Doran et al., 2013; Bradley et al., 2018). This 

softened mucosa is also thought to account for gyneco-obstetric complications observed with 

BV and trichomoniasis. Both infections are known to enhance risks of pre-term birth (Minkhoff 

et al., 1984; Cotch et al., 1997; Sierra et al. 2018). Weeks or months prior to birth, the 

ectocervix must go through a process of cervical remodeling which loosens up this narrow area 

of the birth canal. It has been shown that infections which trigger disruption of ectocervical 

epithelial integrity could lead to cervical remodeling early in gestation, causing pre-term birth 

(Ward et al., 2007; Sierra et al., 2018; Bradley et al., 2018). 

The hypothesis that pathogens interact with pathobionts and commensals has been 

described originally for bacterial pathogens of the gut. In a balanced microbiota, gut 

commensals and pathogens might occupy an overlapping niche. In addition, commensal 

bacteria produce bacteriocins or proteinaceous toxins (Hammami et al., 2012). Bacteriocins 

secreted by commensal E. coli in the gut can inhibit the growth of the pathogenic 

enterohaemorrhagic E. coli (EHEC) (Schamberger & Diez-Gonzales, 2002). Another 

protective mechanism is to alter the host environment. Bifidobacterium spp. inhibit 

colonization by pathogenic E. coli through acidification (Turovskiy et al. 2011; Hammami et 

al., 2012). Yet another possible strategy is the consumption of nutrients required by the 

pathogenic bacteria (Momose et al., 2008a; Fabich et al., 2008; Leatham et al., 2009). Other 
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bacteria such as Bacteroides thetaiotaomicron produce fucose via gut mucus degradation, 

which alters expression of the master regulator (Ler) of the locus of enterocyte effacement 

(Lee) in EHEC (Pacheco et al., 2012). Further members of the Enterobacteriaceae consume 

residual oxygen, leading to incomplete expression of virulence factors in Shigella flexneri 

(Marteyn et al., 2010). A consequence of disrupting a healthy microbiota is to become more 

susceptible to enteric infections. Clostridioides difficile, for example, is present at low 

abundance in a balanced microbial composition but, after disruption of the microbiota, 

increases in relative abundance which is followed by severe inflammation (Rubnik et al., 2009). 

This effect can be seen for vancomycin-resistant E. coli (VEC) as well (Arias et al., 2012). 

After disruption of the microbiota and overgrowth of pathobionts such as C. difficile and VEC, 

re-population by commensal protective bacteria is inhibited. Other pathogens, previously 

excluded by the commensals, can cause infections (Kamada et al., 2014). 

Parasitologists (particularly those interested in protozoan parasites of the mucosa) have 

investigated the relationship of parasites with the microbiota. A wide range of protozoans are 

common in the human gastrointestinal tract but only a few species are pathogens by definition 

(Berrilli et al. 2012; Chabe et al., 2017). Two important protozoal pathogens of the human gut 

are Entamoeba histolytica and Giardia lamblia (Synonym Giardia duodenalis). E. histolytica 

of low pathogenicity can become highly virulent when interacting with some strains of E. coli 

(Mirelman et al.,1988). Galvan-Moroyoqui et al. (2008) further showed that the cytopathic 

effect of E. histolytica is increased when enteropathogenic bacterial strains are phagocytosed. 

Expression of virulence factors (Gal/GalNAc lectin on the surface as well as cysteine 

proteinases) were increased as well (Galvan-Moroyoqui et al., 2008). Similar effects were 

observed for G. duodenalis. Torres et al. (2000) used a gnotobiotic animal model to 

demonstrate that the microbiota is responsible for the stimulation of pathogenicity in 

G. duodenalis (Torres et al., 2000). In comparison to T. vaginalis, Giardia also interacted with 
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the bacterial biofilm in the gut: Giardia can alter the microbial communities within the biofilms 

and induce intestinal permeability (Allain et al., 2017). Therefore, early evidence supports that  

Giardia and Entamoeba interact with gut commensals and with bacteria of pathogenic 

potential.  

