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Abstract
Trichomonas vaginalis is a sexually transmitted protozoan parasite that colonises
the human urogenital tract. It is the causative organism of trichomoniasis, the most common
non-viral sexually transmitted infection worldwide. Being an extracellular parasite, adhesion
to the vaginal epithelial cell layer is a pre-requisite for successful infection establishment.
However once inside the vagina, T. vaginalis is likely to face competition by the residual
lactobacilli. Studies have shown that the vaginal lactobacilli are host protective and capable
of mitigating pathogens to varying degrees. This observation indicates that the role played
by the indigenous lactobacilli is influential in determining infection outcomes. Current
knowledge on the Trichomonas-Lactobacillus interaction process is, however, very limited.
This work advances our understanding of this microbial interaction, particularly how vaginal
lactobacilli affect the adhesion of the Trichomonas parasite to human cells.

In order to achieve this, multiple adhesion assays were performed where the host vaginal
ectocervical cells were pre-incubated with lactobacilli, followed by Trichomonas incubation.
Unbound cells were washed away and the adherent T. vaginalis cells were finally counted
using a flow cytometer.

Our findings reveal that the lactobacilli can utilise several mechanisms to reduce the adhesion
of Trichomonas to human cells. These mechanisms include cell aggregation, competition for
binding sites, exclusion of parasites and physical blocking of the attachment sites. Using a
series of fractionation and chemical/enzymatic treatments, we have shown that molecules
present on the surface of the Lactobacillus gasseri cells contribute to this inhibitory
phenotype. Non-covalently associated proteins on the surface of this bacterium was found to
play an important role and at least one of its aggregation-promoting factor-like proteins was
proved to be involved in T. vaginalis adhesion inhibition. Heterologous expression of this
protein in Lactococcus lactis increased its ability to inhibit parasitic attachment to host cells
i

despite not affecting other bacterial properties, such as aggregation and host cell adhesion.

This work highlights the role that our microbiota plays in the maintenance of vaginal health.
The understanding of how these two microbes interact with each other and compete in the
vagina along with the discovery of molecules involved in this interaction process can pave
the way for the development of novel treatments and drugs against trichomoniasis.
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Chapter 1
General Introduction
Trichomonas vaginalis is an extracellular human protozoan parasite and the
causative organism of trichomoniasis, a common sexually transmitted infection. One of the
prerequisites for successful infection establishment constitutes efficient attachment to the
host epithelial cell layer. However, once inside the vaginal microenvironment, the parasite
has to overcome the natural protective barrier provided by the resident microbiota, of which
the Lactobacillus spp. constitute one of the dominant bacterial populations (Ravel et al.,
2011). The lactobacilli, by production of lactic acid, bacteriocins and other antimicrobials,
help create an acidic and a hostile environment that thwarts most urogenital pathogens,
thereby acting as a shield against pathogen invasion (Spurbeck & Arvidson, 2011). During
Trichomonas infection, a drastic reduction in Lactobacillus population has been observed,
suggesting that the two microorganisms interact and influence each other. In this scenario,
the role played by the vaginal microbiota in influencing the parasite’s adhesive ability is
important as they have been found to reduce T. vaginalis adhesion to human cells (Phukan,
Parsamand, Brooks, Nguyen, & Simoes-Barbosa, 2013). Moreover, this interaction is
contact dependent, suggesting that surface molecules play a key role. However, very little is
known regarding the molecular basis of this microbial interaction. This work is an attempt
to address this knowledge gap by describing the mechanisms by which the Lactobacillus
inhibits adhesion and by studying the surface molecules responsible for this behaviour. In
the following sections, we will briefly introduce the topics relevant to this study.

1

1.1 Introduction to trichomoniasis
Trichomoniasis is the most common non-viral sexually transmitted infection,
affecting about 3.7 million people in the US alone (Kimberly A. Workowski & Bolan, 2015).
According to a WHO report, an estimated 143 million new trichomoniasis infections are
acquired each year (World Health Organisation [WHO], 2015). Although both men and women
can be affected by this infection, women bear a disproportionate burden of the disease and
about 75 % - 80 % of the infected persons are either asymptomatic or have minimal symptoms
(Kimberly A. Workowski & Bolan, 2015). When symptoms do occur, they can include
vaginitis, pruritus, irritation, infertility etc. Consequences for infected pregnant women can
include premature rupture of placental membrane, preterm birth and low-birth-weight babies
(Minkoff et al., 1984; Hardy et al., 1984). Furthermore, patients with trichomoniasis exhibit a
higher susceptibility towards HIV acquisition and development of cervical cancer in women
and prostate cancer in men (Gram, Macaluso, Churchill, & Stalsberg, 1992; Laga et al.,
1993; Stark et al., 2009). Despite colpitis macularis or strawberry cervix being an important
clinical symptom of this disease, it cannot be easily detected by routine examination and
requires colposcopy for confirmation (Schwebke & Burgess, 2004). Current therapies are
aimed at reducing the symptoms of the infection by prescribing oral administration of the
antibiotics metronidazole or tinidazole (Centers for Disease Control and Prevention, 2015).
However, increasing incidences of antibiotic resistant strains are proving to be a cause for
concern for medical practitioners (Kirkcaldy et al., 2012; Meingassner & Thurner, 1979;
Meri, Jokiranta, Suhonen, & Meri, 2000). A brief introduction of its causative organism and
its adhering ability has been described in the following sections.
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1.2 Introduction to Trichomonas vaginalis
Trichomonas vaginalis is a single-celled flagellated protozoa belonging to the class
of Parabasalia. It is anaerobic and ovoid shaped, measuring about 10 µm - 20 µm in size.
Four flagella located at its anterior and one flagellum attached to an undulating membrane
enable motility (Heine & McGregor, 1993) (Figure 1.1). This protozoan is known to exist
only as a trophozoite and cyst forms of this parasite has not been reported. It replicates
by longitudinal binary fission, without the disappearance of the nuclear membrane (Petrin,
Delgaty, Bhatt, & Garber, 1998).

Figure 1.1. Morphology of Trichomonas vaginalis (Wenrich & Emmerson, 1933, p. 195)
(Image obtained with permission)

Cytopathogenicity is related to the parasite’s ability to attach to host epithelia, where the
parasite undergoes a morphological change from an ovoid to an amoeboid form after 15
minutes of coming in contact with host cells (Rendón-Maldonado et al., 1998; Elmendorf,
Hayes, Srivastava, & Johnson, 2010; Gonzalez-Robles, Lazaro-Haller, Espinosa-Cantellano,
Anaya-Velazquez, & Martinez-Palomo, 1995). Figure 1.2 depicts the life cycle of this
protozoa.

3

Figure 1.2. Life cycle of the Trichomonas vaginalis parasite. Trichomonas vaginalis
resides in the female lower genital tract and the male urethra and prostate (1), where it
replicates by binary fission (2). The parasite does not appear to have a cyst form and does
not survive well in the external environment. Trichomonas vaginalis is transmitted among
humans, its only known host, primarily by sexual intercourse (3). Center for Disease Control
(CDC; http://www.cdc.gov/dpdx/trichomoniasis/) (Image obtained with permission)

1.2.1 Adherence of Trichomonas vaginalis
Because T. vaginalis is an extracellular parasite, adherence is an important
characteristic that enables the parasite to survive and colonise the vagina. T. vaginalis
displays a highly cosmopolitan adhering behaviour shown by ability to bind to a wide
range of cellular and non-cellular substrates. This suggests that T. vaginalis either utilises
a more generic mechanism or multiple specific binding mechanisms to attach to surfaces
(Clark, Johnson, & Adam, 2010). Some of the surface molecules implicated in the parasite’s
adhesion are summarised as follows.
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The complete sequencing of the T. vaginalis genome has paved the way for prediction of
several surface proteins with putative adhesion functions (Carlton et al., 2007). One of the
important predicted proteins includes the BspA-like group of proteins characterised by
their leucine-rich repeats TpLRR. Many of these proteins have been predicted to contain a
transmembrane domain. Another major family of proteins includes the >75 GP63-like proteins
with predicted cell surface anchor and transmembrane domains. These metalloproteases
are homologous to leishmanolysin from Leishmania and are known to contribute to the
parasite’s virulence (Carlton et al., 2007; Ryan, Miguel, & Johnson, 2011; Clark, Johnson,
& Adam, 2010).

Other proteins believed to be involved in cytoadherence include cysteine proteinases and
adhesion proteins (AP) (Hernández, Marcet, & Sarracent, 2014; Ryan, Mehlert, Richardson,
Ferguson, & Johnson, 2011). Five adhesion proteins, namely AP23, AP33, AP51, AP65 and
AP120 were reported to be involved in T. vaginalis adhesion (Engbring & Alderete, 1998;
Garcia & Alderete, 2007; Lin, Chang, Chang, & Shin, 2015; Ryan, Miguel, & Johnson,
2011). A pyruvate ferredoxin oxidoreductase, which was found to be homologous to AP120,
was reported to be surface associated, involved in adhesion and overexpressed in iron-rich
medium (Song 2016; Hernández, Marcet, & Sarracent, 2014). Perhaps this group of proteins
is the most controversial of adhesion proteins primarily due to their hydrogenosomal
localisation. While some studies support their role in cytoadherence, others argue that the
lack of identifiable cell surface targeting signals compounded by their non-specific binding
property make them unlikely candidates for surface adhesion. It has been suggested that
degradation of the hydrogenosome could result in the release of these proteins, some of
which find their way to the cell surface (Brugerolle, Bricheux, & Coffe, 2000; Hrdy & Muller,
1995; Addis, Rappelli, & Fiori, 2000; Hirt, Noel, Sicheritz-Ponten, Tachezy, & Fiori, 2007).
Thus their role in the parasite’s attachment is currently disputed, or at least controversial.

The outer surface of T. vaginalis is coated with polysaccharide that is rich in galactose and
glucosamine (Bastida-Corcuera, Okumura, Colocoussi, & Johnson, 2005) and is known as
5

T. vaginalis lipoglycan or TvLG. Initially, this carbohydrate was named as lipophosphoglycan
or LPG as it was believed to share properties that were similar with that of Leishmania LPG.
However, it was later shown that this surface carbohydrate lacked a substantial amount of
phosphate in the glycan core, and hence was renamed as TvLG (Ryan, Mehlert, Richardson,
Ferguson, & Johnson, 2011). The TvLG has been associated with the parasite’s adherence
and cytotoxicity to human ectocervical cells (Bastida-Corcuera, Okumura, Colocoussi,
& Johnson, 2005). It binds to galectin-1 (Gal-1), from the family of galactose-binding
lectins, expressed on the surface of host ectocervical cells. Exogenously added LG was
found to inhibit T. vaginalis adhesion to human epithelial cells. Furthermore, LG also
caused the upregulation of IL-8 and macrophage inflammatory protein 3α (Fichorova et
al., 2006). However, additional as yet unknown host cell receptors (eg. galectin-3) could
promote T. vaginalis adherence as the parasite’s attachment to host cells decreased by 45%
in the presence of purified TvLG (Okumura, Baum, & Johnson, 2008; Ryan, Miguel, &
Johnson, 2011). In Chapter 4, we discuss the role of Gal-1 in Lactobacillus binding to human
ectocervical cells.

1.3. The bacterial cell wall
The indigenous bacteria that resides in the urogenital tract play important role in
vaginal health and disease. Lactobacillus species have been found to influence and modulate
the host immune response by regulating the production of both pro-inflammatory and antiinflammatory cytokines (Eslami et al., 2016; Rizzo et al., 2015). Studies have shown that
components of the bacterial cell wall are involved in induction of these cytokine responses
and can also act as adhesion factors for the bacteria (Grangette et al., 2005; Granato et al.,
1999). In light of this information, the role of the bacterial cell wall in infection studies is
important. Here, we provide a brief overview of the chemical structure of typical bacterial
cells surfaces.
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1.3.1 The Gram-positive and Gram-negative cell wall
Most bacteria are classified into two major groups based on their response to a
staining technique known as Gram stain. Chemical and structural differences in their cell
wall allow them to be classified either as Gram-positive or Gram-negative.

The cell wall of a Gram-positive bacterium (e.g. Lactobacillus) typically consists of a 20 nm
- 80 nm thick homogenous layer of peptidoglycan (murein), which coats the outer surface of
the plasma membrane (Figure 1.3 B). This peptidoglycan is mainly composed of two sugar
derivatives- N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM) and several
different amino acids that bind to NAM. In addition, teichoic acids, polymers of glycerol
and ribitol also are present in the peptidoglycan layer (Willey, Sherwood & Woolverton,
2014). The role of the Lactobacillus cell wall in T. vaginalis adhesion has been investigated
in Chapter 4.

In contrast, the cell envelope of a Gram-negative bacterium (e.g. Escherichia coli) is
composed of two distinct layers- a very thin peptidoglycan layer (2 nm -7 nm thick) covered
by a 7 nm -8 nm thick outer membrane, which consists of lipopolysaccharides, lipoproteins,
phospholipids and porins (Figure 1.3 A) (Willey, Sherwood & Woolverton, 2014).
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Figure 1.3. Bacterial cell wall structure. A: Gram-negative cell wall. The cell wall that
covers the plasma membrane consists of two distinct layers- a thin peptidoglycan layer and
an outer membrane. B: Gram-positive cell wall. The cell wall, consisting of peptidoglycan,
lies outside the plasma membrane.

1.4. Cell envelope layers outside the cell wall
In addition to the cell wall enveloping the plasma membrane, many bacteria also
have an additional layer of proteins or polysaccharides that coat the outer surface of the cell
wall. These additional layers can be capsules, slime layers or S-layers (Willey, Sherwood &
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Woolverton, 2014). Both capsules and slime are polysaccharide layers that coat the cell wall
(Willey, Sherwood & Woolverton, 2014). S-layers, on the other hand, are crystalline array
of proteins that surround the cell wall in a regular, porous and symmetrical matrix. Some of
the functions include protection (Farci, Slavov, Tramontano, & Piano, 2016), maintenance
of cell shape (Wildhaber & Baumeister, 1987), molecular sieve (Sára & Sleytr, 1987) and
cell adhesion (Kern & Schneewind, 2008; Liew, Jong, & Najimudin, 2015). The following
section summarises the current knowledge on S-layer proteins.

1.4.1 The S-layer protein
The surface layer or S-layer proteins are a bidimensional macromolecular crystalline
array of proteins that coat the outermost surface of most Gram-positive, Gram-negative and
Archaea cell wall. They constitute repeated monosubunits of proteic or glycoproteic origin
arranged with a geometric regularity all over the cell surface (Sleytr, 1976; Mobili, Gerbino,
Tymczyszyn, & Gómez-Zavaglia, 2010). The S-layer can vary in thickness (5 nm to 20
nm) and constitute roughly 10 % -15 % of the total cell protein content. This is indicative
of highly efficient gene expression and protein synthesis system (Hovmöller, Sjögren, &
Wang, 1988; Pum, Toca-Herrera, & Sleytr, 2013). The molecular mass of these proteins vary
significantly from species to species and can be as small as 25 kDa or as large as 200 kDa
(Johnson, Selle, O’Flaherty, Goh, & Klaenhammer, 2013).

Most S-layer proteins are hydrophobic, acidic, and hence exhibit low isoelectric points (pI).
Lysine is the most abundant amino acid present and they have low amounts of sulphurcontaining amino acids, arginine, histidine and methionine (Sára & Sleytr, 2000; Mobili,
Gerbino, Tymczyszyn, & Gómez-Zavaglia, 2010). The most common post-translational
modification observed in S-layers is glycosylation (Sára & Sleytr, 2000; Abu-Qarn et al.,
2007; Posch et al., 2011; Anzengruber et al., 2014).
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1.4.2 Structure of S-layers
As the S-layers tend to aggregate and form regular 2-D structures in nature, they have
been extensively studied by electron microscopy (EM) to throw light upon the arrangement
of the subunits, general geometric pattern, pore size and other topological features (Figure
1.4). Structural analysis by atomic force microscopy (AFM) has also been done to allow
the capture of the S-layer in its native form (Figure 1.6) (Mobili, Gerbino, Tymczyszyn, &
Gómez-Zavaglia, 2010; Schaer-Zammaretti & Ubbink, 2003).

Figure 1.4. Electron micrographs of S-layer proteins. a: S-layer in the archaeon,
Sulfolobus acidpcaldarius; b: the Gram-negative Aeromonas salmonicida; and c: the
Gram-positive Bacillus thuringiensis. CW stands for Gram-positive cell wall; OM is outer
membrane; PG is the peptidoglycan layer; PM is plasma membrane; and S signifies the
S-layer. Scale bar = 50 nm (Mobili, Gerbino, Tymczyszyn, & Gómez-Zavaglia, 2010)
(Image obtained with permission)

Figure 1.5. Schematic diagram of the different S-layer lattice types. The morphological
unit is in red. One or two subunits units make up one morphological unit in an oblique lattice
(p1 and p2). The morphological unit in a square lattice consists of four such subunits (p4),
whereas three (p3) or six (p6) subunits constitute one morphological unit in a hexagonal
lattice (Mobili, Gerbino, Tymczyszyn, & Gómez-Zavaglia, 2010) (Image obtained with
permission)
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Figure 1.6. AFM analysis of S-layer. (A) High-resolution topograph of the inner S-layer
surface. (B) Fourier-filtered image of A. (C) Average (left) and symmetrized average
(right) topographs. (D) High-resolution topograph of the outer S-layer surface. (E) Fourier
filtered image of D. (F) Average (left) and symmetrized average (right) topographs. Dashed
outlines in C and F delineate the structural pore in the center of the flower (f) and triangular
(t) shaped surfaces of B (15 Ä diameter). Scale bars: 90 nm (A), 20 nm (B), 10 nm (C),
50 nm (D), 20 nm (E) and 10 nm (F) (Mobili, Gerbino, Tymczyszyn, & Gómez-Zavaglia,
2010) (Image obtained with permission)

1.5 Introduction to Lactobacillus
Lactobacillus is a genus of Gram-positive, facultative anaerobe or microaerophilic
bacteria that produce lactic acid. They are rod-shaped, non-sporulating and is one of the
dominant genus found in the human vagina (Ravel et al., 2011).

1.5.1 S-layer proteins in Lactobacillus
The S-layer has been studied in various species of Lactobacillus. The properties
of the lactobacilli S-layer vary from the more traditional bacterial S-layers in some aspects.
First of all, the Lactobacillus S-layer proteins are generally smaller (25 kDa - 71 kDa) and
are known to be highly basic, and hence have high pI, whereas most bacterial genera are
known to have lower pI. They are highly hydrophobic, with level of hydrophobicity typically
ranging between 32 % - 39 %; have low sulphur containing amino acids and relatively
high lysine residues (~ 10 %). Presence of signal peptides, which are about 25 - 30 amino
acids long, is fairly common and are located usually at the N-terminal of the protein (ÅvallJääskeläinen & Palva, 2005;). While the majority of the Lactobacillus S-layer proteins
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show no post-translational modification (Åvall-Jääskeläinen & Palva, 2005), few species
have been reported to be glycosylated. These include L. bucherni, L. helveticus and L. kefir
(Mobili et al., 2009; Waśko, Polak-Berecka, Kuzdraliński, & Skrzypek, 2014; Anzengruber
et al., 2014).

The S-layers have been studied in several Lactobacillus species that include L. acidophilus,
L. brevis, L helveticus, L kefir and L. parakerif (Åvall-Jääskeläinen & Palva, 2005). These
S-layer genes are known by different names in different species of Lactobacillus. For
example, in Lactobacillus crispatus, which has two copies of the S-layer gene described
experimentally, they are known as CbsA and CbsB (Jakava-Viljanen, Avall-Jaaskelainen,
Messner, Sleytr, & Palva, 2002), Lactobacillus brevis has four copies- SlpA, SlpB, SlpC
and SlpD (Sillanpää et al., 2000; Kahala & Palva, 1999), whereas Lactobacillus acidophilus
possesses two copies of the S-layer gene- Slp A and SlpB. (Boot, Kolen, & Pouwels, 1995).

Initially, it was believed that among Lactobacillus strains, L. gasseri and L. johnsonii lacked
any S-layer on their surface (Boot, Kolen, Pot, Kersters, & Pouwels, 1996). However, a later
study conducted by Ventura et al. (2002) identified potential S-layer encoding genes in both
L. gasseri and L. johnsonii strains. These genes, known as aggregation-promoting factors
(apf) were cloned using a previously sequenced L. johnsonii strain. The salient features to
come out of this study included the presence of two copies of the apf genes encoding proteins
whose molecular mass ranged between 26 kDa and 32 kDa, high pI (9.6 - 9.84) values, low
sulfur-containing amino acids and the presence of a signal peptide, approximately 25 amino
acids long, at the N-terminal of the protein. The aggregation-promoting factors (APFs)
exhibited variable N-terminal and middle regions and conserved regions were present only
at the C-terminal, suggesting the role of the conserved region in cell wall binding. Upon
removal of the S-layer, the cells were able to re-synthesise and rebuild their S-layer. These
aggregation-promoting factors, however, did not seem to be involved in cell aggregation
(Jankovic et al., 2003). Bioinformatic analysis of the L. gasseri ATCC 33323 proteins
predicted that the APFs are localised at the surface of the bacterium (Kleerebezem et al.,
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2010).

1.5.2 Phylogenetic analysis of Lactobacillus S-layer proteins
Åvall-Jääskeläinen and Palva (2005) performed in-depth phylogenetic analysis and
compared the S-layer proteins from various Lactobacillus species and strains. Concurrently,
16S rRNA sequences were also analysed. The S-layer proteins showed greater substitution
than their corresponding 16S rRNA genes and it was suggested that selection pressure of
their habitats could have influenced the evolutionary rates. Overall, strains of L. gasseri and
L. johnsonii seemed to cluster together and separately from L. acidophilus and L. brevis
along with L. crispatus and L. helveticus strains, indicating that the L. gasseri species is
more closely related to L. johnsonii. However, where two copies of the S-layer genes were
present, there appeared to be a distinct separation between the two copies in the phylogenetic
trees. This was true even for S-layer gene copies that were from the same strain, which was
also reflected in their sequence alignments. The two S-layer sequences from L. acidophilus
showed only about 55 % similarity and the same pattern of dissimilarity was also observed
in this study, which will be further discussed in Chapter 5. Secondary structure predictions
also revealed the presence of α-helices (14 %), extended strands (47 %) and random coils
(39 %). However, a previous study (Sleytr & Messner, 1983) predicted that S-layer proteins
consisted of 40 % α-helices and 20 % β-sheets. Thus there appears to be some controversy
with regards to secondary structure predictions.

1.5.3 Functions of S-layer proteins in lactobacilli
Being located on the outermost surface of bacteria, S-layers would potentially be
the first point of contact with the external substratum, eg., epithelial cells and components
of the extracellular matrix. Functions of S-layers in lactobacilli vary considerably and no
conserved function has been identified yet probably owing to their wide variation in sequence
similarity and lack of universal signature sequence across species (Hynönen & Palva, 2013).
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Most studies point to the role of S-layers in adhesion, auto-aggregation, coaggregation and
protective functions (Kmet & Lucchini, 1997; Nishiyama et al., 2015). In L. gasseri, they
have been implicated in the maintenance of cell shape and integrity (Jankovic et al., 2003).

The S-layer of several species of Lactobacillus has been reported to mediate attachment of
the bacteria to host epithelial cells and to the components of the extracellular matrix, such
as mucin, collagen and fibronectin (Carasi et al., 2014; de Leeuw, Li, & Lu, 2006; Sillanpää
et al., 2000). For example, in L. acidophilus, S-layer mediates the attachment of the bacteria
to both mucin, fibronectin (Hymes, Johnson, Barrangou, & Klaenhammer, 2016) and the
human colon cells, HT-29 (Meng et al., 2014); the removal of which reduced adhesion. They
also confer protection to the host epithelia by competing for binding sites with pathogens
(Golowczyc, Mobili, Garrote, Abraham, & De Antoni, 2007; Meng et al., 2014; Lee, Puong,
Ouwehand, & Salminen, 2003). Zhang et al. (2013) showed that L. reuteri and L. salivarius
could successfully exclude and displace E. coli from Caco-2 cells and removal of their
S-layer resulted in reduced inhibition of E. coli and Salmonella enteritidis adhesion.

Aggregating ability of some Lactobacillus species has been associated with S-layer
proteins as well. In L. kefir and L. parakefir strains, the S-layer contributed to the strain’s
self-aggregating trait and haemagglutination properties but not adhesion to Caco-2 cells
indicating the role of other surface molecules in bacterial attachment (Garrote et al., 2004).
In some other species of Lactobacillus, the S-layer has been implicated in aggregation, cell
attachment and prevention of pathogen adhesion to epithelial cells (Kos et al., 2003; Chen
et al., 2007)

Other roles for S-layer also include protection against enzymic degradation (Dias, VilasBoas, Campos, Hogg, & Couto, 2015) and increasing host cell barrier function (JohnsonHenry, Hagen, Gordonpour, Tompkins, & Sherman, 2007). Increased gene expression and
protein production under stressful conditions indicate their role in bacterial survival in harsh
environments (Grosu-Tudor et al., 2016).
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1.6 The vaginal microbiota
A wide range of microorganisms naturally inhabit the human female urogenital tract
and are involved in various functions that mediate protection against invading pathogens.
Lactobacillus, a group of lactic acid producing bacteria (LAB), constitute the dominant group
of microbes. However, other non-Lactobacillus bacteria can also be found in the vaginal
microenvironment. The structure of the vaginal microbiota does not remain constant over a
woman’s lifetime and undergoes modifications. Prior to puberty, Gram-negative bacteria and
Peptostreptococcus dominate this ecological niche. Other bacteria such as Streptococcus,
Staphylococcus, Enterococcus, Fusobacterium, Actinomyces, Corynebacteria and coliforms
are present in moderate levels. However, Lactobacillus spp., Gardnerella vaginalis,
Prevotella bivia, Mycoplasma hominis and yeast are present in low numbers. During the
menarchial period, increased estrogen levels in blood influence the deposition of glycogen
on the vaginal epithelium. The vaginal cells metabolise the glycogen to glucose, which then
becomes a source of energy for the lactobacilli, thereby promoting their growth, which leads
to their ensuing dominance in the vagina. The glucose is converted to lactic acid by the
Lactobacillus, which in turn, decreases the vaginal pH. Concurrent with lactobacilli, a rise
in G. vaginalis, P. bivia, M. hominis and yeast growth are also observed. Postmenopause,
both Lactobacillus and other members of vaginal microbiota decrease in abundance (Bolton,
van der Straten, & Cohen, 2008; Cribby, Taylor, & Reid, 2008). Recent studies involving
pre-, peri- and post-menarchial girls have shown that alterations of the vaginal microbiota to
a dominantly Lactobacillus one occurs prior to or shortly after menarche. For many of the
test subjects, this microbiota change occurred well before menarche, often one year or more
in advance. Changes in vaginal microbiota were highest in early to mid-puberty but were
less pronounced in late puberty (Hickey et al., 2015; Thoma et al., 2011). Dominance of one
particular genera of bacteria is, however, not consistent on a daily basis and is subject to
factors such as menstruation or more chronically, during infection (Bolton, van der Straten,
& Cohen, 2008).
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A study conducted in Uganda and Korea found that in addition to different species of
Lactobacillus, four other groups of bacterial genera, namely, Pediococcus, Weissella,
Leuconostoc and Streptococcus also co-exist in the vaginal microenvironment (Jin et al.,
2007). The structure of the vaginal microbiota exhibits variability between individuals and
is also dependent on ethnicity and race (Ravel et al., 2011; Zhou et al., 2007). Overall, higher
numbers of Lactobacillus and/or other lactic acid producing bacteria is considered to be
an indication of a healthy vagina, whereas a low LAB population concurrent with higher
number of anaerobic microorganisms is a sign of dysbiosis and hence an unhealthy state.

A study conducted by Ravel et al., (2011) classified the vaginal microbiota of North
American women into five community state types (CST). Four of the community groups
were dominated by Lactobacillus gasseri, Lactobacillus jensenii, Lactobacillus crispatus or
Lactobacillus iners; and the fifth state type, CST-IV, was characterised by low cell populations
of Lactobacillus and high numbers of anaerobic bacteria such as Prevotella, Atopobium,
Gardnerella, Peptostreptococcus and Megasphaera to name a few. The description of CSTIV is important as abundance of anaerobic bacteria in conjunction with low lactobacilli
populations have been associated with vaginal infections such as trichomoniasis and bacterial
vaginosis (BV) (Brotman et al., 2012; Shipitsyna et al., 2013). The presence of anaerobic
bacteria, especially Prevotella has been found to enhance the growth of Gardnerella vaginalis
and Peptostreptococcus anaerobius, both of which are associated with bacterial vaginosis
(Pybus & Onderdonk, 1997; Pybus & Onderdonk, 1998). G. vaginalis has also been found to
be associated with trichomoniasis (Taylor, Barlow, Blackwell, & Phillips, 1980). The main
ecological role of the vaginal microbiota appears to be the production of lactic acid, resulting
in an acidic vaginal pH. This in turn, creates an unfavourable environment for invading
pathogens. Alteration of this vaginal microbiota to a more dominantly anaerobic microbiota
and increased vaginal pH as a direct consequence of Lactobacillus cell density reduction is
associated with higher susceptibility to vaginal infections.
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1.7 Role of the vaginal microbiota in disease and health
The Lactobacillus has been shown to confer protection against colonisation of
pathogens. A human strain of Lactobacillus rhamnosus decreased the growth rate of three
pathogens - Candida albicans, P. bivia and G. vaginalis (Coudeyras, Jugie, Vermerie,
& Forestier, 2008; Wang et al., 2015). Studies have also shown the inhibition of E. coli
colonisation by Lactobacillus in both premenopausal and postmenopausal women (Gupta
et al., 1998; Pabich et al., 2003; Tomás, Ocaña, Wiese, & Nader-Macías, 2003). In addition,
cervicovaginal samples with higher Lactobacillus load correlated with lower frequency of
HIV RNA detection, which was also associated with lower incidences of BV-associated
bacteria, such as G. vaginalis and M. hominis (Borgdorff et al., 2014; Sha et al., 2005).
Growth and adhesion of Neisseria gonorrhoeae to ME-180 epithelial cells, which could
be mediated via surface proteins, were also reduced in presence of Lactobacillus (Vielfort,
Sjölinder, Roos, Jonsson, & Aro, 2008; Graver & Wade, 2011; Spurbeck & Arvidson, 2010).
Lactobacillus has also been shown to inhibit metronidazole-resistant G. vaginalis in vitro
(Mclean & Mcgroarty, 1996). Furthermore, Lactobacillus can modulate host cell response
by reducing the proinflammatory IL-8 production in Caco-2 cells (Ren et al., 2013).

1.8 The interaction between Trichomonas vaginalis and
Lactobacillus
Indirect evidence suggests that Lactobacillus and T. vaginalis have the ability to
influence each other and the result of this microbial interaction influences the infection
outcome (Petrin, Delgaty, Bhatt, & Garber, 1998; Brotman et al., 2012). The presence of
T. vaginalis in the vaginal microflora correlates with abnormal microbial structure (Martin et
al., 1999; Torok et al., 2007). The parasite was found to negatively affect the population of
vaginal lactobacilli but had no effect on BV-associated bacteria, suggesting that Trichomonas
is associated with low lactobacilli cell density (Fichorova et al., 2013). Furthermore, the
protozoan parasite also phagocytosed not just Lactobacillus cells, but also vaginal epithelial
17

cells, leukocytes and erythrocytes (Rendón-Maldonado, Espinosa-Cantellano, GonzálezRobles, & Martínez-Palomo, 1998). The adhesion of T. vaginalis to VECs in the presence
of L. acidophilus increased in the initial stages of infection but decreased with prolonged
incubation (Valadkhani, 2004). In a study by Mcgrory et al. (1994), Lactobacillus was
capable of slowing down Trichomonas growth but the bacterial numbers declined after 40
hours of incubation in mouse models. Most strains/isolates of Lactobacillus were found to
reduce T. vaginalis adhesion to ectocervical cells to varying degrees (Phukan et al., 2013). The
extent of inhibition was not only dose-dependent but was also dependent on the Trichomonas
strain used. Furthermore, this interaction was also contact-dependent (Phukan et al., 2013).
The molecular mechanisms that underlie the Lactobacillus-Trichomonas interaction are
currently not well understood. However, some of the more generic mechanisms employed
by the lactobacilli to inhibit other vaginal pathogens have been summarised in the following
sections.

1.9 Mechanisms involved in pathogen inhibition mediated by
vaginal lactobacilli
1.9.1 Production of lactic acid
A well-established mechanism involves the effect of lactic acid against vaginal
pathogens and their role in protection against pathogen invasion. Several lines of evidence
point to the role played by lactic acid produced by the Lactobacillus in the vaginal
microenvironment. Lactic acid production by Lactobacillus results in a low and acidic pH,
thereby acting as a protective shield against invading pathogens due to its microbicidal activity
(O’Hanlon, Moench, & Cone, 2013; Boskey, Telsch, Whaley, Moench, & Cone, 1999). The
physiological concentrations of lactic acid do not seem to adversely affect the lactobacilli,
but is inhibitory against other microorganisms, such as BV- associated bacteria G. vaginalis,
P. bivia, A. vaginae, Salmonella typhimurium and uropathogenic E. coli (O’Hanlon, Moench,
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& Cone, 2011; Atassi & Servin, 2010). The physiological pH in a healthy vagina is in the
range of 3.6 - 4.5. During BV, the pH increases to >4.5, which correlates with low lactobacilli
population (Boskey, Telsch, Whaley, Moench, & Cone, 1999). The lactic acid production by
the vaginal microbiota is believed to be a conserved function among vaginal communities
and hence would persist despite differences in microflora composition. This is concurrent
with the fact that in absence of Lactobacillus, lactic acid production is facilitated by nonlactobacilli cell populations (Borges, Silva, & Teixeira, 2014; Ravel et al., 2011). Hence,
care should be taken when interpreting the microbial structure of the human vagina as the
absence or low abundance of Lactobacillus is not necessarily representative of an abnormal
microflora given that the functional role of the microbiota could be accomplished by a
variety of other genera, such as Atopobium, Streptococcus, Staphylococcus, Megasphera
and Leptotrichia. This misinterpretation could be attributed to the use of Nugent criteria
where the abundance of Lactobacillus morphotypes is used as an indication of the health
state of the vagina (Hickey, Zhou, Pierson, Ravel, & Forney, 2012).

1.9.2 Production of hydrogen peroxide (H2O2)
One of the mechanisms believed to be employed by the lactobacilli in inhibiting
invaders is the production of hydrogen peroxide (H2O2). As most vaginal isolates can
produce H2O2 (Borges et al., 2014), their role in pathogen inhibition has been studied by
many. Evidence indicates that women with H2O2-producing Lactobacillus strain were less
likely to be diagnosed with N. gonorrhoeae or Clamydia tracomatis infection (Wiesenfeld,
Hillier, Krohn, Landers, & Sweet, 2003). An inverse relation was also observed with H2O2
producing lactobacilli and BV-associated bacteria (Hawes et al., 1996). In addition, H2O2
producing strains of L. gasseri and L. johnsonii inhibited S. typhimurium, E. coli and G.
vaginalis in a dose-dependent manner (Atassi & Servin, 2010).

However, others argue that the production of H2O2 might not play a significant role as
physiological concentrations of H2O2 produced in vivo could be too low to inhibit pathogens
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(O’Hanlon et al., 2011). While lactic acid alone was sufficient to kill the pathogens, H2O2
was cytotoxic only in combination with lactic acid, indicating that it acts cooperatively to
inhibit microbes. The combined system of H2O2-halide in L. acidophilus has viricidal activity
against HIV, which upon lowering the bacterial concentration, its effectiveness against the
virus was lost. However, supplementation with peroxidase and halide restored its viricidal
property, suggesting that H2O2 - producing Lactobacillus alone cannot mitigate infection
and that it is potent only when in combination with halides or peroxide, both of which are
naturally present in the vaginal fluid (Klebanoff & Coombs, 1991). Furthermore, clinical
isolates of Candida were found to be resistant to H2O2, even in concentrations exceeding
the ones produced by most Lactobacillus strains (Strus et al., 2005). Furthermore, high
concentrations of H2O2 resulted in greater toxicity for the lactobacilli than compared to the
pathogenic bacteria. This, in combination with the fact that the hypoxic environment of the
vagina makes it virtually impossible to produce H2O2 (O’Hanlon et al. 2011) has made this
mechanism a controversial topic of discussion.

