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ABSTRACT

Gardnerella vaginalis is one of the most frequently isolated microorganisms associated with
bacterial vaginosis (BV). However, limited information concerning the genetic diversity of G.
vaginalis isolated from BV positive and intermediate cases, has been documented. This study
investigated the diversity of G. vaginalis in pregnant women, a currently under-researched area
in South Africa. The study population included pregnant women recruited from a public
hospital in Durban, South Africa. The women provided 2 self-collected vaginal swabs for
microscopy and the genotyping assays. The BV status of the women was determined using
Nugent scoring. A total sample of n=137 specimens was selected for analysis. The 16S
ribosomal ribonucleic acid (rRNA) gene of G. vaginalis was used for the genotyping assays.
The 16S rRNA gene polymerase chain reaction products were digested with Taql to generate
genotyping profiles and genotypic subtypes were determined by correlating BamHI and HindlI11
digestion profiles. Phylogenetic analysis was performed on the 16S rRNA gene sequences. The
data analysis was performed in R Statistical Computing software, version 3.6.2. Restriction
digestion with Tagl revealed the presence of two different genotypes i.e. GT1 and GT2. Within
both BV positive and intermediate sample groups, GT1 was the most prevalent genotype
(54%). Overall, 4 subtypes (1, 2B, 2AB and C) were shown to be present in the sample
population. The most prevalent subtype was 2B (15/37, 40.5%), followed by subtypes 1

(11/37, 29.7%), 2C (4/37, 10.8%) and 2AB (4/37, 10.8%). The phylogenetic analysis of the
16S rRNA genes showed the presence of 5 clusters. The tree displayed clusters which contained
groups of specimens from the same BV group with different genotypes and subtypes present.

There were also clusters which contained specimens from across the BV groups carrying the



same genotype and subtype. Finally, the study did not find a significant association (p>0.05)
between reported symptoms of discharge and genotype harboured.

This study provides the first report on the diversity of G. vaginalis in South African pregnant
women. Diversity assessments of G. vaginalis with respect to genotypes and subtypes may aid

in a greater understanding on the pathogenesis of this microorganism.



CHAPTER 1

INTRODUCTION

Bacterial VVaginosis (BV) is a common female reproductive infection caused by disruptions in
the vaginal microflora when native lactobacilli are replaced by anaerobic bacteria [1, 2].
Infection is characterised by vaginal discharge which is foul smelling [3], and irritation during
urination [4]. However, some infections may be asymptomatic [5]. The epidemiology of BV
documented in previous studies strongly indicates that it is acquired via sexual transmission [6,
7]. Therefore, the causes of BV may be attributed to having multiple sex partners [8] and lack
of condom use. Consequences of BV include: adverse pregnancy outcomes [9] and increased
susceptibility to sexually transmitted infections (STIs) [10] as well as Human

Immunodeficiency Virus (HIV) [11].

The predominant, or aetiological agent, Gardnerella vaginalis [4, 12], is found in most women
with vaginosis and has been reported to be the main cause of clinical signs and symptoms used
to diagnose BV [13, 14]. Other diverse anaerobic bacteria such as Atopobium, Mobiluncus,
Prevotella, Bacteroides, Anaerococcus, Peptostreptococcus, Sneathia, Leptotrichia, and
members of the class Clostridia [13], are believed to be associated with BV [15]. G. vaginalis
has appeared to be the most virulent BV-associated anaerobe demonstrating greater adherence

to vaginal cells, cytotoxicity, and biofilm-producing capacity [16].

For over three decades, researchers have been conducting extensive bacterial typing assays, in
order to identify different virulence traits among Gardnerella spp. [17]. Phenotypic assays have
been used to assess the diversity of Gardnerella spp. based on their biochemical properties such

as production of p-galactosidase, lipase, and hippurate hydrolysis.
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However, the early typing assays had failed to reveal the diversity of G. vaginalis [14, 18]. The
genetic heterogeneity of G. vaginalis species has been determined using molecular approaches,
such as Amplified Ribosomal DNA restriction analysis (ARDRA) [19]. ARDRA is a simple,
fast and reproducible method for microbial molecular epidemiology and taxonomy [20]. The
ARDRA genotyping approach developed by Ingianni and co-workers was shown to be less
error-prone [21]. In the study by Ingianni et al., 1997 [22], the ARDRA method allowed for G.

vaginalis to be separated into at least 4 genotypes.

Despite the availability of useful genotyping techniques for G. vaginalis, it has been
documented that there is limited data on the prevalence of G. vaginalis genotypes from across
the globe [23]. Thus, this study investigated the diversity of G. vaginalis from non-cultured
vaginal swabs obtained from pregnant women from KwaZulu-Natal, South Africa, by
ARDRA, thereby filling in a gap in knowledge. In addition, no clear association between BV
and any of the ARDRA genotypes has been reported. Through this study, the distribution of G.
vaginalis ARDRA genotypes linked to BV status and clinical symptoms of BV such as
abnormal vaginal discharge will be determined.

The objectives of the study: to determine the presence of G. vaginalis in study samples, to
determine the different genotypes that are present across the BV states, and to investigate the
association of identified genotypes and/or subtypes with clinical symptoms, all assist in the
accomplishment of the overall aim of the study, i.e. to determine the diversity of Gardnerella
vaginalis in pregnant women from Durban, by identifying different genotypes using Amplified

ribosomal DNA restriction analysis (ARDRA).