Pathobionts and pathogens may display an intimate metabolic interaction, as described 

for the oral cavity. There are limited amounts of L-acetate that could be used as a carbon source 

by the bacterium Aggregatibacter actinomycetemcomitans in this body site. It was found that 

Streptococcus gordonii produces peroxide, which activates the production of factor H-binding 

proteins by A. actinomycetemcomitans. This inhibits host defence mechanisms, protecting S. 

gordonii. In turn, A. actinomycetemcomitans can utilise the lactic acid and L-acetate produced 

by S. gordonii for its metabolism (Ramsey, 2011; Wolcott et al., 2013). Similar beneficial 

interactions occur between Candida albicans and Streptococci. It was shown that C. albicans 

improved survival rates of Streptococci by reducing oxygen tension and metabolising glucose 

which changes the pH to a more favourable level; on the other hand, Streptococci provide 

lactate as a carbon source for C. albicans (Shirtliff et al., 2009). The oral cavity is not the only 

body site where cross-feeding occurs. Escherichia coli in the intestine does not excrete 

extracellular polysaccharide hydrolases and therefore depends on symbiotic relations with 

other anaerobic bacteria that release sugars (Conway & Cohen, 2015).  

In the vagina, nutrients are not abundant and their availability varies with the menstrual 

cycle. In the laboratory, T. vaginalis is grown in a very rich growth medium with 10% serum. 

This is a nutritional condition far different from that provided by a real infection. We have 

shown that T. vaginalis can grow in a serum-free defined media but only in the presence of the 

CST-IV pathobionts. This is likely achieved by enhancing the activity of the arginine 

dihydrolase (ADH) pathway (Chapter 5). Giardia also employs the enzymes arginine 

deiminase and ornithine carbamoyl transferase to metabolize arginine. An increase in 
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expression or activity of these two enzymes was observed when the parasite was in contact 

with host epithelial cells (Ringqvist et al., 2008). It has not been shown whether gut bacteria 

could support Giardia growth, as we found for vaginal CST-IV bacteria and Trichomonas.   

Initial attachment is key to infection but that is not the end of the story for T. vaginalis. 

Following initial colonisation, T. vaginalis must pass through the mucus layer to reach the 

human vaginal epithelial cells. Mucins, which are glycoproteins with a carbohydrate content 

of up to 70%, are the main constituents of the mucus layer. The terminal residues of these 

oligosaccharides are linked to sialic acid. Gram-positive anaerobes in the gastrointestinal tract 

can degrade these glycans by catabolic cleavage of  N-acetylneuraminic acid (sialic acid) 

(Corfield et al., 1992). Interestingly, women diagnosed with CST-IV had increased sialidase 

activity (enzymes that cleave sialic acids), most likely due to the abundance of pathobionts 

such as G. vaginalis and P. bivia, which are known to contain sialidases (Briselden et al., 1992; 

Di Paola et al., 2017). We demonstrated that T. vaginalis is able to bind, independently of the 

bacteria, to the mucins but its migration is facilitated when pathobionts are present, possibly 

because sialic residues are cleaved off by CST-IV bacteria (Chapter 4). Giardia migrates 

through a mucus layer by cleaving Muc2, the major component of human gut mucus (Allain et 

al., 2017; Amat et al., 2016). This has also been demonstrated for E. histolytica (Lidell et al. 

2006). Whether intestinal bacteria could influence the migration of these parasites through 

mucus or mucins has not been tested.   

Once T. vaginalis has overcome the mucus layer, it will need to attach to the hVECs. 

Attachment to human cells is a major virulence factor in the host-pathogen relationship. Other 

than some controversial adhesin proteins (AP33, AP51, AP65 and AP120), surface 

lipophosphoglycans have been clearly demonstrated to promote binding of the parasite to 

vaginal cells (Alderete & Garza, 1988; reviewed by Ryan et al. 2011a). In addition, a large 

group of conserved membrane proteins has been identified via computational analysis and 
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claimed as potential adhesins (Carlton et al., 2007). However, only the protein TvBspA-625 

among these was experimentally shown to be expressed on the cell surface (Noel et al., 2010). 

More experimental studies are needed to confirm a possible role for these proteins as true 

adhesins. Independently of specific adhesins, we were interested in our study to identify if 

CST-IV pathobionts could alter adherence of T. vaginalis to host cells (Chapter 4). We 

demonstrated that the T. vaginalis strain G3, which adheres poorly (<10%), increased in 

adherence by up to 70%. The poorly adherent strain G3 and the highly adherent strain B7RC2 

became indistinguishable after 60 min, due to the action of CST-IV bacteria. In addition, we 

demonstrated that this effect is dependent on direct contact of bacteria, human cells and 

parasite. It is possible that this cooperative effect results from G. vaginalis and P. bivia being 

able to adhere to human cells as well and to co-aggregate with T. vaginalis (Palmer et al., 2003; 

Periasamy et al., 2009). Despite pathogenesis of amoebiasis and giardiasis being influenced by 

gut bacteria (Torres et al. 2000), to our knowledge no experiments have shown that adherence 

of these parasites is a virulence aspect that can be manipulated by these bacteria.  