1.9.3 Production of bacteriocins
Bacteriocins constitute a class of low molecular weight peptides (2 kDa - 6 kDa)
that have cationic, amphiphilic and membrane-permeabilizing property. Bacteriocins have
been classified into four main classes: Class I constitute the lantibiotics representing modified
bacteriocins (Gillor, Etzion, & Riley, 2008). Perhaps the most well-known lantibiotic is nisin,
produced by Lactococcus lactis. Nisin is an auto-inducing lantibiotic, i.e., it regulates its
own production in the cell and this property has been exploited to construct gene expression
systems in L. lactis and other LAB (Mierau & Kleerebezem, 2005). This gene expression
system has been employed for heterologous expression of one of our L. gasseri genes into
L. lactis as will be discussed in Chapter 6. Class II contains the heat stable and minimally
modified bacteriocins; class III and IV make up the heat sensitive, large molecular weight
peptides and lipid or carbohydrate conjugated bacteriocins respectively (Gillor, Etzion, &
Riley, 2008).
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Antibacterial properties of Lactobacillus acidophilus bacteriocin against nine isolates of
G. vaginalis have been documented (Aroutcheva, Simoes, & Faro, 2001). A vaginal isolate
of Lactobacillus salivarium produces a heat-resistant bacteriocin-like molecule capable
of inhibiting N. gonorrhoeae, Enterococcus faecalis and Enterococcus faecium (Ocana,
Pesce de Ruiz Holgado, & Nader-Macias, 1999). Recently, the analysis of metagenomic
sequencing data revealed the presence of lactocillin, a thiopeptide, believed to be produced
by a vaginal isolate of L. gasseri (Donia et al., 2014). This lactocillin exhibited antimicrobial
activity against a number of vaginal pathogens that included Staphylococcus aureus,
Gardnerella vaginalis and Enterococcus faecalis but had no effect on vaginal commensals
such as L. jensenii, L. crispatus and other strians of L. gasseri. Karaoǧlu, Aydin, Kiliç, and
Kiliç (2003), on the other hand, showed that bacteriocins from vaginal Lactobacillus were
effective not only against pathogens like G. vaginalis and Pseudomonas aeroginosa, but also
against other Lactobacillus such as L. gasseri, L. acidophilus, L. casei and L. delbreuekii.
Perhaps this could partially explain as to why the bacteriocinogenic activity of vaginal
bacteria can lead to the development of abnormal microflora, paving the way for bacterial
vaginosis. However, not all vaginal strains of Lactobacillus produce bacteriocins and hence
this might be only partially responsible for pathogen inhibition (Borges et al., 2014; Spurbeck
& Arvidson, 2011).

1.9.4 Production of biosurfactants
Biosurfactants are amphipathic compounds that contain both hydrophobic
and hydrophilic moieties and partition at the liquid-liquid, liquid-solid or liquid-gas
interface. After detachment from the surface, the bacteria can leave behind biosurfactant
molecules that modify the adhesion site, thereby altering the binding properties of other
microorganisms (Santos, Rufino, Luna, Santos, & Sarubbo, 2016; Spurbeck & Arvidson,
2010). Biosurfactants have been found to display anti-microbial and anti-adhesion properties.
Surlactin, a glycoproteinaceous biosurfactant isolated from L. acidophilus RC14 inhibited
the adhesion of uropathogens like E. faecalis, E. coli, Staphylococcus epidermidis and
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C. albicans to silicone rubber surfaces (Velraeds, Van De Belt-Gritter, Van Der Mei, Reid,
& Busscher, 1998). Dairy strains of Lactobacillus paracasei and other Lactobacillus species
were found to produce biosurfactants that have anti-microbial and anti-adhesive property
against pathogens (Gudina, Teixeira, & Rodrigues, 2010; Gomaa, 2013). Ceresa et al. (2015)
demonstrated the successful inhibition of adhesion and biofilm formation in C. albicans by
Lactobacillus brevis.

1.9.5 Modulation of host cell response
One of the ways that the resident microflora can act to fight off infections is through
the modulation of host immune responses and via recruitment of immune cells and cytokines.
A study on the effect of Lactobacillus on Candida infection showed that the lactobacilli
are capable of suppressing TLR 2 and TLR 6 gene expression via the NF-κB pathway,
while enhancing the expression of IL-1α and IL-1β. This indicates that the Lactobacillus
suppresses the excess expression of genes responsible for pro-inflammatory response in
vaginal epithelial cells and recruits alternative cytokine production that results in better host
response at the site of infection (Wagner & Johnson, 2012). A recent study conducted by
Witkin et al. (2013) on the effect of lactic acid isomer on host gene expression elucidates the
role of bacterial products in warding off infections. L-lactic acid is mainly produced in the
host cell, while its other isomer, D-lactic acid is primarily produced by bacteria. The ratio
of L to D-lactic acid influences the production of MMP-8 (matrix metalloproteinase), which
can lead to the breakdown of the endocervical barrier, resulting in the ascending of vaginal
microorganisms that could be responsible for upper genital infections. The lactobacilli,
especially L. crispatus produces high amounts of D-lactic acid, while on the other hand,
BV-associated bacteria such as G. vaginalis and L. iners produce low levels of D-lactic acid,
which can lead to elevated EMMPRIN (extracellular matrix metalloproteinase inhibitor)
levels, and hence higher MMP-8 expression. Additionally, Lactobacillus can also increase
mucin production, thereby preventing the attachment of pathogens to host cells, which makes
it easier to clear infections (Spurbeck & Arvidson, 2010).
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1.9.6 Aggregation
Cell aggregation is the phenomenon by which cells cluster together into clumps
for various biological reasons. Lactobacillus cells can aggregate with each other (selfaggregation or auto-aggregation) and with other bacterial species and microorganisms
(coaggregation) as well. Aggregating with pathogens could prevent their attachment to host
cells, thereby making it easier to clear them off by the vaginal fluid or to kill the pathogens
by the production of various anti-microbials by the lactobacilli. Adhesion to host cells and
aggregation are believed to be efficient ways to colonise the vaginal microenvironment
(Borges et al., 2014; Spurbeck & Arvidson, 2011).

Auto-aggregation of the vaginal lactobacilli and coaggregation with pathogens have been
documented and their aggregation properties studied. Strains of L. gasseri can both autoaggregate and coaggregate with pathogens like Cronobacter sakazakii and Clostridium
difficle (Ferreira et al., 2011). S-layer proteins have been implicated in the self-aggregating
ability of some Lactobacillus species and strains (Garrote et al., 2004; Kos et al., 2003; Chen
et al., 2007). Many of these self-aggregating Lactobacillus strains can also coaggregate with
pathogens such as Candida, Salmonella and Escherichia coli (Ocana & Nader-Macias,
2002; Wang et al., 2015; Chen et al., 2007). Kmet and Lucchini (1997) showed that the
ability to self-aggregate is associated with cell surface hydrophobicity (Nishiyama et al.,
2015) and surface molecules. Surface proteins such as the aggregation-promoting factor
(APF) in a vaginal Lactobacillus strain was found to mediate coaggregation with E. coli.
This strain has been found to be genetically related to L. plantarum 4B2, which was later
renamed as L. gasseri 4B2 (Jankovic et al., 2003). However, a later study failed to correlate
the aggregating behaviour of L. gasseri 4B2 to the expression of its APF protein (Jankovic et
al., 2003). Furthermore, the ability to aggregate is pH-dependent and higher aggregation has
been observed at lower pH, indicating its protective role in the acidic vaginal environment
(Juárez Tomás, Wiese, & Nader-Macías, 2005).
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1.9.7 Quorum sensing
Quorum sensing serves as a strategy for cell-to-cell communication in bacteria.
Quorum sensors are usually small signalling molecules produced by bacteria that relay
information about the external environment and facilitate communication between individual
cells. They can also serve as a means to gauge the population density of a particular bacterial
species. Once a threshold concentration of the signalling molecule is reached, and hence
a particular threshold of bacterial population, a collective coordinated change in bacterial
behaviour is then launched (Williams, Winzer, Chan, & Camara, 2007).

Quorum sensing serves multiple purposes in both pathogenic and probiotic bacteria. In
bacterial pathogens such as Pseudomonas aeruginosa and Erwinia carotovora, they are
known to contribute to virulence factors such as tissue maceration and damage, biofilm
formation, antibiotic production and transfer of oncogene in Agrobacterium tumefaciens to
host plant cells (Miller & Bassler, 2001).

In probiotic bacteria, quorum sensing plays an important role in bacteriocin production and
cell adhesion. In some Gram-positive bacteria, bacteriocins are believed to serve as quorum
sensors at low concentrations, but as inhibitors at high concentrations (Dobson, Cotter, Paul
Ross, & Hill, 2012). In L. gasseri, production of the bacteriocin gassericin E (Gas E) is cell
density dependent, suggesting that its production is likely to be mediated by a quorum sensing
mechanism (Maldonado-Barragán, Caballero-Guerrero, Martín, Ruiz-Barba, & Rodríguez,
2016). Yun, Oh, and Griffiths (2014) showed that L. acidophilus inhibits the production of
the quorum sensor autoinducer 2 (AI-2) in C. difficile, which led to the decrease in virulence
gene expression. The autoinducers-2 are interconvertible diffusible chemical signals that
are very common and widespread across different bacterial species and provide information
not only about its own microbial species but other species as well. The increase in AI-2
production in Lactobacillus rhamnosus results in its increased adhesion to epithelial cells
(Yeo et al., 2015), thus indicating that quorum sensing could also contribute to the probiotic
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property of Lactobacillus.

1.9.8 Role of surface adhesins
The ability to attach to host epithelia is an important factor for bacterial colonisation
and persistence. Invasive pathogens also attempt to colonise via attachment, which can be
negated by the resident lactobacilli. Direct competition for host binding sites, physically
blocking or displacing the pathogens from their attachment sites are possible methods of
ensuring that the resident microflora persists in the vaginal microenvironment (Spurbeck &
Arvidson, 2010). Lactobacilli adherence to host vaginal epithelial cells is strain dependent
and considerable variation is observed in their ability to block pathogen attachment (Osset,
Bartolomé, García, & Andreu, 2001). Furthermore, their ability to attach is subjected to
various factors such as fluctuations in hormonal levels, particularly estrogen, pH, glycogen
content etc. (Cribby, Taylor, & Reid, 2008). Research to identify potential Lactobacillus
binding molecules is however limited. So far glycoproteins, lipotechoic acids (LTA) and
proteins that bind to components of the extracellular matrix have been identified as possible
adhesion factors (Otero & Nader-Macías, 2007; Chan, Reid, Irvin, Bruce, & Costerton,
1985). The role of S-layer proteins in mediating bacterial adhesion to host epithelial cells
and to the components of the extracellular matrix has also been reported (Hymes, Johnson,
Barrangou, & Klaenhammer, 2016; Meng et al., 2014; Zhang et al., 2013). Buck, Altermann,
Svingerud, and Klaenhammer (2005) indicated the role of mucin-binding and fibronectinbinding proteins from L. acidophilus NCFM in mediating adhesion to Caco-2 cells. Adhesion
of Lactobacillus to substrata has been found to depend on cell surface hydrophobicity and
charge (Nishiyama et al., 2015). Hydrophobic strains with a small negative surface charge
seem to have greater adhesive capability (Millsap, Reid, Van Der Mei, & Busscher, 1997).
The potential role for pilus encoding genes, mucus adhesion promoting proteins (MapA) and
mucus-binding proteins as possible adhesion factors have also been studied (Leccese Terraf,
Mendoza, Juarez Tomas, Silva, & Nader-Macias, 2014).
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1.10 Aims of the current research
While the protective role of Lactobacillus against intestinal pathogens has been
extensively studied (Clemente, Ursell, Parfrey, & Knight, 2012; Round & Mazmanian, 2009;
Wang, Monaco, & Donovan, 2016), their role in vaginal infections has received only limited
attention, particularly their effect on Trichomonas vaginalis virulence. Current data reveals
that the Lactobacillus is capable of decreasing the attachment of T. vaginalis to vaginal
epithelial cells and that this interaction is dependent on cell-to-cell contact (Phukan et al.,
2013). With such limited knowledge, the molecular mechanisms and machinery involved in
this microbial interaction are open to detailed investigation.

The hypotheses in this research are:
1) Lactobacillus gasseri, a species typically found in the vagina, diminishes the adhesive
capability of T. vaginalis parasite to host cells via physical blockage, displacement and/or
competition for binding sites on the host cells.
2) Molecules localised on the surface of this bacterium contribute to the reduction of
T. vaginalis adhesion to host cells.
3) The lactobacilli S-layer, also known as the aggregation-promoting factor (apf), could be
partially involved in the reduction of T. vaginalis adhesion to host cells.

In view of these hypotheses, the aims proposed for this study were:
1) To investigate the mechanisms of inhibition provided by L. gasseri against T. vaginalis
adhesion to human ectocervical cells.
2) To investigate the chemical nature of surface molecules potentially involved in this
inhibition process.
3) To examine the role of Lactobacilli S-layer proteins in mitigating T. vaginalis adhesion to
host vaginal epithelial cells.
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Chapter 2
Materials and Methods
2.1 Cells used in this study
The bacterial, protozoan and human cell strains used in this study were:

Lactobacillus strains: Lactobacillus gasseri ATCC 9857 was obtained from the American
Type Culture Collection (ATCC). L. gasseri ATCC 33323 was obtained from the New
Zealand Reference Culture Collection (ESR). Lactobacillus isolates B5, B6, D10 and D12
were donated to us by Dr. Sue Paviour and Dr. Sally Roberts from LabPlus, Auckland, New
Zealand with no specification other than human vaginal isolates. These isolates were later
sequenced by our lab and were found to be isolates of L. gasseri species.

Lactococcus lactis: L. lactis strain NZ9000 (pepN::nisRnisK) was obtained from Dr. Philippe
Langella, Institute National de la Recherche Agronomique, France.

Escherichia coli DH5α cells and Escherichia coli Rosetta (DE3) pLys S cells were obtained
from Dr. Ken Scott and Dr. Alok Mitra (School of Biological Science, University of Auckland)
respectively. The pLys S plasmid has a chloramphenicol resistance gene and has a gene that
encodes for T7 phage lysozyme.

Trichomonas strains: Trichomonas vaginalis reference strains G3, B7RC2 and F1623 were
kindly gifted to us by Drs. Peter and Jacqui Upcroft from Queensland Institute of Medical
Research, Brisbane, Australia.

Human cell lines: Human vaginal ectocervical cells ATCC CRL-2614 or hVECs were
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obtained from ATCC.

2.2 Growth conditions for bacterial strains
All Escherichia coli cells were grown in Luria Bertani (LB) medium at 37°C
overnight. All Lactobacillus cells were grown in de Man, Rogosa and Sharpe (MRS) medium
supplemented with 10 % horse serum and incubated at 37°C overnight. Lactococcus lactis
cells were grown in SGM17 medium and incubated at 30°C overnight. When preparing
L. lactis for competent cell preparation, the cells were then grown in SGM17-Gly medium
(Appendix VII).

2.3 Cell line maintenance
All work related to live mammalian cells was performed in a Heal Force class II
laminar flow cabinet. Cells were routinely grown in sterile tissue culture flasks with filter
caps (Nunc, New Zealand). Keratinocyte Serum Free Media or KSFM supplemented with 1
ml growth supplement (provided with KSFM) and 200 U/ml Penicillin-Streptomycin (Life
Technologies, New Zealand) was used as the media for the growth of human cells. Cells
were maintained in 75 cm2 tissue culture flasks in a humidified atmosphere of 37°C and 5 %
carbon dioxide (Heal Force Smart Cell incubator). Once cells were at 80 % - 90 % confluence,
media was removed, cells were washed with 2 ml - 3 ml trypsin and finally overlayed with
5 ml of fresh trypsin at 37°C for 4 minutes until all cells have detached from the surface.
At the end of the incubation period, the detachment of the cells was confirmed under the
microscope and equal volume of horse serum was added to neutralise the trypsin. Cells
were pelleted by centrifugation at 3000 x g for 10 minutes. The supernatant was discarded
and the cell pellet resuspended in KSFM. The freshly resuspended cells were then seeded
into a sterile T75-flask in the ratio of 1:3. Media change was done after every 3 - 4 days
or whenever the media colour altered from light pink to straw yellow. The colour change
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indicates the change in medium pH from an acidic to a more alkaline medium.
To prepare hVECs for adhesion assays, all cells from a (90 % - 100 % confluent) T75 flasks
were trypsinised and centrifuged as previously described. The cells were resuspended in
12 ml fresh KSFM without any antibiotics and seeded into a 48-well plate, with each well
receiving 250 µl of the cell suspension. The well plate was then transferred into a cell culture
incubator for 24 hours to allow the cells sufficient time to adhere to the plastic. Adhesion
assay was performed after 24 hours.

2.4 Maintenence of Trichomonas vaginalis cultures
Trichomonas strains were grown in Diamond’s media (Appendix VII) supplemented
with 10 % horse serum and 1 % Penicillin-Streptomycin. Cultures were grown for 24 hours
before passing them to fresh media in 1:15 dilution. Trichomonas cells that were intended
for use in adhesion assays were grown in Diamond’s media supplemented with horse serum
but without antibiotics.

2.5 Chemical treatments of Lactobacillus gasseri cells
Lactobacillus cells were chemically and enzymatically modified to study their effect
on T. vaginalis adhesion inhibition and also to test their adherence to hVECs. The chemical
treatments performed on Lactobacillus cells are discussed as follows.

2.5.1 Protoplast generation
This protocol was adopted from Wen (2015). Briefly, 1.5 ml of overnight cultures of
Lactobacillus cells were centrifuged and the cell pellet was resuspended in equal volumes of
pre-warmed MRS media and incubated at 37°C for 2 hours. The cells were centrifuged and
washed once with TBS buffer pH 7.4 and centrifuged again. The cell pellet was resuspended
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in protoplast buffer (Appendix VII) containing 20 mg/ml lysozyme (Roche, New Zealand)
and 20 µg/ml mutanolysin (Sigma-Aldrich, New Zealand) and incubated at 37°C for 1 hour.
After incubation, 0.5 ml of 0.25 M EDTA was added to the cells and incubated on ice for 5
minutes. The protoplasts thus generated were then centrifuged at 2000 x g for 10 minutes,
washed once with TBS and resuspended in KSFM. The control consisted of cells incubated
with the protoplast buffer, except that it lacked lysozyme and mutanolysin.

2.5.2 Proteinase K treatment
Overnight cultures of Lactobacillus cells were harvested and washed twice with
1 X PBS, pH 7.4, diluted down to appropriate concentrations (2.5 x 107 cells/ml) in 1 X
PBS. Meanwhile, proteinase K enzyme obtained in a powdered form (Roche, New Zealand)
was dissolved in 10 X buffer consisting of 500 mM Tris-HCl, pH 8.0 and 1 % SDS.
Appropriate volumes of enzyme were added to the lactobacilli cell suspension such that
the final concentration of the enzyme buffer becomes 1 X. The final enzyme concentrations
were 0.025 mg/ml, 0.05 mg/ml and 0.1 mg/ml. The cells were then incubated at 37°C for 2
hours in a water bath. After incubation, the cells were centrifuged at 2000 x g, 10 minutes
and washed 3 times with 1 X PBS. The cells were finally resuspended in KSFM and used in
adhesion assays.

2.5.3 Formaldehyde fixation
Overnight cultures of Lactobacillus cells were washed twice in 1 X PBS, pH 7.4.
The cells were resuspended in 3.5 % formaldehyde in 1 X PBS for 20 minutes at room
temperature (RT) and vortexed every ~2 minutes. Finally, the cells were centrifuged and
resuspended in 100 mM glycine and incubated for 20 minutes at RT. Cells were again
vortexed after every 2 minutes approximately. Finally, cells were washed with 1 X PBS at
least thrice and resuspended in KSFM.
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2.5.4 Lithium chloride (LiCl) extraction of Lactobacillus gasseri S-layers
The LiCl extraction protocol was adapted from Johnson, Selle, O’Flaherty, Goh,
& Klaenhammer (2013) and Lortal et al. (1992) with modifications. Overnight cultures
of Lactobacillus cells were harvested and washed twice in 1 X PBS. The cell pellet was
weighed and resuspended in ice-cold 5 M LiCl solution (Sigma-Aldrich, New Zealand)
(10 mg of moist pellet for every millilitre of LiCl solution). The cell suspension was agitated
at 0°C - 4°C for 15 minutes and then centrifuged at 20,000 x g for 20 minutes at 4°C. The
supernatant containing the S-layer proteins were then dialysed against deionised water for
24 hours with 4 - 5 water changes at 4°C. The dialysed solution was then lyophilised and
resuspended in distilled water. Protein concentration was determined by Bradford’s assay
and stored at -20°C as described in section 2.13.5. Meanwhile, the treated cells were washed
with 1 X PBS thrice, resuspended in KSFM (hVECs media) and used in adhesion assays.

2.6 Adhesion assay
The adhesion assay was followed as previously described with some modifications
(Phukan, Parsamand, Brooks, Nguyen, & Simoes-Barbosa, 2013). The various steps involved
in conducting an adhesion assay are as follows:
1) The Lactobacillus cells were first stained and then counted by flow cytometry (FCM)
2) Based on the result from FCM counting, appropriate dilutions of Lactobacillus were made
and kept aside.
3) Trichomonas cells were stained by CMTMR fluorescent dye (Invitrogen)
4) T. vaginalis cells were counted under the microscope with a hemocytometer and then
appropriate dilutions were made.
5) Confluent monolayer of hVECs in a 48-well plate was incubated with the diluted
Lactobacillus cells (from step 2) for 30 minutes.
6) At the end of the first incubation, the pre-stained T. vaginalis cells (from step 4) were
added to the same hVECs and Lactobacillus mixture and incubated for another 30 minutes.
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7) Finally, the supernatant containing the unbound cells were discarded.
8) The hVECs containing the adherent Trichomonas were trypsinised to detach all cells from
the well plate.
9) After confirmation of successful cell detachment, the enzyme was neutralised by horse
serum and this mixture was then counted by FCM to determine the number of bound parasites.
10) Using the data obtained from FCM analysis, statistical data analysis was performed.
The following sections describe the above mentioned steps in further detail.

2.6.1 Flow cytometry (FCM)
Flow cytometric (FCM) analysis was performed on a BD AccuriTM C6 (BD
Biosciences) flow cytometer, equipped with 488 nm and 635 nm laser excitations and BD
Accuri C6 software. Cells were discriminated based on their fluorescent staining properties.
For the adhesion assay, CellTracker Orange CMTMR-stained T. vaginalis was excited by
the 488 nm laser line and detected in FL2 (emission of 565 nm). Stained lactobacilli were
analysed for cell viability according to the manufacturer’s instructions (Cell Viability Kit,
BD Biosciences). Absolute counts were obtained and data were analysed using BD Accuri
C6 software. The working principle of FCM is described in Appendix VIII.

2.6.2 Staining of Lactobacillus gasseri cells for FCM
The staining of bacterial cells for the determination of cell viability was performed
using BDTM Cell Viability Kit (New Zealand), containing thiazole orange (TO) and propidium
iodide (PI) dye. The staining of the cells was performed as per the manufacturer’s instructions.
Briefly, Lactobacillus cells were grown overnight in an MRS media supplemented with 10 %
horse serum. The overnight cell culture was washed twice with 1X PBS by centrifuging
the cells at 3000 x g for 10 minutes. The cells were finally resuspended in KSFM. A small
aliquot of the cells (~100 µl) were diluted down 10-fold and three aliquots were prepared
from this diluted cell suspension which were used in FCM to determine cell viability. The
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aliquots were as follows:
a)

Aliquot 1: 95µl of 0.01 % Tween 20 and 5 µl cells

b)

Aliquot 2: 95µl of 0.01 % Tween 20, 5 µl cells and 1µl TO dye

c)

Aliquot 3: 95µl of 0.01 % Tween 20, 5 µl cells and 1µl each of TO and PI dye

Aliquot 1 and aliquot 2 served as internal controls for FCM analysis and were run on the
machine sequentially. The actual counting of cells was performed in aliquot 3 according to
the method described in section 2.6.1. The absolute numbers obtained for live and dead cells
were then used to determine cell viability and to dilute them to a concentration of 2.5 x 107
cells/ml, unless otherwise stated, for adhesion assays. The working principle of FCM is
described in Appendix VIII.

2.6.3 Staining of Trichomonas vaginalis cells for FCM
T. vaginalis cells were grown overnight in Diamond’s media supplemented with
10 % horse serum. The cells were centrifuged to remove the media and were resuspended in
pre-warmed staining solution (Diamond’s media without horse serum and containing 1mM
of CMTMR dye (Invitrogen, New Zealand). The T. vaginalis cells were then incubated
at 37°C for 30 – 45 minutes. At the end of incubation, the cells were washed twice with
1X PBS by centrifugation at 3000 x g for 10 minutes and finally resuspended in KSFM.
The cells were counted under the microscope using a hemocytometer and were diluted to a
concentration of 2.5 x 104 cells/ml, unless otherwise stated.

2.6.4 Addition of Lactobacillus gasseri and Trichomonas vaginalis to hVECs
Confluent monolayer of hVECs were grown in a flat-bottom 48-well plate. Each
well contained 250 µl of KSFM without antibiotics. For the adhesion assay, both lactobacilli
and T. vaginalis cells were suspended in KSFM in the concentrations of 2.5 x 107 cells/ml
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and 2.5 x 104 cells/ml respectively, unless stated otherwise. These concentrations were based
on previous findings (Brooks, Parsamand, Kelly, & Simoes-Barbosa, 2013). The media from
the well plate was aspirated and 125 µl of the diluted lactobacilli was added to each well
containing the hVECs. This was performed in triplicates. The control wells received 125 µl
of KSFM only. The well plate was then incubated at 37°C/5 % CO2 for 30 minutes. After
the first incubation, 125 µl of T. vaginalis cells were added to each well in triplicates and
incubated at 37°C/5 % CO2 for 30 minutes. Controls were calculated as percentage change
in T. vaginalis adhesion when in presence of lactobacilli as compared to T. vaginalis alone.

After the end of the second incubation, the supernatant containing the unbound cells were
removed and the wells were gently washed twice by pipetting 100 µl KSFM per well and
tilting the plate a few times. Finally 125 µl of trypsin-EDTA (0.25 %; Life Technologies,
New Zealand) was added to each well and incubated at 37°C/5 % CO2 for 4 minutes. The
cells were viewed under a microscope to confirm cell detachment and then an equal volume
of horse serum was added to the wells to neutralise the enzyme. The plate was immediately
placed on ice and 100 µl from each well was analysed by FCM (section 2.6.1) to obtain
the number of bound T. vaginalis cells. All work related to the assay was conducted in a
Westingtonhouse class II laminar flow cabinet.

For the majority of adhesion assays, the control consisted of two parts- (1) hVECs incubated
with Trichomonas for 30 minutes and (2) hVECs incubated with L. gasseri ATCC 9857
for 30 minutes, followed by T. vaginalis incubation for another 30 minutes at 37°C/5 %
CO2. These two samples were compared against and the percentage change in T. vaginalis
adhesion was taken as the final control.

The absolute numbers of T. vaginalis that can attach to host cells may vary on a daily basis
due to factors beyond our control; mostly because of the health and cellular growth of the
parasite on a given day. Hence, studying the inhibition of the parasite as a percentage change
allows for a more consistent view of the data. Irrespective of the number of parasites attaching
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to hVECs in presence and in absence of the Lactobacillus, the degree of inhibition provided
by L. gasseri ATCC 9857 always consistently ranges between 80 % and 90 % approximately.
For this reason, the average 85 % decrease in T. vaginalis B7RC2 adhesion in presence of
L. gasseri ATCC 9857 is taken as a reliable control for most adhesion assays and all other
test samples were compared against it.

2.6.5 Statistical analysis
One-Way ANOVA and Dunnett’s Multiple Comparison Post-Test Analysis were
used to compare the number of T. vaginalis adhered to host cells when in the presence or in the
absence of Lactobacillus. Statistical analyses were performed using the software R, V.2.15.1
(http://www.r-project.org/). Means were considered significant and highly significant when
p values were less than 0.05 (p<0.05*) and 0.01 (p<0.01**), respectively.

2.7 Variations of the adhesion assay
Owing to the nature of questions posed in this study, the adhesion assay described
in the previous section was subjected to various modifications. The assay generally involved
first incubating the human cells with Lactobacillus cell suspension followed by the addition
of T. vaginalis parasite. In this standardised assay, the Lactobacillus cell suspension was
never removed prior to the addition of T. vaginalis. Hence the assay analysed the effect
of both bound and unbound lactobacilli on the parasite’s adhesion. The following sections
describe the modifications made in the standard adhesion assay to investigate the effect on
T. vaginalis or bacteria under special conditions. Statistical analysis was carried out as per
section 2.6.5.
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2.7.1 Adhesion assay for the enumeration of Trichomonas vaginalis in
presence of bound bacteria only
In this assay, the protocol was adopted from section 2.6.4 with modifications.
Briefly, confluent monolayer of hVECs in a flat bottom 48-well plate were incubated with
125 µl of 2.5 x 107 Lactobacillus cells/ml at 37°C/5 % CO2 for 30 minutes. At the end of the
incubation period, the supernatant containing the unbound Lactobacillus was removed and
the wells gently washed twice by pipetting 100 µl KSFM per well and tilting the plate a few
times. CMTMR pre-stained T. vaginalis cells at a concentration of 2.5 x 104 cells/ml were
added (125 µl per well) and the plate incubated at 37°C/5 % CO2 for another 30 minutes. The
cells were next trypsinised and analysed by FCM (section 2.6.1) to determine the number of
T. vaginalis.

2.7.2 Adhesion assay for the enumeration of adherent bacteria by FCM
Unlike the T. vaginalis enumeration, direct enumeration of the adherent lactobacilli
was not possible due to technical constraints of the FCM method. Hence, an indirect approach
was adopted. Briefly, confluent layer of hVECs in a flat-bottom 48-well plate were incubated
with 125 µl of 2.5 x 107 Lactobacillus cells/ml at 37°C/5 % CO2 for 30 minutes. After
incubation, the supernatant containing the unbound bacteria was gently pipetted out and
collected in an eppendorf tube. The wells were gently washed twice as described in section
2.6.4. Every wash was collected and the samples prepared for flow cytometry according
to the protocol described in section 2.6.2. From here, the number of unbound bacteria was
obtained and since the total concentration of lactobacilli in each well was known, the total
number of bound lactobacilli could be calculated.
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2.7.3 Adhesion assay for the determination of inhibition mechanism
mediated by the lactobacilli
Three modes of co-culture incubation were conducted - pre-incubation, postincubation and co-incubation. Pre-incubation mode was same as described in section 2.6.4.
Post-incubation consisted of first incubating confluent hVECs with 125 µl of 2.5 x 104
T. vaginalis cells/ml and incubating at 37°C/5 % CO2 for 30 minutes. After incubation, the
supernatant containing the unbound parasites was removed and the wells gently washed
twice. This was followed by incubation with Lactobacillus for another 30 minutes. Finally,
the cells were washed, trypsinised and prepared for FCM analysis (section 2.6.1 and 2.6.4).
In co-incubation mode, equal volumes of both Lactobacillus and Trichomonas were added
simultaneously to each well and incubated for 30 minutes. Trypsinisation and sample
preparation for FCM were same as described previously.

2.7.4 Adhesion assay for determination of the effect of lactobacilli secretory
components on Trichomonas vaginalis adhesion
In this assay, Lactobacillus cells were incubated with and without hVECs for
30 minutes. In both cases, the supernatant was collected and filtered using a 0.22 µm filter.
Fresh confluent hVECs were then incubated with the filtrates for 30 minutes followed by
another 30 minute incubation with T. vaginalis. Cell trypsinisation and sample preparation
were performed as described previously (section 2.6.1 and 2.6.4).

2.7.5 Adhesion assay for determination of lectin binding sites on hVECs
Sucrose and lactose solution was prepared separately in molar concentrations of
0.2 M, 0.1 M and 0.05 M in KSFM respectively. The dissolved sugar solutions were next
filtered using a Millipore 0.45 µm filter. Confluent hVECs were incubated with 125 µl of
lactose or sucrose solution and incubated at 37°C/5 % CO2 for 30 minutes. After incubation,
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the supernatant was removed and cells were gently washed before the addition of T. vaginalis
parasites. The hVECs were further incubated and finally the cells were trypsinised and
prepared for FCM as described previously (section 2.6.1 and 2.6.4).

2.8 Coaggregation assay
To determine the coaggregative ability of Lactobacillus, both the parasites and the
bacteria were incubated in KSFM. The concentration of T. vaginalis was kept constant at
2.5 x 104 cells/ml while the lactobacilli concentration varied, starting from 2.5 x 104 cells/ml
and then increasing the concentration 10-fold up to 2.5 x 107 cells/ml. As controls, an aliquot
of KSFM containing only T. vaginalis was also incubated at 37°C. Briefly, 2.5 ml of CMTMR
pre-stained T. vaginalis (2.5 x 104 cells/ml) cells were resuspended in KSFM (media for
VECs) and mixed with equal volume of L. gasseri ATCC 9857 cells resuspended in prewarmed KSFM in conical tubes. The total volume was 5 ml and 100 µl of the solution was
collected at regular time intervals (10 min, 20 min and 30 min). The aliquots were taken by
pipetting very gently from the surface so as to not disturb the solution and analysed by FCM
(section 2.6.1). Data obtained from FCM counting were statistically analysed as described
in section 2.6.5.

2.9 Bioinformatics
• Integrated DNA Technologies (https://sg.idtdna.com/site) was used to design and
analyse primers and their properties such as melting temperature, GC content, probability to
form secondary hairpin structures and primer dimers etc.
• DNA sequence data files were viewed and contiguous sequences were aligned using
DNA Baser version 4.20.2.
• The National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.
gov/) was used to obtain the nucleotide and amino acid sequences for aggregation-promoting
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factors from Lactobacillus gasseri ATCC 33323.
• EMBOSS Needle – Pairwise protein sequence alignment program developed by the
European Bioinformatics Institute (EBI ; http://www.ebi.ac.uk/Tools/psa/emboss_needle/)
was used to align sequences.
• Geneious version 9.0.5 was used for multiple sequence alignments and construction
of phylogenetic tree.
• ExPASy (http://web.expasy.org/translate/) was used to translate nucleotide sequences
to their corresponding amino acid sequences.
• The Basic Local Alignment Search Tool (BLAST; http://blast.ncbi.nlm.nih.gov/
Blast.cgi) was used to find the regions of similarity between sequences.
• ExPASy Compute pI/Mw (http://web.expasy.org/compute_pi/) tool was used to
predict protein isoelectric point and molecular mass in kDa.
• SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/) was used to predict the
presence of signal peptides and the location of cleavage.
• NPS@: GOR4 (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_gor4.
html) to predict the secondary structure of proteins based on their primary structure.
• Rare Codon Calculator (RaCC; http://nihserver.mbi.ucla.edu/RACC/) to calculate
codons that are rare in E. coli.
• NCBI CD-Search database (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)
to identify conserved binding domains.
• EMBL-EBI Interpro online tool (http://www.ebi.ac.uk/interpro/) for protein analysis
and classification

2.10 Recombinant DNA technology
2.10.1 Nucleic acid methods
All the standard molecular biology techniques were performed as described in
Sambrook and Russell (2001) unless otherwise stated. The recipe for all buffer solutions is
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given in Appendix VII.