CHAPTER 2

LITERATURE REVIEW

2.1. Background

Bacterial vaginosis (BV) is an imbalance of the vaginal micro-environment [24], common in
females of a reproductive age [2]. Symptoms of BV include: a malodourous white/ grey vaginal
discharge, raised vaginal pH (>4.5), burning sensations during urination, vaginal irritation or
discomfort. In addition, BV is often asymptomatic [5]. BV is the most common vaginal
infection in women of reproductive age [25]. Untreated BV has led to conditions such as pelvic
inflammatory disease, increased risk of preterm birth, greater susceptibility to STls, and
neonatal complications [26]. Some of the risk factors for BV include: having a new or multiple
sex partners [8], antibiotics, and the use of intrauterine devices. The pathogen or aetiological
agent predominantly responsible for the onset of BV infection is Gardnerella vaginalis, a
facultative anaerobic coccobacillus, also implicated in male and female urogenital tract
infections, and bacteraemia [27]. Its pathogenesis is attributed to its production of sialidase A,
and the toxin vaginolysin, together with its ability to adhere to vaginal epithelial cells and

establish biofilms [16, 28].

2.2. Epidemiology of BV

The prevalence of BV has been reported to be as high as 51% in African women [29]. In a study
conducted by Kenyon et al., 2013 [30] which describes the global epidemiology of BV, it was
observed that the prevalence of BV varies due to ethnicity and geographic regions.

According to that study, BV prevalence was the highest in Southern and Eastern Africa.


https://en.wikipedia.org/wiki/Multiple_sex_partners
https://en.wikipedia.org/wiki/Multiple_sex_partners
https://en.wikipedia.org/wiki/Multiple_sex_partners
https://en.wikipedia.org/wiki/Antibiotic
https://en.wikipedia.org/wiki/Intrauterine_device

According to a study by Bayigga et al., 2018 [31], BV prevalence among women in sub-
Saharan Africa is approximately 40% [32, 33], with reports of the condition persisting despite
available treatment. In Africa, South Africa (SA) had the highest prevalence of BV [34].
Gambia had the second highest prevalence of BV at 37% followed by Uganda at 34%. The

lowest prevalence of BV was 12% in Maputo, Mozambique [30].

KwaZulu-Natal (KZN), the most densely populated province in SA, has been markedly affected
by both the HIV and STI epidemic [35], with a disproportionate burden of STIs and HIV among
women. Several studies conducted with various populations of women in KZN have shown
high prevalence of HIV coupled with STIs [36-38]. In Durban, KZN, the prevalence of BV was

52% and in rural KZN the prevalence of BV was around 58%.

2.3. Risk factors for BV

Epidemiological studies revealed that risk factors for the acquisition of BV include low socio-
economic status, cigarette smoking, douching, antibiotic treatment for other conditions, and the
acquisition of new or multiple sex partners [39-44], amongst others. These high-risk behaviours
are also linked to the acquisition of common STIs, emphasising that BV could be transmitted

sexually [41, 45-47].

Studies in a Ugandan population of women at high risk of acquiring HIV/STIs showed that the
high prevalence of BV was attributed to women being of a young age, the consumption of
alcohol, and the number of previous partners had [48]. The association of bacterial STIs and
BV incidence in Durban has also been studied [10]. According to Nagot et al., 2007 [49],
Herpes Simplex Virus-2 (HSV-2) infected women have a higher prevalence of BV when
compared to uninfected women. It has been previously shown that women diagnosed as HSV -

2 positive, older than 35 years of age, not married, having a partner who was not circumcised



and coital frequency in the last 7 days were all associated with increased likelihood of BV

incidence [50].

2.4. Consequences of BV during pregnancy

Of particular public health concern is the observation that BV is the most commonly reported
microbiological syndrome among women of childbearing age [4, 25]. BV can be an
independent risk factor for the acquisition of many other STIs [51], commonly HIV. Adverse
pregnancy outcomes associated with BV as depicted in Figure 1 include: infertility, high
prenatal mortality, preterm birth, postpartum fever, development of endometritis, post-
hysterectomy, or post-abortal sepsis, other post-surgery infections, upper genital tract
infections, and pelvic inflammatory disease [15, 52, 53] have attracted the attention of both
clinicians and the scientific community at large [54]. In addition to female reproductive health,
foetal health is also compromised upon infection with BV. BV-associated microorganisms and
their toxins capable of crossing the placenta are among the main causes of brain injury for
foetuses, with long-term neurological consequences such as hyperactivity, academic

difficulties, and more severely, cerebral palsy, observed in children [55-57].



Before Fertilization Pregnancy After

L ﬂ

PID Neonatal infection
Cervicitis

Proinflammatory cytokines V
Sperm motility and viability

Amniotic fluid infection
Chorioamnionitis
Late miscarriage
Premature rupture of the membranes
Preterm delivery
Virus reactivation (HSV, Cytomegalovirus)

Figure 1: Implications of bacterial vaginosis on reproductive health. The figure depicts
maternal and neonatal complications associated with bacterial vaginosis infection at various
stages i.e. pre-pregnancy, during pregnancy and post-pregnancy. STD, sexually transmitted

disease, PID, pelvic inflammatory disease. Image taken from Mastromarino et al., 2014 [58].

2.5. Diagnosis of BV
Due to its notorious ability for setting off an entire array of serious gynaecological and obstetric
complications [12], and its controversial presence in women presenting with and without

clinical symptoms, there is an increased need for accurate BV diagnosis.

2.5.1. Clinical methods

Saline microscopy is the most recognised method for clinical diagnosis of BV. Due to the
sensitivity and specificity rates (ranging from 37% to 70% and 94% to 99%, respectively) [59,
60], Amsel’s criteria is mostly used for diagnosis of BV. A homogenous discharge, elevated
vaginal pH , 4.5, 20% of clue cells on saline microscopy; and a fishy odour after the addition

of 10% potassium hydroxide to a slide of secretions (positive whiff test) [3] serve as the criteria
8



for diagnosis, of which three of the four must be met. The adherence of G. vaginalis, with
increased ammonium production, resulting in the production of cytotoxins and an exfoliated
biofilm leading to appearance of clue cells, is facilitated by the rise in pH that occurs in BV.