Once attached to human vaginal and ectocervical epithelium, T. vaginalis can cause 

damage by, for example, altering the paracellular permeability of the epithelium. This 

permeability (i.e the space between individual epithelial cells) is regulated by junctional 

complexes such as tight junctions (Hartsock & Nelson, 2008). These tight junctions control the 

passage of inflammatory molecules and immune cells and prevent pathogens and toxins 

disseminating from the luminal environment through underlying tissues and blood (Lu et al., 

2014). The dynamics of tight junctions are regulated by numerous factors, and phosphorylation 

and dephosphorylation of their individual protein components balance these factors. Multiple 

kinases and phosphatases, such as PKC, MAPK, RhoKinases, Src kinases, which mainly affect 

occludin and claudin, have been characterised to date. Occludin is highly phosphorylated on 

its serine and threonine residues and is responsible for the assembly of the tight junction 
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complex, while claudin forms selective pores and is also phosphorylated on its serine and 

threonine residues (Fujibe, 2004; Gonzales-Mariscal et al., 2008; Rao, 2009; Suzuki, 2009; 

Beckers et al., 2010). 

Many pathogens can compromise the paracellular epithelial barrier via inflammatory 

responses such as cytokine production. However, pathogens can also alter tight junction 

proteins directly by promoting their dephosphorylation (Sawada et al., 2003), by reorganisation 

of the cytoskeleton and by inhibiting the interaction between zonula occludens proteins and 

tight junction proteins (Guttman & Finlay, 2009). These processes are well understood in the 

gut, with examples of specific pathogens altering the function of tight junctions. Some 

examples of bacterial and protozoal pathogens are described below. Escherichia coli can inject 

effector proteins via its type 3 secretion system, which causes dissociation of occludin and 

claudins from the junctional complex (Ugalde-Silva et al., 2016). In the same way, Salmonella 

typhimurium influences actin dynamics via small GTPase, resulting in decreased zonulin-1 

expression and occludin phosphorylation (Awad et al., 2017). Furthermore, Helicobacter 

pylori causes mislocalisation of zonulin-1 via its effector protein Cag A and Yersinia 

enterolitica causes redistribution of the tight junction proteins Claudin-3 and 4 (Fiorentino et 

al., 2013; Hering et al., 2011). Among protozoan parasites, it was shown by Hernandez Nava 

et al. (2017) that E. histolytica trophozoites degrade beta cadherin and E-cadherin and that 

Trypanosoma brucei uses claudins to mediate attachment (Hernández-Nava et al., 2017). As 

with T. vaginalis, E. histolytica can adhere to epithelial cells, however more is known about 

this process in E. histolytica as in comparison to T. vaginalis. E. histolytica attachment occurs 

directly above the cell-cell contact of epithelial cells where tight junctions are present. As a 

result of surface and secreted phosphorylases produced by E. histolytica, this parasite disrupts 

tight junction integrity and increases paracellular permeability of the intestinal epithelium 

(Martinez-Palomo et al., 1986; Li et al., 1994; Leroy et al., 2000; Bertanzos et al., 2013). 
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Altered cytokine production also affects integrity of tight junctions. Cytokine-mediated 

remodelling of tight junctions is associated with inflammatory bowel disease and cystic fibrosis 

(Capaldo & Nusrat, 2009). Among the vast number of cytokines, IL-6 and TNF-α have been 

identified as key players in barrier function. TNF-α secreted by activated T-cells and 

macrophages was shown to impair intestinal claudin 2 expression by activating the myosin 

light chain kinase (MLCK). IL-6, on the other hand, increases the pore-forming function of 

claudin-2 by acting on the c Jun N-terminal kinases (Al-Sadi et al., 2013; Al-Sadi et al., 2013). 

Among vaginal microorganisms, A. vaginae, G. vaginalis and T. vaginalis increased levels of 

IL-6 and TNF-α secretion (Doerflinger et al., 2014; Fichorova, 2009). We established that 

T. vaginalis and the pathobionts of CST-IV cooperate in increasing paracellular permeability. 

This is most likely due to enhancement of phosphatase activity but cytokines IL-6 and TNF-a 

(which affect proper tight junction expression) were also both increased (Chapter 3). Chin et 

al., 2002 and Scott et al., 2002 showed that Giardia is able to increase paracellular permeability 

by disrupting Zo-1 most likely due to myosin-light chain kinase and pro-apoptotic caspase-3 

activation (Scott et al., 2002; Chin et al., 2002). However, it has not been demonstrated whether 

gut bacteria cooperate with Giardia like the case here of T. vaginalis and vaginal bacteria. 