2.10.2 Genomic DNA extraction
Genomic DNA (gDNA) was extracted from Lactobacillus gasseri ATCC 9857
using AxyPrep Bacterial Genomic DNA Miniprep Kit, Axygen (China) according to the
manufacturer’s instructions. Purified DNA thus obtained was quantified using NanoDrop
ND-100 Spectrophotometer (NanoDrop Technologies USA) and stored at -20°C for further
use.

2.10.3 Plasmid vectors
The plasmid vectors used in this study were pET22b(+), cloning vector pJET2.1/blunt
and Lactococcus lactis shuttle vector pVE5547 (pCWA). E. coli plasmid vector pET22b(+)
was obtained from Dr. Ken Scott, School of Biological Sciences, the University of Auckland.
Plasmid pJET2.1/blunt is a commercially available cloning vector obtained from Thermo
Fisher Scientific as part of the CloneJET PCR Cloning Kit. Shuttle vector pVE5547 (also
known as pCWA) was kindly gifted to us by Dr. Philippe Langella, Institute National de la
Recherche Agronomique, France.

2.10.4 Plasmid extraction
E. coli DH5α cells containing plasmid vectors pJET1.2/blunt, pET22b(+) and
pVE5547 (pCWA) were grown overnight in LB media supplemented with 100 µg/ml
ampicillin. Overnight grown cells were harvested and plasmid extracted by GeneJET Plasmid
Miniprep Kit (New Zealand) according to the manufacturer’s instructions. Purified plasmids
were quantified using NanoDrop ND-100 Spectrophotometer.
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2.10.5 Primer design
All primers were designed using L. gasseri ATCC 9857 apf genes as the template
(Appendix III). As the genome of L. gasseri ATCC 9857 has not been sequenced till date, the
genome of L. gasseri ATCC 33323 was used a template initially. However, the sequences of
both these strains differed significantly and hence the apf genes from L. gasseri ATCC 9857
had to be fully sequenced before primer design was possible.

2.10.6 Polymerase chain reaction (PCR)
PCR was carried out for the amplification of apf genes from the genome of L. gasseri
ATCC 9857 using primers that amplify the entire nucleotide sequence except for the ones
encoding signal peptides. The PCR reaction cocktail consisted of the following: 1 X PCR
buffer containing 1.5 mM MgCl2, 0.5 mM extra MgCl2, 0.2 mM dNTPs, 0.2 µM forward
and reverse primer each, 3 % DMSO, 2 U/µl Phusion enzyme, 100 ng gDNA template. The
reaction was carried out in an Eppendorf Mastercycler pro S thermocycler and the cycling
conditions were as follows: following initial denaturation of 30 seconds at 98°C, the samples
were subjected to 40 cycles of 10 seconds at 98°C, 30 seconds at 65°C and 1 minute at
72°C. The final extension was carried out at 98°C for 10 minutes. A list of primers used in
this study to amplify the apf genes for cloning into E. coli and L. lactis hosts are provided in
Appendix III.

2.10.7 Agarose gel electrophoresis
The PCR amplicons were analysed by agarose gel electrophoresis. Agarose gels
were made by dissolving 1 % UltraPureTM agarose (Invitrogen, New Zealand) in 1 X TBE
buffer and stained with SYBR Safe DNA gel stain (Invitrogen, New Zealand). The DNA
samples to be analysed were prepared in 10 X sample loading buffer and 5 μl of 1 kb DNA
ladder (NEB) was used to determine the sizes of the bands. Gel electrophoresis was carried
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out at 100 volts for 45 minutes using Labnet Enduro electrophoresis unit and gels were
observed under ultraviolet light on a Bio-Rad Gel Imaging System using ImageLab software.

2.10.8 Gel elution
DNA samples run on an agarose gel were analysed under UV light and the bands
corresponding to the expected sizes were excised and eluted using QIAquick gel extraction
kit (Qiagen, New Zealand). Extraction was performed according to the manufacturer’s
instructions and finally the purified DNA concentrations were measured by NanoDrop.

2.10.9 Phenol-Chloroform extraction and ethanol precipitation
The phenol-chloroform extraction followed by ethanol precipitation was conducted
in cases where the concentration of DNA was too low for further downstream processing and
hence required concentrating the DNA.

Deionised water or TE buffer was added to the DNA molecule till the total volume was
not more than 200 µl and mixed well. Equal volume of phenol-chloroform-isoamyl alcohol
(25:24:1) mixture was added to the solution and vortexed continuously for 2 minutes. The
DNA samples were centrifuged at maximum speed for 5 minutes, at the end of which the
bottom phenol layer separated from the DNA-containing upper aqueous layer. The top layer
was collected and transferred to fresh eppendorf tube and an equal volume of chloroform
was added and vortexed for 2 minutes. The samples were centrifuged again and the upper
aqueous phase was collected and transferred to a new eppendorf tube.

Next, the purified DNA was then mixed with 1 µl glycogen followed by the addition of 3 M
sodium acetate (one-tenth of the total volume). The volume of this mixture was doubled
with 100 % cold ethanol and mixed properly. The DNA mixture was now either incubated
on ice for 1 hour or kept overnight at - 20°C. After incubation, the DNA was centrifuged at
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maximum speed for 30 minutes. The supernatant was discarded and the DNA pellet was then
washed with 70 % ethanol followed by another centrifugation for 10 minutes. The ethanol
was removed and the pellet left to air-dry for 10 minutes or until the pellet was dry. The
purified DNA was resuspended in water and the concentration determined by the NanoDrop
spectrophotometer.

2.11 Cloning of apf genes in cloning vector, pJET1.2/blunt
2.11.1 Ligation to pJET1.2/blunt vector
The apf genes obtained from PCR amplification were quantified by NanoDrop and
ligated into pJET1.2/blunt vector. The DNA sample containing purified apf inserts were
ligated according to the manufacturer’s instructions (CloneJET PCR Cloning Kit).

2.11.2 Preparation of E. coli DH5α chemically competent cells
From a freshly streaked plate, a single colony was picked and inoculated into 5 ml
LB media. The inoculum was incubated overnight at 37oC with shaking at 180 rpm. Following
morning, fresh 500 ml LB was inoculated with the overnight seed culture in a ratio of 1:100.
Absorbance readings were taken at regular intervals till the OD reached a value of 1.0. Once
the desired OD value was reached, the cells were chilled on ice for 30 minutes. The cells
were then centrifuged at 3000 x g for 10 minutes. After the supernatant media was discarded,
the cell pellet was resuspended in 1/10 original volume in TSB/TSS buffer (Appendix VII).
Cells at this stage are competent for transformation. Aliquots of 100 ul were prepared, flash
frozen in liquid nitrogen and stored at -80oC.

2.11.3 Chemical transformation of E. coli DH5α strains
Frozen aliquots of competent cells were removed from -80oC and allowed to thaw
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on ice. Once thawed, the cells were mixed with 5 µl - 10 µl of the ligation product. The
mixture was then incubated in a water bath at 42°C for 45 seconds. The cells were then
immediately kept on ice for 2 minutes. 900 µl of pre-warmed fresh LB medium was added
to the cells and the cell mixture was then incubated at 37°C for 1 hour with shaking. At the
end of incubation, 100 µl of cells were plated onto LB agar containing 100 µg/ml ampicillin.
The remaining cells were centrifuged to remove the old media and resuspended in a very
small volume (~50 µl) of LB broth, which was then plated onto another fresh LB agar plate
supplemented with 100 µg/ml ampicillin. The plates were incubated at 37°C overnight.

2.11.4 Screening transformants by colony PCR
To confirm the transformation of clones, colony PCR was performed using
Taq enzyme (NEB). The reaction was carried out as per the manufacturer’s instructions
(CloneJET PCR Cloning Kit). The PCR samples were run on an agarose gel and analysed
by UV spectrophotometry. Positive clones were selected and their plasmids extracted via
the GeneJET Plasmid Miniprep Kit. The purified plasmids were submitted to the DNA
Sequencing Facility located at the School of Biological Science, the University of Auckland
for more detailed sequencing output.

2.12 Cloning of apf genes in E. coli and L. lactis expression hosts
2.12.1 Restriction digestion
E. coli clones containing recombinant pJET1.2/blunt vectors with the correct apf
sequences were subjected to plasmid extraction using GeneJET Plasmid Miniprep Kit.
These plasmid vectors, along with the expression plasmids pET22b(+) and pCWA were
then restriction digested. 10 µg of DNA was incubated with 1 X digestion buffer (NEB) and
20 U/µl of restriction enzyme (NEB) in a total volume of 100 µl at 37°C for 2 hours. A list
of restriction enzymes used in this study is provided in Appendix III.
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2.12.2 Agarose gel electrophoresis and gel elution
DNA samples run on an agarose gel were analysed under UV light and the bands
corresponding to the expected size were excised and eluted using QIAquick gel extraction
kit (Qiagen). Extraction was performed according to the manufacturer’s instructions and
finally the purified DNA concentrations were measured by NanoDrop.

2.12.3 Ligation of inserts into pET22b(+) and pCWA plasmids
DNA (digested vectors and inserts) obtained from gel elution was ethanol precipitated
as described in section 2.10.8. The plasmids pET22b(+) and pCWA were resuspended in
10 µl of deionised water each. The DNA (inserts) pellets obtained from the second last
step of the precipitation process was resuspended in water and 1 X ligation buffer (Roche,
New Zealand). To this mixture, 1 µl of the plasmid (~50 ng/µl DNA) and 1 µl (5 U/µl) of
ligase enzyme (Roche) was mixed and the mixture incubated overnight at 4°C for sticky end
ligation and 16°C for blunt end ligation.

2.12.4 Transformation of E. coli DH5α cells
The ligated products were transformed into E. coli DH5α cells for plasmid
propagation. Transformation was performed as described in section 2.11.3.

2.12.5 Screening of transformants by colony PCR
To confirm transformation, isolated E. coli colonies were selected and colony PCR
performed using a vector specific primer (T7) and a gene specific primer in the reaction
mixture. List of primers used in colony PCR has been described in Appendix III. The PCR
reaction conditions were same as described in section 2.10.5 with a few modifications.
Taq enzyme was used instead of Phusion and no DMSO was added to the reaction. The
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reaction volume was 10 µl. The reaction was carried out in an Eppendorf Mastercycler pro
S thermocycler and the cycling conditions are as follows: following initial denaturation of
3 minutes at 95°C, the samples were subjected to 40 cycles of 30 seconds at 94°C, 30 seconds
at 60°C and 1.5 minutes at 68°C. The final extension was carried out at 68°C for 5 minutes.

The PCR products were analysed by agarose gel electrophoresis as described in section
2.10.6. Colonies that were successfully transformed were then subjected to plasmid extraction
as described in section 2.10.3.

2.12.6 Transformation of E. coli Rosetta (DE3) pLys S cells
LB medium containing 25 µg/ml chloramphenicol was inoculated with 5 ml of
overnight culture of E. coli Rosetta (DE3) pLys S cells. The cell culture was incubated at
37°C till its OD at 600 nm reached 1.0. The preparation of competent Rosetta cells was
carried out as described in section 2.11.2.

Once the competent cells were prepared, they were transformed with the recombinant
pET22b(+) plasmids containing the apf inserts as described in section 2.11.3. Transformation
of apf inserts into pCWA plasmid was done in Lactococcus lactis via electroporation.

2.12.7 Preparation of electrocompetent Lactococcus lactis
Preparation of electrocompetent L. lactis cells was adopted from Le Bourgeois,
Langella and Ritzenthaler (2000). 5 ml of SGM17-Gly broth (Appendix VII) was inoculated
from a frozen vial of L. lactis and incubated overnight at 30°C. The next morning, 200 ml of
SGM17-Gly broth was inoculated with the overnight culture (1:100 dilution) and incubated
at 30°C till its OD value at 600 nm reached 0.5. The cell culture was kept on ice and then
centrifuged at 8000 x g for 10 minutes at 4°C. The supernatant was discarded and the cell pellet
resuspended in 100 ml (1/2 volume) of WS solution (Appendix VII) by gentle pipetting. The
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cells were centrifuged again and resuspended in 20 ml (1/10 volume) of WS solution. After
centrifugation, the cells were resuspended in 0.8 ml (1/250 volume) ES solution (Appendix
VII). The cells were dispensed into 100 µl aliquots followed by flash freezing in liquid
nitrogen and stored at - 80°C.

2.12.8 Electrotransformation of competent L. lactis
Recombinant pCWA plasmids containing apf inserts were then used to electroporate
competent L. lactis cells (Le Bourgeois, Langella and Ritzenthaler, 2000). To transform
L. lactis, frozen vials of competent cells were thawed on ice and no more than 10 µl of
DNA was added to each aliquot. The mixture was incubated on ice for 5 minutes and then
transferred to pre-chilled electroporation cuvettes. Any residual water or ice sticking to the
outsides of the cuvettes was wiped off to prevent spark formation during electroporation
and the cuvette was placed in the base of the chamber slide and the sample was pulsed once.
The electroporation was performed at 2.5 kV/ 25 µF/ 400 Ω in a Bio-Rad GenePulser Xcell
electroporator. The cuvette was removed from the chamber and 900 µl of SGM17 broth was
pipetted into the cuvette to flush out the cells from within the metal gap. The flushed out cells
were transferred into fresh 1.5 ml eppendorf tubes and incubated at 30°C for 3 hours in a
water bath. At the end of 3 hours, 0.1 ml of the cell suspension was spread on SGM17 agar
plates. The remaining cells were mixed with molten agar medium and poured into another
petri dish. Both agar plates contained 5 µg/ml erythromycin and were incubated at 30°C for
24 hours under anaerobic conditions.

2.12.9 Screening of transformants by colony PCR
To confirm transformation, isolated E. coli colonies carrying recombinant pET22b(+)
vectors and L. lactis colonies carrying recombinant pCWA vectors were selected and colony
PCR performed using a vector specific primer (pWF or pWR) and a gene specific primer in
the reaction mixture. List of primers used in colony PCR has been described in Appendix III.
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The PCR reaction conditions were same as described in section 2.10.5. The PCR products
were analysed by agarose gel electrophoresis as described in section 2.10.6. Colonies that
were successfully transformed were used for protein overexpression studies and/or adhesion
assays.

2.13 Protein methods
All the standard molecular biology techniques were performed as described in
Sambrook and Russell (2001) unless otherwise stated. The recipe for all buffer solutions is
given in Appendix VII.

2.13.1 Recombinant protein induction and sample preparation for E. coli
Rosetta cells
A 5 ml LB medium containing 100 µg/ml ampicillin and 25 µg/ml chloramphenicol
was inoculated with frozen E. coli Rosetta transformed cells and incubated overnight at
37°C. The following morning, a fresh 20 ml LB broth containing the same concentrations
of ampicillin and chloramphenicol was inoculated from the overnight seed culture (1:100
dilution). The freshly inoculated cells were allowed to grow at 37°C till the OD value at
600 nm was 0.5. To induce recombinant protein production, IPTG was added to the cell
culture and incubated. At the end of the incubation period, the cells were harvested by
centrifugation at 4000 x g for 10 minutes at 4°C. The supernatant was separated from the
cell pellet, which was resuspended in lysis buffer and lysed with a sonicator (MSE Sanyo
Soniprep 150) at 4°C. Sonication was performed by dipping the tip of the probe into the
resuspended cell suspension and subjecting it to 15 microns amplitude for 10 seconds. The
sonicator was then turned off and the lysed cells allowed to cool down for a minute. This was
repeated five times. To minimise protein degradation by heat during the sonication process,
the tube containing the cells was kept ice cold at all times.
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Chemical additives were used at the time of induction to solubilise the recombinant protein.
They included using 5 % ethanol, 2 % glycerol, 300 mM sodium chloride and 20 mM proline.
Concentrations of IPTG varied from 0.01 mM and increasing by roughly 2-fold up to 1 mM

2.13.2 Dialysis and lyophilisation
The cell lysate obtained from the previous section was centrifuged at 10, 000 x g
for 15 minutes at 4°C. The supernatant, which constituted the soluble fraction, was separated
from the cell pellet (the insoluble fraction) and dialysed (Thermo Scientific SnakeSkinR
Pleated Dialysis tubing; 10,000 MWCO) against deionised water at 4°C for 24 hours with
3 water changes. The dialysed protein was then freeze-dried and reconstituted in deionised
water and stored at - 20°C.

2.13.3 Recombinant protein induction and sample preparation for L. lactis
cells
Protein induction and expression in L. lactis was conducted as described in Ribeiro
et al. (2002). Briefly, frozen L. lactis cells were used to inoculate 5 ml of SGM17 medium
supplemented with 5 µl/ml erythromycin and grown at 30°C overnight under anaerobic
conditions. Next morning, a fresh 15 ml of SGM17 medium was inoculated with the
overnight cell culture (1:100) and grown anaerobically till the OD value at 600 nm was 0.4.
Nisin (1ng/ml; MP Biomedicals, USA) was added to the cell culture which was allowed to
grow for another 30 minutes.

The cells were next harvested by centrifugation and the pelleted cells were then used in
adhesion assays or for SDS PAGE analysis.
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2.13.4 Sample preparation from recombinant L. lactis
Induced L. lactis cells were subjected to the protoplast generation process as
described in sections 2.5.1. The Lactococcus protoplasts were centrifuged and the supernatant
collected for analysis by SDS PAGE and western blot or stored at -20°C.

2.13.5 Bradford assay and sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE)
Protein concentrations were determined by Bradford assay (BioRad) according to
the manufacturer’s instructions. Protein gels were made in cassettes comprising of glass
plates with 0.8 mm thick spacers. The resolving gel and stacking gels were made according
to Laemmli (1970). Two-thirds of the cassette was first filled with 12 % resolving gel
and allowed to polymerise for 30 minutes. Then, 4 % stacking gel was pipetted into the
remaining part of the cassette, the comb was inserted and allowed to solidify for 30 - 45
minutes. Protein samples were mixed with 5 X non-reducing loading buffer and denatured
at 95°C for 3 minutes. Samples were then loaded into wells and electrophoresed along with
an Invitrogen BenchMark pre-stained protein ladder at a constant voltage of 200 volts for 1
hour or till the gel bands travelled two-thirds of the gel. The protein gel electrophoresis was
carried out in Thermo Scientific Owl P10DS electrophoresis unit. After electrophoresis, the
gels were either stained with Coomassie Blue R-250 staining solution or used for western
blot analysis. The stained gel was destained with three changes of destaining solution. All
buffers and solutions are detailed in Appendix VII.

2.13.6 Immunoblot (western blot) analysis
Following electrophoresis, polyvinylidene fluoride (PDVF) transfer membrane
(0.45 µm, Bio-Rad) was soaked in methanol for 1 minute and then rinsed with water.
Meanwhile, the SDS PAGE gel, Whatman filter papers and sponges were all soaked in ice50

cold blotting buffer for 5 minutes together. After removing the gel ridges at the bottom of
the gel, the blotting membrane was placed on top of it. Both the membrane and the gel were
then sandwiched between three layers of filter paper, one layer of sponge and assembled in
an electroblot cassette. The cassette was placed upright in a Trans-Blot apparatus (Thermo
Scientific Owl VEP-2) transfer tank with the red plate of the assembly unit facing the positive
pole (red) of the tank. After positioning the sandwich(s), the tank was filled up with the
blotting buffer. The transfer was carried out in cold blotting buffer for 1.5 hours at 220 mA
at 4°C.

After electroblotting, the membrane was soaked in blocking buffer for five hours at room
temperature (RT) to block the non-specific binding sites in the membrane. The primary
antibody mouse anti-His antibody (Invitrogen) was diluted in the ratio of 1:10,000 with
blocking buffer and the membrane was incubated in it at 4ºC for overnight. At the end of the
incubation period, the membrane was washed with 1 X TBST buffer for five times, 10 minutes
each. The Goat-HRP anti-mouse monoclonal secondary antibody (Invitrogen) was diluted
(1:50,000) in 1 X TBST and the blot incubated in it for 1 hour at RT with gentle shaking. After
1 hour, the blot was washed with 1 X TBST buffer five times, 10 minutes each. The substrate
buffer was prepared according to the manufacturer’s instructions (Thermo Fisher Scientific
SuperSignal West Pico Chemiluminescent Substrate kit). The blots were developed with
1ml of the substrate buffer by incubating at RT for 5 minutes. All buffers and solutions are
detailed in Appendix VII. To terminate the blots, the membrane was drained off the excess
substrate buffer, wrapped in a piece of plastic film and detected by chemiluminescence using
Fuji LAS-4000 Imaging System.
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Part 1: Mechanisms of inhibition and the
role of bacterial cell wall components in
Trichomonas vaginalis adhesion inhibition
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Chapter 3
Investigating the biological significance
of lactobacilli on Trichomonas vaginalis
adhesion to human ectocervical cells
“In fact, we mostly don’t get sick. Most often, bacteria are keeping us well.”
- Bonnie L. Bassler, Princeton University

3.1 Introduction
Trichomonas vaginalis, being an extracellular parasite, first adheres to the host
epithelial cells prior to infection establishment. This suggests that successful attachment is a
pre-requisite, in the absence of which it would be unable to proliferate and cause infection. In
this chapter, we study the effect that the vaginal bacteria, particularly Lactobacillus gasseri
(a typical species found in the vagina) (Johnson, Phelps, Cummins, London, & Gasser,
1980), have on the parasite’s ability to adhere. The first result of this chapter was a part of a
publication (Phukan, Parsamand, Brooks, Nguyen, & Simoes-Barbosa, 2013), where it was
shown that the Lactobacillus, in general, has an inhibitory effect on the parasite’s ability to
attach to host cells. This effect is dose-dependent and varies from one bacterial species/strain
to another. Furthermore, this observed interaction between the pathogen and the bacteria is
contact-dependent. In the absence of cell-to-cell contact, the inhibition is not pronounced.

In this study, we attempted to analyse the inhibitory behaviour of L. gasseri ATCC 9857. We
investigated the possible mechanisms employed by the bacteria in preventing T. vaginalis
adhesion.
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The adhesion assays essentially consisted of a confluent monolayer of human epithelial cells,
more specifically ectocervical cells (or hVECs). This monolayer was first incubated with a
known concentration of Lactobacillus (absolute bacterial cell number determined via flow
cytometry) for 30 minutes followed by a known concentration of pre-stained T. vaginalis,
previously counted under a hemocytometer, and incubated for another 30 minutes. After
the second incubation step, the supernatant from each well was removed to discard the
unattached parasites, washed and trypsinised to detach the cells from the wells. Each assay
was performed in triplicates and each replicate was analysed via FCM, where detection and
enumeration of the fluorescently labelled Trichomonas cells were recorded. Further details
of the assay have been discussed in Chapter 2.

3.2 Results
The ability of T. vaginalis to attach to host cells varies from strain to strain. Three
strains of T. vaginalis – B7RC2, F1623 and G3, all known to have distinctive adhering
levels, were used in adhesion assays to determine the degree to which the Lactobacillus can
inhibit their attachment to host cells. T. vaginalis strain B7RC2, when incubated alone with
hVECs has the highest adhering capacity. Approximately 40 % of the B7RC2 strain added
to hVECs remained attached to host cells. T. vaginalis strain F1623 is a medium adhering
strain (~12 %), followed by strain G3, which is a very low adhering strain (~6 %) (Brooks,
Parsamand, Kelly, & Simoes-Barbosa, 2013). A range of Lactobacillus spp. were tested for
their ability to inhibit the attachment of the medium-level adhering T. vaginalis strain F1623,
and it was shown that Lactobacillus gasseri strain ATCC 9857 had the highest inhibitory
effect on the parasite (Phukan et al., 2013). Based on this observation, L. gasseri ATCC
9857 was then used to study its inhibitory effect on the other two strains of T. vaginalis
– B7RC2 and G3 in a dose-dependent manner. All adhesion assays were replicated and
validated on different experimental days. However, the graphs here show results from only
one experimental day as a general representation.
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3.2.1 The inhibition of Lactobacillus gasseri ATCC 9857 against Trichomonas
vaginalis adherence to human vaginal epithelial cells is biologically relevant
Reduction in the adherence of all three different strains of T. vaginalis (B7RC2,
F1623 and G3) to hVECs by L. gasseri strain ATCC 9857 was determined (Figure 3.1). The
effect on parasite adherence was tested with 7 different concentrations of L. gasseri ATCC
9857, starting with 1 x 108 bacterial cells/ml followed by 2-fold dilutions. In each sample, the
T. vaginalis concentration was kept constant at 2.5 x 104 cells/ml, as this was the minimum
concentration required to obtain statistically significant data. Controls in this assay consisted
of hVECs incubated with T. vaginalis only and each sample (hVECs incubated with both
L. gasseri and T. vaginalis) was compared to this control and the percentage change in
T. vaginalis adherence in presence of Lactobacillus relative to the one in absence (control
sample) was thus calculated and taken as the final control.

As shown in Figure 3.1, L. gasseri ATCC 9857 inhibits the adhesion of all three T. vaginalis
strains to host cells (hVECs). With regards to T. vaginalis G3, the lowest adhering strain, a
significant reduction is observed only at bacterial concentrations of 6.2 x 106 cells/ml and
higher. For both F1623 and G3, parasite adhesion was markedly reduced only at the highest
concentrations of Lactobacillus. Since G3 and F1623 are low and medium adhering strains,
especially when compared with B7RC2, significant reduction in Trichomonas numbers
could only be detected by flow cytometry (FCM) at the higher Lactobacillus concentrations.
The highest adhering strain of T. vaginalis (B7RC2) was significantly inhibited even at the
lowest concentrations of Lactobacillus (1.56 x 106 cells/ml). However, the inhibition was
statistically significant only when bacterial concentrations were 1.25 x 107 cells/ml and
higher.

As most women have Lactobacillus at a concentration ranging between 107 and 108 CFU/g
of vaginal fluid (Boris & Barbés, 2000), this result shows that in their natural environment,
Lactobacillus might function as an inhibitor of Trichomonas colonisation. Hence, it
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was decided that from here onwards the Lactobacillus concentration for all subsequent
adhesion assays to be always kept constant at 2.5 x 107 cells/ml, unless stated otherwise.
The T. vaginalis concentration was also kept constant at 2.5 x 104 cells/ml as this was the
minimum concentration required to obtain a statistically significant result.
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Figure 3.1. Effect of increasing concentrations of Lactobacillus gasseri ATCC 9857
on the adhesion of three Trichomonas vaginalis strains to hVECs. Data expressed as
a percentage change of parasitic adhesion with statistical significance indicated by “*”
for p < 0.05 and “**” for p < 0.01. Control samples consisted of hVECs incubated with
T. vaginalis only. Percentage change in parasite adhesion was calculated by comparing
the number of attached T. vaginalis in presence and in absence of bacteria. All tests were
performed in triplicates.
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3.2.2 The inhibition of T. vaginalis adhesion by Lactobacillus gasseri is
dependent on the bacterial strain
The human vaginal strain ATCC 9857 was the most inhibitory Lactobacillus
(Phukan et al., 2013) whose effect was particularly strong even when incubated with the
highest adhering T. vaginalis B7RC2 strain (Figure 3.1). On average, L. gasseri ATCC 9857
was found to decrease B7RC2 attachment by approximately 85 %. Because ATCC 9857
corresponds to the genus/species of L. gasseri, we next wanted to test if this behaviour
was consistent across all other strains and isolates of L. gasseri present in our laboratory
collection or if it was unique to strain ATCC 9857. For this experiment, we used the human
intestinal strain ATCC 33323 and clinical isolates of L. gasseri B5, B6, D10 and D12 present
in our lab.

Figure 3.2 shows the percentage decrease in T. vaginalis B7RC2 adhesion when in presence
of different L. gasseri strains and isolates. The degree of inhibition of T. vaginalis adhesion
varied for each strain or isolate and it was consistently reproducible between experiments.
ATCC 9857 remained the highest inhibitory strain (~80 %) followed by B5 (~66 %), D12
(~57 %), B6 (~56 %) ATCC 33323 (~47 %) and D10 (~42 %).
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Figure 3.2. Effect of different strains/isolates of Lactobacillus gasseri on the adhesion
of Trichomonas vaginalis strain B7RC2 to hVECs. Data expressed as a percentage
change of parasitic adhesion with statistical significance indicated by “*” for p < 0.05 and
“**” for p < 0.01. Control samples consisted of hVECs incubated with T. vaginalis only.
All tests were performed in triplicates.

From here onwards, we decided to focus our study on one single Lactobacillus strain and
one single Trichomonas strain. L. gasseri is one of the dominant Lactobacillus species
present in the vagina of healthy pre-menopausal women (Ravel et al., 2011), Also, since
L. gasseri ATCC 9857 was the most inhibitory strain available to us, we naturally targeted
this strain as the subject of our investigation. Similarly, T. vaginalis strain B7RC2, being the
most adherent Trichomonas strain in our laboratory collection, became our selected strain
of study. All subsequent studies deal solely with L. gasseri ATCC 9857 and T. vaginalis
B7RC2.

3.2.3 Lactobacillus can promote inhibition of T. vaginalis adhesion when
bound to hVECs
Previously, we have shown that the inhibition accorded by the Lactobacillus against
T. vaginalis is heavily contact-dependent (Phukan et al., 2013). This led us to question if the
Lactobacillus inhibits T. vaginalis by binding to the hVECs, thereby blocking and preventing
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the parasite from attaching themselves to important binding sites on the host cell surface.
We wanted to know if bacterial attachment was important for T. vaginalis inhibition, and
if yes, to what extent. We tested this hypothesis by performing a modified version of the
adhesion assay described earlier in this chapter. Previously, the hVECs were incubated with
Lactobacillus followed by T. vaginalis. The addition of the parasites was done without any
removal of the Lactobacillus that could be freely on suspension in the hVECs cultures.
In this modified version, confluent monolayer of hVECs was incubated with Lactobacillus
but before addition of T. vaginalis, the supernatant containing the unbound lactobacilli was
removed. In this modified protocol, any non-adhering lactobacilli were washed away leaving
behind only the bacteria that remained attached to the hVECs prior to the addition of the
parasites. As usual, the unbound parasites were removed and only the attached T. vaginalis
cells were counted by FCM. Control consisted of 2 parts- (1) triplicates of hVECs were
incubated with Keratinocyte Serum Free Media (KSFM), the growth media for hVECs,
first for 30 minutes followed by incubation with T. vaginalis only for another 30 minutes;
(2) triplicates of hVECs incubated for 30 minutes with Lactobacillus first, followed by
the addition of the parasites and incubated for a further 30 minutes without removing the
unbound bacteria. These two samples were compared against each other and the alteration
in T. vaginalis adhesion in presence of Lactobacillus measured as a percentage change was
taken as the final control.

As previously reported here, higher the lactobacilli load, higher was the inhibition of
T. vaginalis adhesion to hVECs. However high inhibition levels, comparable to that of
the final control (which was 89 % inhibition) was observed only when the total inoculum
concentration initially added to each well was 1 x 108 cells/ml, which resulted in 86 % inhibition
of Trichomoas adherence (Figure 3.3). Since the percentage of the bound lactobacilli was
unknown at that stage, we decided to measure the binding of lactobacilli to hVECs at different
inoculum. Confluent monolayer of hVECs was incubated with known concentrations of
lactobacilli and incubated. After the end of the incubation period, the supernatant containing
the unbound lactobacilli was collected and the host cells gently washed to collect any loosely
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bound cells. This supernatant was then enumerated by FCM. We found that regardless of
the initial concentration of inoculum, roughly 80 % of lactobacilli bound to the hVECs
(Figure 3.4) indicating that the hVECs monolayer represents a large site for lactobacilli
adhesion which is far from saturation at the inoculum concentrations we used here. Despite
the percentage of adhesion of lactobacilli remaining constant, this does not correlate with
inhibition levels and the reduction in T. vaginalis adhesion is evidently dependent on the total
number of bacteria added to the hVECs as the inhibitory phenotype is gradually decreased
with decrease in bacterial concentrations (Figure 3.3). For example, if we consider initial
experiments (with bound and unbound lactobacilli together, (Figure 3.1) when the bacterial
concentration was 1.25 x 107 cells/ml, the inhibition of T. vaginalis adhesion was ~77 %.
Despite majority of the lactobacilli remaining bound to the host cells, that number decreased
to ~65 % in the assay described in Figure 3.3. Even within the same experiment (Figure 3.3)
the control, which had a total lactobacilli density of 2.5 x 107 cells/ml (bound and unbound
together), the inhibition was ~90 %. After removal of the unbound lactobacilli (~20 %), the
inhibition decreased by roughly 20 % (indicated by purple bar, Figure 3.3).

Figure 3.3. Effect of only the hVECs-bound Lactobacillus gasseri ATCC 9857 on
the adhesion of Trichomonas vaginalis strain B7RC2 to hVECs. Data expressed as
a percentage change of parasitic adhesion with statistical significance indicated by “*”
for p < 0.05 and “**” for p < 0.01. Control is created by comparing triplicates of hVECs
incubated with T. vaginalis only and triplicates of hVECs incubated with both T. vaginalis
and L. gasseri ATCC 9857 without removal of the unbound bacteria. All other tests were
also performed in triplicates.
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Figure 3.4. Attachment of L.gasseri ATCC 9857 to hVECs when incubated alone with
the host cells. Control is the total number of L. gasseri added to each well against which
the number of attached Lactobacillus is calculated and expressed as a percentage. All tests
were performed in triplicates.

3.2.4 Lactobacillus inhibits T. vaginalis adhesion by a combination of
different mechanisms
The previous data highlighted the role of host cell-adhering Lactobacillus on
parasitic attachment. In all cases, the hVECs were always incubated with the bacteria first
followed by T. vaginalis. In this “Lactobacillus pre-incubation” model, which mimics the
pre-existing condition of the vagina, suggests that the inhibition might possibly occur by
physically blocking the binding sites present on host cell surfaces, thereby allowing a lesser
number of parasites to attach. We further wanted to investigate if blocking would be the sole
mechanism involved in inhibition or if other mechanisms, such as displacing the parasites
and/or competing with the parasites for attachment also existed.

To achieve this, host cells were incubated with T. vaginalis first, followed by washing steps
to remove any unbound parasites and then incubated with the lactobacilli. We called this a
“Lactobacillus post-incubation” mode for displacement mechanism. We hypothesised that
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if a displacement mechanism was in play, then despite T. vaginalis attaching to the hVECs
first, L. gasseri would be able to dislodge them and we would continue to observe a decrease
in parasite attachment.

Alternatively, the “Lactobacillus co-incubation” mode would evaluate if competition between
Lactobacillus and parasites for binding sites on the host cells would play a role in preventing
T. vaginalis attachment. For this mode of incubation, both T. vaginalis and L. gasseri were
added simultaneously on the hVECs in the adhesion experiments. As mentioned earlier in
this chapter, percentage changes in T. vaginalis attachment in the presence and in the absence
of L. gasseri without removal of the unbound bacteria were taken as controls.

Regardless of the mode of incubation, inhibition of T. vaginalis adhesion to hVECs was
considerably high and statistically significant as compared to that of the control where bacteria
was absent (Figure 3.5). Comparison of the three modes of incubation (pre- , post- and coincubation modes) showed that the inhibition was the highest for post- and co-incubation
modes, reaching a level of about 90 % inhibition, which was very similar to the control
where unbound and bound bacteria was present before adding T. vaginalis to the assay.
This result indicates that displacement/competition might play a greater role in inhibiting
T. vaginalis adhesion to host cells than only physical blocking of possible attachment sites.

62

Figure 3.5. Effect of different incubation modes of L. gasseri ATCC 9857 on T. vaginalis
adhesion to hVECs. Data expressed as a percentage change of parasitic adhesion with
statistical significance indicated by “*” for p < 0.05 and “**” for p < 0.01. The different
incubation modes (pre-, post- and co-incubation) are explained in the text. Control is
created by comparing triplicates of hVECs incubated with T. vaginalis only and triplicates
of hVECs incubated with both T. vaginalis and L. gasseri ATCC 9857 without removal of
the unbound bacteria. All other tests were also performed in triplicates.