This enhances the growth and establishment of other BV-associated anaerobes as depicted in

Figure 2.

A relatively fast and convenient diagnosis using microscopy can be made, thus proving to be a
desired method for some clinicians. However, shortcomings of this method include the
observation that routine assessment of all criteria is sometimes not carried out, and diagnosis

of BV is inaccurate by clinicians due to lack of time or skills [61].



Whiff Test

Prevotella buccalis
Prevotella disiens
BVAB1

*Dialister micraerophilus
Precotella bivia
Porphyromonas asaccharolytica

Mycoplasma hominis

Parvomonas micra

Dialister sp. type 2 *Prevotella timonensis

Megasphaera sp.T1

Clue Cells Vaginal Discharge

Figure 2: Relationship between Amsel’s criteria and bacterial communities in women with
bacterial vaginosis. Represented are the different bacterial taxa associated with significant
factors used in the diagnosis of bacterial vaginosis according to the Amsel’s criteria [15]. For
example, Gardnerella vaginalis is shown to be associated with increased pH, clue cells, and a
positive whiff test. Asterisks represent bacteria present in 75% of women with bacterial
vaginosis, and taxa in bold font are those associated with Amsel’s criteria as a composite unit.

Image taken from Coleman and Gaydos, 2018 [62].

2.5.2. Laboratory-based methods

The Gram stain is the ‘Gold-standard’ for the diagnosis of BV [63], and has been used in
laboratories since 1965 [62]. This method is largely based on the presence or absence of

lactobacilli.
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The use of microscopy on gram stained vaginal smears, together with a standardised scoring
system for BV, the Nugent score (NS), is used to distinguish the three bacterial morphotypes
with the highest degree of reproducibility: Lactobacillus (large Gram-positive rods),

Gardnerella and Bacteroides spp. (small Gram positive or Gram-variable rods), and
Mobiluncus spp. (curved Gram-negative or Gram variable rods). With the Nugent score, the
slides are examined for the quantity of Gram-positive rods and lactobacilli (i.e., normal flora)
and Gram-negative or Gram variable morphotypes (BV flora) [64]. A score of 0 to 3 indicates
‘normal flora’, 4 to 6, ‘intermediate or mixed flora’, and 7 to 10 is indicative of a positive BV

status [64, 65].

2.6. History of G. vaginalis

BV was initially thought to be a STI propagated by a bacterium that is now known as G.
vaginalis. Although the discovery of this pathogen was made in 1953 by Leopold, the
description of the microorganism in relation to BV was documented by Gardner and Dukes in
1955. Controversy surrounds the history of this microorganism as its elusive nature is even
revealed by the fact that it has been renamed several times, mainly because of its unique cell

wall structure and nutritional requirements [12].

Leopold [66] originally described this microorganism as a novel “Haemophilus-like” species
associated with prostatitis and cervicitis [67]. The classification of the microorganism as
Haemophilus vaginalis, based on its origin, was validated by its cell morphology, then-negative
reaction to Gram staining, and its inability to grow on agar media lacking blood. Eventually,
its Gram-variable nature differentiated it from other members of the Haemophilus genus when
it was realised that Haemophilus vaginalis occasionally had a positive reaction to Gram staining
and did not require either hemin or Nicotinamide Adenine Dinucleotide (NAD) for its growth.

The microorganism was then temporarily placed into the Corynebacterium genus, and for some
11



time was referred to as Corynebacterium vaginale by Zinnemann and Turner [68, 69].
However, its biochemical profile did not fit into the description of the Corynebacterium genus
as the microorganism was catalase-negative, and lacked arabinose in its cell wall [12, 67].
Finally, two large taxonomic studies evaluating multiple criteria revealed the lack of
similarities between “Haemophilus vaginalis” and other established genera [70, 71]. As a
result, a new genus named Gardnerella was proposed, with G. vaginalis being the only species

in it.

As the polymicrobial nature of BV became evident, the role of G. vaginalis in the aetiology of
this condition became less clear. As a result, interest in G. vaginalis declined in the late 1980s,
only to re-emerge in recent years as the relationship of this microorganism to BV was re-

evaluated.

2.7. Structure and physiology

Numerous attempts to study the biochemistry and ultrastructure of the G. vaginalis cell wall
have led to some conflicting results [4]. Due to the relatively thin cell wall (8-12nm)
encompassing a thin peptidoglycan layer, G. vaginalis is classified as Gram-variable [72] based
on its reaction to Gram staining as it varies from negative to positive [67]. G. vaginalis is a
facultative anaerobe with cells that are typically small, pleomorphic coccobacilli (0-4 by 1-

1.5um) [67] as shown in Figure 3, ranging from 2-3um in length [70, 73]. The cells are
immotile, non-sporulating, uncapsulated, and lack flagella [73]. Additionally, they possess
fimbriae (3-7.5nm in diameter) [63], that functions together with exopolysaccharides to assist
in the attachment of G. vaginalis to vaginal epithelial cells in vivo [67, 74]. The presence of pili

is more frequent in clinically isolated strains compared to laboratory cultured strains [75].

12



Cells frequently occur in clumps in vaginal smears and when grown in liquid media [70]. Cell

size and morphology is largely dependent on growth conditions and physiological state.

Figure 3: (a) Structure of the pleomorphic coccobacillus Gardnerella vaginalis. (b) Gram stain

of Gardnerella vaginalis as seen under a microscope. Image taken from Centre for Disease

Control and Prevention, 2010.