In our study we also assessed whether T. vaginalis co-incubated with CST-IV effects 

apoptosis in hVECs. The metabolic activity of hVECs decreases in the presence of the co-

infection (Chapter 3) and this decrease might be due to the early onset of apoptosis. Apoptosis 

is part of the process of programmed cell death, which is regulated by receptors involving the 

activation of caspases. Caspases are expressed as zymogens, which are cleaved into two 

peptides for activation. Several pathogens use different pathways for activating the host caspase 

pathway. Streptococcus. aureus and Listeria. monocytogenes use pore-forming toxins while C. 

difficile and P. aeruginosa use toxins that inhibit protein synthesis (Weinrauch & Zychlinsky, 

1999). However, less is known in regards to parasites. It was previously shown that 
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E. histolytica and T. vaginalis, in addition to lysing cells, also activate caspase 3 (Bruchhaus et 

al., 2007). Caspase 3 activation of T. vaginalis has recently been linked to apoptosis in 

neutrophils (Kang et al., 2006). In regards to the CST-IV bacteria, some strains of G. vaginalis 

have been associated with the production of pore-forming toxins, cytolysin and vaginolysin 

(Abdelmaksoud et al., 2017).  

In conclusion, we have shown that host responses and the virulence of T. vaginalis are 

significantly altered by CST-IV bacteria. These changes often enhance pathogenesis and these 

bacteria are likely to increase the severity of trichomoniasis in women. Therefore, in reference 

to T. vaginalis, we propose that these species of CST-IV bacteria (G. vaginalis, A. vaginae and 

P. bivia) are pathobionts. To our knowledge, this is the first study that describes the potential 

contribution of pathobionts to trichomoniasis.   

Although many events of infection are unknown due to the lack of a proper animal 

model for testing, we envisage a step-wise infection process where pathobionts and T. vaginalis 

work together (Figure 6.2). Firstly, pathobionts are over-represented among vaginal dysbiotic 

bacteria. If T. vaginalis invades the vagina, pathobionts and T. vaginalis undergo metabolic 

cross-feeding which favors the growth of both microorganisms. G. vaginalis produces biofilm 

that attracts the parasite, facilitating its adhesion to the host mucosa, as well as colonization 

and drug resistance. Pathobionts and parasite disseminate on the mucosa and together break 

through the gel layer of the mucus. The co-aggregation of pathobionts and T. vaginalis leads 

to the assembly of dense polymicrobial micro-colonies directly on the surface of the host 

cervicovaginal epithelial cells. When in low numbers, these microbes enhance paracellular 

permeability and inflammation. When in high numbers, T. vaginalis causes cytolysis of the 

epithelium. During these late processes of infection, microbes and toxins disseminate through 

the underlying tissues (Figure 6.2).  
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Figure 6.2 – Possible mechanism of pathobionts influencing T. vaginalis pathogenicity. 1) Dysbiosis 

occurs due to several known (sexual intercourse, contraception, douching etc.) and unknown factors 

leading to a decrease in lactobacilli and an overgrowth of pathobionts in some women. 2) Infection 

with T. vaginalis occurs and the parasite binds to the patches of biofilm produced by the microbiota 

(G. vaginalis) and establishes colonization. 3) T. vaginalis and the pathobionts (P. bivia, A. vaginae 

and G. vaginalis) bind cooperatively to the mucus layer. 4) The pathobionts are likely to cleave off the 

sialic acid residues from the ends of mucins, loosening up the gel-like structure of the mucus and making 

the backbone of these glycoproteins available for proteolytic digestion by T. vaginalis. This facilitates 

parasite migration towards the epithelial layer 5) G. vaginalis and P. bivia bind to the human cells and 

co-aggregate with T. vaginalis. 6 ) T. vaginalis and the pathobionts secrete phosphatases and induce 

cytokine production by the human cells, dysregulating tight junction expression and assembly, leading 

to a high increase on paracellular permeability. Blue boxes and black circles represent bacteria, yellow 

oval represents T. vaginalis.     