3.2.5 Aggregation may contribute to inhibition of Trichomonas vaginalis
adhesion to host cells
As discussed in Chapter 1, cell aggregation is a physical property exhibited by some
species/strains of Lactobacillus. Lactobacillus species that self-aggregate with their own
type can also coaggregate with other microbes. Thus, this can be a useful mechanism to block
pathogen colonisation. Coaggregation of lactobacilli with pathogens, other than T. vaginalis,
has been previously reported (Boris, Suárez, & Barbés, 1997; Ferreira, Grześkowiak, Collado,
& Salminen, 2011; Borges, Silva, & Teixeira, 2014). This coaggregation with lactobacilli
causes the pathogen to settle down as cell aggregates, thereby indirectly preventing the
pathogens from attaching to host cells.

Therefore, we first examined if L. gasseri ATCC 9857 has self-aggregation properties as
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compared to other strains and isolates of L. gasseri available in our laboratory collection. Two
ATCC strains (9857 and 33323) and 4 clinical isolates (B5, B6, D10 and D12) of L. gasseri
were cultured overnight in round-bottom glass transparent tubes. A qualitative analysis
of these cultures shows that ATCC 9857 and all clinical isolates exhibit self-aggregating
behaviour. In fact, ATCC 33323 was the only strain that did not show self-aggregation and
the medium in which it was grown remained turbid after overnight incubation without an
evident cell aggregate as a pellet (Figure 3.6). The culture of ATCC 9857 showed a clear cell
aggregate pellet and the medium appeared clear, indicating a strong level of auto-aggregation.
Cell aggregation varied across the rest of the Lactobacillus isolates with varying degrees of
pellet size and medium turbidity but this was not assessed quantitatively (Figure 3.6). All
cells were checked for viability.

L. gasseri strains/isolates
ATCC ATCC
33323 9857

ATCC 33323 ATCC 9857

B5

B5

B6

B6

D10

D10

D12

D12

Figure 3.6. L. gasseri self-aggregation. A qualitative observation of the self-aggregating
behaviour of L. gasseri strains and isolates after overnight growth.

To find out if L. gasseri ATCC 9857 is capable of coaggregating with T. vaginalis, a coincubation experiment was performed where time-point samples were taken to assess
coaggregation. T. vaginalis is a flagellated and motile protozoan which often grows in
suspension. We reasoned that, if lactobacilli coaggregate with the protozoa, these cell
aggregates would result in a decrease in the number of the swimming protozoan cells in
the supernatant of the conical tubes where co-incubations were performed. In this assay,
the concentration of Lactobacillus was varied 10-fold from 2.5 x 104 cells/ml to 2.5 x 107
cells/ml, while the concentration of the parasites was always kept constant at 2.5 x 104
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cells/ml. The T. vaginalis concentration was decided to be kept at a constant density after
preliminary coaggregation tests that included a range of protozoan concentrations (data not
shown) revealed that the overall effect on it’s aggregative property did not alter significantly.
In the final assay, the Lactobacillus concentration was varied to determine the minimum
bacterial concentration required to cause an aggregation. Samples that contained T. vaginalis
alone were used as controls to account for any self-aggregating behaviour of the parasites.
Since the duration of our adhesion assays was for 30 minutes (i.e., the time period for
which the parasites and the lactobacilli interact with each other), we decided to incubate
our aggregation assay for a total of 30 minutes as well. At every 10 minute interval, a small
volume of the supernatant from all samples was collected very gently and carefully. This
supernatant was then analysed by FCM to determine the number of parasites.

Figure 3.7 shows the percentage of T. vaginalis in the supernatant at each time point. Although
not statistically significant, any real changes in T. vaginalis cell density was observed only
in the last interval, at 30 minutes. The degree of removal of Trichomonas from the solution
increased with increase in Lactobacillus concentration, indicating that the aggregation of
parasites was dependent on bacterial cell population. Higher bacterial load corresponded
to higher Trichomonas aggregation. At the 30 minute time point, 77 % of the protozoans
remained in the supernatant when the bacterial concentration was 2.5 x 104 cells/ml. As the
bacterial concentration was increased 10-fold (2.5 x 105 cells/ml to 2.5 x 106 cells/ml and
then to 2.5 x 107 cells/ml) the percentage of Trichomonas in solution decreased roughly
to 62 %, 67 % and 50 % respectively (Figure 3.7; 30 minute interval). This suggests that
coaggregation is a possible mechanism employed by the lactobacilli to mitigate Trichomonas
adhesion.
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Figure 3.7. Coaggregation assay. Percentage of T. vaginalis B7RC2 that aggregated in
presence and in absence of L. gasseri ATCC 9857 expressed in percentage of parasites
present in the supernatant of the mixture. Control consists of T. vaginalis cells incubated
alone and was in triplicates, the average of which was considered as 100 % . All other
samples, which contained T. vaginalis and L. gasseri, were compared against this and
calculated as percentage. Statistical significance is indicated by “*” for p < 0.05 and “**”
for p < 0.01. Control consists of supernatant containing T. vaginalis only. All tests were
performed in triplicates.

3.2.6 L. gasseri secretion partially contributes to T. vaginalis adhesion
inhibition
Inhibition of T. vaginalis adhesion to hVECs is partially contributed by lactobacilli
that are not attached to the host cell layer (Figure 3.3 as compared to Figure 3.1) and inhibition
was dependent on the total concentration of the bacterial inoculum. This led us to question
if the bacteria secretes some molecule(s) that might have contributed towards the parasite’s
adhesion inhibition. To test this theory, we performed an adhesion assay where host cells
were first incubated with L. gasseri. At the end of the incubation period, the supernatant
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was collected and filtered to remove the Lactobacillus. We called this filtrate Fv. Similarly,
bacteria was incubated in empty well plates containing no host cells to account for any effect
that might arise from the host cells alone or from the interaction of the bacteria with the
hVECs. The supernatant was collected, filtered and named as Fo. These filtrates were then
incubated with fresh hVECs followed by the addition of T. vaginalis B7RC2 and incubated
again (Figure 3.8). Prior to the adhesion assays, the effect of KSFM (media for hVECs), in
which the incubations were carried out, was also tested and it was verified that the media
had no effect on the parasite’s adhesion. When incubated with either filtrate, approximately
30 % inhibition of Trichomonas adhesion was observed. This indicates that the filtrate
containing the bacterial secretions makes a partial contribution towards parasite inhibition,
but is independent of bacterial concentration. Additionally, it can also be said that this level
of inhibition is not modulated by the host cells and it comes from the bacteria alone.

Figure 3.8. Effect of bacterial secretion on T. vaginalis adhesion to hVECs. Percentage
change of T. vaginalis B7RC2 adhesion to hVECs when in presence of bacterial filtrate. Left:
when bacteria was incubated in absence of hVECs initially and right: when bacteria was
incubated with hVECs initially. Data expressed as percentage with statistical significance
indicated by “*” for p < 0.05 and “**” for p < 0.01. Control consists of hVECs incubated
with L. gasseri ATCC 9857 and T. vaginalis. All tests were performed in triplicates.
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3.3 Summary and discussion
The inhibition of Trichomonas vaginalis adhesion to host human cells by
Lactobacillus gasseri ATCC 9857 is dose-dependent and strain dependent. Higher bacterial
concentrations correlate with higher parasitic inhibition. T. vaginalis strains that are naturally
more adherent to host cells are affected adversely to a greater degree than compared to
the lower adherent strains. Most healthy premenopausal women have Lactobacillus at a
concentration ranging between 107 and 108 CFU/g of vaginal fluid (Boris & Barbés, 2000).
In light of this information, it can be noted that the inhibition of T. vaginalis, especially
for strain B7RC2, is substantial and statistically significant at bacterial concentrations
ranging between 107 – 108 cells/ml (Figure 3.1), suggesting that the effect of the vaginal
lactobacilli on the parasite’s attachment is possibly biologically relevant and that in their
natural environment, the Lactobacillus could potentially influence infection outcomes.
The strain Lactobacillus gasseri ATCC 9857, originally isolated from the human vagina, is
central in this study. Even at its lowest concentration, it is able to inhibit the highly adhering
T. vaginalis strain B7RC2 by up to 50 %. At its highest bacterial concentration, inhibition of
T. vaginalis is near complete at approximately 90 %.

Given that, a number of studies have highlighted the role of the indigenous lactobacilli in
preventing pathogen and disease progression (Boris & Barbés, 2000; Vielfort, Sjölinder,
Roos, Jonsson, & Aro, 2008; Wang et al., 2015; Ferreira et al., 2011), it flows naturally that
the vaginal lactobacilli could contribute towards the reduction of Trichomonas adhesion
to hVECs. However, we find that despite Lactobacillus gasseri being one of the dominant
vaginal bacteria (Ravel et al., 2011), the high inhibitory behaviour is not uniform across all
strains belonging to the same species. In fact, the level of inhibition varies from strain to
strain, within the same bacterial species and out of all the L. gasseri strains present in our
laboratory collection, strain ATCC 9857 appears to have the highest inhibitory effect against
T. vaginalis (Figure 3.2). It is not clear as to why different strains of the same species behave
differently, but there could be multiple factors involved that influence the final outcome. It
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is possible that all strains do not necessarily utilise the same mechanism to inhibit pathogens
or that some strains are not naturally highly inhibitory against pathogens.

On an average, the L. gasseri ATCC 9857 can inhibit T. vaginalis adhesion to host cells
by 85 %. This unique inhibitory phenotype holds true when the assay is designed in such
a manner that all of the Lactobacillus (bound and unbound) is included in the study. Upon
removal of the unbound Lactobacillus this behaviour shifts to a somewhat lesser inhibitory
phenotype, which is again dose-dependent. Approximately 80 % of the total lactobacilli
successfully adhered to the host cells irrespective of the initial bacterial concentration used.
As the total number of hVECs-bound bacteria decreased, a concurrent decrease in inhibition
was also observed (Figure 3.3 and 3.4). For a given lactobacilli inoculum, despite the vast
majority of the bacteria (~80 %) remaining attached to host cells, they could not provide
the same level of inhibition as compared to that of the total inoculum. This indicates that
to achieve maximum inhibition, the presence of both adherent and non-adherent bacteria
is required. It has been suggested that for a better protection of the gastrointestinal tract
against pathogens, the concentration of the non-adhering resident Lactobacillus is also
important (Lee, et al., 2000). This suggests that the binding of the bacteria only partially but
substantially contributes towards its inhibitory behaviour.

The other part of the inhibition possibly comes from the unbound Lactobacillus although
the exact nature remains unknown. At this point two questions remained to be answeredfirst, if the bound lactobacilli were partially responsible for T. vaginalis inhibition, then
what mechanisms do they employ to inhibit the adhesion of T. vaginalis? Do the lactobacilli
physically block the host binding sites? Or do they displace or compete with the parasites
for binding sites? Secondly, if the unbound Lactobacillus cells are partially responsible for
inhibition, then what mechanism do they employ? Was it possible that the Lactobacillus
secreted molecules that modified the surface binding properties of the human cells and /or
the parasites or do the unbound lactobacilli aggregate with the parasites thereby preventing
them from attaching to the host cells?
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With regards to the bound lactobacilli, our results suggest that the L. gasseri does not utilise
just one single mechanism to prevent parasite binding, but possibly a combination of all
three mechanisms, out of which displacing and competing with T. vaginalis appears to play
a larger role than blocking alone. A study done by Lee et al. (2000) also showed that the
Lactobacillus is capable of competing with E. coli pathogens but is unable to exclude the
pathogens from binding to the host cells. Displacement of E. coli appeared to be a slow
process while in our study significant parasite displacement was achieved after half an
hour of Lactobacillus incubation. This variation in our data could be attributed to the use
of different pathogens in each study, possibly resulting in utilisation of different binding
molecular mechanisms.

There appears to be a correlation between the aggregative property of Lactobacillus and
its ability to coaggregate with other micro-organisms. Probiotic strains that naturally selfaggregate also coaggregate with pathogens and decrease their ability to attach to host cells
(Ocana & Nader-Macias, 2002). Non-self-aggregating strains, on the other hand, do not
appear to efficiently inhibit pathogen adhesion (Golowczyc, Mobili, Garrote, Abraham, & De
Antoni, 2007). The L. gasseri strain ATCC 9857, along with other L. gasseri isolates show
self-aggregating property and strain ATCC 9857 also coaggregates, with the Trichomonas
parasites. Since the strain ATCC 9857 was the sole focus of this study, the ability of the rest
of the L. gasseri isolates to coaggregate with T. vaginalis was not investigated. However, all
L. gasseri isolates and strains in our collection have shown to inhibit Trichomonas adhesion
to host cells in varying degrees (Figure 3.2). L. gasseri strain ATCC 33323 can be considered
an exception as it does not exhibit self-aggregation but can still inhibit T. vaginalis adhesion,
albeit to a relatively lesser extent. Strain ATCC 33323 is dominantly an intestinal bacteria
(Azcarate-Peril et al., 2008; Chagnaud, Jenkinson, & Tannock, 1992) which might partially
explain as to why it has relatively low inhibition against a vaginal pathogen as compared
to the rest of the vaginal L. gasseri isolates. The only vaginal isolate that shows such low
inhibition against T. vaginalis is isolate D10. While aggregating with pathogens is one of
the many techniques adopted by the Lactobacillus, it is not prevalent across all probiotic
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species and strains (Wang et al., 2015; Spurbeck & Arvidson, 2011). Our Lactobacillus
species aggregates with T. vaginalis but this effect is not pronounced till the last 30 minutes.
It is possible that with prolonged incubation, a more pronounced effect would be visible.
However, as the duration of our adhesion assay was only for 30 minutes (the time period for
which both lactobacilli and parasites come in contact), the investigation was not extended
beyond that time period. Studies have shown that different surface proteins could be
responsible for the aggregation behaviour. The S-layer proteins present at the surface of some
Lactobacillus strains can contribute to their auto- and coaggregative behaviour. (Garrote et
al., 2004; Nishiyama et al., 2015). The role of the L. gasseri ATCC 9857 S-layer protein
in aggregation will be investigated in Chapter 6. Whereas in some strains of L. paracasei,
a protein belonging to the family of collagen-binding proteins have been reported to be
involved in aggregation (Miljkovic et al., 2015).

The role of bacterial secretions in T. vaginalis inhibition was also considered in our study.
On average, the contribution of the bacterial filtrate in T. vaginalis adhesion inhibition was
30 % (Figure 3.7). This could have been due to the secretion of bacteriocins or bacteriocinlike peptides into the medium as have been previously reported by Okkers et al. (1999),
where they showed that the production of pentosin TV35b, a bacteriocin-like molecule, by
the vaginal strain Lactobacillus pentosus TV35b had a negative effect on Candida albicans.
Additionally, the bacteria could have also secreted proteases that affected parasite adhesion.
Surprisingly, the level of inhibition did not increase with increase in bacterial concentrations
but remained constant throughout. It is possible that in our experiment, even the lowest
bacterial concentration had crossed a cell density threshold for the maximum secretion of
molecules, such as bacteriocins. In a study conducted by Maldonado-Barragán et al., (2016),
L. gasseri EV1461, a vaginal strain, was found to produce the bacteriocin gassericin E
(GasE) only at high cell densities and its production ceased when the bacterial concentration
fell below 105 CFU/ml. In our study, the lowest lactobacilli concentration used was 106
cells/ml, which could partly explain the constant persistence of the inhibitory phenotype. It
is possible that if the lactobacilli concentration was further lowered, a concurrent decrease in
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inhibition might have occurred.

Overall, the results suggest that several mechanisms are at play when inhibiting Trichomonas.
The inhibitory phenotype is contributed by both the bound and unbound lactobacilli. However,
it is possible that despite the majority of bacteria remaining attached to host cells, at the point
of introduction of the parasites, the dynamics could change by creating a more competitive
and stressful environment for the bacteria. This could force the Lactobacillus into survival
mode, thereby also enabling the remainder 20 % unbound bacteria to launch a stronger
response. Due to technical difficulties with FCM, the number of bound Lactobacillus after
the addition of T. vaginalis could not be determined.

Additionally, T. vaginalis is known to display phagocytic behaviour towards Lactobacillus and
other cell types (Rendón-Maldonado, Espinosa-Cantellano, González-Robles, & MartínezPalomo, 1998). Since reduced bacterial populations lead to lesser number of Lactobacillus
attaching to host cells, more binding sites are open for attachment to the parasites, and once
they attach they are better able to phagocytose the lactobacilli. In fact, at lower Lactobacillus
population, T. vaginalis shows an enhanced cytotoxic behaviour (unpublished). This partly
explains why women infected with trichomoniasis typically have reduced lactobacilli cell
populations (Torok et al., 2007). It is possible that these patients already harboured low
lactobacilli populations and that the arrival of the T. vaginalis parasite is more a matter
of opportunism rather than invasion. At such low lactobacilli cell densities, the parasite
outcompetes the resident microbiota to establish itself in the vagina.

This could partly explain the partial loss in inhibition upon removal of the unbound lactobacilli
(Figure 3.3) as it results in the reduction of lactobacilli cell density and loss of the signalling
molecules from the media.
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Chapter 4
Investigating the chemical nature of
lactobacilli-mediated inhibition of
Trichomonas vaginalis adhesion to human
ectocervical cells
“If there are all these different kinds of bacteria, there must be all kinds of chemicals that
they are making”
- Jo Handelsman, Yale University

4.1 Introduction
In the previous chapter, we have described the various mechanisms employed by
the Lactobacillus gasseri in attenuating T. vaginalis adhesion to host cells. Attempts were
made to study the importance of bacterial attachment and to observe any correlation with its
ability to inhibit T. vaginalis adhesion. While it is clear that the typical inhibitory phenotype
exhibited by L. gasseri ATCC 9857 is mediated by cell-to-cell contact, very little is known
about the chemical nature of this cellular interaction.

As discussed in Chapter 1, section 1.4.1, the Gram-positive bacterial cell surface consists
of a thick peptidoglycan cell wall where amino acids bind to the its sugar derivative, NAM
(Kleerebezem et al., 2010; Chapot-Chartier & Kulakauskas, 2014). Three of these amino
acids are unusual and are not present in proteins: D-glutamic acid, D-alanine and mesodiaminopimelic acid. This unique and unusual disaccharide-peptide bonding makes the
peptidoglycan layer highly resistant to enzymatic degradation (Shockman & Barrett, 1983;
73

Brown, Santa Maria & Walker, 2013) as most peptidases recognise only the L-isomers of
amino acids. Large number of teichoic acids also covalently link to the peptidoglycan or
to plasma membrane lipids (Kleerebezem et al., 2010; Willey, Sherwood & Woolverton,
2014). The peptidoglycan layer in Lactobacillus, like most Gram-positive bacteria, consists
of teichoic acids, which are known to play important role in cell adhesion (Brown, Santa
Maria, & Walker, 2013).

The occurrence of the outermost crystalline covering of the surface layer proteins (S-layer)
has been documented in many prokaryotic species (Sára & Sleytr, 2000). As previously
mentioned, S-layers are crystalline array of proteins that coat the outermost surface of
several species of bacteria, including Lactobacillus. In Gram-positive bacteria, the S-layer is
associated to the peptidoglycan cell wall, whereas in Gram-negative, it is linked to the outer
membrane. The protein subunits are linked to each other and to the cell surface via noncovalent (electrostatic) interactions, and hence they can be easily extracted with chaotropic
agents such as high molar concentrations of guanidium hydrochloride or lithium chloride
(LiCl) (Sára & Sleytr, 2000). In this study, LiCl solution was used for the extraction of
Lactobacillus S-layers. These S-layer proteins and their properties have been discussed in
greater detail in Chapter 5.

S-layer proteins too can be involved in cell attachment. For example, S-layers from
L. acidophilus have been reported to mediate bacterial adhesion to host epithelial cells
(Schneitz, Nuotio, & Lounatma, 1993; Buck et al., 2005). Furthermore, pathogen inhibition
by the S-layer, has also been documented (Åvall-Jääskeläinen & Palva, 2005; JohnsonHenry, Hagen, Gordonpour, Tompkins, & Sherman, 2007). Therefore, we hypothesised
that L. gasseri ATCC 9857 surface molecules might contribute towards the hindrance of
Trichomonas adhesion to host cells. Here, we investigated the putative role of the cell wall
and its associated components, particularly the LiCl-extractable proteins in (a) inhibiting
parasite adhesion and (b) mediating bacterial attachment to host (hVECs) cells.
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4.2 Results
4.2.1 The lactobacilli-mediated inhibition of T. vaginalis adhesion is
proteinaceous in nature
Among the several aforementioned molecular components on the surface of
lactobacilli, we wanted to reveal which one(s) might contribute towards the inhibition
of T. vaginalis adhesion to host cells. To this end, the lactobacilli were chemically and
enzymatically treated in different ways. The chemically modified lactobacilli were then used
in adhesion assays to determine alterations in their inhibitory property against T. vaginalis.
When compared to untreated lactobacilli, these alterations could indicate what type of
molecules on the surface of lactobacilli (those affected by a specific type of treatment) might
be involved in this inhibitory phenotype. The viability of the chemically and enzymatically
treated bacterial cells was preliminarily tested and confirmed (data not shown). Concentrations
of lactobacilli and T. vaginalis were same as in the previous chapter, i.e., 2.5 x 107 cells/ml
and 2.5 x 104 cells/ml respectively.

In the first part of this study, we enzymatically stripped off the cell wall from the Lactobacillus
surface. We wanted to know if complete removal of the bacterial peptidoglycan and its
associated molecules would alter the inhibitory capability of the Lactobacillus. For this,
the lactobacilli were treated with a mixture of lysozyme and mutanolysin and then used
in adhesion assays (Figure 4.1). Lysozyme and mutanolysin cleave the glycosidic bond
between N-acetylmuramic acid and N-acetylglucosamine of the peptidoglycan layer (Kirby,
2001; Lichtman, Okoruwa, Keku, Schwab, & Sartor, 1992). Cells treated this way are devoid
of cell walls and are therefore referred to as protoplasts. For controls, lactobacilli cells that
were not treated with either enzyme were referred to as “control protoplasts” (Chapter 2;
section 2.5.1). The control protoplasts do not make a significant difference to the inhibitory
power of the Lactobacillus cells, but the actual protoplasts cause a ~ 50 % reduction in its
inhibitory property suggesting that the cell wall or its components play a role in mitigating
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T. vaginalis adhesion.

Figure 4.1. Effect of L. gasseri protoplasts on the adhesion of T. vaginalis B7RC2
to hVECs. Data expressed as a percentage change of parasitic adhesion with statistical
significance indicated by “*” for p < 0.05 and “**” for p < 0.01. Control is created by
comparing hVECs incubated with T. vaginalis only and hVECs incubated with both
T. vaginalis and L. gasseri ATCC 9857 without removal of the unbound bacteria. All tests
were performed in triplicates.

Based on this result, we next questioned as to which cell wall components could be
potentially involved in T. vaginalis adhesion inhibition, and if the same components were
also involved in bacterial adhesion to host cells. To determine if surface proteins played a
role, we enzymatically digested the outer surface of Lactobacillus with proteinase K enzyme.
Proteinase K is a serine protease known to digest a wide range of proteins and peptides.
Given the chemical nature of the Gram-positive cell wall of lactobacilli, proteinase K would
digest only the peptides exposed on the cell surface but not the peptidoglycan layer or reach
the periplasmic and cytosolic proteins. The cells were first incubated with the enzyme,
washed and then used in adhesion assays (Chapter 2; section 2.5.2). As an additional control,
L. gasseri cells were also incubated with the enzyme buffer alone without the presence of
any proteinase K, indicated as “0 mg/ml” on the x-axis of Figure 4.2 and 4.3.

Proteinase K digestion appeared to decrease the inhibitory capability of L. gasseri against
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Trichomonas adhesion to hVECs substantially, and this decrease became more prominent
as the enzyme concentration was raised. At the lowest enzyme concentration (0.025
mg/ml), there was ~50 % inhibition of T. vaginalis adhesion. However, upon increasing the
concentration to 0.1 mg/ml, the inhibition further decreased to ~14 %, indicating the role
of surface proteins in this microbial interaction. Although statistically not significant, the
decrease in inhibition was also contributed by the buffer itself, albeit to a small degree. As
can be seen from Figure 4.2, despite the additional control (0 mg/ml) containing only the
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buffer (Tris and 0.1 % SDS) and no enzymes, the inhibition was reduced by roughly 10 %.

Figure 4.2. Effect of
proteinase
K enzyme
digested
L. gasseri
ATCC
on T. vaginalis
Concentration
of Proteinase
K enzyme
used to digest
L. gasseri ATCC
98579857
cell surface
adhesion to host cells. Data expressed as a percentage change of parasitic adhesion with
statistical significance indicated by “*” for p < 0.05 and “**” for p < 0.01. Control is
created by comparing triplicates of hVECs incubated with T. vaginalis only and triplicates
of hVECs incubated with both T. vaginalis and L. gasseri ATCC 9857. All other tests were
performed in triplicates.
Since competition for adhesion sites on hVECs might relate to the ability of L. gasseri
to inhibit T. vaginalis (competition adhesion mode as examined in Chapter 3), we also
simultaneously examined if the proteinase K treatment caused an alteration in Lactobacillus
adhesion to hVECs. For this, we incubated L. gasseri cells with increasing concentrations
of proteinase K enzyme in a manner similar to the one described above. The cells were then
washed and incubated with a confluent monolayer of hVECs. At the end of the incubation
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period, the supernatant containing the unbound cells was collected and analysed by FCM
(Figure 4.3).

Surprisingly, the enzyme digestion enhanced bacterial adhesion which increased with
increase in enzyme concentration (Figure 4.3). In absence of enzyme treatment, roughly
80 % of the L. gasseri remained attached to host cells. When exposed to proteinase K, the
level of adhesion increased by 10 % but only at the higher enzyme concentrations. However,
this small increase in bacterial adhesion could not be correlated to the bacteria’s ability to
inhibit T. vaginalis adhesion (see Figure 4.2). Removal of the surface proteins decreased the
ability of the Lactobacillus to inhibit Trichomonas but increased bacterial attachment to host
cells.

Figure 4.3. Effect of increasing concentrations of enzyme treatment on L. gasseri
ATCC 9857 attachment to hVECs. Data expressed as a percentage of bacteria adhering
to cells with statistical significance indicated by “*” for p < 0.05 and “**” for p < 0.01.
Control consists of untreated L. gasseri cells. All treatments including the control were
performed in triplicates.
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4.2.2 The LiCl-extractable surface proteins of Lactobacillus gasseri
contribute to the inhibition of parasite adhesion to host cells
As previously described, surface proteins are capable of attenuating T. vaginalis
adhesion to host cells. We, therefore, wanted to know if the lactobacilli surface proteins,
non-covalently bound and extractable by LiCl, could participate in this process. These types
of proteins, e.g. S-layers, have been found to play important roles in attenuating pathogen
virulence and mediating cell attachment in other Lactobacillus species and strains (Hymes,
Johnson, Barrangou, & Klaenhammer, 2016; Zhang et al., 2013). Since the S-layers are
non-covalently associated with the cell wall, their extraction is easily achieved via high
concentrations of chaotropic reagents. The most widely used method involves extracting the
S-layer by treating whole cells with 5 M lithium chloride (LiCl) solution. In this protocol,
both the LiCl extract and the ‘naked’ bacteria (i.e., bacteria with intact cell walls but missing
those proteins) were collected for analysis. While the LiCl extract was dialysed against water
and lyophilised, the ‘naked’ cells were washed by centrifugation to remove the LiCl.

We hypothesised that if the LiCl-extractable proteins of L. gasseri ATCC 9857 were to be
involved in the inhibition of T. vaginalis adhesion to host cells, then the LiCl protein extract
would provide inhibition of Trichomonas adhesion while the ‘naked’ bacteria would have
lost at least some of that inhibition.

Since we have worked with fixed bacterial concentrations, as shown previously in this
chapter, the LiCl extracts were also diluted down to concentrations that were equivalent to
those of living bacterial cells used in fixed concentrations in our previous adhesion assays
and which are known to inhibit T. vaginalis adhesion significantly as shown here previously.
Titrations, below and above this concentration, would indicate if inhibition would behave in
a dose-response manner, such as whole cells in the previous adhesion assays. Together, these
assays should reveal the degree of contribution of these L. gasseri LiCl-extractable surface
proteins to the inhibition of T. vaginalis adhesion to host cells.
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To evaluate the contribution of L. gasseri surface proteins extracted by LiCl on the inhibition
of T. vaginalis adhesion to hVECs, 10-fold serial dilutions of this extract were pre-incubated
with a confluent monolayer of hVECs for 30 minutes followed by the addition of T. vaginalis
and incubation for another 30 minutes. The host epithelial cells were washed to remove
unbound T. vaginalis, trypsinised and the mixture of hVECs and bound T. vaginalis was
analysed by FCM (Figure 4.4). In this experiment, we started with a concentration that was
a 100-times higher (100X conc) than the equivalent of whole cells (Control). From there,
four 10-fold serial dilutions were tested including the exact cellular equivalent concentration
(eqv conc). The results show that the inhibition provided by the LiCl extract contributed to
about 28 % - 40 % at its cellular equivalent concentration and that this level of inhibition
is virtually saturated since no further inhibition is achieved with increased concentrations
of the LiCl protein extract. This finding suggests that L. gasseri surface proteins contribute
substantially to the inhibition of T. vaginalis adhesion to hVECs but this may not be the only
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Figure 4.4. Effect of different concentrations of LiCl extract on T. vaginalis B7RC2
adhesion to hVECs. Data expressed as a percentage change of parasitic adhesion with
statistical significance indicated by “*” for p < 0.05 and “**” for p < 0.01. Control was
created by comparing triplicates fo hVECs incubated with T. vaginalis only and triplicates
of hVECs incubated with both T. vaginalis and L. gasseri ATCC 9857. All other tests were
also performed in triplicates.
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Next, instead of the LiCl protein extracts, we tested if LiCl treatment would change the
ability of L. gasseri cells to inhibit T. vaginalis adhesion. LiCl treatment would remove
proteins that are not covalently linked to the surface of lactobacilli and the extent of removal
could be dependent on the salt concentration. Additionally, during incubation with host cells
and T. vaginalis, it is possible that the LiCl-treated lactobacilli could replenish their cell
surface with the molecules that were extracted.

To test these possibilities, lactobacilli were incubated with increasing concentrations of
LiCl (0.3 M to 5 M). After treatment, but before using these ‘naked’ lactobacilli for the
adhesion assays, half of the cell suspension (LiCl-treated lactobacilli) was taken and fixed
with formaldehyde. Fixation would immediately kill the lactobacilli but preserve the cellular
structure and prevent resynthesis of surface proteins. These ‘naked’ lactobacilli, treated with
increasing concentrations of LiCl being either fixed or not fixed with formaldehyde, were
used in the adhesion assays. To evaluate the participation of surface proteins extracted by
LiCl on the inhibition of T. vaginalis adhesion to host cells, these were compared to the
control which came from the same culture of untreated lactobacilli cells. The control thus
represents the total level of inhibition.

As a result, LiCl treatment of L. gasseri decreased the level of T. vaginalis inhibition in
a LiCl-concentration dependent manner (Fig 4.5). The higher the LiCl concentration, the
more pronounced was the reduction in inhibition. Additionally, throughout the different
concentrations of LiCl, there was a trend of achieving greater reduction of T. vaginalis
inhibition when the LiCl-treated lactobacilli were fixed with formaldehyde. This indicates
that live LiCl-treated lactobacilli might be re-synthesizing surface proteins during incubation
with cells and that, preventing this from happening by fixation further reduces the level of
T. vaginalis inhibition. In agreement with the use of LiCl protein extracts previously (Fig
4.4), these results with ‘naked’ lactobacilli also indicate that the surface proteins extracted
by the same LiCl treatment contribute to the inhibition of T. vaginalis adhesion to host cells.
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hVECs+T. vaginalis + L . gasseri
(LiCl treated only)

hVECs+T. vaginalis + L . gasseri
(LiCl treated+Formaldehyde fixed)

Cells within each sample
Figure 4.1: Effect of LiCl treated L. gasseri ATCC 9857 on the adhesion of T. vaginalis

Figure 4.5. Effect of LiCl-treated L. gasseri ATCC 9857 on the adhesion of T. vaginalis
B7RC2 to hVECs. Lactobacillus in each sample was treated with increasing concentrations
B7RC2 to hVECs. Lactobacillus
in each sample was treated with increasing concentrations
of lithium chloride solution followed by with or without formaldehyde fixation.
of lithium chloride solution. Half of the treated samples were subjected to formaldehyde
fixation. Data expressed as a percentage change of parasitic adhesion with statistical
significance indicated by “*” for p < 0.05 and “**” for p < 0.01. Control is created by
comparing hVECs incubated with T. vaginalis only and hVECs incubated with both
T. vaginalis and L. gasseri ATCC 9857 without removal of the unbound bacteria. All tests
were performed in triplicates.

From the previous experiments (Figure 4.4 and 4.5), it became clear that the S-layer proteins
(and/or proteins extracted by LiCl treatment) played a role in the inhibition of T. vaginalis
adherence to host cells. We wanted to know if these proteins also contributed to the adhesion
of lactobacilli to the same host cells. If that was the case, it was possible that competition
for adhesion sites on the host cells could explain the inhibitory effect of lactobacilli on
T. vaginalis.

To find out, we treated L. gasseri with the increasing concentrations of LiCl solution, same
concentrations as in the previous experiment. Enumeration of lactobacilli cells was done by
FCM, after which they were subjected to LiCl treatment. At the end of this extraction process,
the cells were washed to remove the LiCl and finally resuspended in KSFM (hVECs media)
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and added to the confluent monolayer of hVECs. For that purpose, a control (without LiCl
treatment) from the same culture of lactobacilli was used here. At the end of the incubation
process, the supernatant containing unbound lactobacilli was collected and analysed by
FCM. This was the number of unattached bacteria, which was subtracted from the total
number of lactobacilli obtained initially before LiCl treatment. The total number of bound
lactobacilli was thus calculated and the results were expressed as percentage of attached
bacteria (Figure 4.6).

The results show that regardless of the LiCl concentration used, the LiCl-treated lactobacilli
remain as adherent to the host cells as the control (about 90 %). This indicates that the proteins
extracted by the LiCl solution, which were shown to contribute towards the inhibition of
T. vaginalis adhesion (Figure 4.4), do not play a role in the adhesion of the bacterium to these
host cells. Although the LiCl protein extract only partially contributed towards the inhibition
of T. vaginalis adhesion, these results do not support the hypothesis that this inhibition is
achieved due to physical blocking of possible attachment sites on the host that the bacteria

Percentage of hVECs-adherent L. gasseri ATCC 9857

and the parasite might compete for.
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Figure 4.6. Attachment of L. gasseri ATCC 9857 to hVECs when treated with increasing
concentrations of LiCl. Data expressed as a percentage of bacteria adhering to cells with
statistical significance indicated by “*” for p < 0.05 and “**” for p < 0.01. Control consists
of untreated L. gasseri cells (0M LiCl). All tests were performed in triplicates.
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As introduced initially in this chapter, LiCl treatment of lactobacilli should remove only
the non-covalently attached surface proteins, such as the S-layer proteins, but not proteins
covalently attached to the cell wall. Since the contribution of LiCl-extractable proteins was
only partial, we wanted to test if surface proteins other than the ones extracted by LiCl could
also contribute towards the inhibition of T. vaginalis adhesion to host cells. To this end,
LiCl-treated Lactobacillus cells were subjected to digestion by proteinase K and at different
concentrations (no enzyme- 0mg/ml, 0.025 mg/ml, 0.05 mg/ml and 0.1 mg/ml). As a control,
the same culture of lactobacilli but without any treatment was used here. Incubations with
hVECs and the same FCM-based protocols were followed for determining the number of
adhered T. vaginalis to host cells (Figure 4.7).