2.8. Nutrient/growth requirements and metabolism

G. vaginalis is a fastidious, facultative anaerobe that grows well in microaerophilic conditions
in 5-7% carbon dioxide [76]. Optimum growth of G. vaginalis occurs between pH 6 and 6.5
and temperatures between 35°C and 37°C. Slight growth occurs between pH 4.5 and 8 and
temperatures between 25°C and 45°C, and little or no growth occurs at pH 4 [70, 72]. It does
not require either hemin or NAD for growth. Biochemically, G. vaginalis is catalase- [12],
oxidase- and B-glucosidase negative [67]. This microorganism ferments a wide range of

carbohydrates including starch, dextrin, sucrose, glucose, fructose, ribose, maltose and

13



raffinose, resulting in the production of acetic acid as the major end product [77]. Some strains
can also ferment xylose and trehalose. Conversely, G. vaginalis is unable to ferment rhamnose,
melibiose, mannitol, and sorbitol [78]. Additionally, G. vaginalis can hydrolyze hippurate but
not gelatin or esculin. This microorganism is also positive for a-glucosidase activity and for -

hemolysis on human blood, but not sheep’s blood [12].

Findings regarding some of the complex nutritional requirements that are needed for in vitro
growth of G. vaginalis were explained. G. vaginalis inhabits an environment in which a number
of potential iron sources may be available. Interestingly, the analysis of G. vaginalis’ genome
revealed that, aside from simple conversions, the microorganism lacks enzymes in biochemical
pathways involved in amino acid synthesis [12]. It was predicted that G. vaginalis can

synthesise some but not all purine and pyrimidine bases [78].

The acquisition of iron by microorganisms plays a crucial role in the growth of most pathogens
[79]. In a study conducted by Jarosik et al., 1998 [80], the ability of G. vaginalis strains to
acquire iron from various media, and the mechanisms of iron acquisition was explored. In plate
bioassays, the studied strains were able to acquire iron from ferric and ferrous-, hemin, catalase,
and haemoglobin substrates, as well as lactoferrin, but not transferrin, of several mammalian
iron sources in vitro [79] as shown in Figure 4. Lactoferrin [81], an extracellular iron-binding
glycoprotein, can be found on mucosal surfaces, including those of the urogenital tract.
Intracellular haemoglobin is found in erythrocytes and is presumably released upon lysis of
erythrocytes by the G. vaginalis hemolysin [82]. The results from the study revealed the
production of siderophores by G. vaginalis, the suggestion of one mechanism by which the
microorganism can acquire iron. G. vaginalis was also able to directly bind iron-containing
compounds such as heme and catalase, indicating that G. vaginalis also uses a direct binding

mechanism in addition to a siderophore-mediated mechanism to obtain iron [80]. In

14



conjunction with other studies, G. vaginalis is believed to possess up to three potential
mechanisms for iron uptake. The glycolytic pathway, seemingly deficient in G. vaginalis, was
compensated for by the identification of the enzymes responsible for portions of the pentose
phosphate pathway. In addition, majority of the genes coding for enzymes involved in the
tricarboxylic acid (TCA) cycle are missing from the G. vaginalis genome, as reported by

Yeoman et al., 2010 [83].

Figure 4: Utilisation of iron sources by Gardnerella vaginalis 594 as determined by the plate
bioassay. G. vaginalis cells were inoculated onto a peptone-starch-dextrose plate containing
100uM deferoxamine mesylate. Filter discs were spotted with distilled water (a), ferric chloride
(b), ferrous chloride (c), catalase (d), bovine hemin (e), or bovine haemoglobin (f). Image taken

from Jarosik et al., 1998 [80].

The vaginal environment is altered by an increased pH resulting from the decline in
Lactobacillus responsible for producing hydrogen peroxide [84]. The depletion of native

lactobacilli results in a significant polymicrobial shift, promoting growth conditions for G.

15



vaginalis and other opportunistic anaerobes [85, 21]. Additionally, a reduction in redox

potential by G. vaginalis also permits the overgrowth of strict anaerobes.

2.9. Transmission and Pathogenesis

As reviewed elsewhere [7, 6], the epidemiology of BV strongly indicates that it is acquired via
sexual transmission. The presence of G. vaginalis in healthy women casts doubt on its virulence
potential [86, 87]. Nevertheless, in the past decade, it has been demonstrated that G. vaginalis
had a significantly higher virulence potential than many other BV-associated species [16, 88,
89]. Possible virulence factors that could elucidate the pathogenic potential and possible role

of G. vaginalis in BV, have been considered [4].

G. vaginalis as the aetiological agent of BV, possesses a number of molecular characteristics
and employs several mechanisms that can lead to the development of disease. The initial steps
for establishing infection include: adherence to host receptor sites [78], production of cytotoxic
substances specific for host cells, and biofilm formation, as shown in Figure 5. The difference
in cytotoxicity among G. vaginalis strains is attributed to their ability to adhere and form a
biofilm [16, 78]. The biofilm is critical for the survival of G. vaginalis. BV is demonstrated to
be a biofilm mass composed predominantly of G. vaginalis [90]. The biofilm assists in the
adherence of G. vaginalis to vaginal epithelial cells, and in the establishment of other BV
signature bacteria such as Atopobium vaginae in the vaginal microbiome [91]. The production
of the biofilm increases the tolerance of G. vaginalis to lactic acid and hydrogen peroxide by
lactobacilli, resistance to antimicrobial treatment (heightened antibiotic tolerance) [92], and

resistance to host immune defences [93], resulting in the recurrence of the BV syndrome.

The haemolytic activity of G. vaginalis is attributed to the production of vaginolysin, found in

all G. vaginalis strains so far and considered to be the main and best characterised virulence
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factor of G. vaginalis [94, 95]. It is a cholesterol-dependent cytolysin (CDC), species-specific
for human cells (particularly erythrocytes [94], neutrophils, and endothelial cells), that encodes
a pore-forming toxin which binds to the CD59 human complement regulatory molecule [95].
This cytotoxin assists in the initial adherence of G. vaginalis to the host epithelial cells and as
a cytolysin, it activates the protein kinase pathway in epithelial cells and causes cell death by

lysing specific human cells. In vivo, this increases nutrient availability for G. vaginalis [83].