 

This study revealed that cellular responses (either host or parasite) vary significantly 

depending on the associated microbiota. This research might impact on the way trichomoniasis 
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been the only treatments for decades. This has led to a slowly increasing number of cases of 

resistant T. vaginalis. Cross-resistance to both 5’-nitroimidazole derivatives is often the case. 

The exact numbers of resistant cases is difficult to estimate as there are no surveillance 

programs (Kissinger, 2015). In the USA, two population-based studies using PCR testing 

estimated a number of 2.3% among adolescents and 3.1% among women being resistant to the 

treatment. In Africa, a study using antibody and NAAT testing found that 11% of Tanzanian 

women are resistant to treatment. In Oceania, 6% of infected women in Papua New Guinea 

were carrying drug-resistant T. vaginalis (Menezes et al., 2016).  

An additional issue concerning the treatment of trichomoniasis is the administration 

route of the drug. Oral administration of metronidazole leads to resistance of microbes that may 

be infecting other sites of the body concomitantly, such as the gut bacteria Helicobacter pylori 

and Clostridium spp. (Townson et al., 1994; Jenks & Edwards, 2002). The effect of 

metronidazole (and other drugs) on the commensal bacteria also needs consideration. 

Lactobacillus was completely suppressed from a concentration of 5 mg/mL metronidazole 

(Simoes et al. 2001). As a reminder, the regular oral dose for the treatment of trichomoniasis 

is 2 g (Woodcock, 1972). Losing protective lactobacilli means that, despite eliminating 

Trichomonas, other infections such as candidiasis might develop as a result of metronidazole 

treatment.  

In the context of boosting the properties of the protective microbiota, the use of ‘natural 

adjuvants’ has become popular to help treat and prevent infections. These adjuvants are known 

as probiotics, prebiotics and synbiotics. Probiotics are live microorganisms which in sufficient 

amounts are deemed beneficial (Hill et al., 2014). Prebiotics are specific food formulations that 

support the growth of host-protective bacteria which in turn become beneficial for the host 

(Roberfroid, 2007). Synbiotics refers to a combination of pre- and probiotics (Bengmark, 

2001).  
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Our research should provide insights into development of new therapeutic approaches. 

For example: (i) how important is it to have a prebiotic or probiotic supplement during 

treatment of trichomoniasis? (ii) how important is it to treat for the BV-associated bacteria 

using a narrow spectrum of antibiotics simultaneously? Even though this study gave some 

valuable insight into the astonishingly complex levels of interaction between bacteria and 

T. vaginalis, further research will be necessary to advance our understanding (including the 

immune response) so that these findings might be translated into novel therapeutic approaches 

that could promote sexual health of women.  

In Citrobacter rodentium, a rodent model for human infections by enteropathogenic 

E. coli, commensal E. coli metabolizes sugars in a way that outcompetes EPEC 

(enteropathogenic E. coli) and EHEC (enterohaemorrhagic E. coli) (Rupnik et al., 2009; Arias 

et al., 2012; Kamada et al., 2014). Therefore, treatment with commensal E. coli could be a 

future treatment of EHEC infections.   

For many years, transplantation of intestinal microbiota has proven to be successful to 

treat recurrent C. difficile-associated diarrhea (Reeves et al., 2012; van Nood et al., 2013; Petrof 

et al. 2013). In the last 15 years, studies have tried to find the best composition of pro-, pre- 

and synbiotics to treat gastrointestinal disorders (Scherzenmeir & De, 2001; Hill et al., 2014). 

The strain E. coli Nissle 1917 modulates inflammatory responses in IBD patients (Kruis et al., 

1997; Cary & Boullata, 2010; Henker et al., 2008). Some other bacteria such as lactobacilli, 

bifidobacteria and the yeast Saccharomyces boulardii also have a positive effect on IBD 

patients (Kato et al., 2004; Guslandi, 2010). However, as mentioned previously, concentrating 

on one bacterium might not be the right approach as commensals live in polymicrobial 

communities and might be dependent on each other. This was highlighted by a study that, to 

my knowledge, produced the most convincing results for using probiotics to treat IBD so far. 

The study used probiotic supplements containing Streptococcus thermophilus, Bifidobacterium 
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spp. (B. breve, B. infantis and B. longum), Lactobacillus spp. (L. acidophilus, L. casei, L. 

bulgaricus and L. plantarum) (Venturi et al., 1999). This study corroborated the fascinating 

observation that a great number of bacterial species forming a specific polymicrobial 

community on a body site have a cooperative impact on the health of the host. Some recent 

research has taken the results to the next level by trying to genetically modify probiotic species 

in order to produce specific immunosuppressive mediators such as IL-10 (Braat et al., 2006; 

De Moreno de LaBlanc et al., 2015). This also proved to be a successful strategy for gut 

inflammation in IBD (Matijasic et al., 2016). However, potential side-effects and the long-term 

consequences of such an approach remain uncertain.  