The control indicates again a high level of inhibition of T. vaginalis adhesion to host cells
(about 90 %). In this experiment, the LiCl-treated lactobacilli (0 mg/ml) had reversed
this phenotype by about 40 %. A further treatment with proteinase K (irrespective of the
concentration) reversed this phenotype even further, a total of about 60 % - 70 %. In other
words, removal of virtually all proteins from the surface of L. gasseri (achieved by LiCl and
proteinase K consecutive treatments) enabled T. vaginalis to adhere much better to the host
cells. Although the reversion of T. vaginalis adhesion is not complete (still about 30 % - 40 %
lower than with the untreated control bacteria), the results here support that LiCl-extracted
proteins and other covalently attached surface proteins of L. gasseri together contribute
largely (60 % - 70 %) towards the inhibition of T. vaginalis to host cells.

In addition to testing their effect on T. vaginalis adhesion, we wanted to know if the double
treatment affected Lactobacillus adhesion to host cells. The chemically modified lactobacilli
were incubated with a confluent monolayer of hVECs and the supernatant analysed by FCM
as described previously. As shown in Figure 4.8, the adhering ability was not reduced despite
stripping off the surface proteins. This further reinforces our previous findings that there is
no observable correlation between T. vaginalis inhibition and host cell adhesion of bacteria.
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Figure 4.7. Effect of double-treated (LiCl and enzyme digestion) L. gasseri ATCC
9857 on T. vaginalis adhesion to hVECs. Data expressed as a percentage change of
parasitic adhesion with statistical significance indicated by “*” for p < 0.05 and “**” for
p < 0.01. Control is created by comparing hVECs incubated with T. vaginalis only and
hVECs incubated with both T. vaginalis and L. gasseri ATCC 9857 without removal of the
unbound bacteria. All tests were performed in triplicates.

Figure 4.8. Effect of double treatment (LiCl and enzyme digestion) on L. gasseri ATCC
9857 adhesion to hVECs. Data expressed as a percentage of bacteria adhering to cells
with statistical significance indicated by “*” for p < 0.05 and “**” for p < 0.01. Control
consists of untreated L. gasseri cells (0M LiCl). All tests were performed in triplicates.

4.2.3 Galectin-1 on host cell surface is involved in T. vaginalis adhesion but
not in L. gasseri adhesion
We have shown that proteins on the surface of L. gasseri contribute towards the
inhibition of T. vaginalis adhesion to host cells. Removal of surface proteins that are noncovalently linked and covalently linked to the cell wall of lactobacilli appear to adversely
affect this inhibition (Figures 4.2, 4.5 and 4.7). Together, they might contribute up to a level
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of 70 % inhibition. Despite this significant contribution, lactobacilli lacking these proteins
still maintain identical levels of adhesion to the same host cells indicating that competition to
binding sites on the host cells is not the major mechanism that could explain this inhibition.
However, because inhibition cannot be completely reversed by the treatments before,
competition between L. gasseri and T. vaginalis to binding sites on the host cells cannot
be ruled out as a mechanism to explain the inhibition. In fact, it is still likely that other
molecules or mechanisms of inhibition might be used by lactobacilli.

To that extent, Okumura et al. (2008) had shown that host galectin (gal-1) is expressed
in hVECs and serves as a host cell receptor for the adhesion of T. vaginalis. Lipoglycan
molecules (LG) on the surface of the T. vaginalis cell surface is the binding molecule to
gal-1. Although their results suggest that this may not be the only host cell receptor for
the adhesion of T. vaginalis, truncation of LG does reduce the adhesion of T. vaginalis
significantly. Galectins are lectins, carbohydrate-binding proteins, with binding specificity
for β-galactoside sugars as galectin-1 displays affinity to lactose. As shown by Okumura et
al. (2008), lactose (0.2 M) can compete with T. vaginalis for binding to the gal-1 receptor
decreasing its adhesion to host cells.

With this knowledge in mind, we wanted to know (a) if L. gasseri binding to host cells
is mediated by a lactose-binding lectin such as gal-1 and, if so, (b) competition between
L. gasseri and T. vaginalis to host gal-1 receptor could explain the contact-dependent
inhibitory effect of lactobacilli on T. vaginalis adhesion to hVECs. To find out, we performed
an adhesion assay where the hVECs were pre-incubated with different concentrations of
either the competitive sugar-binding molecule (i.e. lactose) or sucrose, a non-competitive
sugar molecule (i.e. a negative control). Finally, the supernatant was removed and cells were
washed to remove the unbound sugars. This was followed by addition of T. vaginalis and
the number of adherent microorganisms was counted by FCM. Similar to previous adhesion
assays, host cells pre-incubated with L. gasseri followed by T. vaginalis served as a control.
In this assay, different concentrations of sugar (0.2 M, 0.1 M and 0.5 M) was tested to
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determine the minimum concentration required to inhibit T. vaginalis adhesion to hVECs
(Figure 4.9).

As expected, the gal-1 competing sugar lactose partially inhibited T. vaginalis binding.
However, this was true only at the highest molar concentration (0.2M). Sucrose, the noncompeting sugar, did not have any significant effect on T. vaginalis adhesion. It is important
to note that while lactose affects T. vaginalis binding, it appeared to have negligible effect on
L. gasseri binding to hVECs (Figure 4.10) irrespective of the sugar concentration used. This
suggests that the bacteria utilises another set of binding molecules on the host cell surface.

Figure 4.9. Effect of lactose or sucrose on T. vaginalis adhesion to hVECs. Data expressed
as a percentage change of parasitic adhesion with statistical significance indicated by “*”
for p<0.05 and “**” for p<0.01. Control is created by comparing triplicates of hVECs
incubated with T. vaginalis only and triplicates of hVECs incubated with both T. vaginalis
and L. gasseri ATCC 9857 without removal of the unbound bacteria. All other tests were
also performed in triplicates.
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Figure 4.10. Effect of lactose or sucrose on the attachment of L. gasseri ATCC 9857
to hVECs. Data expressed as a percentage of bacteria adhering to cells with statistical
significance indicated by “*” for p < 0.05 and “**” for p < 0.01. Control consists of
untreated L. gasseri cells. All tests were performed in triplicates.

As the concentration of Lactobacillus used in this study was relatively high (2.5 x 107
cells/ml), we wondered if this could have been the reason as to why there was no observable
change in bacterial adhesion. The cell concentration could have been too high relative to
the sugar concentration. To confirm if this was the case, we performed a titration-based
adhesion assay where the concentration of the disaccharides was kept constant at 0.2 M and
the Lactobacillus concentration was reduced 10-fold from 2.5 x 107 cells/ml to 2.5 x 104
cells/ml. As can be seen from Figure 4.11, irrespective of the bacterial concentrations used,
lactose and sucrose did not have any effect on its adhesion property.
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Figure 4.11. Effect of lactose or sucrose on the adhesion of different concentrations of
L. gasseri ATCC 9857 to hVECs. Data expressed as a percentage of bacteria adhering to
cells with statistical significance indicated by “*” for p < .05 and “**” for p < 0.01. Control
consists of untreated L. gasseri cells. All tests were performed in triplicates.
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4.3 Summary and discussion
The inhibitory phenotype of Lactobacillus is expressed when the microbes
(Lactobacillus and Trichomonas) are in contact with each other. This suggests that the
Lactobacillus cell wall and/or its components could be potentially involved in this inhibition
process. The reduction in the inhibitory behaviour when bacterial protoplasts were used
further reinforces this hypothesis.

Enzyme digestion of this cell surface affected the bacteria’s ability to inhibit T. vaginalis
adhesion. Higher enzyme concentration resulted in reduced inhibitory ability, almost
reaching near abolishment at 0.1mg/ml of enzyme concentration, suggesting that most of the
protection offered by the Lactobacillus comes from surface proteins that are susceptible to
proteinase K digestion.

More specifically, the extract obtained from the LiCl treatment of L. gasseri showed
substantial inhibitory behaviour against T. vaginalis adhesion. Given the fact that the S-layer
proteins cover the outermost surface of the Lactobacillus cell wall, they are most exposed
to the outside environment and hence the most likely candidates to be targetted in the
enzymatic degradation process. In other Lactobacillus species, these S-layers have been
implicated in the reduction of pathogen adhesion (Johnson-Henry et al., 2007; Spurbeck &
Arvidson, 2010). This provides indirect evidence on the potential role of S-layer proteins in
reducing Trichomonas adhesion. However, it is possible that the LiCl solution might have
also extracted other non-S-layer proteins that are non-covalently linked to the cell surface.
Similar effect was observed when LiCl extracts of Lactobacillus helveticus also inhibited the
binding of E. coli O157:H7 to epithelial cells (Johnson-Henry et al., 2007).

This extract was analysed by Mass Spectrometry (MS) but unfortunately, the MS results
were negative and failed to show the presence of any S-layer proteins. Despite repeated
attempts, we were unable to detect the S-layers in L. gasseri ATCC 9857 strain. L. gasseri
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ATCC 33323, a type strain, was also used as a positive control to confirm the efficacy of the
LiCl extraction process (Appendix I). It is possible that the structural makeup of the S-layer
proteins from L. gasseri ATCC 9857 differs from that of the L. gasseri ATCC 33323 strain.
This difference could have made the protein more susceptible to downstream processing
post-LiCl extraction, thereby finally obtaining very limited amounts of the S-layer protein,
such that it is virtually undetectable by mass spectrometry. It has also been shown in Chapter
5 that the S-layer gene sequence and the amino acid sequence from strain ATCC 9857
varies from that of the type strain, ATCC 33323 by 20 %. This difference in sequence could
possibly affect the overall property of the protein. Furthermore, Lactobacillus gasseri is
phylogenetically closer to Lactobacillus johnsonii than compared to other Lactobacillus
strains (Åvall-Jääskeläinen & Palva, 2005). Hence, when L. johnsonii cell surface was
analysed by atomic force microscopy (AFM), it was suggested by the publishers that
the L. johnsonii surface could consist of alternating patterns of crystalline proteins and
polysaccharide domains (Schaer-Zammaretti & Ubbink, 2003). It cannot be said for certain
if the same is true for L. gasseri ATCC 9857 and needs to be directly analysed by AFM.
However, it can be speculated that if the same alternating pattern does exist in L. gasseri
ATCC 9857, then it is possible that the standardized LiCl extraction process might not have
been sufficient for this particular strain. Despite repeated attempts to modify and optimize
the extraction process, the MS results failed to detect any S-layer proteins.

Despite this, whatever components may have been extracted by the LiCl solution, partial
inhibition of T. vaginalis adhesion can be attributed to the LiCl extract. However, increasing
the LiCl concentration by a 100-fold did not significantly increase the inhibition. The
inhibition provided by the extract reached a level of saturation such that greater inhibition
could no longer be achieved with higher concentration of these LiCl-extractable proteins.
This could imply the possible involvement of other pathways of inhibition. It is possible that
the Lactobacillus cells utilize a combination of different surface molecules, thereby creating
a synergistic effect. Although mass spectrometric analysis of the extract did not show the
presence of any S-layer proteins, it was still preliminary to rule out the role of S-layer in
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parasite inhibition. A more reliant way of determining its role would be to adopt a geneticbased approach. This has been worked out in the next chapters.

S-layer proteins constitute up to 10 % - 15 % of the total cell protein content (Boot & Pouwels,
1996) but this has not been measured in L. gasseri. In fact, although L. gasseri has S-layers
homologues, it is disputed whether these are typical S-layers and this has been discussed
in the next chapter. The S-layers play several important roles that include maintenance
of cell shape and integrity, adhesion to host cells and inhibition of pathogen colonization
(Mobili, Gerbino, Tymczyszyn, & Gómez-Zavaglia, 2010). Cells of Lactobacillus gasseri
whose non-covalently linked surface proteins were stripped off by LiCl solution, exhibited
reduced inhibition against T. vaginalis; suggesting that the S-layer type of proteins might
contribute to its inhibitory behavior. However, even at the highest salt concentration, the
inhibition by the lactobacilli continued to inhibit Trichomonas by ~60 %. Formaldehyde
treatment of the LiCl-treated cells further reduced inhibition (Figure 4.5). However, fixation
by formaldehyde also results in dead cells with intact membranes. Hence the relatively low
inhibition that we observed might simply be because of the dead bacteria cells settling down
to the bottom of the well thereby physically blocking the Trichomonas cells. Furthermore,
formaldehyde treatment also results in methylene cross-linking, thereby altering protein
structure (Thavarajah, Mudimbaimannar, Elisabeth, Rao, & Ranganathan, 2012). This also
could potentially affect our results. In addition, in these adhesion assays a much higher
concentration of Lactobacillus was used (2.5x107 cells/ml) as compared to T. vaginalis
(2.5x106 cells/ml) as explained in Chapter 3.

L. gasseri cells were also subjected to double treatment processes, where the bacterial
cells were first LiCl-extracted followed by digestion with proteinase K enzyme. Despite
not achieving complete abolishment of inhibition, these double treated Lactobacillus cells
showed a significant reduction in inhibition from ~90 % to about 20 %, suggesting that the
inhibitory behaviour is strongly proteinaceous in nature and mostly involves the cell surface
molecules.
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Some studies indicate the possible role of the lactobacilli elongation factor (EF-Tu),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and triosephosphate isomerase (TPI)
in pathogen adhesion inhibition (Dhanani, Gaudana, & Bagchi, 2011; Ramiah, Reenen, &
Dicks, 2008). Although these proteins (EF-TU, GADPH, TPI) are traditionally located
inside the cells, studies suggest that they can also be present on the cell surface. Such
proteins, commonly known as moonlighting proteins, are characterised by their ability to
have multiple diverse functions and often at very different locations of the cell. (Huberts &
van der Klei, 2010; Granato et al., 2004; Kinoshita et al., 2008). Although care was taken
to maintain maximum bacterial cell viability (at least 90 %) for all assays, it is still possible
that some of the dead cells, with their compromised cell membranes, could have released
cytosolic proteins that could have contributed towards Trichomonas inhibition.

Application of enzyme, or LiCl, or a combination of both to the Lactobacillus surface however
did not reduce its ability to adhere to host cells. Removal of the S-layer resulted in enhanced
adhesion to laminin in some Lactobacillus isolates (Jakava-Viljanen & Palva, 2007). It is
possible that the chemical and enzymatic treatments could have exposed the underlying
surface molecules or triggered the expression of molecules that mediate bacterial attachment.
This could possibly suggest that separate surface proteins or other non-proteinaceous
molecules are at play when it comes to Lactobacillus attachment. On the other hand, other
studies have shown that enzyme treatments of other Lactobacillus species reduced their
ability to attach to the mucosa or epithelial cells (Ouwehand, Tolkko, & Salminen, 2001;
Tuomola, Ouwehand, & Salminen, 2000; Adlerberth et al., 1996). However, it should be
noted that in these studies, different Lactobacillus strains, different enzymes (trypsin, pepsin
etc) and/or different substrates (such as mucus or colonic cell line) were used to investigate
the attachment of the lactobacilli.

The stripping off the surface proteins could also have created a stressful situation for the
treated lactobacilli. This, in turn, might have triggered a survival mechanism that caused
them to adhere to the host cells to the same degree as the untreated controls.
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Galectin-1, a class of lectin binding molecules, has been implicated in facilitating T. vaginalis
binding to host cells (Okumura, Baum, & Johnson, 2008). However, our findings indicate that
they are not involved in Lactobacillus binding. This suggests two possibilities - (1) that the
bacteria and the parasites attach to the same host cells via completely different mechanisms,
utilizing different binding sites on the human cells, and (2) that the bacteria and the parasites
might still have some if not all host cell binding sites in common but galectin-1 is not one
of them. The binding of N-glycans of Trichomonas to mannose-binding lectins (MBL) has
been documented (Chatterjee et al., 2015). Interestingly, species of Lactobacillus such as
L. plantarum, L animalis and L. fermentum were also found to bind to host epithelial cells
via glucose/mannose specific lectins (Adlerberth et al., 1996; Gusils, González, & Oliver,
1999). This warrants further investigation into the possible host binding sites that the two
microorganisms might compete for.

End of Part 1
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Part 2: The aggregation-promoting
factor-like proteins and their role in
Trichomonas vaginalis adhesion inhibition

95

Chapter 5
Bioinformatic analysis of the
aggregation-promoting factors from
Lactobacillus gasseri ATCC 9857
“Let’s have a BLAST!”
-Anonymous

5.1 Introduction

Our previous findings revealed that proteins associated with the surface of L. gasseri
largely contribute to the inhibition of T. vaginalis adhesion to host cells. Given the fact that
the S-layer proteins cover the outermost surface of Lactobacillus, it would be logical to
hypothesise that these proteins could be involved in T. vaginalis adhesion inhibition. In this
chapter, we have applied bioinformatic analysis to predict and understand their putative
structure and functions. We next aim to use this knowledge to help clone these genes into
suitable host cells.

5.2 Results
In this chapter, the genes encoding the aggregation-promoting factors in L. gasseri
ATCC 9857 have been identified and their properties analysed and predicted using
bioinformatic tools. The predicted properties conform to those of other known S-layer
proteins.
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5.2.1 Identification of S-layer genes in ATCC 9857
For the purpose of cloning, we could not use the genome of L. gasseri strain
ATCC 9857 as its genome has not been sequenced till date. At the time this study was being
conducted, the reference strain, L. gasseri ATCC 33323, was the only L. gasseri strain whose
genome was completely sequenced and available at the NCBI database. A gene search reveals
that while Lactobacillus gasseri strain ATCC 33323 does not have an aggregation-promoting
factor (apf) gene, it does seem to have a gene for an aggregation-promoting factor-like
(apf-like) surface protein. Similar to L. acidophilus, this strain also has two copies of the
apf-like genes: LGAS_1546 and LGAS_1547. Hence, the primers that were used to amplify
and clone the ATCC 9857 apf-like genes were initially designed using the gene sequences of
the type strain (L. gasseri ATCC 33323) as the template. However, this strategy of utilizing
the nucleotide sequences from the type strain proved to be unsuccessful as the genes from
the two strains showed a considerable degree of dissimilarity (data not shown). Hence, it
became imperative that the actual L. gasseri ATCC 9857 apf-like genes be fully sequenced.

To simplify, the labelling of all aggregation-promoting factors from here onwards will carry
a part of the name of the strain as a suffix. For example apfs (gene) or APF (proteins) from
strain ATCC 9857 will be referred to as apf-like98 and APF-like98 respectively. Similarly,
the LGAS_1546 and LGAS_1547 from ATCC 33323 will be renamed as apf-2-like33 and
apf-1-like33 respectively (Table 5.1). The labelling will not carry any suffix only if it is being
referred to as a generic group.
Table 5.1. Labelling of apf-like genes and APF-like proteins from L. gasseri strains
ATCC 9857 and ATCC 33323
ATCC 9857
ATCC 33323
apf-1-like /
apf-1-like98/
a p f - 1 - l i k e 33/
APF-1-like
apf-2-like /

APF-1-like98
apf-2-like98/

APF-1-like33
apf-2-like

APF-2-like

APF-2-like98

APF-2-like33
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33

/

As previously discussed in Chapter 1, section 1.5.2, phylogenetic analysis carried out
by Åvall-Jääskeläinen & Palva (2005) showed that the S-layer proteins from various
Lactobacillus species (L. acidophilus, L. crispatus, L. helveticus, L. gasseri, L. johnsonii
and L. brevis) appear to group into two main clusters. The first cluster consisted of closely
related strains of L. acidophilus Group A (L. acidophilus and L. crispatus with L. helveticus),
which clearly branched away separately from L. acidophilus Group B (L. gasseri and L.
johnsonii). For this reason, we collected apf or apf-like genes from as many L. gasseri and
L. johnsonii strains as was possible from the NCBI database. In addition, we also collected
the flanking gene sequences, both upstream and downstream of LGAS_1546 (or apf-2like33) and LGAS_1547 (or apf-1-like33) from the available L. gasseri/L. johnsonii strains
(LGAS_1544, LGAS_t1545, LGAS_1548 and LGAS_1549). Sequences thus obtained
were next analysed by Geneious multiple sequence alignment (Appendix I) and regions
that were highly conserved were chosen for primer design. Primers were designed to favour
hybridization to conserved regions located upstream and downstream of the apf-like33
genes (Appendix II). Figure 5.1 shows a schematic overview of the steps adopted for PCR
amplification and full sequencing of the apf-like98 genes.

98

Align all sequences
Sequence 1

LGAS_1546/1547

Sequence 2

LGAS_1546/1547

Sequence 3

LGAS_1546/1547

Sequence 4

LGAS_1546/1547

Select regions that are highly conserved
Conserved regions

Conserved regions
LGAS_1546/1547
LGAS_1546/1547
LGAS_1546/1547
LGAS_1546/1547

Design primers based on the conserved regions

Sequencing and analysis of the primer amplified regions from L. gasseri ATCC 9857 genome
Primer
LGAS_1546/1547

Primer

Based on new sequence, design additional primers to sequence the remaining nucleotides
Primer
LGAS_1546/1547

Primer

Analyse and prepare contigs to obtain full sequence of L. gasseri ATCC 9857 genes

Figure 5.1. A schematic overview of the approach taken for the sequencing of apf-like98
genes from Lactobacillus gasseri ATCC 9857
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5.2.2 Predicted features of APF-like98 proteins in L. gasseri ATCC 9857
The two newly sequenced nucleotide sequences of apf-1-like98 and apf-2-like98
were submitted to the NCBI database (submission number 1987865). The gene sequences
were translated to their corresponding amino acid sequences by Expasy Translate tool.
The protein sequences were then used for signal peptide prediction. If these are surface
proteins, they might carry a typical N-terminal signal peptide for exportation as seen in
their homologues, which is then cleaved off by appropriate signal peptidases. The protein
sequences of apf-1-like98 and apf-2-like98 were examined for the presence of signal peptide
using the SignalP 4.1 Server. This software predicts the possibility of signal peptides based
on neural networks (NN) method. SignalP version 4 can distinguish between secretory signal
peptides and transmembrane domains of a protein and the prediction accuracy is relatively
high (Petersen, Brunak, von Heijne, & Nielsen, 2011). After exportation, the protein is then
either secreted out to the extracellular environment or is retained at the cell envelope if it
contains a sequence that ensures its attachment to the cell membrane or the peptidoglycan
cell wall (Chapot-Chartier & Kulakauskas, 2014 ).

Figure 5.2 shows that SignalP predicts, with high confidence, the presence of signal peptides
and their exact cleavage site in both APF-1-like98 and APF-2-like98. Based on the prediction
results from SignalP, the corresponding nucleotide sequence encoding for the leader peptide
was not included in cloning experiments as the cloning plasmid vectors had a signal
peptide of their own. Figures 5.3 and Figure 5.4 show the nucleotide and protein sequences
of apf-1-like98 and apf-2-like98 where, following SignalP prediction, the signal peptide
sequences were highlighted on each sequence. The two genes differ from most bacterial
genes by the fact that their start codon is a TTG triplicate instead of the classical ATG.
Genes containing TTG as their start codons have been identified in other species of bacteria
as well, such as the Gram-positive bacterium Staphylococcus aureus and the Gram-negative
Rhodospirillum rubrum (Fitzmaurice, Saari, Lowery, Ludden, & Roberts, 1989; Loessner,
Gaeng, Wendlinger, Maier, & Scherer, 1998). The gene apf-1-like98 is 786 bp long and its
corresponding protein is 28 kDa. The gene apf-2-like98 is 894 bp long and the molecular
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weight of its corresponding protein is 32 kDa.
>Sequence

# Measure Position
Value Position
Cutoff signal
de?
# Measure
Valuepepti
Cutoff signal pepti
de?
max. C 39
0.761
max. C 39
0.761
max. Y 39
0.727
max. Y 39
0.727
max. S 18
0.944
max. S 18
0.944
mean S 1-38 mean
0.823 S 1-38 0.823
D 1-38 0.765 D0.450
1-38YES
0.765 0.450 YES
Name=Sequence
SP='YES' Cleavage
site between
pos.site
38 between pos. 38 and 39: VKA-AE D=0.765
Networks=Sig
Name=Sequence
SP='YES'
Cleavage
and 39:D-cutoff=0.450
VKA-AE D=0.765
D-cutoff=0.450 Networks=Sig
# Measure
de?
# data Position #Value
data Cutoff signal pepti

Figure 5.2 a. Signal peptide prediction result for APF-1-like98 protein using Neural
Networks (NN)
>Sequence

# Measure Position Value
Cutoff
signal peptide?
max. C
35
0.857
max. Y
35
0.836
max. S
7
0.945
mean S
1-34
0.871
D
1-34
0.850
0.450
YES
Name=Sequence
SP='YES' Cleavage site between pos. 34 and 35: AQA-AT D=0.850 D-cutoff=0.450
# Measure
Position Value
Cutoff
signal peptide?
Networks=SignalP-TM

Figure 5.2 b. Signal peptide prediction result for APF-2-like98 protein using Neural
Networks (NN)
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ttgaatatgcttaacaataatttgaaatcaactttaactaaaaccgctgcagcagctgct
M N M L N N N L K S T L T K T A A A A A
cttactttagcaggtgccgcaattgtaaataatactcaaaatactgtaaaggccgcagaa
L T L A G A A I V N N T Q N T V K A A E
gttactgttggccaacaagaaaagattgttacaattaactatcttccacataagagcatt
V T V G Q Q E K I V T I N Y L P H K S I
gctgtttggaattcatacggtcctgataagcaaatgactggtcaatacttaccacacgca
A V W N S Y G P D K Q M T G Q Y L P H A
actgcttggaaagttatcagagctgcctacgatgatgcaggtaacaagtggtacgacctt
T A W K V I R A A Y D D A G N K W Y D L
ggtgcaaaccaatgggtaatggcgaagtacactcgcttaggtaaagatactgttgaccct
G A N Q W V M A K Y T R L G K D T V D P
aatgttgcttcagaattgtttacttcacaagcaagttcatacaatactgcagcacaaact
N V A S E L F T S Q A S S Y N T A A Q T
caaactactcaaggttcatactcagctcctaagacttcagtaggttcttactcatcagta
Q T T Q G S Y S A P K T S V G S Y S S V
caaagtactcaaactcaacaagctccagtacaaaaagcacaaccttcacaatcacaatca
Q S T Q T Q Q A P V Q K A Q P S Q S Q S
agctacacttcaaacgtatctggttctgaagcagcagctaaagcatggattgcaggacgt
S Y T S N V S G S E A A A K A W I A G R
gaatcaggtggttcatactcagcaagaaatggtcaatacattggtaagtaccaattatca
E S G G S Y S A R N G Q Y I G K Y Q L S
gcatcataccttggtggagactactcagcagcaaaccaagaacgtgtagcagataactac
A S Y L G G D Y S A A N Q E R V A D N Y
gtaaagtcacgttacggttcatggactaatgctcaaagtttctggcaatcaaacggctgg
V K S R Y G S W T N A Q S F W Q S N G W
tactaa
Y -

Figure 5.3. Nucleotide sequence of apf-1-like98 and its corresponding amino acid
sequence from Lactobacillus gasseri ATCC 9857. Signal peptide and the nucleotide
sequence encoding the leader peptide are in red.

ttgaaatttcaatctatcttaactaagtcacttgcagcagctgctcttaccgcaactggt
M K F Q S I L T K S L A A A A L T A T G
ttggtagctttaaattcacaaaatactaatgacgcacaagctgctactattgttcaaaat
L V A L N S Q N T N D A Q A A T I V Q N
gatactaatgttgtaactattaataatgcaaattctactgttgccgtttgggatggcgtt
D T N V V T I N N A N S T V A V W D G V
gaaaatgctcactttactggcaaagaattagtacatggtacaacttggaaagttatcaga
E N A H F T G K E L V H G T T W K V I R
actgcttatgatgccatgggtaataagtggtatgaccttggcgcaaaccaatggatcatg
T A Y D A M G N K W Y D L G A N Q W I M
gctaagtacactgtagaaggtggaaatgctgcaactgctaaagttgctactgctacaact
A K Y T V E G G N A A T A K V A T A T T
gctcaagctcctgttcaacaagctcaagcttcagtacaaaagcaacaaactacccaagta
A Q A P V Q Q A Q A S V Q K Q Q T T Q V
caacaatcagcacaaaagcaaactacttctgtagcttcacaacaagtaaatactcaagct
Q Q S A Q K Q T T S V A S Q Q V N T Q A
aaggctgcaactcaagttcaacaccaaactgttgcacaagctcctaagactaactacaac
K A A T Q V Q H Q T V A Q A P K T N Y N
tacaatgtacaacgtacttactcagctccagtacaacaaagaacttacagctacgcttca
Y N V Q R T Y S A P V Q Q R T Y S Y A S
gcacaaaaacaaactactcaagtagcacaaaagacccaaacaactactagctacacttca
A Q K Q T T Q V A Q K T Q T T T S Y T S
aatgcttctggctctgaagctgcagctaaggcttggattgcaggacgtgaatcaggtggt
N A S G S E A A A K A W I A G R E S G G
tcatactcagcaagaaatggtcaatacattggtaagtaccaattatcagcatcatacctt
S Y S A R N G Q Y I G K Y Q L S A S Y L
ggtggagactactcagcagcaaaccaagaacgtgtagcagataactacgtaaaatcacgc
G G D Y S A A N Q E R V A D N Y V K S R
tacggttcatggactggtgctcaaaagttctggcaaactaacggttggtactaa
Y G S W T G A Q K F W Q T N G W Y -

Figure 5.4. Nucleotide sequence of apf-2-like98 and its corresponding amino acid
sequence from Lactobacillus gasseri ATCC 9857. Signal peptide and the nucleotide
sequence encoding the leader peptide are in red.
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5.2.3 Basic properties of the L. gasseri ATCC 9857 APF-like98 proteins
Basic properties of the APF-like98 proteins of L. gasseri ATCC 9857 were analysed.
Isoelectric points of APF-1-like98 and APF-2-like98 were 9.35 and 9.62 respectively. Both
proteins were highly hydrophobic (35 %), a characteristic trait of Lactobacillus S-layers.
Furthermore, concurrent with the traditional bacterial S-layers, lysine was the most abundant
amino acid (5.7 %) with low occurrences of arginine (2.3 %) and histidine (~1 %) residues
for both APF-like98 proteins.

5.2.4 Secondary structure predictions for APF-like98 proteins
The folding of a peptide into alpha helices and beta strands can be predicted based
on the amino acid sequence. Although the predictions of these secondary structures describe
the structures of small local regions within a peptide, they can provide information on the
protein functionality as they are often conserved through the evolution of the molecule
(Krissinel & Henrick, 2004). Secondary structure predictions for the S-layer proteins were
performed using GOR prediction software tool. The program employs Bayesian statistics
and prediction is based on the probability of the individual and neighbouring amino acids
to form secondary structures. It then couples this with databases containing experimentally
determined secondary structures (Garnier, Gibrat, & Robson, 1996). Secondary structure
prediction for APF-1-like98 and APF-2-like98 indicate that the proteins predominantly consist
of alpha helices and random coils (Figure 5.5 and Figure 5.6). Both APF-like98 proteins
have alpha helical structures at the N-terminal and C-terminal regions. Incidentally, alpha
helices at the N-terminal are indicative of the presence of signal peptides (Käll, Krogh, &
Sonnhammer, 2004).
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Figure 5.5. Secondary structure prediction for L. gasseri ATCC 9857 APF-1-like98
Sequence length : 297
protein by
GOR Secondary Structure Prediction online tool. The longest blue vertical
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Figure 5.6. Secondary structure prediction for L. gasseri ATCC 9857 APF-2-like98
protein by GOR Secondary Structure Prediction online tool. The longest blue vertical
lines indicate alpha helices, the shorter red lines indicate extended strands and the purple
lines indicate random coil.
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5.2.5 Cell wall binding domains in Gram-positive bacteria
Gram-positive bacteria essentially consists of two systems of protein localisation
across the cytoplasmic membrane. One involves the use of an LPXTG motif at the C-terminal
region of the amino acid sequence and usually includes proteins that are covalently attached
to the peptidoglycan cell wall (Gaspar et al., 2005). The second system involves attachment
of proteins to the cell wall via non-covalent interactions. These can be achieved via S-layer
homologous (SLH) domains or Lysin Motif (LysM) domains (Mesnage et al., 2000; ChapotChartier & Kulakauskas, 2014). S-layer proteins of some bacteria are found to non-covalently
attach to the cell wall via the SLH domains at their N-terminal or C-terminal region of
the protein. However, the SLH domains lack conserved residues and hence vary widely
in their sequence across different bacterial species (Lupas et al., 1994). A large number
of secreted and membrane bound proteins contain a LysM that non-covalently binds the
polypeptide either at its N-terminal or C-terminal (Buist, Steen, Kok, & Kuipers, 2008)
(Chapot-Chartier & Kulakauskas, 2014). Other domains involved in non-covalent binding
to the cell wall are SH3b, WxL and Lc-LysBD domains (Chapot-Chartier & Kulakauskas,
2014). As the S-layers bind to the cell wall via non-covalent interactions, we wanted to
know if bioinformatic analysis could predice the presence of similar non-covalent binding
domains in L. gasseri ATCC 9857 APF-like98 proteins.
In order to find out the type of domains present in the APF-like98 proteins, the sequences were
analysed using the NCBI CD-Search database. Unfortunately, no conserved binding domains
were identified. Results from the EMBL-EBI Interpro online tool for protein analysis and
classification were also not encouraging. No details on domains, molecular functions or
biological processes could be obtained apart from the identification of signal peptides at the
N-terminal and the rest of the protein containing a non-cytoplasmic domain indicating that
the proteins are present outside the cytoplasm.
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5.2.6 Comparison of the amino acid sequences from L. gasseri ATCC 9857
to those of other L. gasseri strains

As mentioned earlier, ATCC 33323 was the only L. gasseri strain whose genome was
completely sequenced. However, its aggregation-promoting factor-like surface proteins have
not been studied. The L. gasseri strain 4B2 was the only one whose aggregation-promoting
factors have been experimentally characterised (Jankovic et al., 2003; Ventura et al., 2002)
and were named by the authors as APF-1 and APF-2.

To simplify, the aggregation-promoting factors from strain 4B2 will also be named in the
same format as strains ATCC 9857 and ATCC 33323, i.e., each gene/protein carrys the strain
name as a suffix (Table 5.2).
Table 5.2. Labelling of apf-like genes and APF-like proteins from strains L. gasseri
ATCC 9857, 4B2 and ATCC 33323
ATCC 9857
4B2
ATCC 33323
apf-1-like /
apf-1-like98/
apf-14B2/APF-14B2
a p f - 1 - l i k e 33/
APF-1-like
apf-2-like /

APF-1-like98
apf-2-like98/

APF-2-like

APF-2-like98

apf-24B/APF-24B2

APF-1-like33
apf-2-like

33

/

APF-2-like33

Of the two ATCC 9857 protein sequences, APF-1-like98 was very similar to APF-14B2 and
APF-1-like33 protein sequence. While the other one was similar to APF-24B2 from strain
4B2 and APF-2-like33 protein sequence from ATCC 33323. In this section, we analysed and
compared the APF-1-like98 and APF-2-like98 amino acid sequences to those of strains ATCC
33323 and 4B2.

Pairwise sequence alignments of the amino acid sequences were performed by EMBOSS
Needle program (European Molecular Biology Laboratory). Figure 9.1 and Figure 9.2
(Appendix IX) show the sequence alignment between APF-1-like98 and APF-1-like33; and
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APF-2-like98 and APF-2-like33 respectively. Similarly, Figure 9.3 and Figure 9.4 (Appendix
IX) show the sequence alignment between APF-1-like98 and APF-14B2; and APF-2-like98 and
APF-24B2 respectively. Sequences from strain ATCC 9857 have higher identity to sequences
from 4B2 than compared to ATCC 33323. The APF-1-like98 sequence from ATCC 9857 has
100 % identity to that of 4B2, while the identity is 96.6 % when compared to ATCC 33323.
Similar trend is observed where APF-2-like98 sequence is 99.7 % identical to that of 4B2,
while this identity drops to 86.7 % when compared to ATCC 33323.