The pathogenetic mechanism of G. vaginalis involves the multiplication of invading bacteria
and the establishment of the biofilm community in order to secure survival [90]. Sialidase also
known as neuraminidase [96], only produced by certain strains of G. vaginalis, functions to
destroy the protective mucus layer on the vaginal epithelium by hydrolysing sialic acid on the
glycans of mucous membranes, believed to be important in BV [18, 83]. This process assists
in the adhesion of bacterial cells on the epithelium through the enhancement of biofilm
production (mucinase activity) [97]. Sialic acid also aids in immune response and provides a

source of nutrition [28, 98].

In addition to sialidase, G. vaginalis and other BV-associated bacteria express prolidases [99].
These proteolytic enzymes also assist in the degradation of extracellular components such as
mucin, and are largely associated with BV [14]. Therefore, compromised host immunity [92,
93], epithelial cell uptake, biofilm-forming capacity [16, 90], and metabolic activities of G.
vaginalis contribute to the survival, diversity and resilience of BV- associated microbiota to

therapy.
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Figure 5: Transmission and pathogenesis of Gardnerella vaginalis. As depicted in the model,
G. vaginalis does not constitute the normal vaginal flora at birth but is rather transmitted
through sexual contact with an infected individual. Its ability to compete with normal vaginal
flora for dominance is attributed to virulence factors that enable adherence to host vaginal
epithelium. An elevated pH, and lowered reduction-oxidation (redox) potential resulting from

G. vaginalis infection, enhances growth of host anaerobes and suppression of lactobacilli.



2.10. Genetic diversity of G. vaginalis

It is presumed that the difficulty of lysing G. vaginalis hindered early genetic explorations,
therefore until 2010, virtually nothing was known about the genetics of G. vaginalis [12]. Early
studies conducted using a variety of techniques indicated that the genome of G. vaginalis had
a low (42-43.5 %) GC content [70, 71]. It was also suggested that the size of the G. vaginalis
genome ranged between 1.67 Mb and 1.72 Mb in a study by Lim et al., 1994 [101]. Studies
employing genotyping of G. vaginalis later confirmed the genome of G. vaginalis to be 1.62—

1.67 Mb with a low GC content (41-42%) [83].

Yeoman et al., 2010 [83] reported great genomic diversity between different isolates, as well
as differences in virulence potentials among several strains G. vaginalis following genome
sequencing. Sequence analysis of the G. vaginalis 16S rRNA gene also showed that the
bacterium is most closely related to Bifidobacterium coryneforme and Bifidobacterium
minimum (Gram-positive organisms) [83]. Examination of virulence factors for a strain of G.
vaginalis from a BV positive woman and another without BV reported impaired adherence in
the non-BV isolate suggesting that there may be both commensal and pathogenic strains of G.
vaginalis [78]. However, in accordance with other studies, there is no mention of the Amsel or
Gram stain characteristics of the woman without BV. This suggests that this type of work needs
to be replicated with multiple isolates. A study by Ahmed et al., 2012 [102] agreed with the
findings reported by Yeoman and colleagues as they also found that G. vaginalis was incredibly

taxonomically diverse for a single species.

Recent comparative genomic analyses of 17 clinical isolates of G. vaginalis suggested that the
species can be subdivided into 4 clades or even that there may be multiple species of G.
vaginalis [102, 103]. In 2019, Vaneechoutte and colleagues [104] confirmed that Gardnerella

did indeed consist of other species namely G. leopoldii, G. piotti, and G. swidsinskii. This
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breakthrough was the result of whole-genome sequence analysis of 81 Gardnerella strains. The
study reported the existence of at least 13 groups distinct enough to be classified as separate

species, within the taxon formerly known as G. vaginalis [104].

2.11. Genotyping of G. vaginalis

Piot et al., 1984 [105] found that G. vaginalis has been divided into at least 8 biotypes on the
basis of its metabolic properties. A study by Ingianni et al., 1997 [22] reported the use of several
genotyping methods, particularly with deoxyribonucleic acid (DNA) restriction profiles as
shown in Figure 6. However, due to great variability in genome fingerprinting of G. vaginalis,
both restriction enzyme analysis (REA) and restriction fragment length polymorphism (RFLP)
of the Southern blot of digests proved to be unsatisfactory for typing these species and for the
definition of the isolated strains [106-108]. In addition, REA determined that more than one
genotype of G. vaginalis may be present for BV patients, as well as a level of genomic
heterogeneity amongst the G. vaginalis present in BV patients. It has also been claimed that a

bacterial shift in a BV patient can take place over a period of time [106-108].

DNA fingerprinting-based analysis methods were shown to be ineffective with restriction
profiles of G. vaginalis, therefore they would be unlikely to guarantee successful distinction
between clinical isolates [108]. This finding was significant as it lead to the development of
improved diagnostic methods [22, 109]. Genotypic and biotyping methods were developed to
determine genotypic heterogeneity of G. vaginalis [22, 105], which proved useful in studying
the taxonomy and epidemiology of Gardnerella [22]. However, these early typing assays often
failed to reveal G. vaginalis diversity [14]. Since genotyping of G. vaginalis requires
specificity, high-fidelity polymerase chain reaction (PCR) is the preferred diagnostic method
since the DNA polymerase shows increased efficacy [110], resulting in increased accuracy in

the replication of the DNA of interest.
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The findings of Jayaprakash and colleagues [111] contributed significantly to diversity studies
of G. vaginalis through sequencing of the gene encoding chaperonin 60 (cpn60). From the 112
G. vaginalis isolates, four subgroups (A-D) [112], further divided into four clades (1-4) [102]
by whole-genome sequencing, were identified. The presence of the previously unknown

subgroups may call for the four-group division to be expanded [112, 113].
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2.12. Amplified Ribosomal DNA Restriction Analysis

ARDRA is a genomic analysis tool, introduced in 1997, based on restriction endonuclease
digestion of the amplified bacterial 16S rDNA (Figure 6a). It is a simple, rapid, reproducible
method of genotyping/ ribotyping that results in DNA fingerprints obtained by using only one
PCR reaction and one restriction enzyme (that can recognize DNA sequences as low as 4bp).
It functions to discriminate among bacteria at genus levels by allowing for species
identification, subdivision of bacterial strains into limited numbers of different genotypes, and

strain characterisation in epidemiological investigations [114].