In reference to T. vaginalis, the use of these natural adjuvants (pre, pro and synbiotics) 

has been overlooked. Early studies showed that L. acidophilus does not promote protection 

against T. vaginalis (McGory et al., 1994). However, this is not a dominant species in the 

vagina. Our research group is showing that L. gasseri, a stable CST in the vagina, is highly 

protective against T. vaginalis (Phukan et al., 2018). This highlights the need for a better 

understanding of what is present and how the microbiota functions before applying the results 

to a therapeutic approach. As for BV treatment using probiotics, some studies concentrated on 

administering lactobacilli either orally or intra-vaginally. Some studies using L. acidophilus 

showed restoration of normal vaginal microbiota after 6-10 days of treatment (Hallen et al., 

1992; Parent et al., 1996; Falagas et al., 2007).  However, only one study that found a 

restoration of the normal vaginal microbiota after treatment used species of lactobacilli that are 

dominant in the vaginal microbiota community state types (Eriksson et al., 2005; Ravel et al., 

2011).  

The use of these natural adjuvants has been limited by their inability to promote long-

term protection. It is important to develop pre-, pro- or synbiotic regimens of treatment for 

sexual infections such as trichomoniasis and BV. However, long-term protection is ideal, 
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particularly to woman’s sexual health, as it could reduce cases of infection recurrence (common 

in women with BV), issues of fertility, PID, risk of cervical cancer, gyneco-obstetric 

complications and transmission of HIV and HPV (Cudmore & Garber, 2010). Although 

subcutaneous vaccination of mice reduced T. vaginalis infection (Smith et al., 2015; 

Bouchemal et al. 2017), the design of an effective vaccine for T. vaginalis still remains a 

challenge.  

As described earlier in this chapter, a major limitation of metagenomics studies is that 

each study typically represents only a ‘snapshot’ in time. This is particularly problematic 

considering that the human vagina is a very dynamic environment, not only when comparing 

women of different ethnicity and age but also within individual women through time. 

Fluctuation of hormones and the menstrual cycle will influence microbiota composition. Many 

individual habits (e.g. the use of tampons, douching and sexual activity) are also likely to affect 

the microbiota composition, as suggested by epidemiological studies (Lamont et al., 2011a; 

Ma et al., 2012). Metagenomics studies with T. vaginalis-infected women are very limited and 

more information is needed to understand the meaning of the correlation between CSTs and 

this infection. It would be interesting, for example, to assess the microbiota of symptomatic 

women carrying T. vaginalis infections. A second issue is the lack of a reliable animal model 

to truly understand the development and maintenance of such microbial interactions in the 

vagina. This may not be completely achievable as this intimate relationship of lactobacilli with 

the vagina seems to be very human-specific, as described in the Introduction of this thesis. 

However, ‘humanizing’ the mouse microbiota has been attempted for gut infections and also, 

more recently, for vaginal infections having BV bacteria (Gilbert, et al., 2013; Nagao-Kitamoto 

et al., 2016; Sierra et al., 2018). If such animal models are possible and reliable, it will help 

provide a uniform study design for evaluation of probiotics. The lack of such uniformity has 
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made many studies with probiotics either inconclusive, refutable or disputable (Matijasic et al., 

2016). 

Nevertheless, our study and others alike will place us one step closer to elucidating the 

interplay of specific microbiota components with infections of the mucosa. The more 

information that is gained about the exact roles of microbial species and mechanisms 

underlying these interactions, the closer we will be to developing novel approaches that will 

help treat and prevent infections in a more specific manner, i.e. avoiding consequences of 

disrupting our protective microbiota locally or at a distance (at other body sites) and inducing 

drug resistance unnecessarily. This study revealed an unprecedented level of interactions 

between the pathogen T. vaginalis and vaginal pathobionts. Some mechanistic insights have 

been unravelled for the first time and future research will possibly lead to new therapeutic 

approaches.         
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Figure SFI1 – Alignment of possible mucus binding proteins. Protein sequence alignment of eleven 

possible mucus binding proteins within T. vaginalis that were identified to contain the novel M60-like 

/ PF13402 domain.  
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