The sequence alignment analysis is further complemented when phylogenetic trees were
constructed using Geneious Tree Builder software package for all known S-layer proteins
from L. gasseri and L. johnsonii species as shown in Figure 5.7 and Figure 5.8. With regards
to APF-1-like98 sequence, strain ATCC 9857 is relatively phylogenetically closer to strain
4B2 as compared to strain ATCC 33323 (Figure 5.7). However, APF-2-like98 sequence from
strain ATCC 9857 is more closely related to both strains (Figure 5.8).

Figure 5.7. Neighbour-joining phylogenetic tree constructed from APF-1/APF-1-like
proteins obtained from all known Lactobacillus species. Bootstrap values are indicated
at the nodes for a total of 100 replicates.
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Figure 5.8. Neighbour-joining phylogenetic tree for APF-2/APF-2-like obtained from
S-layer proteins of Lactobacillus species. The scale bar indicates phylogenetic distance.
Bootstrap values are indicated at the nodes for a total of 100 replicates.

Pairwise sequence alignments were performed by EMBOSS Needle program (European
Molecular Biology Laboratory) to understand the level of similarity between the two APF
or APF-like proteins within the same strain. Figures 9.5 - 9.7 (Appendix IX) show that they
do not share a high level of sequence identity even though they are from the same strain. For
both strain ATCC 9857 and 4B2, the APF4B2/APF-like98 proteins share only 51.3 % sequence
identity. For strain ATCC 33323, its two APF-like33 proteins are 49.8 % identical. Within all
strains, most of the contiguous similarities lie on the C-terminus of these proteins.

5.2.7 Bioinformatic analysis for cloning purposes:
Rare codon determination
One of the objectives of this study was to overexpress the APF-1-like98 and
APF-2-like98 proteins from L. gasseri ATCC 9857 in E. coli. However, expression of
recombinant protein in E. coli could be inhibited if the foreign gene(s) contains codons that
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are rare in E. coli (Kane, 1995). For this reason, the presence of rare codons in APF-1-like98
and APF-2-like98 proteins were determined by Rare Codon Calculator (RaCC). Both proteins
seemed to encode rare arginine codons (Figure 5.9 and 5.10). APF-1-like98 protein contains
six arginine residues, out of which two are rare in E.coli while APF-2-like98 protein contains
seven arginine
RaCC residues,
results: out of which three are rare. This indicates that at the time of
Red =protein
rare Argexpression
codons AGG,
AGA,
recombinant
in E.
coli,CGA
protein insolubility issues could arise. To avoid

this, E.

Green = rare Leu codon CTA
Blue = rare Ile codon ATA
coli
Rosetta cells were used. This
Orange = rare Pro codon CCC

will be discussed in Chapter 6.

for the following input sequence:
ttg
gct
gca
aag
tta
aag
aaa
tac
tca
aaa
gca
gca
gac
ggt

aat
ctt
gaa
agc
cca
tgg
gat
aat
gta
gca
gca
AGA
tac
tca

atg
act
gtt
att
cac
tac
act
act
ggt
caa
gct
aat
tca
tgg

ctt
tta
act
gct
gca
gac
gtt
gca
tct
cct
aaa
ggt
gca
act

aac
gca
gtt
gtt
act
ctt
gac
gca
tac
tca
gca
caa
gca
aat

aat
ggt
ggc
tgg
gct
ggt
cct
caa
tca
caa
tgg
tac
aac
gct

aat
gcc
caa
aat
tgg
gca
aat
act
tca
tca
att
att
caa
caa

ttg
gca
caa
tca
aaa
aac
gtt
caa
gta
caa
gca
ggt
gaa
agt

aaa
att
gaa
tac
gtt
caa
gct
act
caa
tca
gga
aag
cgt
ttc

tca
gta
aag
ggt
atc
tgg
tca
act
agt
agc
cgt
tac
gta
tgg

act
aat
att
cct
AGA
gta
gaa
caa
act
tac
gaa
caa
gca
caa

tta
aat
gtt
gat
gct
atg
ttg
ggt
caa
act
tca
tta
gat
tca

act
act
aca
aag
gcc
gcg
ttt
tca
act
tca
ggt
tca
aac
aac

aaa
caa
att
caa
tac
aag
act
tac
caa
aac
ggt
gca
tac
ggc

acc
aat
aac
atg
gat
tac
tca
tca
caa
gta
tca
tca
gta
tgg

gct
act
tat
act
gat
act
caa
gct
gct
tct
tac
tac
aag
tac

gca
gta
ctt
ggt
gca
cgc
gca
cct
cca
ggt
tca
ctt
tca
taa

gca
aag
cca
caa
ggt
tta
agt
aag
gta
tct

gct
gcc
cat
tac
aac
ggt
tca
act
caa
gaa

ggt gga
cgt tac
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RaCC
occurringresults:
at codons:

87, 209
Red = rare Arg codons AGG, AGA, CGA
= rare Leu codon CTA
FigureGreen
5.9. Rare
codons
inATA
apf-1-like
gene. This
gene
Number
of tandem
rare
Arg codon98double
repeats:
0 contains two arginine codons that
Blue
= rare
Ile codon
are rareOrange
in
E.
coli
(indicated
in
red)
as
determined
by
RaCC
Number =
ofrare
tandem
rare Arg
codon triple repeats: 0
Pro codon
CCC

for the following input sequence:
ttg
ggt
caa
gat
aaa
aac
gtt
aag
tca
gca
gta
caa
gct
caa
gca
ggt

aaa
ttg
aat
ggc
gtt
caa
gct
caa
caa
caa
caa
aag
aag
tac
aac
gct

ttt
gta
gat
gtt
atc
tgg
act
caa
caa
gct
caa
acc
gct
att
caa
caa

caa
gct
act
gaa
AGA
atc
gct
act
gta
cct
AGA
caa
tgg
ggt
gaa
aag

tct
tta
aat
aat
act
atg
aca
acc
aat
aag
act
aca
att
aag
cgt
ttc

atc
aat
gtt
gct
gct
gct
act
caa
act
act
tac
act
gca
tac
gta
tgg

tta
tca
gta
cac
tat
aag
gct
gta
caa
aac
agc
act
gga
caa
gca
caa

act
caa
act
ttt
gat
tac
caa
caa
gct
tac
tac
agc
cgt
tta
gat
act

aag
aat
att
act
gcc
act
gct
caa
aag
aac
gct
tac
gaa
tca
aac
aac

tca
act
aat
ggc
atg
gta
cct
tca
gct
tac
tca
act
tca
gca
tac
ggt

ctt
aat
aat
aaa
ggt
gaa
gtt
gca
gca
aat
gca
tca
ggt
tca
gta
tgg

gca
gac
gca
gaa
aat
ggt
caa
caa
act
gta
caa
aat
ggt
tac
aaa
tac

gca
gca
aat
tta
aag
gga
caa
aag
caa
caa
aaa
gct
tca
ctt
tca
taa

gct
caa
tct
gta
tgg
aat
gct
caa
gtt
cgt
caa
tct
tac
ggt
cgc

gct
gct
act
cat
tat
gct
caa
act
caa
act
act
ggc
tca
gga
tac

ctt
gct
gtt
ggt
gac
gca
gct
act
cac
tac
act
tct
gca
gac
ggt

acc
act
gcc
aca
ctt
act
tca
tct
caa
tca
caa
gaa
AGA
tac
tca

gca
att
gtt
act
ggc
gct
gta
gta
act
gct
gta
gct
aat
tca
tgg

act
gtt
tgg
tgg
gca
aaa
caa
gct
gtt
cca
gca
gca
ggt
gca
act
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5.3 Summary and discussion
The S-layer proteins constitute a diverse group of proteins in terms of functions,
evolutionary relationships and protein properties. In this study, S-layer genes from L. gasseri
strain ATCC 9857 were sequenced using the genome of the type strain L. gasseri ATCC
33323 as the template sequence. Sequence analysis revealed early in this study that the
genes of these two strains were significantly dissimilar. ATCC 9857 strain was isolated from
human vagina originally (Johnson, Phelps, Cummins, London, & Gasser, 1980) and may be
genetically distinct from the L. gasseri strain (ATCC 33323) since this was isolated from the
human gut (Lauer & Kandler, 1980; Azcarate-Peril et al., 2008). In fact, this distinction at
genetic level might reflect niche adaptations of these strains in two different environments.
These genetic differences could be important for understanding their particular functions
whether in the vagina or in the gut of humans.

Even within the group B L. acidophilus species, APF-like98 sequences from our strain
ATCC 9857 show a higher degree of similarity to strain 4B2 than compared to strain ATCC
33323 as seen in the phylogenetic tree constructed from L. gasseri and L. johnsonii strains
for APF-1/APF-1-like proteins (Figure 5.7). On the other hand, phylogenetic analysis for
APF-2/APF-2-like proteins showed a much closer relation among the three strains (Figure
5.8). This is probably because APF-1/APF-1-like and APF-2/APF-2-like sequences within
the same strain are very different. On an average, the two APF/APF-like sequences from
the same strain share only about 50 % similarity. The same trend has also been observed
previously by Åvall-Jääskeläinen & Palva (2005) where APF-2 sequences cluster together
and separately from APF-1 sequences belonging to the same L. gasseri and/or L. johnsonii
strains indicating that the two APF-like sequences from the same strain might have evolved
differently from each other. APF-like proteins from the same strain of Lactobacillus brevis
are also very dissimilar to each other (Jakava-Viljanen et al., 2002).

Important protein properties were calculated and/or determined by using bioinformatic
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online tools. The APF/APF-like proteins are mostly basic, with lysine being the predominant
basic residue, have high isoelectric points (~pI 9.5) and relatively high hydrophobicity.
This seems to agree with other studies, where a higher number of basic residues and high
isoelectric points are characteristic of Lactobacillus S-layer proteins. Lysine appears to be
the most abundant of all basic residues in other Lactobacillus S-layers and a high degree of
hydrophobicity is also common (Johnson, Selle, O’Flaherty, Goh, & Klaenhammer, 2013;
Åvall-Jääskeläinen & Palva, 2005; Sára & Sleytr, 2000). Cell surface hydrophobicity and
charge affect cellular adhesion to surfaces (Vanhaecke et al., 1990). In addition, it has been
proposed that the hydrophobicity contributes towards the assembly of the S-layers (Pum,
Toca-Herrera, & Sleytr, 2013). The presence of the positively charged residues could affect
the binding of the S-layers to the bacterial cell wall by interacting electrostatically with the
negatively charged cell wall (Antikainen, Anton, Sillanpää, & Korhonen, 2002).

Secondary structure predictions for L. gasseri ATCC 9857 APF-like98 proteins show
that the locations of the secondary structures in both proteins are comparable only at the
N-terminal and C-terminal regions and the central regions of the proteins are variable with
α-helices alternating with extended strands and random coils. Both proteins lack β-turn
structures. Secondary structure predictions on L. brevis, L. crispatus, L. acidophilus and
L. helveticus agree with the predictions in this study (Åvall-Jääskeläinen & Palva, 2005).
S-layer proteins of L. brevis consist of alternating regions of α-helices, extended strands and
random coils. Apart from the N-terminal regions of its proteins, the rest show a degree of
variability. L. helveticus S-layer protein shows the presence of an α-helix in the C-terminal
region. Overall, random coils and extended strands dominate the secondary structures with
α-helices interspersed in-between. However, this prediction conflicts with a study done by
Ventura et al., 2002, where they predicted the presence of alternating regions of α-helices
and β-strands. The study utilised the same prediction tool (GOR) but could possibly have
been an earlier version, thereby resulting in different outputs since each new version of the
software contains new updates and possible changes in its algorithm in accordance with new
information. Overall, the prediction of N-terminal signal peptide (SignalP) that corresponds
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to the prediction of alpha-helix in the same region in combination with the prediction of
non-cytoplasmic protein reinforces the surface localisation theory of the APF-like98 proteins.
Furthermore, surface localisation of APF4B2 proteins in L. gasseri 4B2 has been demonstrated
by Ventura et al. (2002).

Our study predicts the presence of N-terminal signal peptides in both APF-like98 proteins,
both of which contain alpha helixes within the leader sequences. Most S-layer proteins
are known to contain signal peptides (Sára & Sleytr, 2000) and the presence of an alpha
helix at the core of a signal peptide is its defining feature and is often used as an indication
of the presence of signal peptides or transmembrane proteins by online prediction tools
(Käll, Krogh, & Sonnhammer, 2004). The signal peptide region of CbsA S-layer protein
from Lactobacillus crispatus has been shown to possess alpha helical structures (Verbelen,
Antikainen, Korhonen, & Dufrêne, 2007).

Predictions on possible conserved binding domains were not encouraging. NCBI and EMBL
searches could not return any known binding domains. This could in part be explained by the
fact that the S-layer homologous (SLH) domains, that are widely present in Gram-positive
S-layer proteins are absent in Lactobacillus S-layers (Sára & Sleytr, 2000). In addition,
since the Lactobacillus S-layer protein sequences vary considerably from species to
species (Hynönen & Palva, 2013), determining a conserved domain would be challenging.
The APF-like98 proteins from ATCC 9857 when compared to each other, and also when
compared to their corresponding sequences from strains ATCC 33323 and 4B2, appeared to
have similar C-terminal regions. Similar sequence similarity was observed by Jankovic et al.
(2003) when APF4B2 proteins were compared to other APFs and also to certain other proteins
known to bind to the cell wall. All showed the presence of a conserved C-terminal region,
leading the the authors to speculate that this region could represent a novel cell anchoring
region.

In a bioinformatic study conducted by Kleerebezem et al. (2010), annotation and prediction
112

of cellular/sub-cellular localization of the exoproteome of several Lactobacillus species,
including L. gasseri, was done. The authors defined exoproteome as a collection of proteins
that are transported across the cell membrane and include proteins that are surface localized,
integral membrane proteins with multiple membrane-spanning regions, are parts of surface
appendages or are secreted into the external environment. This study included the type strain
L. gasseri ATCC 33323 in its exoproteomic analysis. In this strain, a total of 1755 proteins
were identified, out of which 146 were extracellular. Only 3 extracellular proteins were
predicted to bind non-covalently to the Lactobacillus surface. These three proteins included
a 30S ribosomal protein S16 and two hypothetical peptides (~70-80 amino acids long).
Given the fact that the S-layer also binds non-covalently to the cell surface, it is surprising
that no S-layer protein (or APF-like) featured in this non-covalent binding list. The APF-like
proteins were instead classified as N-terminally anchored with cleavage site. Despite that,
the extraction of L. gasseri APF proteins by LiCl solution, which strips off non-covalently
(electrostatically) associated proteins has been reported (Ventura et al., 2002). In this study,
the extraction of the APF-like33 from L. gasseri ATCC 33323 was also possible (Appendix I).
In conclusion, the APF-like98 proteins from L. gasseri ATCC 9857 exhibit several
characteristics that seem to confirm their status as S-layer proteins. Their pI values, amino
acid compositions, hydrophobicity, presence of signal peptides and secondary structure
predictions all agree with those of other known S-layer proteins.

Analysis of the S-layer proteins using online prediction software tools should be treated
with caution and used only as a guide. All the properties predicted in this study should be
experimentally tested and verified before making any definite conclusions.
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Chapter 6
Assessing the role of the
aggregation-promoting factors from
Lactobacillus gasseri on Trichomonas
vaginalis adhesion to host cells
“When they perfect human cloning, I’m gonna order 12 of those.”
- Howard Wolowitz,
The Dumpling Paradox, The Big Bang Theory

6.1 Introduction
In the previous chapters, we have shown that L. gasseri ATCC 9857 is capable
of inhibiting T. vaginalis adhesion to host cells significantly. The chemical nature of this
inhibition, which is dependent on cell-to-cell contact, was investigated. The bacterial
cells, when stripped off their cell wall, exhibited reduced inhibitory phenotype. Partial
but substantial inhibition appeared to be derived from LiCl-extractable proteins that are
non-covalently associated with the cell wall of this bacterium. The S-layer proteins or
APF-like98 proteins (APF-1-like98 and APF-2-like98), as identified in the previous chapter,
fit in this category. Hence we decided to further investigate their possible role in inhibition
of T. vaginalis adhesion to host cells by introducing these genes into suitable hosts. This
‘gene complementation’ approach, which would provide a ‘gain-of-function’ to the bacterial
host, was adopted to circumvent a classical knockout approach which proved to be difficult
in L. gasseri 4B2, a strain very similar to L. gasseri ATCC 9857, by Jankovic et al. (2003).
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In this study conducted by Jankovic et al. (2003), double knockouts were impossible to
achieve and single gene knockouts negatively affected cell shape and cell division. Even
under selective pressure, the gene knockouts reverted back to their wild type phenotype.
Hence, we decided instead to overexpress these genes in Escherichia coli for the purpose of
attempting protein purification and Lactococcus lactis for the purpose of gain-of-function
experimentation.

E. coli is a model bacterial organism for heterologous expression and recombinant proteins
are usually expressed in sufficient amounts for purification. If Lactobacillus gasseri S-layers
are produced in recombinant form in E. coli, the purified proteins could be studied and
directly used in T. vaginalis adhesion assays to examine their potential inhibitory effects.
However, with the possibility of failing this approach because of the biochemical properties
of these proteins (such as hydrophobicity and tendency of the protein subunits to aggregate
into crystals), we envisaged an alternative approach. L. lactis could be used as an alternative
model to test if the APF-like98 proteins from L. gasseri ATCC 9857 would enhance the ability
of L. lactis to inhibit T. vaginalis adhesion to host cells (i.e. ‘gain-of-function’ approach).
L. lactis, a lactic acid bacteria (LAB) similar to the Lactobacillus, has been widely used as
a genetic engineering tool and as a host to demonstrate gene function by ‘gain-of-function’
approaches (Ribeiro et al., 2002; Que, Haefliger, Francioli, & Moreillon, 2000). Its ability
to autoinduce the production of nisin, a small anti-microbial peptide (lantibiotic) produced
by L. lactis, in presence of small amounts of the same lantibiotic has been exploited to
construct gene expression systems, called nisin controlled gene expression systems (NICE)
(Mierau & Kleerebezem, 2005). L. lactis is not an autochthonous species of the human
vaginal microbiota and it does not seem to synthesise S-layer proteins of its own. Hence,
by overexpressing the APF-like98 proteins on the surface of L. lactis, this ‘gain-of-function’
hypothesis could be tested.

The strategy for obtaining both APF-like98 genes into E. coli and L. lactis, as summarised in
Appendix V, involved PCR amplification of the genes from L. gasseri ATCC 9857 genomic
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DNA, cloning into a PCR cloning vector, sequencing and subcloning of these genes into
specific E. coli or L. lactis expression vectors.

6.2 Results
Part I- Heterologous expression of apf-like98 genes in Escherichia coli
To clone the two apf-like98 genes into E. coli, primers were designed based on
the newly sequenced apf-like98 genes from L. gasseri ATCC 9857. The primer pair F46pET-Bam and R46 was used to amplify apf-2-like98 and the primer pair F47 and R47_ed to
amplify apf-1-like98 (described in Appendix III). In both cases, the primers were designed
to exclude the nucleotide sequence encoding the signal peptide in the mature protein as the
cloning vector, pET22b(+), contained a signal sequence of its own. Thus the corresponding
recombinant proteins ultimately contained a signal peptide (pelB leader sequence) at the
N-terminal for periplasmic localisation and a hexa histidine-tag (His-tag) at the C-terminal
for protein purification and confirmation. Detailed plasmid map of pET22b(+) is described
in Appendix VI.

As described in Chapter 2, the two genes were amplified via polymerase chain reaction
(PCR) and the products of the reaction analysed by agarose gel electrophoresis (Figure 6.1).
The sizes of the PCR products were in accordance with the predicted sizes of apf-1-like98 and
apf-2-like98 (789 and 669 base pairs or bp) respectively.
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a

b

c

~ 789 bp

1kb

~ 669 bp

Figure 6.1. Agarose gel electrophoresis for analysis of PCR amplification of apf-like98
genes from L. gasseri ATCC 9857. Lane a: apf-2-like98; lane b: apf-1-like98 and lane c:
1 kb DNA ladder (NEB).

The PCR amplicons were cloned into a pJET1.2/blunt vector (CloneJET PCR cloning
kit; Appendix VI) and sequenced. The apf-like98 inserts with the correct sequences were
then cloned into pET22b(+) vector and transformed into the cloning host E. coli DH5α
for plasmid propagation. From here, the recombinant vector was then transformed into the
expression host E. coli Rosetta (DE3) pLysS. The choice of Rosetta cells was preferred
since, as described in Chapter 5, the apf-1-like98 and apf-2-like98 genes contained rare codons
for arginine and the Rosetta cells carry tRNAs for those rare codons.

Overexpression strains of E. coli Rosetta cells were successfully created and confirmed by
colony PCR for both apf-like98 genes using gene-specific primers (R47_ed and R46 for apf-1like98 and apf-2-like98 respectively; Appendix III) and a vector specific primer (T7 forward).
Host E. coli Rosetta cells containing the apf-1-like98 expression plasmid were named as Ros/
apf-1-like98 and those carrying apf-2-like98 expression plasmid were named Ros/apf-2-like98.

6.2.1 Protein induction and expression studies
Small scale inductions were carried out with IPTG to confirm protein induction in
E. coli Rosetta cells. After induction, the cells were harvested and sonicated. The total cell
lysates thus obtained were run on an SDS-PAGE gel. These gels were either stained with
Coomassie Brilliant Blue or used for western blots assay.
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Expression of apf-1-like98 was easily detectable on stained SDS-PAGE gel and immunoblot
when E. coli Ros/apf-1-like98 cells was induced by IPTG. The observed protein size was
~28 kDa despite the expected size to be ~ 25 kDa. However, expression of apf-2-like98
by E. coli Ros/apf-2-like98 was not detectable on neither SDS-PAGE gel nor immunoblot
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(Figure 6.2).

Ros/apf-1

~28 KDa

Ros/apf-2

~30 kDa
SDS PAGE
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Western
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Figure 6.2. SDS-PAGE and western blot analysis of IPTG-induced E. coli.
Top panel: Ros/apf-1-like98 cells carrying apf-1-like98 expression plasmid.
Bottom panel: Ros/apf-2-like98 cells carrying apf-2-like98 expression plasmid. No
corresponding band and no expression observed.
Both panels, left: SDS-PAGE gels stained with Coomassie Brilliant Blue;
Both panels, right: western blot of these gels probed with anti-his tag.

Despite successful expression, the APF-1-like98 protein was found in the insoluble fraction
of the cell lysate (Figure 6.3). Different growth and induction conditions were tested in
attempts to achieve soluble expression of apf-1-like98 from E. coli Ros/apf-1-like98 cells.
These attempts included growing cells at different temperatures (18oC, 28oC and 37oC) and
inducing expressions at different IPTG concentrations (0.01 mM, 0.025 mM, 0.05 mM,
0.1 mM, 0.25 mM, 0.5 mM and 1 mM) for 3 hours or overnight. An uninduced control
was included to every condition. Since the protein continued to be insoluble, we next
decided to induce recombinant protein expression at different OD values and use chemical
additives in the culture media to help with the protein solubility. The chemicals used
included ethanol (1 %, 3 % and 5 %), glycerol, sodium chloride and amino acids (glycine,
proline and arginine). Small amounts of ethanol are known to increase protein solubility by
activating the heat-shock proteins in E. coli, which then act as molecular chaperones thereby
preventing proteins from forming insoluble aggregates (Oganesyan, Ankoudinova, Kim, &
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Kim, 2007). Glycerol helps to stabilise proteins, amino acids decrease aggregation and NaCl
aids in osmotic balance and contribute to pH homeostasis in E. coli (Lorence, 2012). Despite
several attempts, solubility could not be attained.

No protein was inducible in E. coli Ros/apf-2-like98 cells and continued to remain so despite
altering the incubation conditions and testing under several different combinations.

At the end of each induction condition as described above, the soluble fraction was separated
from the insoluble fraction (Chapter 2; section 2.13.1). Figure 6.3 shows the SDS-PAGE
analysis of the soluble and insoluble fractions obtained via IPTG induction of E. coli Ros/
apf-1-like98 cells. Regardless of the additional chemicals used, the incubation temperature
or the incubation time period followed, the proteins remained insoluble and hence the
corresponding SDS-PAGE gels of all these induction conditions looked very similar.
Therefore, in Figure 6.3 we have shown only one single growth condition as a general
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representation of the induction results.
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Figure 6.3. SDS-PAGE for the analysis of APF-1-like98 solubility. Left: soluble fraction
(supernatant) and right: insoluble fraction (cell pellet) obtained from induction of E. coli
Ros/apf-1-like98. Recombinant protein absent from the soluble fraction and overexpressed
in the insoluble fraction

At this stage, all attempts to induce APF-2-like98 protein or solubilise APF-1-like98 protein
in vivo failed.

The other alternative was to solubilise APF-1-like98 protein in vitro, which would include
many variables that need to be tested and have no guarantee of success. Instead, we focused
119

on using an alternative bacterial host to study the function of these proteins in vivo as
described in the following section.

Part II- Heterologous expression of apf-like98 genes in Lactococcus lactis
Since recombinant apf-1-like98 from E. coli was insoluble and apf-2-like98 could not
be expressed in that same system, it precluded us from testing the role of the isolated proteins
in the inhibition of T. vaginalis adhesion to host cells. An alternative system, preferentially an
in vivo system to prevent insolubility of the recombinant APF-like98 proteins, was necessary.
In order to employ this ‘gain-of-function’ approach, Lactococcus lactis must be less
inhibitory against Trichomonas adhesion to host epithelial cells as compared to Lactobacillus
gasseri ATCC 9857. Our results indicate that this is the case (Figure 6.4), hence it would be
interesting to see if the recombinant expression of L. gasseri ATCC 9857 APF-like98 proteins
in L. lactis would enhance its inhibitory activity towards T. vaginalis adhesion to host cells.

Figure 6.4. Percentage change in T. vaginalis B7RC2 adhesion to hVECs in presence
of L. lactis NZ9000 and L. gasseri ATCC 9857. Data expressed as a percentage change of
parasitic adhesion with statistical significance indicated by “*” for p < 0.05 and “**” for p
< 0.01. Control samples consisted of hVECs incubated with T. vaginalis only. Percentage
change in parasite adhesion was calculated by comparing the number of attached T. vaginalis
in presence and in absence of bacteria. All tests were performed in triplicates.
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In order to clone the apf-like98 genes into L. lactis, primer pair F47-CWA-His and R47CWA-His was used to amplify apf-1-like98 and the primer pair F46-CWA-His and F46CWA-His to amplify apf-2-like98 (described in Appendix III). The primers were designed
to exclude the nucleotide sequence encoding the signal peptide in the mature protein as the
plasmid vector contained its own signal sequence. Also, a histidine tag was inserted at the
N-terminal so that it could be used for confirmation of protein expression in western blot
assays. The two genes were amplified via PCR and the products of the reaction analysed by
agarose gel electrophoresis (Figure 6.5). The ~687 bp and ~789 bp (apf-like98 inserts with
his-tag) size of the PCR products are in accordance with the predicted sizes for apf-1-like98
and apf-2-like98 respectively.

a

b

c

1 kb

d

~ 669 bp

~ 789 bp

Figure 6.5. Analysis of PCR amplification of apf-like98 genes from L. gasseri ATCC
9857 by agarose gel electrophoresis. Lane a: apf-1-like98 (inside red box) with SalI and
EcoRV as restriction sites; b and c: 1 kb DNA ladder (NEB); lane d: apf-2-like98 with SalI
and EcoRV as restriction sites.
For the purpose of cloning into L. lactis, plasmid vector pVE5547, also known as pCWA,
was used (Ribeiro et al., 2002). This plasmid can replicate in L. lactis and transformants can
be selected with erythromycin. Once cloned in this plasmid, a signal peptide and a cell-wall
anchoring domain will be added to the apf-like98 genes. Therefore, if expressed, APF-like98
proteins will be taken out and exposed on the surface of L. lactis. The expression is under the
control of the inducible promoter PnisA which responds to the lantibiotic nisin. An overview
of the cloning approach adopted for L. lactis overexpression has been schematically described
in Appendix V.
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6.2.2 Recombinant protein expression
Despite several cloning attempts, we could only obtain recombinant L. lactis with
the pCWA vector containing apf-2-like98 insert but not apf-1-like98.
Different than E. coli, heterologous protein expression in L. lactis using the PnisA system
does not produce large amounts of proteins that are easily detectable on SDS-PAGE gels by
coomassie staining. Therefore, to confirm protein expression, immunodetection on western
blots is necessary. The L. lactis recombinant strain containing the apf-2-like98 insert (Lac/
apf-2-like98) was tested on this immunoblot assay.
Nisin-induced Lac/apf-2-like98 cells were harvested and the cell wall extracted according to
the method described in Chapter 2, section 2.13.3. After cell-wall proteins were separated on
SDS-PAGE and transferred to PVDF membrane, detection of APF-2-like98 was done using
anti-His tag antibodies. As controls, non-transformed L. lactis and transformed L. lactis (but
not nisin-induced) were included in this experiment. This immunoblot assay (Figure 6.6)
confirms the expression of APF-2-like98 on the cell-wall L. lactis Lac/apf-2-like98 cells since
a protein band was detected by the anti-his tag antibody only in the transformed but not in
the non-transformed L. lactis. However, this protein band was also seen in the Lac/apf-2like98 cells that were not induced with nisin. This indicates a leaky expression from the PnisA
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Figure 6.6. SDS PAGE and immunoblot analysis of cell wall fractions to confirm
protein expression. L. lactis Lac/apf-2-like98 cells carrying apf-2-like98 expression plasmid.
Left: SDS PAGE gel stained with Coomassie Brilliant Blue;
Right: western blot of this gel probed with anti-his tag.
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Part III- Investigating the role of aggregation-promoting factor-2-like98
protein in the inhibition of Trichomonas vaginalis adhesion

6.2.3 Aggregation-promoting factor-2-like protein contributes to the
inhibition of T. vaginalis adhesion to host cells

We have previously shown in Chapter 4 that proteins non-covalently linked to
the surface of L. gasseri, which were extractable by LiCl salts, can attenuate T. vaginalis
adhesion to human epithelial cells. In this part of our study, we examined if adding the
genetically modified L. lactis Lac/apf-2-like98 cells would enhance their ability to inhibit
T. vaginalis adhesion to host cells.

This was assessed using the same adhesion assay as described in Chapter 2, section 2.6.
Briefly, bacteria were first added onto confluent monolayers of hVECs and incubated for
attachment followed by T. vaginalis. All cells were detached by trypsin treatment and the
cell suspension was analysed by FCM where the number of bound T. vaginalis was counted.
In this adhesion experiment (Figure 6.7), the same concentrations of the wild type (WT)
non-transformed strain of L. lactis NZ9000 and transformed L. lactis Lac/apf-2-like98 cells
were compared. As a reference, L. gasseri ATCC 9857 was also used here. Finally, to account
for any unpredicted effect of nisin itself, all three bacterial cell types (Lac/apf-2-like98,
L. lactis NZ9000 and L. gasseri) were duplicated in the experiment, one with the addition of
nisin and one without it (Figure 6.7).

L. lactis NZ9000 is naturally inhibitory against T. vaginalis adhesion, at about 50 % - 60 %,
which is 20 % - 30 % lower than L. gasseri ATCC 9857. Strikingly, when apf-2-like98 was
expressed on the surface of this bacterium, its level of inhibition increased significantly
to a level which is similar to the highest inhibitory L. gasseri ATCC 9857 (~80 %), which
corresponds to a 20 % enhancement. Nisin did not produce any side effects related to
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T. vaginalis inhibition for any of the bacteria. In fact, nisin did not seem to be necessary. It
is likely that the induction leakiness of PnisA, as observed in the immune blot (Figure 6.6),
was sufficient to produce this enhancement of T. vaginalis inhibition by Lac/apf-2-like98.

Figure 6.7. Effect of L. lactis Lac/apf-2-like98 cells on T. vaginalis adhesion to hVECs.
Data expressed as a percentage change of parasitic adhesion with statistical significance
indicated by “*” for p < 0.05 and “**” for p < 0.1. Assay consisted of 2 controls: Control
1 dealt with inhibition of T. vaginalis in presence of L. gasseri ATCC 9857. Control 2
dealt with T. vaginalis adhesion inhibition in presence of the wild-type L. lactis NZ9000,
indicated as (L. lactis WT). Incubation of each type of bacteria consisted of 2 parts: one
with the addition of nisin (indicated by “+”) and one without (indicated by “-”). All tests
were performed in triplicates.
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6.2.4 Lac/apf-2-like98 that remain bound to host cells is sufficient for high
level of inhibition of T. vaginalis adhesion
Our data so far indicates that pre-bound L. gasseri to host cells is sufficient for
inhibition of T. vaginalis adhesion. Here, this was also tested with Lac/apf-2-like98 cells. A
confluent layer of hVECs was incubated with bacteria and unbound bacteria were removed
prior to the addition of T. vaginalis. After a second incubation, unbound parasites were also
removed and finally the cells were trypsinised and analysed by FCM. The controls were
the same as those described in Figure 6.7. In accordance with previous results (Figure 3.3),
L. gasseri cells that remain bound to host cells still conferred a high level of inhibition
(~ 65 %) against T. vaginalis adhesion. Similarly, non-transformed L. lactis NZ9000 that
remain bound to host cells caused ~50 % inhibition but this inhibition increased to ~70 %
when host cells were incubated with bound L. lactis Lac/apf-2-like98 (Figure 6.8). This
result confirms that the bound bacteria alone is sufficient for a high level of inhibition of
T. vaginalis adhesion and that, once more, APF-2-like98 protein contributes to this inhibition.
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Figure 6.8. Effect of hVECs-adherent L. lactis Lac/apf-2-like98 cells only on T. vaginalis
adhesion to hVECs. Data expressed as a percentage change of parasitic adhesion with
statistical significance indicated by “*” for p < 0.05 and “**” for p < 0.1. Assay consisted
of 2 controls: Control 1 dealt with inhibition of T. vaginalis in presence of L. gasseri ATCC
9857. Control 2 dealt with T. vaginalis adhesion inhibition in presence of the wild-type
L. lactis NZ9000, indicated as (L. lactis WT). Incubation of each type of bacteria consisted
of 2 parts: one with the addition of nisin (indicated by “+”) and one without (indicated by
“-”). All tests were performed in triplicates.

6.2.5 Effect of aggregation-promoting factor (APF-2-like98) on the binding
of Lactococcus lactis
APF proteins in some Lactobacillus species were reported to contribute to cell
adhesion (Nishiyama et al., 2015). Hence, in this study we wanted to investigate the role of
APF-2-like98 in promoting bacterial adhesion. We tested this by simply measuring the relative
binding capacity of non-transformed L. lactis NZ9000 versus Lac/apf-2-like98 to host cells
(Figure 6.9). Human vaginal cells were pre-incubated with non-transformed L. lactis and
transformed Lac/apf-2-like98 in parallel. The supernatant containing the unbound bacterial
cells was removed and counted by FCM. As a reference and internal control, host cells were
incubated with L. gasseri ATCC 9857. The results suggest that host-cell binding capacity
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of L.lactis Lac/apf-2-like98 did not differ from that of its non-transformed strain. However,
since the binding of the wild-type strain was already significantly high (~95 %) it could not
be conclusively inferred if the APF-2-like98 enhanced L. lactis binding (Figure 6.9).