Ingianni and colleagues [22] found that the ARDRA method allowed for G. vaginalis to be
separated into at least 4 genotypes, some of which showed a prevalent distribution in certain of
the centers they were derived from. It has also been demonstrated by other authors to be very
useful for microbial molecular epidemiology and taxonomy [20]. In ARDRA, bacterial rRNA
genes are first amplified by PCR using conserved sequences of DNA as primers. The positive
PCR amplicons then undergo restriction endonuclease digestion followed by the resolve of
restriction fragments electrophoretically to obtain a fingerprint. ARDRA fingerprinting is
advantageous as it is faster to perform than classic ribotyping [114], and is less error prone [22,
21]. The results of this molecular diagnostic tool assists in understanding the ecology and
clinical significance of a wide range of bacterial pathogens [20] and the roles they play in the

spread and persistence of infection [22].

The environmental applications of ARDRA ensures: rapid monitoring of microbial
communities in environmental samples, comparison of microbial diversity in response to
altered environmental conditions, characterisation of microbial communities during the
biodegradation process, and the identification of unique clones and estimation of the

operational taxonomic units in environmental clone libraries based on the restriction profiles
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of clones [115]. However, with environmental samples, the major limitation encountered in
ARDRA analysis is that the restriction profiles generated from complex microbial communities
are sometimes too difficult to be resolved by agarose or polyacrylamide gel electrophoresis

[116].

With clinical samples, ARDRA was determined to be a superior molecular diagnostic tool when
compared to REA and RFLP due to its ability to discriminate G. vaginalis into homogenous
subtypes [22]. In addition, the study by Pleckaityte et al., 2012 [23], showed that the use of
ARDRA in establishing the link between G. vaginalis isolates and sialidase production could
be considered a possible marker for the identification of pathogenic potential of G. vaginalis

strains.

Although ARDRA is an advantageous genotypic method, it has been shown to produce variable
results in terms of G. vaginalis differentiation, with limited success at consistently implicating
a particular biotype with BV [23, 111]. Associations between genotypic and phenotypic
characteristics, or between genotype/phenotype with demographic or clinical characteristics

[23, 111, 117], have hardly been successfully described.
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CHAPTER 3

MATERIALS & METHODS

3.1. Ethics approval
The study was approved by the Biomedical Research Ethics Committee (BREC) of UKZN

(BREC/00000093/2019), (Appendix 1).

3.2. Study design and setting

This study was a sub-study of a larger study which focused on laboratory-based detection of
vaginitis pathogens in pregnant women. The larger study included women, 18 years and older
who were willing to provide written informed consent and willing to be tested for vaginal
pathogens. The study population was recruited from October 2017 to April 2018. The enrolled
women (n=354) provided self-collected vaginal swabs after receiving instructions from the
study staff on the method of sample collection. Samples were obtained from women from
gestational age 12 weeks to 37 weeks. At enrolment, all women also provided data on their
socio-demographic statuses (age, marital status, level education), sexual behaviour (age of first
sex, cohabitation status, condom use and number life time sexual partners) and clinical history
(trimester of pregnancy, history of STIs, previous pregnancy history). The data was collected

using a structure questionnaire.

The women were classified as BV negative, intermediate and positive using the Nugent scoring
criteria on gram-stained vaginal smears. A 100% in-house quality control check on the gram-
stained slides was performed. The study was conducted at the School of Clinical Medicine

Research Laboratory at the Nelson R. Mandela School of Medicine, UKZN.
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3.3. Laboratory procedures
3.3.1. Nugent scoring for grading of vaginal smears

Smears were prepared from vaginal swabs and rolled onto glass slides. The slides were gram
stained and examined under the oil immersion objective. Each slide was then graded as per the
standardised quantitative morphological classification method developed by Nugent et al.,

1991 [64], which has been described in the literature review.

3.3.2. DNA extraction
DNA was extracted from the vaginal swabs using a commercially available kit, Purelink
Microbiome DNA purification kit (ThermoFisher Scientific, Massachusetts, United States)

according to manufacturer’s instructions.

For preparation of the lysate, the sample was centrifuged at 14,000 x g for 10 minutes to pellet
the microorganisms. The supernatant was carefully removed and discarded. Thereafter, the
microbial pellet was re-suspended in 800ul of S1- Lysis Buffer, pipetted up and down to re-
suspend, and the sample was transferred to the Bead Tube. Thereafter, 100ul of S2- Lysis
Enhancer was added, capped securely, and vortexed briefly. The sample was incubated 95°C
for 10 minutes. Following incubation, bead beating for 10 minutes at maximum speed on a
vortex mixture was carried out to homogenise the sample. The sample was then centrifuged at
14,000 x g for 10 minutes. Following centrifugation, approximately 500ul of the supernatant

was transferred to a clean microcentrifuge tube.

This was followed by the addition of 900ul of S4- Binding Buffer to the supernatant and brief
vortexing. After mixing, 700ul of the sample mixture was loaded onto a spin column-tube
assembly, and centrifuged at 14,000 x g for 1 minute. The flow-through was discarded, and the

previous step, repeated, with the remaining sample mixture.
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The final wash and elution step of the DNA extraction process included placing the spin column
in a clean collection tube with the addition of 500ul of S5- Wash Buffer, and centrifugation at
14,000 x g for 1 minute. The flow-through was discarded, followed by centrifugation of the
spin column-tube assembly at 14,000 x g for 30 seconds. The spin column was placed in a
clean tube and 100ul of S6- Elution Buffer was added. An incubation step followed at room
temperature for 1 minute. Finally, the spin column-tube assembly was centrifuged at 14,000 x

g for 1 minute, and the column was discarded.

3.3.3. PCR amplification of the 16S rRNA genes of G. vaginalis

The 16S rRNA gene specific to G. vaginalis was amplified using primers: Forward: 5'-
TTCGATTCTGGCTCAGG and Reverse: 5'-CCATCCC AAAAGGGTTAGGC. The primers
were synthesised based on their published sequences described by Pleckaityte et al., 2012 [23].
The PCR was performed in a 50uL final volume and comprised [1ul] of each primer, [4ul] of
genomic DNA and [25ul] of High Fidelity PCR enzyme mix (ThermoFisher Scientific,
Massachusetts, United States). The reaction mixture was subjected to 28 cycles of denaturation
at 94°C for 30 seconds, primer annealing at 52°C for 45 seconds and extension at 72°C for 1

minute 25 seconds.

PCR conditions were as per Pleckaityte et al., 2012 [23]. All PCR reactions were performed
using a T100 thermocycler (BioRad, California, United States). The PCR products were
separated on a 1% agarose gel and viewed under a UV transilluminator (Gene Genius,

SYNGENE).
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3.3.4. Sequencing of 16S rRNA gene PCR amplicons

To confirm the identity of the PCR amplicons prior to genotyping, the amplicons were
sequenced using the Sanger method [118] at Ingaba Biotechnological Industries in Pretoria,
South Africa. The amplicons were sequenced using an ABI3500XL genetic analyser and the
raw sequence data was edited using Chromas software V2.6.5 (Technelysium, Queensland,
Australia). The edited forward and reverse sequences were aligned using the DNAMAN
software (Lynnon Biosoft, California, United States) and the identity of the edited sequences
was confirmed using the National Center for Biotechnology Information (NCBI) Basic Local

Alignment Search Tool (BLAST).

3.3.5. ARDRA

Positive 16S rRNA gene PCR amplicons were subjected to restriction digestions with the Taqgl
enzyme (Thermo Scientific, South Africa) at 65°C for 3 hours. Resulting restriction digested
products were analyzed on a 1.5% agarose gel (TopVision LE GQ Agarose, Thermo Scientific,
South Africa) and visualised using a UV transilluminator (Gene Genius System). The positive
amplicons were also digested with BamHI and Hindlll restriction enzymes (Thermo Scientific,
South Africa) in order to determine the genotypic subtypes that are present. The digests were
incubated at 37°C for 4 hours, followed by a heat inactivation step at 65°C for 15 minutes.
Restriction fragments were analyzed by agarose gel electrophoresis on a 1.5% gel (TopVision
LE GQ Agarose, Thermo Scientific, South Africa). Assignment of subtypes were performed
by correlating the BamHI and HindlIl1 restriction profiles according to Pleckaityte et al., 2012

[18].
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3.3.6. Phylogenetic analysis

A phylogenetic tree was then constructed from the 16S rRNA gene sequence data using the

Molecular Evolutionary Genetics Analysis (MEGA) version 10 software (Arizona, United

States). A bootstrap consensus tree inferred from 1000 replicates using the Neighbour-Joining

method was generated.

3.3.7. Data analyses
The data analysis was performed in R Statistical Computing software, version 3.6.2. To assess
the association between the symptoms and the BV status for each genotype, the Chi-Square

goodness of fit test for one sample was used. The results were also presented as component bar

charts.
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CHAPTER 4

RESULTS

4.1. Diagnosis of BV in the study population

Of the 354 samples analysed, 124 were BV positive, 37 were BV intermediate and 193 were

BV negative. The remaining slides (100) were unreadable due to poor quality of the slide
(inadequate sample material on slide). We randomly selected 50 BV negative, 37 BV
intermediate and 50 BV positive specimens for G. vaginalis detection and genotypic analysis.

A total of 137 samples were analysed.

4.2. PCR amplification of the 16S rRNA genes of G.

vaginalis

A 1300bp fragment corresponding to the 16S rRNA gene of G. vaginalis was amplified in
371137 (27.2%) study samples analysed (Figure 7). The 16S rRNA gene was not detected in
any of the BV negative samples (0/50). A BV negative group was therefore not included in
any further analysis. From the 50 BV positive samples based on Nugent scoring, only 23
samples produced the 1300bp product. In addition, 14/37 BV intermediate samples tested
positive for GV (Figure 8). Attempts to detect GV from the unsuccessful samples were made
such as increasing the concentration of template DNA and adjusting primer and amplification

conditions. All attempts were unsuccessful.

The possibility of sample inhibitors affecting the PCR reactions or failed DNA extractions

were ruled out since the same DNA samples were amplifiable for other genes not included in

30



this study. A set of 37 samples (23 BV positives and 14 BV intermediates) were used for

further analysis.

a) M NC V10 V50 V88 V35 V69 V47 VO3 V121 V21 V27 V31 V55 V57 V64 V81

1300bp
-

b) M NC V84 V92 V98 V103 V112 V124 V126 V42 V18 V32 V44 V83 V111

1300bp

——

Figure 7: Gardnerella vaginalis polymerase chain reaction results from bacterial vaginosis
positive samples by agarose gel electrophoresis. Lane M: 100bp molecular weight marker
(ThermoFisher Scientific), Lane NC: Negative control (no template DNA), and Lanes 1-15 (a);

and 1-13 (b): BV positive samples. Only 23 BV positive samples produced the 1300bp product.
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M NC V281 V56 V207 V206 V202 V184 V102 V96 V95 V85 V239 V240 V258 V269

P S —
1300bp

Figure 8: Gardnerella vaginalis polymerase chain reaction results from bacterial vaginosis
intermediate samples by agarose gel electrophoresis. Lane M: 100bp molecular weight marker
(ThermoFisher Scientific), Lane NC: Negative control (no template DNA), could not amplify

thereby validating the experiment, and Lanes 1-14: BV intermediate samples.