Figure 6.9. Effect of heterologous APF-2-like98 protein expression in L. lactis Lac/
apf-2-like98 cell attachment to host cells. Data expressed in percentage. Assay consisted
of 2 controls: Control 1 dealt with the percentage of L. gasseri ATCC 9857 that remained
attached to host cells. Control 2 dealt with percentage of the bound wild type L. lactis
NZ9000 (L. lactis WT). Incubation of each type of bacteria consisted of 2 parts: one with
the addition of nisin (indicated by “+”) and one without (indicated by “-”). All tests were
performed in triplicates.

6.2.6 APF-2-like98 protein does not contribute towards coaggregation of
bacteria and parasites
Cell aggregation is one of the properties exhibited by some Lactobacillus species/
strains. As discussed in Chapter 1, species that can self-aggregate with their own type can also
coaggregate with other types of microorganisms. APF protein has been found to contribute
to cell aggregation in some species (Kmet & Lucchini, 1997). Given that the L. gasseri
S-layer proteins are also known as aggregation-promoting factors, we wanted to know if
127

they contribute towards aggregation and coaggregation with T. vaginalis. Figure 6.10 shows
overnight cultures of L. lactis cells (wild type strain NZ9000 and recombinant Lac/apf2-like98). L. lactis NZ9000 does not seem to display self-aggregation and this behaviour
remains unaltered even after the induction and expression of APF-2-like98 protein in the
recombinant L. lactis. No self-aggregation was observed even after six hours of induction, at
least visually, and this was quite contrasting to the aggregation levels of lactobacilli (Figure
3.6).

Even if some small level of aggregation was happening but not visually detected, we tested
if that was sufficient to promote coaggregation with T. vaginalis. In these coaggregation
assays (described in Chapter 2, section 2.8), the percentage of T. vaginalis was calculated at
specific time points- 0 min, 10 min, 20 min and 30 min. The concentration of T. vaginalis
was kept constant at 2.5 x 104 cells/ml while the concentration of bacteria ranged from
2.5 x 104 cells/ml and increasing 10-fold up to 2.5 x 107 cells/ml. However, as there was an
overall similarity in all the coaggregation graphs (each graph depicting a single bacterial
concentration), only one bacterial concentration (2.5 x 106 cells/ml) is shown here.

As shown in Figure 6.11, co-incubation of the Lac/apf-2-like98 cells with T. vaginalis did not
appear to result in coaggregation as the percentage of parasites in the supernatant remained
unchanged when compared to its control (T. vaginalis alone). In fact, throughout the various
bacterial concentrations (data not shown) and time points of incubation, no significant
change was observed. Non-transformed L. lactis NZ9000 and Lac/apf-2-like98, induced or
non-induced, did not promote coaggregation with T. vaginalis.
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L. lactis NZ9000

L. lactis Lac/apf-2

Figure 6.10. A qualitative observation of cultures of L. lactis wild type (left) and
induced L. lactis Lac/apf-2-like98 (right). No self-aggregating behaviour was observed
in either of the cultures.

Figure 6.11. Percentage of T. vaginalis B7RC2 present in the supernatant when in
presence of bacteria. Control consisted of the number of T. vaginalis cells present in the
supernatant in absence of any bacterial cells. Control was in triplicates, the average of
which was considered as 100 % . All other tests were compared against this and calculated
as percentage. All tests were performed in triplicates. WT: L. lactis wild type; L. lac (+):
nisin-induced L. lactis Lac/apf-2-like98 cells; L. lac (-): uninduced L. lactis Lac/apf-2-like98
cells.
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6.3 Summary and discussion
APF proteins have been shown to affect pathogen colonisation and mediate cell
attachment (Kmet & Lucchini, 1997; Nishiyama et al., 2015). In order to find out if the
L. gasseri APF-like98 proteins also exhibited similar properties, we decided to clone/express
the L. gasseri ATCC 9857 apf-like98 genes (apf-1-like98 and apf-2-like98) into suitable host
cells for heterologous protein expression. The APF-1-like98 and APF-2-like98 proteins thus
obtained would then be studied and their role in T. vaginalis adhesion inhibition to host cells
would be investigated.

To achieve the first objective, the apf-like98 genes were cloned into E. coli Rosetta cells.
The objective of using E. coli Rosetta cells was to isolate and purify the APF-like98 proteins
to study their properties and their direct role in T. vaginalis inhibition. However, APF-1like98 was expressed as an insoluble protein in E. coli Ros/apf-1-like98 and repeated attempts
to solubilise it failed. The other protein, APF-2-like98, was uninducible in E. coli Ros/
apf-2-like98.
The inability to solubilise APF-1-like98 protein in vivo could be attributed to factors such as
the absence of post-translational modification in E. coli required for the correct folding of the
heterologous protein into its native structure. Studies have shown the correlation between
post-translational modification of a protein and the rate of insoluble expression in E. coli
(Tokmakov et al., 2012). Additionally, production of recombinant protein could be toxic for
the cells or produced in levels that become too high for the cells to cope with, resulting in the
formation of inclusion bodies. Furthermore, similar to other Lactobacillus S-layer proteins,
the APF-like98 proteins are highly hydrophobic, which could also contribute to solubility
issues. Although electron microscopy studies have not been done on L. gasseri species, these
proteins could aggregate to form crystalline structures on the surface of the bacterium. This
could further challenge successful solubilisation.
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As mentioned earlier, the other alternative was to extract the protein in its insoluble form
and then attempt to resolubilise it in vitro. This technique required the usage of denaturating
agents like urea and then to gradually decrease the concentration to enable refolding.
However, the possibility of protein misfolding exists and consequently the preservation
of biological activity of the protein is uncertain. In vitro protein refolding works mostly
for extracellular proteins and even then the chances of correct refolding is not very high,
with potential issues with purification (Structural Genomics Consortium, 2008). This meant
that significant time would have to be invested for this approach. At the time when we
encountered this insolubility issue, we were under heavy time constraints and hence were
unable to adopt this technique.

Despite repeated attempts, induction of recombinant protein expression in E. coli Ros/
apf-2-like98 cells could not be achieved. One possibility was that the protein could have been
toxic for the E. coli cells, thereby preventing overexpression. Different IPTG concentrations
for different lengths of incubation with and without the use of additives still did not yield
any positive results. To eliminate the possibility of proteolytic degradation of APF-2-like98,
protease inhibitors were also used in downstream processing. However, this did not have any
effect on protein expression.

It is not clear if the presence of a histidine tag at the C-terminal end of the APF-1-like98
protein might affect its solubility. Despite being a relatively small tag, it can decrease
solubility. However, the target protein itself also has a significant influence over this solubility
(Woestenenk, Hammarström, Van Den Berg, Härd, & Berglund, 2004). A possible solution
would be to design a His-tag that could be cleaved off at a later stage.

The presence of hydrophobic regions in N- or C-terminal regions can cause problems in
recombinant protein expression and solubility (Lajmi, Wallace, & Shin, 2000; Terpe, 2003).
As discussed in Chapter 5, our proteins of interest are highly hydrophobic. Hence, it is
possible that the expression level of APF-2-like98 protein in E. coli Ros/apf-2-like98 was too
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low to be detected by gel electrophoresis. This might have also affected protein solubility in
the case of E. coli Ros/apf-1-like98 cells.
Other factors affecting protein expression could include mRNA folding at the ribosomal
binding site (Kudla, Murray, Tollervey, & Plotkin, 2009; Zhang, Xiao, Wei, Zhang, &
Tian, 2006). Presence of long hairpin loops in mRNA structures can greatly reduce protein
expression. In addition, introducing random silent mutations in 226 of 240 codons of a green
fluorescent protein resulted in a 250-fold variation in expression levels in E. coli (Kudla et
al., 2009).

SDS-PAGE analyses seem to indicate a higher observed molecular weight of APF-1-like98
than its theoretical molecular weight. This gel shifting is a relatively common phenomenon,
especially in membrane proteins. The reason behind this gel shifting has been attributed
to factors such as protein tertiary structure and altered SDS detergent binding, leading to
observed alteration in the protein gel (Rath, Glibowicka, Nadeau, Chen, & Deber, 2009).

The plasmid pCWA containing the apf-1-like98 gene was successfully designed and cloned
into E. coli cells. However, the plasmid remained un-transformable in L. lactis despite several
attempts. L. lactis, like most LAB, has natural self-defense mechanisms against foreign DNA
plasmids or bacteriophage DNA. Known as restriction modification (RM) systems, some
also have RM that specifically target methylated DNA, an undesirable factor in L. lactis
cloning, especially when the plasmid vector is first propagated in E. coli. Moreover, many
of the shuttle vectors that have been designed for cloning in both E. coli and LAB can be
structurally unstable, thereby making LAB cloning a challenge (Spath, Heinl, & Grabherr,
2012). Attempts were made to directly transform the ligated pCWA vector into L. lactis
after purification. However, this proved to be unsuccessful as the amount of DNA required
for L. lactis transformation was very high and usually at the end of restriction digestion and
ligation steps, significant amount of DNA loss occurred.
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Transformation of L. lactis with the pCWA vector containing the apf-2-like98 construct
(Lac/apf-2-like98) was successful. APF-2-like98 protein production by L. lactis Lac/apf-2like98 cells was possible by nisin induction. However, leaky expression of the recombinant
APF-2-like98 protein was observed in the uninduced L. lactis host cells. Leaky expression of
recombinant protein under the PnisA promoter has been previously reported in Lactococcus
and Lactobacillus (Brøndsted, Pedersen, & Hammer, 2001; Renye & Somkuti, 2010). It is
also possible that the overexpression of apf-2-like98 could adversely affect L. lactis. Jankovic
et al. (2003) showed that overexpression of APF4B2 protein in L. gasseri 4B2 resulted in
altered cell shapes that were twisted, irregular and formed clumps that were difficult to
disrupt. Furthermore, in absence of selective pressure, the majority of the recombinants
rapidly reverted back to their wild type phenotype, suggesting that the overproduction of the
APF4B2 posed a metabolic burden for the cells. This could partially explain why L. lactis Lac/
apf-1-like98 constructs could not be achieved despite repeated attempts. In addition, a leaky
PnisA system could have further complicated the issue. (Brøndsted, Pedersen, & Hammer,
2001; Renye & Somkuti, 2010)

Lactococcus lactis naturally synthesises nisin and since the promoter for nisin is self-inducible,
small quantities of nisin were probably sufficient to induce the nisA promoter on the pCWA
plasmid leading to leaky expression of the APF-2-like98 protein. In addition, it has been
found that the presence of lactose or galactose in the medium in which L. lactis is grown
results in nisA promoter induction independent of nisin (Chandrapati & O’Sullivan, 1999).
While the media in which our L. lactis was grown does not contain lactose or galactose, it
did contain glucose, a common breakdown product of lactose in LAB (van Rooijen, van
Schalkwijk, & de Vos, 1991). Hence it is possible that the presence of glucose might induce
the nisA promoter, resulting in leaky expression.

Based on the available literature on the protective properties of S-layer protein, we surmised
that the L. gasseri ATCC 9857 APF-like98 protein could inhibit the adhesion of T. vaginalis
to host ectocervical cells. Our results show that L. lactis, when expressing the L. gasseri
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APF-2-like98 protein is more inhibitory towards T. vaginalis adhesion to hVECs than the
non-transformed NZ9000 strain.

Even upon removal of the unbound Lac/apf-2-like98 cells there was no significant decrease in
T. vaginalis inhibition (~10 % decrease) and >90 % of L. lactis cells remained bound to the
host cells. However, due to the high level of bacterial attachment to host cells, it could not be
inferred if the APF-2-like98 protein is involved in promoting cell adhesion.
While the possibility of other forms of cellular mechanisms could still be involved in parasite
inhibition, the role of S-layer in the interplay between Lactobacillus and the Trichomonas
cannot be ignored. The bacterial S-layers are partially involved in inhibiting T. vaginalis
adhesion and, when in combination with other bacterial factors, could potentially lead to
a synergistic effect responsible for the high inhibitory property of L. gasseri strain ATCC
9857.

The S-layer proteins do not seem to alter the adhesive ability of L. lactis Lac/apf-2-like98
cells. Removal of S-layers in L. kefir and L. parakefir strains also did not have any effect on
its adhesive property to Caco-2 cells (Garrote et al., 2004). While the involvement of S-layer
in bacterial adhesion has been documented (Hynönen, Westerlund-Wikström, Palva, &
Korhonen, 2002; Antikainen et al., 2002; Sillanpää et al., 2000), a certain degree of variation
is observed that is dependent on the bacterial strain and isolate (Jakava-Viljanen & Palva,
2007).

A correlation between self-aggregation and coaggregation of a probiotic strain exists and
L. gasseri strain ATCC 9857 exhibited both forms of aggregative behaviour (Chapter 3,
Figure 3.6 and 3.7). However, the expression of APF-2-like98 in a non-aggregating strain of
L. lactis altered neither its ability to self-aggregate nor to coaggregate with the Trichomonas
parasites, indicating the possible role of other surface molecules in aggregation. MacKenzie
et al. (2010) suggested that the mucin-binding proteins (Mub) of Lactobacillus reuteri could
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influence auto-aggregation. Others have reported on the role of collagen-binding proteins
in cell aggregation (Miljkovic et al., 2015). It has been suggested that α-1,2-glucosesubstituted lipoteichoic or teichoic acid acts as the surface receptor for APF proteins and that
only strains exhibiting this molecule are able to aggregate with APF (Reniero, Cocconcelli,
Bottazzi, & Morelli, 1992). Perhaps, the Trichomonas surface lacks a structural orthologue
of the bacterial α-1,2-glucose-substituted lipoteichoic/teichoic acid resulting in negligible
coaggregation. Overexpression and single gene knockouts of APF4B2 protein in L. gasseri
4B2 were also found to have no effect on its aggregative ability (Jankovic et al., 2003).
As discussed earlier in this section, the overproduction resulted in alteration of cell shape.
This might point to the possible role of APF-2-like98 protein in L. gasseri ATCC 9857 in the
maintenance of cell shape rather than aggregation and bacterial adhesion.

Overall, APF-2-like98 protein reduces T. vaginalis adherence to host cervical cells. However,
this is independent of its ability to promote bacterial adhesion or coaggregation. It is possible
that the APF-2-like98 protein could have a modifying effect on the host cells or Trichomonas
that adversely affects the parasite’s ability to bind to the epithelial layer.

End of Part 2

135

Chapter 7
Summary and general discussion

Trichomoniasis, caused by the extracellular protozoa, Trichomonas vaginalis, is the
most common non-viral sexually transmitted infection worldwide. The human genital tract,
which also houses an indigenous population of Lactobacillus, is the site of infection for this
protozoan parasite. Research has been classically focused on the human-parasite relationship
but the influence of the vaginal microbiota on this infection has been generally neglected.
Modifications of the vaginal environment in Trichomonas infection that is associated with
a reduction of lactobacilli population and increase of the vaginal pH, are in fact evident
(Martin et al., 1999; Torok et al., 2007). This suggests that the two microorganisms could
interact and influence each other (Brotman et al., 2012).

The indigenous population of Lactobacillus has been reported to play a protective role
in mitigating vaginal pathogens such as BV-associated bacteria, E. coli and Neisseria
gonorrhoeae (Borgdorff et al., 2014; Pabich et al., 2003; Graver & Wade, 2011). Lactobacilli
are also capable of preventing the attachment of the parasitic protozoan, T. vaginalis, to the
human epithelial cells (Phukan, Parsamand, Brooks, Nguyen, & Simoes-Barbosa, 2013). In
this study, we report the mechanism and the chemical nature of the inhibition involved and
also identified one of the bacterial surface molecules partially responsible for the inhibition
of T. vaginalis adhesion to host cells.

We have shown that L. gasseri ATCC 9857 causes a reduction in T. vaginalis B7RC2 attachment
to host cells via utilisation of a combination of mechanisms that include coaggregating
with the parasites, physical displacement and competition for binding sites. Additionally,
bacterial secretions also partially contribute towards the inhibition of T. vaginalis adhesion.
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The surface of bacteria is chemically diverse. We started exploring the chemical nature of
those surface molecules which could contribute to this inhibitory phenotype against the
protozoan parasite T. vaginalis. We enzymatically separated the L. gasseri cell wall from their
protoplasts. Our results do not preclude the participation of molecules other than proteins
and, in fact, they indicate the participation of multiple types of molecules. However, through
different treatments of bacterial cells/walls and despite the apparent diverse mechanisms of
inhibition and molecules involved, we showed that proteins on the surface of these bacteria
do play a substantial role. Furthermore, we have been able to identify one of the surface
molecules (APF-2-like98 protein) involved in this interaction process. In a pathway leading to
the discovery of APF-2-like98, we first showed that the bacterial cell wall or the components
of the cell wall are involved in parasite inhibition, particularly the surface proteins. More
specifically, stripping non-covalently associated surface proteins from L. gasseri with high
concentrations of LiCl resulted in a protein extract that was substantially inhibitory against
T. vaginalis adhesion to host cells. Furthermore, once these proteins were stripped off, the
remaining bacteria behaved quite differently. Removal of these proteins caused a reversal
of inhibition. Together, these results strongly indicate the involvement of these proteins in
Trichomonas adhesion-inhibition.

As a more definitive demonstration of the involvement of such proteins, we aimed to utilise
a genetic approach. Driven by many studies that indicate the role of S-layers in adhesion
properties and even cell adhesion (Kmet & Lucchini, 1997; Nishiyama et al., 2015), we
elected to investigate the S-layer proteins from the highly inhibitory L. gasseri strain ATCC
9857 which was originally a human vaginal isolate. Because its genome was not available, we
used homologous (species/strain) genomes to be able to identify the S-layer genes in ATCC
9857. Previous studies have shown that S-layer gene knockouts in L. gasseri resulted in long,
filamentous shaped cells with no visible cell division sites, suggesting that these genes play
an important role in the maintenance of cell shape and in cell division. Overexpression of the
same genes in L. gasseri also adversely affected the cell shape such that the cells appeared
twisted, enlarged and formed unbreakable clumps. Furthermore, the overexpressing strains
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were unstable and reverted back to the wild type phenotype (Jankovic et al., 2003). Our
bioinformatic analysis highlighted possible technical difficulties for expressing and purifying
these proteins in a recombinant form from E. coli. This is because S-layers are notoriously
hydrophobic and tend to aggregate into crystalline structures at the cell surface (Mobili et
al., 2010).

For this reason and despite multiple efforts, the recombinant proteins turned out to be
insoluble whenever we achieved expression in E. coli and regardless of the experimental
condition. Being unable to have these proteins in an isolated recombinant form, we used a
heterologous expression system in Lactococcus lactis, a bacterium which shares similarities
with lactobacilli. L. lactis has been widely used as a genetic tool to study protein functions
via heterologous protein expression (Ribeiro et al., 2002; Que, Haefliger, Francioli, &
Moreillon, 2000). This bacterium is not native to the human vagina, and when compared to
L. gasseri ATCC 9857, inhibits T. vaginalis adhesion to host cells to a lesser degree. This
made L. lactis a suitable model to study the role of APF-like98 proteins. In order to achieve
this, the apf-like98 genes were cloned into L. lactis such that the proteins are expressed on
the lactococcal cell surface. Surface localisation of APF-2-like98 protein was confirmed by
western blot assays of cell wall extracts. However, recombinant cloning of the apf-1-like98
gene could not be achieved. This could be due to the inherent restriction modification (RM)
systems present in Lactococcus that can target and digest methylated DNA. This can be a
challenge especially when the plasmid vector is first propagated in E. coli. Furthermore,
shuttle vectors designed for cloning in both E. coli and LAB can be structurally unstable
(Spath, Heinl, & Grabherr, 2012).

Strikingly, when APF-2-like98 protein from L. gasseri ATCC 9857 was successfully expressed
and localised on the surface of L. lactis these bacteria became more inhibitory to the adhesion
of T. vaginalis to host cells. Despite this, there was no observable change in these genetically
modified bacteria in terms of cell aggregation and host cell adhesion.
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Limitations of the study
Being an in vitro model system, the interpretation of the findings in this study
should be done with care before correlating them to that in the natural human vaginal
microenvironment. It is an artificial biological system that does not consider the variations and
influence of various external and internal factors such as the use of antibiotics or other drugs,
hormones, menstrual cycle and the tissue/cellular interactions within the whole organism.
Moreover, this study focuses primarily on one single species of vaginal Lactobacillus.
Furthermore, our sampling is biased towards the bacterial strains and isolates that can be
grown and cultivated in the laboratory and hence the inferences made in this work should be
treated with caution.

The Lactobacillus strain (L. gasseri ATCC 9857) used in this study is a vaginal isolate
(Johnson, Phelps, Cummins, London, & Gasser, 1980) as opposed to a cervical one.
Considering the fact that this work studied the effect of a vaginal microbe in a cervical
environment, it raises the question if the findings obtained can correctly reflect the native
microenvironment. Smith et al. (2014) did a quantitative analysis of the cervical and vaginal
microbiota in healthy pre-menopausal women and showed that within the same subject, the
same microbes colonised the vagina as well as the cervix. Hence, the in vitro cervical model
used in this research could be used to study the effects of a vaginal isolate as there appears
to be no difference in the microbial composition in these two environments. However, there
could be differences in the phenotype of these cells which could affect the results obtained
in this study.

The cervix is usually coated with a layer of mucus that itself has antimicrobial activity
(Hein, Valore, Helmig, Uldbjerg, & Ganz, 2002) and exhibits barrier properties (Mcguckin,
Lindén, Sutton, & Florin, 2011). It has been shown that mice infected with Citrobacter
rodentium display increased mucin production that aids in pathogen removal and prevention
of colonisation (Bergstrom et al., 2010). It is possible that the Trichomonas parasite could
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directly or indirectly (e.g., via the lactobacilli) generate a similar response in the human
mucosal layer. At the time of infection establishment, it has been found that the parasite
degrades the mucus layer via proteolysis (Lehker & Sweeney, 1999) before coming in contact
with the cervical cell line. The influence of the mucosal layer on Trichomonas infection in this
study is not considered as it primarily focuses on the events occurring after the mucus barrier
has been compromised. The mechanisms via which the parasite overcomes this mucosal
barrier or the combined double protective shield of mucus and the microbiota could be an
interesting topic of study. However, this is currently beyond the scope of this investigation.

Although APF-2-like98 protein can decrease T. vaginalis adhesion, the host cell surface
molecules to which it binds to are currently unknown. S-layer proteins from L. acidophilus
were found to bind to dendritic cells (DC) (Konstantinov et al., 2008). Since DCs play
important immunological roles in infections such as the human papillomavirus (HPV)
infection (Manickam, Sivanandham, & Tourkova, 2007), it is possible that our L. gasseri
APF-2-like98 protein could also bind to DCs and influence T. vaginalis infection.
In this study, certain factors could have affected the properties of the APF-2-like98 protein.
While the presence of any post-translational modification on the APF-2-like98 protein needs
to be experimentally confirmed, it is unlikely that such modification exists. This is because
the most common post-translational modification observed in S-layers is glycosylation and
so far, has been identified in three Lactobacillus species only- L. bucherni, L. helveticus
and L. kefir (Mobili et al., 2009; Waśko, Polak-Berecka, Kuzdraliński, & Skrzypek, 2014;
Anzengruber et al., 2014). Another point that should be considered is the structural arrangement
of this protein on the cell surface. Although localisation of the recombinant protein on the
Lactococcal surface was confirmed, it is not known if it can form the same crystal structure
as in the native bacterium. This needs to be confirmed by electron microscopy. If similar
structural arrangement did not occur, then this could have an effect on the findings presented
in this study.
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Future directions
As Lactobacillus is the most dominant bacterial genus in the vagina of most healthy
pre-menopausal women, we decided to investigate possible interactions between this bacterial
genus and Trichomonas. Furthermore, Ravel et al. (2011) reported that the vaginal microbiota
of most women could be classified into five community state types (CST). Four of these
CSTs were found to be dominated by a single species of Lactobacillus, out of which one of
them was found to be dominated by L. gasseri. The fifth CST was however characterised by
low lactobacilli abundance and higher occurrence of anaerobic microbes; a trait associated
with women suffering from trichomoniasis or BV (Brotman et al., 2012; Shipitsyna et al.,
2013). This implies that the Trichomonas could cause a shift in microbial population to a
more anaerobic type of microbiota with reduced lactobacilli populations. However, it is
also possible that women with a lactobacilli-dominant microbiota are naturally refractory
to T. vaginalis. Therefore, there is a potential of discovering protective mechanisms and
molecules from lactobacilli against trichomoniasis.

This study focused on the effects of lactobacilli on T. vaginalis adhesion to host cells. It
would be interesting to determine if the lactobacilli can modulate gene expression on the
host cell surface such that it contributes towards parasite inhibition. Studies have shown
that probiotic strains of Lactobacillus are immunostimulatory and increase expression of
host cell genes involved in immune responses (Brisbin et al., 2008; van Baarlen et al.,
2011). Caco-2 cells, when in presence of L. plantarum exhibited altered expression of genes
associated with tight junction such as occludin and other genes associated with intestinal
barrier function (Anderson et al., 2010). Furthermore, L. salivarus modulates chemokine
response that results in reduced infection rates and inflammation caused by the pathogen,
Helicobacter pylori (Ryan, O’Hara, Van Pijkeren, Douillard, & O’Toole, 2009). In light of
this information, it would be interesting to know if the lactobacilli can similarly modulate
the expression of host genes against T. vaginalis. Since the Trichomonas parasite binds to
the gal-1 receptor on host cells (Okumura et al., 2008), modulation of gal-1 on cervical cells
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by the lactobacilli can be investigated. If downregulation of the gal-1 receptor occurs in the
presence of lactobacilli, then this could partly explain the reduction in T. vaginalis adhesion
by L. gasseri. As this is a 3-way (host-microbiota-parasite) interaction process, it is possible
that in addition to host cell receptors, the Lactobacillus also influences gene expression in
the T. vaginalis parasite. Studies that investigate lactobacilli-induced alterations in TvLG
expression could provide us with an insight into the molecular interactions between these
two microorganisms. Additional research can be done to identify additional surface binding
molecules in T. vaginalis and their corresponding receptors on the host cells; and to determine
if the lactobacilli influences the expression of these binding molecules.

As the presence of the S-layer proteins in the wild type strain of L. gasseri ATCC 9857 could
not be confirmed by LiCl extraction and mass spectrometry, it would be useful to synthesise
anti-APF-like98 antibodies. This has been previously done for L. gasseri strain 4B2 where
two polyclonal anti-APF4B2 antibodies were raised in rabbit (Jankovic et al., 2003). Out of
the two antibodies, one showed high specificity and was consequently used in subsequent
assays. As discussed in Chapter 5, since strains 4B2 and ATCC 9857 are identical, the same
antibody could be synthesised and used in western blot assays of LiCl extracted proteins to
detect the presence of S-layers in the wild type L. gasseri ATCC 9857 strain.

Due to time constraints, we had to focus on the inhibitory properties found to be associated
with the lactobacilli surface. However, the bacterial secretions that caused partial inhibition
could also be analysed by mass spectrometry to identify potential molecules. Attempts
could be made to identify the components of the bacterial supernatant obtained in this study,
which could include molecules like bacteriocins or biosurfactants. In a study conducted by
Charteris, Kelly, Morelli, & Collins (2001), the secreted fraction from L. gasseri ATCC 9857
was found to contain bacteriocins that exhibited a wide range of antibacterial activity and
showed greater activity in low pH conditions. Additionally, the Lactobacillus supernatant
could also contain biosurfactants that mitigate T. vaginalis adhesion. Biosurfactants have
been found to display anti-microbial and anti-adhesion properties in different species of
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Lactobacillus, such as L. acidophilus, L. paracasei and L. brevis etc. (Velraeds, Van De
Belt-Gritter, Van Der Mei, Reid, & Busscher, 1998; Gudina, Teixeira, & Rodrigues, 2010;
Gomaa, 2013; Ceresa et al., 2015). These molecules, once identified, could then be cloned
for further study.

Even though APF-like98 protein overexpression in E. coli was unsuccessful, it would be
worthwhile to endeavour to obtain soluble APF-1-like98 and APF-2-like98 proteins by adopting
a more suitable E. coli cloning vector or a different cloning strategy. Moreover, as mentioned
in Chapter 6, the presence of hydrophobic regions, a common feature in membrane proteins,
can result in insoluble protein. Cloning hosts E. coli C41(DE3) snf C43(DE3) can be used as
they are better equipped for membrane protein overexpression (Miroux & Walker, 1996). A
purified form of the protein could give us an insight to not only its effect on T. vaginalis, but
also its structure and other properties.

As in this study, we have been able to heterologously express only one of the two APF-like98
proteins (APF-2-like98) in L. lactis, it would be desirable to successfully express APF-1-like98
in L. lactis as well. The large size of the plasmid pCWA used in this study might have been
the reason for the difficulty in obtaining an L. lactis clone. If this was the case then the
cloning could be attempted in a smaller vector such as pNZ124, as was used by Jankovic et
al. (2003) to clone L. gasseri 4B2 APF4B2 proteins in L. lactis. However, given that APF4B2
overexpression in L. gasseri adversely affected the cell shape and size resulting in unstable
clones (Jankovic et al., 2003), the cloning of this gene could be challenging.

Despite this, heterologous expression of APF-2-like98 protein in L. lactis resulted in
reduced adhesion of T. vaginalis to host cells and was consistently reproducible between
experiments. A possible future direction would be to perform similar cell wall treatments on
the transformed L. lactis Lac/apf-2-like98 cells to separate the cell wall from the protoplasts
and then to test the effect of these extracted cell walls on T. vaginalis adhesion. Additionally,
both the purified APF-like98 proteins and the ones heterologously expressed in L. lactis
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could be used to investigate the mechanism of parasite inhibition. Our findings show that
the APF-like98 proteins can partially affect Trichomonas adhesion by physically blocking the
binding sites (Chapter 6, Figure 6.9). It would be interesting to find out if these proteins also
compete with or cause physical displacement of the parasites.

Finally it would be worthwhile to try knockouts of the individual apf-like98 genes in its native
host, L. gasseri ATCC 9857 to observe alterations in its inhibitory capability. Single and
double knockout of apf4B2 genes have been previously attempted in L. gasseri 4B2 (Jankovic
et al., 2003) but only single knockouts were viable and successful. Furthermore, the authors
believed that the coexistence of both apf4B2 genes was not necessary and that only a single
gene was sufficient for survival. Double knockout was not attainable as it was believed
that the apf4B2 genes are essential genes that perform important physiological function in
maintaining cell shape and integrity. Hence complete gene suppression was not possible.

T. vaginalis infection is a complex process and the vaginal microbiota plays a crucial role in
influencing the infection outcome. The identification of the aggregation-promoting factors
is a step in teasing apart complex interactions between these microbes and possibly one of
the numerous candidates that might be involved in this microbial interaction. A potential
molecule that could be involved in this process comes from the NlpC/P60 family of proteins.
This protein family is bacterial in origin and believed to have been laterally transferred
to the T. vaginalis genome. Recently, these trichomonad NlpC/P60 proteins have been
implicated in Lactobacillus cell wall degradation (unpublished data), indicating a drastic
niche competition occurring between the two microorganisms.
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Should murine models be used?
As mentioned earlier in this chapter, this study used an in vitro model system and
hence it has its own share of limitations. In vivo studies, on the other hand, can help us to
better overcome those limitations. The selection of an appropriate in vivo model, however, is
important and needs to be carefully assessed as each model has its own drawbacks that could
influence the outcome of a disease. For example, although T. vaginalis infection in mice
have been studied by researchers (McGrory & Garber, 1992; Abraham, Desjardins, Filion, &
Garber, 1996; Chatterjee et al., 2015), they do not always faithfully echo the infection states
and outcomes in humans and hence do not make ideal in vivo models for a variety of reasons.
First of all, the anatomical structure of mice show that they do not have typical cervixes and
their uteri differ considerably from that of the humans (Komarek, 2012). Secondly, neither
do they host the same microbiota as humans (Spurbeck & Arvidson, 2011) nor are they
the natural hosts for Trichomonas vaginalis (Schwebke & Burgess, 2004). A more suitable
animal model to study this infection process would be to use non-human primate models
as their cervical structure is more similar to those of humans (Hafez & Jaszczak, 1972).
Techniques to investigate Chlamydia, Trichomonas and HIV infection process in squirrel
monkey (Saimiri sciureus) and the pig-tailed macaque (Macaca nemestrina) have been
developed (Gardner et al., 1987; Henning et al., 2014; Henning et al., 2011; Patton et al.,
2006), indicating their potential as in vivo study models. However, it is to be noted that the
vaginal microbiota in these non-human primates are dissimilar to those in humans. In fact,
studies have shown that the human vaginal microbiota is unique in its structure in that it
comprises of unusually higher Lactobacillus populations than the rest of the primates. The
healthy non-human primate vaginas are characterised by either lower or no Lactobacillus
populations and relatively high pH (Rivera et al., 2011; Rivera, Stumpf, Wilson, Leigh, &
Salyers, 2010; Stumpf et al., 2013; Yildirim et al., 2014). Additionally, humanised animal
models can also be used to study infections. In such models, gnotobiotic animals are
inoculated with microbial strain(s) of human origin to study their role in infections and hence
these models can better represent the human conditions (Dezzutti, 2015; García-Lerma &
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Heneine, 2012). Similar animal models that mirror both the human cervical structure and the
microbiota can be designed to gain a deeper understanding of the trichomoniasis infection
process.

Conclusion
In summary, we have shown that the lactobacilli employ several mechanisms to
mitigate T. vaginalis adhesion to host cells. These mechanisms include cell aggregation,
parasite exclusion, physical blocking and competition for binding sites. By employing a
series of chemical and enzymatic treatments, we have shown that the bacterial cell wall and
its components are involved in this inhibition process. The role of one of the APF-like98
surface proteins in reducing T. vaginalis adhesion has been shown here. Heterologous
expression of one of the APF-like98 surface protein in L. lactis resulted in enhancement of its
inhibitory phenotype.

The data presented in this study indicate that the interaction between Lactobacillus and
Trichomonas is a complex process. The inhibition of T. vaginalis adhesion to host cells by
L. gasseri the result of a multi-factorial interaction. Several factors such as contact dependent,
contact independent, surface and secreted molecules, proteins and non-proteinaceous
elements seem to play a role. Furthermore, the 3-way interaction between the host cell,
the native microbiota and the parasite only adds to its complexity. As this multi-cellular
interaction has the potential to significantly influence infection outcomes, we require a
multi-layered approach to understand the underlying mechanisms. A combination of gene
expression profiling, effective cloning strategies, polymicrobial assays, cytokine assays,
metabolomics etc. is required to obtain a deeper understanding of this disease.

In conclusion, additional research is required to fully understand these microbial interactions,
but at this point it is tempting to speculate that the aggregation-promoting factor-like proteins
represent a possible set of inhibitory molecules that could have potential use in novel drug
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therapy and biomedical interventions. In addition, this work highlights the potential role
played by the lactobacilli in attenuating T. vaginalis infection. The findings presented in this
study reinforces the importance our microbiota plays in vaginal health and point towards the
need for consideration of our native microbiota in infection states, especially in the light of
emerging drug resistant T. vaginalis strains.
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Appendix I
Mass spectrometry results
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Mass spectrometry search results (L. gasseri ATCC 33323)
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Mass spectrometry search results (L. gasseri ATCC 9857)
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Appendix II
Multiple sequence alignments
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Appendix III
Primer Sequences
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Sequences (5’ - 3’)
CT AAT AGG TGC CAG CCA
T CCC ATC CAT AAA TCA TGC ACA
TTC AAC GCC ATC CCA AAC GG
TTC AAC GCC ATC CCA AAC GG
GCG T/A AG AA T/A A/G TT AGC ATA TTT ACT AGC TGT
G CAT TGG TTC A/T CC ATG A/C GC AGT
AGG TTG TGC TTT TTG TAC TGG AGC
AGTTGCTACTGCTACAACTGC
TGTTGCCGTTTGGGATGGCGTTG
GTA CTG GAG CTG AGT AAG TAC G

Primer name

P01

P02

P03

P04

P05

P06

P07

P08

P09

P10

Primers for the purpose of sequencing apf-1-like98 and apf-2-like98 genes from L. gasseri
ATCC 9857.
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5’

P08 P09
P02 P01

3’

LGAS_1544

P10

P03

LGAS_1546

P04

P05

P06

3’

P07

LGAS_1547

LGAS_1548

LGAS_1549

5’

LGAS_t1545

Genetic layout of the LGAS_1546 and LGAS_1547 and the surrounding genes from
L. gasseri ATCC 33323. Primers P01 - P10 are shown and the direction in which they amplify
is indicated by black horizontal arrows. Coloured horizontal arrows located on top of their
respective genes depict the orientation in which the genes are transcribed.
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Primer

F47

R47_ed

F46-pET-Bam

R46

F46-CWA-His

R46-CWA-His

F47-CWA-His

R47-CWA-His

F-AD

R-AD

pWF

pWR

Gene

apf-1

apf-1

apf-2

apf-2

apf-2

apf-2

apf-1

apf-1

pCWA (AD)

pCWA (AD)

pCWA

pCWA

XhoI

TCGACTCGAGGTACCAGCCGTTTGATTG

EcoRV
SalI
EcoRV
XmaI
XhoI
-

GATAGTCGACCACCACCACCACCACCACGCAGAAGTTACTGTTGGTC
GATAGATATCGCGTACCAGCCATTTGCTTGCC
GAGCCCCGGGGAGATATCGCTAGCTTTAGAAG
GAGCCTCGAGGAAGGCCCAGTCTTTCGACTG
AAA CCG AAC TTA ATG GGA GG
GTG CTT TTG CTT CTG CTT CAA GTT TTG C

SalI

XhoI

GATAGATATCGCGTACCAACCGTTAGTTTGCC

GAGAGTCGACCACCACCACCACCACCACGCTACTATTGTTCAAAATGATAC

TCGACTCGAGGTACCAACCGTTAGTTTG

BamHI

NcoI

CATGCCATGGATGCAGAAGTTACTGTTGG

CATGGGATCCG GCTACTATTGTTCAAAATG

RE used

Sequence (5’ - 3’)

Primers for amplification of apf-like98 genes from the genome of L. gasseri ATCC 9857.

Restriction sites are in red, codons for histidine tags are in green and random nucleotides are

underlined.
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Chromatograms
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DNA sequence for apf-1-like98 gene (forward primer- T7)
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DNA sequence for apf-2-like98 gene (forward primer- T7)
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Appendix V
Cloning strategy in E. coli and L. lactis
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pJET2.1/blunt
vector

pJET2.1/blunt
vector

sequenced

XhoI

NcoI
apf-1/apf-2

apf-1/apf-2

+

pET22b(+) vector

lB
lea
de

Hi
s

pe

tag

XhoI

NcoI

apf-1/apf-2

r

MCS

pET22b(+) vector

r

Hi

de

lea

st

ag

lB

pe

apf-1/apf-2

MCS

Transformation in E. coli DH5α

Transformation in E. coli Rosetta

Schematic representation of the cloning strategy adopted for E. coli overexpression.
The apf-like98 inserts, obtained via PCR, were ligated into the commercial cloning vector
(pJET2.1/blunt), sequenced and subcloned into the expression vector, pET22b(+). Both
vector and inserts were digested with NcoI and XhoI enzymes and then ligated into the
multiple cloning site (MCS) of the vector. Curved arrows in red indicates the direction in
which the insert was transcribed. Recombinant plasmids were then transformed into E. coli
DH5α cells followed by E. coli Rosetta transformation for protein overexpression.

172

pJET2.1/blunt
vector

pJET2.1/blunt
vector

sequenced

SaII

His tag

apf-1/apf-2

EcoRV
apf-1/apf-2

His tag
Signal
peptide

PnisA

M
SalI

CS

Amp

+

AD

EcoRV

pCWA

apf-1/apf-2

His tag

GAGAGTCGACCACCACCACCACCACCACGCTAC...
His tag
SalI

Cm
Ori

PnisA
SP
His tag

ap

f-1

/a

MCS

pf

-2

AD

pCWA
Amp

Cm
Ori

Transformation in E. coli

Transformation in L. lactis

Schematic representation of the cloning strategy adopted for L. lactis overexpression.
The apf-like98 inserts, obtained via PCR, were ligated into the commercial cloning vector
(pJET2.1/blunt), sequenced and subcloned into the expression vector, pCWA. Both vector
(pCWA) and inserts (obtained via PCR) were digested with SalI and EcoRV enzymes and
then ligated into the multiple cloning site (MCS) of the vector. Curved arrows in black
indicates the direction in which the insert is being transcribed. The recombinant plasmid
thus obtained was then transformed into E. coli DH5α followed by L. lactis transformation
for heterologous protein expression.
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Appendix VI
Plasmid maps
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pJET1.2/blunt vector

Plasmid map for pJET1.2/blunt. (Source: Thermo Scientific CloneJET PCR Cloning Kit).

Sequence of the multiple cloning site from vector pJET1.2/blunt. (Source: Thermo
Scientific CloneJET PCR Cloning Kit).
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pET22b(+) vector

so the T7 expression region is reversed on the circular map. The cloning/expression region of
the coding strand transcribed by T7 RNA polymerase is shown below. The f1 origin is oriented
so that infection with helper phage will produce virions containing single-stranded DNA that
corresponds to the coding strand. Therefore, single-stranded sequencing should be performed
using the T7 terminator primer (Cat. No. 69337-3).

Bpu1102 I(80)

pET-22b(+) sequence landmarks

361-377
360
224-289
158-225
140-157
26-72
764-1843
3277
4038-4895
5027-5482

Dra III(5251)

f1
Sca I(4588)
Pvu I(4478)

Bsa I(4169)

(764-1843)
lacI

Pst I(4353)

5482)
5027in (
g
i
or

Ap (4
038
-48
95
)

T7 promoter
T7 transcription start
pelB coding sequence
Multiple cloning sites
(Nco I - Xho I)
His•Tag coding sequence
T7 terminator
lacI coding sequence
pBR322 origin
bla coding sequence
f1 origin

Ava I(158)
Xho I(158)
Not I(166)
Eag I(166)
Hind III(173)
Sal I(179)
Sac I(190)
EcoR I(192)
BamH I(198)
Nco I(220)
Msc I(225)
BseR I(260)
BspM I(268)
Nde I(288)
Xba I(326)
Bgl II(392)
SgrA I(433)
Sph I(589)
PflM I(696)
ApaB I(798)

pET-22b(+)

Eam1105 I(4108) –

(5493bp)

Mlu I(1114)
Bcl I(1128)
BstE II(1295)
Bmg I(1323)
Apa I(1325)
BssH II(1525)
Hpa I(1620)

AlwN I(3631)

or

i(

32

77

PshA I(1959)

)

BspLU11 I(3215)
Sap I(3099)
Bst1107 I(2986)
Tth111 I(2960)

Psp5 II(2221)
Bpu10 I(2321)
BspG I(2741)

T7 promoter primer #69348-3
T7 promoter

Bgl II
Nde I

Sal I

Hind III

BspM I

Eag I
Not I

lac operator

Msc I Nco I

pelB leader

Ava I*
Xho I

Xba I

signal peptidase

His•Tag

rbs

BamH I EcoR I Sac I

Bpu1102 I
T7 terminator primer #69337-3

T7 terminator

pET-22b(+) cloning/expression region
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pVE5547 (pCWA) vector
HpaI
KpnI
Acc65I
SwaI
Eco47III
BsmFI
PpuMI
StyI
SnaBI
XcmI
++ StyI
MunI
ScaI
++ AflII

SwaI

Ery
rep

SacI
Eco53kI
++ BamHI
SpeI
BamHI
BpmI

NsiI
BbsI

8000

T1T2

BtgZI

pVE5547.cm52000
BmtI
NheI

9033 bps

PspXI
AbsI
PspOMI
BanII
ApaI
KpnI
Acc65I
GsaI
BseYI

nucA
6000
NheI
BmtI
EcoRV
BbsI
BmgBI
PnisA
PshAI
ter
EcoNI
BsrGI
colE1
AhdI
SalI
PstI
NruI
BstBI
BglII
PciI
SapI
PciI
DrdI
BciVI
GsaI
BseYI
AlwNI
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BseRI

4000

Amp

FspI
NmeAIII
BglI
BpmI
BsrFI
BsaI
AhdI

ScaI

EcoRI
FspI ++
NdeI
DrdI
BsmBI
PfoI
BsmBI
AatII
ZraI
BciVI

Appendix VII
Reagents and solutions
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Table 7.1: Media for bacterial and parasitic growth
Media
Complete MRS medium

Composition
5.5 % (w/v) MRS, 10 % heat inactivated horse serum

Complete MRS agar medium

5.5 % (w/v) MRS, 10 % heat inactivated horse serum,
1.5 % (w/v) bacteriological agar

Complete M17 (SGM17) medium 3.75 % (w/v) M17, 10 % glucose, 0.5 M sucrose
Complete M17 (SGM17) agar 3.75 % (w/v) M17, 10 % glucose, 0.5 M sucrose, 1.5
medium

% bacteriological agar

Complete Diamond’s medium

For 1L media, 22.2 g tryptose, 11.12 g yeast extract,
5.56 g maltose, 1.112 g cysteine, 0.22 g ascorbic acid,
0.88 g KH2PO4, 0.88 g K2HPO4, 10 % horse serum, 1
% Penicillin-Streptomycin antibiotics

LB medium

2.5 % (w/v) Lennox Broth base (Invitrogen, New
Zealand)

LB agar

2.5 % (w/v) Lennox Broth base (Invitrogen, New

Freezing medium for E. coli

Zealand), 1.5 % bacteriological agar
LB media,15 % glycerol

Freezing medium for Lactobacillus Complete MRS media, 15 % glycerol
Freezing medium for Lactococcus Complete M17 media, 15 % glycerol
lactis
Freezing medium for Trichomonas Complete Diamond’s media, 10 % Dimethyl sulfoxide
vaginalis
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Table 7.2: Mammalian cell culture media
Media
Complete cell culture media

Composition
Keratinocyte Serum

Free

Media

(KSFM)

(Life

Technologies, New Zealand) supplemented with 10 %
horse serum (Life Technologies, New Zealand) and 1 %
Penicillin-Streptomycin (10,000 U/ml) (Life Technologies,
New Zealand)
Trypsin solution

0.25 % Trypsin-EDTA (1 X) (Life Technologies, New
Zealand)

Freezing medium

Keratinocyte Serum Free Media (KSFM) supplemented
with 10 % horse serum and 1 % Penicillin-Streptomycin
(10,000 U/ml), 10 % DMSO

All cell culture medium were always used in sterile conditions.

Table 7.3: Solutions used in adhesion assays
Solution
Proteinase K buffer (10 X)

Composition
500 mM Tris-HCl, pH 8.0 and 1 % SDS

Formaldehyde fixation solutions

3.5 % Formaldehyde in 1 X PBS; 100 mM

Glycine
Buffer (control) for protoplast generation TBS pH 7.4, 25 % (w/v) sucrose, 1 mM EDTA
Buffer for protoplast generation

TBS pH 7.4, 25 % (w/v) sucrose, 1 mM EDTA,
20 mg/ml lysozyme, 20 µg/ml mutanolysin

All solutions were sterile
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Table 7.4: Solutions used for DNA electrophoresis
Solution
Agarose

Composition
1 % (w/v) UltraPure Agarose dissolved in 1 X TBE buffer

DNA sample loading buffer

Invitrogen TrackIt Cyan/Orange Loading Buffer (6 X)

TBE buffer (1 X)

89 mM Tris, 89 mM Boric acid, 2.5 mM EDTA, pH 8.3

Table 7.5: Solutions used for SDS-PAGE
Solution
Resolving gel (12 %)

Composition
12 % acrylamide, 375 mM Tris-HCl (pH 8.8), 0.1 %
SDS, 0.1 % ammonium persulfate, 0.065 % TEMED

Stacking gel (4.5 %)

4.5 % acrylamide, 125 mM Tris-HCl (pH 6.8), 0.1 %
SDS, 0.065 % ammonium persulfate, 0.065 % TEMED

Laemmli 5 X Sample buffer

10 % SDS, 25 % 2-mercaptoethanol, 50 % glycerol,
0.01 % bromophenol blue, 312.5 mM Tris-HCL, pH
6.8

1 X Tris-Glycine Running buffer

25 mM Tris base, 190 mM glycine, 0.1 % SDS, pH 8.3

All solutions were made with MilliQ water
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Table 7.6: Solutions used for immunoblotting
Solution
1 X Blotting buffer

Composition
20 mM Tris, 150 mM Glycine, 20 % Methanol

TBS 10 X

For 1 L, 24g Tris base, 88 g NaCl, pH 7.6

1 X TBST

1 X TBS, 0.1 % (v/v) Tween-20

Blocking buffer

1 X TBST and 5 % (w/v) skim milk

Antibody dilution buffer

1 X TBST and 5 % (w/v) skim milk

Table 7.7: Stains and destains for SDS-PAGE gels
Solution
Coomassie blue stain

Composition
0.1 % (w/v) Coomassie Brilliant Blue (R250)

Destain

40 % methanol, 10 % acetic acid

Table 7.8: Solutions used for preparing E. coli competent cells
Solution
TSB/TSS buffer

Composition
10 % w/v PEG 6000, 50 mM MgCl2, pH 6.5.
Prior to use, the buffer was supplemented
with DMSO to 5 % v/v.
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Table 7.9: Solutions used for preparing L. lactis competent cells
Solution
SGM17-Gly

Composition
3.75 % (w/v) M17, 10 % glucose, 0.5 M
sucrose, 2.5 % glycine

Washing Solution (WS) solution

0.5 M sucrose, 10 % glycerol

Electrotransformation (ES) solution

30 % polyethyleneglycol, 10 % glycerol
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Flow Cytometry
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Introduction
The objectives of the present study was to investigate the effect of Lactobacillus
and S-layer expressing recombinant Lactococcus lactis cells on T. vaginalis adhesion to
host cells. The numerical counting of the parasites and the bacteria were performed by flow
cytometry, a powerful technique that allows for the precise enumeration of cells, thereby
enabling the user to obtain the cell concentration of a particular cell type in a mixed cell
population in absolute numbers. The following section briefly outlines the principle behind
flow cytometry and its basic working principle.

Basics of flow cytometry
Flow cytometry (FCM) is an analytical and quantitative tool to analyse the physical
and chemical characteristics of cells through laser-based techniques. It can count and analyse
the shape and size of a particular cell type within a heterogenous cell population. Upon
illuminating cells with a laser beam, the light that is scattered is measured, based on which
the cytometric properties of the cells can be gauged. Some FCMs can also physically sort
cells while others can count and measure fluorescently emitted light. Light that has been
scattered in the same direction as the incident laser beam gives information about the cell
size. Scattered light collected at an angle gives information about the cell complexity such as
cell suface roughness, number of organelles in cell. Cells that are stained with a fluoroscent
dye (fluorochrome) emit light at particular wavelengths, and hence a particular colour, that
are picked up by appropriate detectors (Álvarez-Barrientos et al., 2000).

Working principle
Key components of the FCM include the cell sample in appropriate suspension
buffer, fluidics, lazers, optics and detectors, and computer system (Figure 8.1 A). A prepared
cell suspension is sucked up by the FCM machine and into a stream of fluid called sheath
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fluid. Through a process called hydrodynamic focussing, the cell suspension surrounded
by the sheath fluid is made to pass perpendicularly through a laser beam one cell at a time
(Figure 8.1 B).

As each cell moves across the laser beam to be analysed individually, the light is scattered in
multiple directions (Figure 8.1 C). Light that is scattered along the direction of the incident
laser light is called forward scatter (FSC). Light scattered is collected by a photodiode known
as FSC channel. Light that is scattered perpendicular to the path of the laser beam is called
side scatter (SSC) and detected by the SSC channel.

Cells or cellular components labelled with fluorochromes are excited by the incident laser
beam and emit fluorescent light that is collected by a system of lenses and filters to direct
specific wavelengths of the collected light to appropriate detectors. The computer software
to which the detectors are connected converts the digital signal in the form of histograms or
dot plots where each dot corresponds to a single cell (Bio-Rad, n.d.) (Figure 8.1 A).
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A

Computer

Detectors
Fluidic System

Laser
Particles

B

C
Sheath fluid
Forward
scattered
light
Laser

Fluorescent light
emmitted from particle
Laser

Forward and side scattered
light from particle
Side scattered light

Particles

Figure 8.1. Working principle of a flow cytometry. Panel A: Key components of a flow
cytometer. The laser beam that is incident on the cell particles is scattered in different
directions and collected by a detector. Fluoresent light emitted by the particles is collected,
filtered and specific wavelenghts of light are directed to appropriate detectors.
Panel B: Hydrodynamic focussing of particles by sheath fluid, enabling only one particle
to be analysed by the laser beam at a time. Panel C: Light scattering properties of a cell.

Flow cytometric enumeration of bacterial and trichomonad cells
In a flow cytometry, as a particle intersects the incident laser beam, the electric
signal is converted and displayed on the computer screen as a dot on an x-y graph. This is
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called a dot plot and this type of data representation takes into account two parameters of the
particle at the same time. The parameters can be any of the three combinations- (1) forward
scatter (FSC) versus side scatter (SSC), (2) SSC versus single colour fluoroscence and (3)
two-colour fluorescence dot plot. In our flow cytometric analysis, two-colour fluorescence
dot plot was used. This makes it possible to differentiate between particles that fluorescence
at a particular wavelength and those that do not; and those that fluorescence at two different
wavelengths.

For the purpose of adhesion assays, Lactobacillus cells were counted using FCM and their
percentage viability was calculated. Cell viability kit from BD is used as the standard method
to count and distinguish live and dead cells. The kit contains fluorescent dyes thiazole orange
(TO) and propidium iodide (PI). Thiazole orange is cell membrane permeable and enters
all cells, live and dead, whereas PI is permeable only for cells whose membrane has been
compromised, hence making it an ideal dye for staining dead cells. The combination of the
two dyes allows to distinguish the dead cells from live cells (BD, 2012) (Figure 8.2 A1 and
A2) .

CellTracker Orange CMTMR fluorescent dye was used in this study for the purpose of staining
T. vaginalis cells. CMTMR dye is permeable and undergoes a reaction at the membrane to
form a non-toxic cell-impermeate product. The dye is then well-retained in living cells and
cannot be laterally transferred to adjacent cells (Life Technologies, n.d.).

Figure 8.2 shows a typical FCM analysis of stained Lactobacillus and Trichomonas cells.
The FCM is equipped with four filters (also known as channels) to capture emissions in
specific wavelengths. Apart from the FSC and SSC channel, the FCM also has four other
channels (FL-1, FL-2, Fl-3 and FL-4) dedicated for fluorescence emissions. TO dye mostly
fluorescences in FL-1 and FL-2 while PI dye is detected by FL-3. A 2-dimentional plot of
FL-1 versus FL-3 is then used to separate the live cells (TO- stained) from the dead ones (PI).
For the CMTMR dye, the fluorescent signal is mostly detected by channel FL-2. Figure 8.2
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B2 clearly shows the shift in fluorescence when the T. vaginalis cells are stained as compared
to unstained control (Figure VI.).

A1

A2

B1

B2

Figure 8.2. Dot plot of stained and unstained Lactobacillus and Trichomonas cells.
A1: unstained Lactobacillus cells occupy the bottom left corner of the dot plot. A2: On
staining the cells with dyes TO and PI, the live cells (TO-stained) and the dead cells (PIstained) shift along the x- and y-axis away from the unstained control into two separate cell
populations. B1: unstained T. vaginalis cells, B2: T. vaginalis cells stained with CMTMR
(Invitrogen).
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FCM analysis of mixed cell populations
In this study, polymicrobial assays were conducted to investigate the effect of T.
vaginalis adhesion to host ectocervical cells or hVECs when in presence of Lactobacillus.
Pre-stained T. vaginalis cells were incubated with hVECs and Lactobacillus, where the latter
two remained unstained. Being the only cell type to be labelled with a fluorescent dye, the
T. vaginalis cells appear as a separate cell population from the other two cell types when
analysed on the flow cytometer dot plot (Figure 8.3). Even when unstained, the hVECs and
the Trichomonas show some degree of self-fluorescence. However, the stained parasites
continue to appear as a distinct group.
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A

B

C

D

Figure 8.3. Dot plot of mixed cell populations. A, B and C: unstained lactobacilli, hVECs
and T. vaginalis cells all cluster at the same region of the dot plot. D: a mixture of unstained
lactobacilli and hVECs along with fluorescently labelled T. vaginalis cells. Only the stained
Trichomonas appear as a clear separation from the rest of the unstained cell mixture.
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Appendix IX
Pairwise sequence alignments
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APF 1 (9857 vs 33323)

9857
33323
9857
33323
9857
33323
9857
33323
9857
33323
9857
33323

1 MNMLNNNLKSTLTKTAAAAALTLAGAAIVNNTQNTVKAAEVTVGQQEKIV
||||||||||||||||||||||||||||||||||||||||||||||||:|
1 MNMLNNNLKSTLTKTAAAAALTLAGAAIVNNTQNTVKAAEVTVGQQEKVV

50

51 TINYLPHKSIAVWNSYGPDKQMTGQYLPHATAWKVIRAAYDDAGNKWYDL
||||||||||||||||||:|||||||||||||||||:|||||||||||||
51 TINYLPHKSIAVWNSYGPNKQMTGQYLPHATAWKVIKAAYDDAGNKWYDL

100

101 GANQWVMAKYTRLGKDTVDPNVASELFTSQASSYNTAAQTQTTQGSYSAP
||||||||||||||||||||||||||||||||||||.|||||||||||||
101 GANQWVMAKYTRLGKDTVDPNVASELFTSQASSYNTVAQTQTTQGSYSAP

150

151 KTSVGSYSSVQSTQTQQAPVQKAQPSQSQSSYTSNVSGSEAAAKAWIAGR
|||||||||.|:|||||||||||||:||||||||||||||||||||||||
151 KTSVGSYSSAQNTQTQQAPVQKAQPAQSQSSYTSNVSGSEAAAKAWIAGR

200

201 ESGGSYSARNGQYIGKYQLSASYLGGDYSAANQERVADNYVKSRYGSWTN
||||||||||||||||||||||||||||||||||||||||||||||||:|
201 ESGGSYSARNGQYIGKYQLSASYLGGDYSAANQERVADNYVKSRYGSWSN

250

251 AQSFWQSNGWY
||||||:||||
251 AQSFWQANGWY

50

100

150

200

250

261
261

Figure 9.1. Pairwise sequence analysis of APF-1-like98 from L. gasseri strains ATCC
9857 and APF-1-like33 protein sequence from strain ATCC 33323. Sequence identity:
96.6 %. Mismatches are indicated in red.

APF 2 (9857 vs 33323)

9857
33323
9857
33323
9857
33323
9857
33323
9857
33323
9857
33323
9857
33323

1 MKFQSILTKSLAAAALTATGLVALNSQNTNDAQAATIVQNDTNVVTINNA
||||||||||||||||||||||||||||||||||||||||||||||||||
1 MKFQSILTKSLAAAALTATGLVALNSQNTNDAQAATIVQNDTNVVTINNA

50

51 NSTVAVWDGVENAHFTGKELVHGTTWKVIRTAYDAMGNKWYDLGANQWIM
||||||||||||||||||||||||||||||||||||||||||||||||||
51 NSTVAVWDGVENAHFTGKELVHGTTWKVIRTAYDAMGNKWYDLGANQWIM

100

101 AKYTVEGGNAATAKVATATTAQAPVQQAQASVQKQQTTQ---VQQSAQKQ
|||||||||.|||.|||
|||||.|.| ||:.||||
|||.| ||
101 AKYTVEGGNTATASVAT----QAPVQTATA-VQQAQTTQSAPVQQPA-KQ

147

148 TTSVASQQVNTQAKAATQ---------------VQHQTVAQAPKTNYNYN
.|..||| |.||:|:||
|||||||||||||||||
145 VTPAASQ--NVQAQASTQTKQAPVQHQVQTQAPVQHQTVAQAPKTNYNYN

182

183 VQRTYSAPVQQRTYSYASAQKQTTQVAQKTQTTTSYTSNASGSEAAAKAW
||||||||||:||||||.|||||||||||||:||||||||||||||||||
193 VQRTYSAPVQRRTYSYAPAQKQTTQVAQKTQSTTSYTSNASGSEAAAKAW

232

233 IAGRESGGSYSARNGQYIGKYQLSASYLGGDYSAANQERVADNYVKSRYG
||||||||||||||||||||||||||||||||||||||||||||||||||
243 IAGRESGGSYSARNGQYIGKYQLSASYLGGDYSAANQERVADNYVKSRYG

282

283 SWTGAQKFWQTNGWY
|||||||||||||||
293 SWTGAQKFWQTNGWY

50

100

144

192

242

292

297
307

Figure 9.2. Pairwise sequence analysis of APF-2-like98 and APF-2-like33. Sequence
identity: 86.7 %. Mismatches are indicated in red.
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9857
4B2
9857
4B2
9857
4B2
9857
4B2
9857
4B2
9857
4B2

1 MNMLNNNLKSTLTKTAAAAALTLAGAAIVNNTQNTVKAAEVTVGQQEKIV
||||||||||||||||||||||||||||||||||||||||||||||||||
1 MNMLNNNLKSTLTKTAAAAALTLAGAAIVNNTQNTVKAAEVTVGQQEKIV

50
50

51 TINYLPHKSIAVWNSYGPDKQMTGQYLPHATAWKVIRAAYDDAGNKWYDL
||||||||||||||||||||||||||||||||||||||||||||||||||
51 TINYLPHKSIAVWNSYGPDKQMTGQYLPHATAWKVIRAAYDDAGNKWYDL

100
100

101 GANQWVMAKYTRLGKDTVDPNVASELFTSQASSYNTAAQTQTTQGSYSAP
||||||||||||||||||||||||||||||||||||||||||||||||||
101 GANQWVMAKYTRLGKDTVDPNVASELFTSQASSYNTAAQTQTTQGSYSAP

150
150

151 KTSVGSYSSVQSTQTQQAPVQKAQPSQSQSSYTSNVSGSEAAAKAWIAGR
||||||||||||||||||||||||||||||||||||||||||||||||||
151 KTSVGSYSSVQSTQTQQAPVQKAQPSQSQSSYTSNVSGSEAAAKAWIAGR

200

201 ESGGSYSARNGQYIGKYQLSASYLGGDYSAANQERVADNYVKSRYGSWTN
||||||||||||||||||||||||||||||||||||||||||||||||||
201 ESGGSYSARNGQYIGKYQLSASYLGGDYSAANQERVADNYVKSRYGSWTN

250

251 AQSFWQSNGWY
|||||||||||
251 AQSFWQSNGWY

200

250

261
261

Figure 9.3. Pairwise sequence analysis of APF-1-like98 from L. gasseri strains ATCC
9857 and APF-14B2 from strain 4B2. Sequence identity: 100 %

9857
4B2
9857
4B2
9857
4B2
9857
4B2
9857
4B2
9857
4B2

1 MKFQSILTKSLAAAALTATGLVALNSQNTNDAQAATIVQNDTNVVTINNA
||||||||||||||||||||||||||||||||||||||||||||||||||
1 MKFQSILTKSLAAAALTATGLVALNSQNTNDAQAATIVQNDTNVVTINNA

50
50

51 NSTVAVWDGVENAHFTGKELVHGTTWKVIRTAYDAMGNKWYDLGANQWIM
||||||||||||||||||||||||||||||||||||||||||||||||||
51 NSTVAVWDGVENAHFTGKELVHGTTWKVIRTAYDAMGNKWYDLGANQWIM

100

101 AKYTVEGGNAATAKVATATTAQAPVQQAQASVQKQQTTQVQQSAQKQTTS
||||||||||||||||||||||||||||||||||||||||||||||||||
101 AKYTVEGGNAATAKVATATTAQAPVQQAQASVQKQQTTQVQQSAQKQTTS

150

151 VASQQVNTQAKAATQVQHQTVAQAPKTNYNYNVQRTYSAPVQQRTYSYAS
||||||||||||||||||||||||||||||||||||||||||||||:|||
151 VASQQVNTQAKAATQVQHQTVAQAPKTNYNYNVQRTYSAPVQQRTYTYAS

200

201 AQKQTTQVAQKTQTTTSYTSNASGSEAAAKAWIAGRESGGSYSARNGQYI
||||||||||||||||||||||||||||||||||||||||||||||||||
201 AQKQTTQVAQKTQTTTSYTSNASGSEAAAKAWIAGRESGGSYSARNGQYI

250

251 GKYQLSASYLGGDYSAANQERVADNYVKSRYGSWTGAQKFWQTNGWY
|||||||||||||||||||||||||||||||||||||||||||||||
251 GKYQLSASYLGGDYSAANQERVADNYVKSRYGSWTGAQKFWQTNGWY

100

150

200

250
297
297

Figure 9.4. Pairwise sequence analysis of APF-2-like98 and APF-24B2 from L. gasseri
strains ATCC 9857 and 4B2 respectively. Sequence identity: 99.7 %
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APF-1
APF-2
APF-1
APF-2
APF-1
APF-2
APF-1
APF-2
APF-1
APF-2
APF-1
APF-2
APF-1
APF-2

1 MNMLNNNLKSTLTKTAAAAALTLAGAAIVNNTQNTVKAAEVTVGQQE-KI
...:|.|||:.||||||..| .:..|:|||..|...|:.|.: .:
1 -----MKFQSILTKSLAAAALTATG-LVALNSQNTNDAQAATIVQNDTNV

49
44

50 VTINYLPHKSIAVWNSYGPDKQMTGQYLPHATAWKVIRAAYDDAGNKWYD
||||. .:.::|||:.. .:...||:.|.|.|.|||||.|||..||||||
45 VTINN-ANSTVAVWDGV-ENAHFTGKELVHGTTWKVIRTAYDAMGNKWYD

99

100 LGANQWVMAKYTRLGKDTVDPNVASELFTSQASSYNTAA---QTQTTQGS
||||||:|||||..|.:.....||:.. |:||......|
:.||||..
93 LGANQWIMAKYTVEGGNAATAKVATAT-TAQAPVQQAQASVQKQQTTQVQ

146

147 YSAPKTSVGSYSSVQSTQ--------------------------TQQAPV
.||.|.:....|...:||
|..|||
142 QSAQKQTTSVASQQVNTQAKAATQVQHQTVAQAPKTNYNYNVQRTYSAPV
171 QK---------------AQPSQSQSSYTSNVSGSEAAAKAWIAGRESGGS
|:
||.:|:.:|||||.|||||||||||||||||||
192 QQRTYSYASAQKQTTQVAQKTQTTTSYTSNASGSEAAAKAWIAGRESGGS
206 YSARNGQYIGKYQLSASYLGGDYSAANQERVADNYVKSRYGSWTNAQSFW
||||||||||||||||||||||||||||||||||||||||||||.||.||
242 YSARNGQYIGKYQLSASYLGGDYSAANQERVADNYVKSRYGSWTGAQKFW
256 QSNGWY
|:||||
292 QTNGWY

92

141
170
191
205
241
255
291

261
297

Figure 9.5. Pairwise sequence analysis of APF-1-like98 and APF-2-like98 amino acid
sequences from L. gasseri ATCC 9857. Sequence identity: 51.3 %

APF-1
APF-2
APF-1
APF-2
APF-1
APF-2
APF-1
APF-2
APF-1
APF-2
APF-1
APF-2
APF-1
APF-2

1 MNMLNNNLKSTLTKTAAAAALTLAGAAIVNNTQNTVKAAEVTVGQQE-KI
...:|.|||:.||||||..| .:..|:|||..|...|:.|.: .:
1 -----MKFQSILTKSLAAAALTATG-LVALNSQNTNDAQAATIVQNDTNV

49
44

50 VTINYLPHKSIAVWNSYGPDKQMTGQYLPHATAWKVIRAAYDDAGNKWYD
||||. .:.::|||:.. .:...||:.|.|.|.|||||.|||..||||||
45 VTINN-ANSTVAVWDGV-ENAHFTGKELVHGTTWKVIRTAYDAMGNKWYD

99

100 LGANQWVMAKYTRLGKDTVDPNVASELFTSQASSYNTAA---QTQTTQGS
||||||:|||||..|.:.....||:.. |:||......|
:.||||..
93 LGANQWIMAKYTVEGGNAATAKVATAT-TAQAPVQQAQASVQKQQTTQVQ

146

147 YSAPKTSVGSYSSVQSTQ--------------------------TQQAPV
.||.|.:....|...:||
|..|||
142 QSAQKQTTSVASQQVNTQAKAATQVQHQTVAQAPKTNYNYNVQRTYSAPV

170

171 QK---------------AQPSQSQSSYTSNVSGSEAAAKAWIAGRESGGS
|:
||.:|:.:|||||.|||||||||||||||||||
192 QQRTYTYASAQKQTTQVAQKTQTTTSYTSNASGSEAAAKAWIAGRESGGS
206 YSARNGQYIGKYQLSASYLGGDYSAANQERVADNYVKSRYGSWTNAQSFW
||||||||||||||||||||||||||||||||||||||||||||.||.||
242 YSARNGQYIGKYQLSASYLGGDYSAANQERVADNYVKSRYGSWTGAQKFW
256 QSNGWY
|:||||
292 QTNGWY

92

141

191
205
241
255
291

261
297

Figure 9.6. Pairwise sequence analysis of APF-14B2 and APF-24B2 amino acid sequences
from L. gasseri 4B2. Sequence identity: 51.3 %
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LGAS_1546
LGAS_1547
LGAS_1546
LGAS_1547
LGAS_1546
LGAS_1547
LGAS_1546
LGAS_1547
LGAS_1546
LGAS_1547
LGAS_1546
LGAS_1547
LGAS_1546
LGAS_1547

1 -----MKFQSILTKSLAAAALTATG-LVALNSQNTNDAQAATIVQNDTNV
...:|.|||:.||||||..| .:..|:|||..|...|:.|.: .|
1 MNMLNNNLKSTLTKTAAAAALTLAGAAIVNNTQNTVKAAEVTVGQQE-KV

44

45 VTINN-ANSTVAVWDGV-ENAHFTGKELVHGTTWKVIRTAYDAMGNKWYD
||||. .:.::|||:.. .|...||:.|.|.|.||||:.|||..||||||
50 VTINYLPHKSIAVWNSYGPNKQMTGQYLPHATAWKVIKAAYDDAGNKWYD

92

93 LGANQWIMAKYTVEGGNTATASVATQAPVQTATA---VQQAQTTQ---SA
||||||:|||||..|.:|...:||::.....|::
|.|.||||
||
100 LGANQWVMAKYTRLGKDTVDPNVASELFTSQASSYNTVAQTQTTQGSYSA

49

99
136
149

137 PVQQPAKQVTPAASQNVQAQASTQTKQAPVQHQVQTQAPVQHQTVAQAPK
|.......
:::||
|||:|||||.
150 PKTSVGSY---SSAQN------TQTQQAPVQK------------------

186

187 TNYNYNVQRTYSAPVQRRTYSYAPAQKQTTQVAQKTQSTTSYTSNASGSE
||..||.:|||||.||||
173 --------------------------------AQPAQSQSSYTSNVSGSE

236

237 AAAKAWIAGRESGGSYSARNGQYIGKYQLSASYLGGDYSAANQERVADNY
||||||||||||||||||||||||||||||||||||||||||||||||||
191 AAAKAWIAGRESGGSYSARNGQYIGKYQLSASYLGGDYSAANQERVADNY
287 VKSRYGSWTGAQKFWQTNGWY
||||||||:.||.|||.||||
241 VKSRYGSWSNAQSFWQANGWY

172

190
286
240

307
261

Figure 9.7. Pairwise sequence analysis of APF-1-like33 and APF-2-like33 amino acid
sequences from L. gasseri ATCC 33323. Sequence identity: 49.8 %
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