4.3. Sequencing of 16S rRNA gene PCR

amplicons

All samples were successfully sequenced. The majority of the samples produced the same
BLAST hit. A subset of the sequencing hits are shown in Table 1. The DNA sequencing hits
of the 16S rRNA gene showed identity (97%) to G. vaginalis strain GS10234 (MH898659.1)

and G. vaginalis strain N153 (98%) (JQ354973.1) (Table 1).
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Table 1: Basic Local Alignment Search tool (BLAST) results for 16S rRNA gene

amplicons of Gardnerella vaginalis

Query sequence BLAST hit Percentage | Accession number
identity (%0)

V18 Gardnerella vaginalis strain | 97.17% MHB898659.1
GS10234 16S  ribosomal
RNA gene

V88 Gardnerella vaginalis strain | 97.86% MHB898659.1
GS10234 16S  ribosomal
RNA gene

V92 Gardnerella vaginalis strain | 98.60% MHB898659.1
GS10234 16S  ribosomal
RNA gene

V96 Gardnerella vaginalis strain | 98.45% JQ354973.1
N153 16S ribosomal RNA
gene

V102 Gardnerella vaginalis strain | 97.33% MH898659.1
GS10234 16S  ribosomal
RNA gene

V207 Gardnerella vaginalis strain | 98.45% MHB898659.1
GS10234 16S  ribosomal
RNA gene

4.4. Genotyping analysis

The distribution of the genotypes based on Tagl digestion for the 37 specimens analysed is

shown in Table 2. The subtypes of the genotypes which were determined by combining the

banding profiles of BamHI and Hindll1 digests are also presented in Table 2.

4.4.1. Genotypes based on Tagl digestion

Restriction digestion with Tagl revealed the presence of two different genotypes i.e. GT1 and

GT2. GT1 was carried by 20/37 specimens (54%), followed by GT2 which was present in 9/37

specimens (24%). Of the 37 specimens analysed, 7 specimens were not ascribed genotypes.

Two of the specimens from the BV positive sample group produced a banding profile (i.e. a

single band at 500bp) that was not described in previous published studies. One specimen from

the BV intermediate group produced a very faint profile which was difficult to interpret. The
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remaining 3 specimens did not produce any bands, the gel lanes appeared blank for those

samples. These specimens were across both BV status groups.

Within the BV positive sample group, 13/23 specimens carried GT1 (56.5%) and 6 of the 23
specimens (26.1%) carried GT2. Two specimens produced a differing banding profile (8.7%)

and 2 specimens did not produce any bands (8.7%) (Figure 9).

A similar profile was observed for the BV intermediate sample group, a larger number of
specimens carried GT1 (7/14, 50.0%) and 3 out of 14 samples carried GT2 (21.4%). Three

samples did not produce visible bands (21.4%) (Figure 10).

4.4.2. Subtypes based on BamHI and Hindl11 digests

Within the BV positive sample group, all 4 subtypes were observed. Subtype 2B was highly
prevalent with 11/23 (47.8%) specimens harbouring this subtype followed by the mixed 2AB
subtype (4/23, 17.4%), subtype C (3/23, 13.0%) and subtype 1 (2/23, 8.7%) (Figure 11). In the
sample group that carried GT1 (n=13), 5 specimens’ harboured subtype 2B (38.5%), 3 with
subtype 2C (23.1%), 2 with subtype 2AB (15.3%) and 2 with subtype 1 (15.3%) (Table 2).
Subtype 2B was highly prevalent in the sample group carrying GT2 (5/6, 83.3%), followed by
subtype 2AB (1/6, 16.6%). Subtypes 1 and C were not present in this genotypic group (Table

2).

Within the BV intermediate sample group, 3 subtypes were observed (Subtypes, 1, 2B and C)
(Figure 12). The most prevalent subtype in this group was subtype 1 (9/14, 64.2%) followed
by subtype 2B (4/9, 44.4%) and subtype 2C (1/9, 11.1%). Subtypes 1 (3/7, 42.8%) and 2B (3/7,
42.8%) were most prevalent in GT1 specimens. One specimen in this genotypic group carried

subtype 2C (7.14%) (Table 2). Subtype 1 was also shown to be most prevalent in the GT2
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specimens (2/3, 66.7%) followed by subtype 2B (1/3, 33.3%). Subtype 2C was not present in

this genotypic group (Table 2).

M V10 V50 V88 V35 V69 VO3 V121 V21 V27 V31 V55 V57 V81

GT 2 GT1 GT1

M V84 V92 V98 V103 V124 V126 V42 V18 V32 V44

GT 2 GTl1 GT1 GT1

Figure 9: Profiles of Gardnerella vaginalis detected in bacterial vaginosis positive samples
digested with Taql. Lanes M: 100bp DNA molecular ladder (ThermoFisher Scientific).
Genotypes 1 (100bp, 350bp, 400bp, 500bp banding pattern) and 2 (100bp, 200bp, 350bp, 500bp
banding pattern) were distributed across

BV positive samples.
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M V281 V56 V207 V206 V202 V184 V102 V96 V95 V85 V239 V240 V258 V269

GT1l1 GT2 GT1 GT1

Figure 10: Profiles of Gardnerella vaginalis detected in bacterial vaginosis intermediate
samples digested with Tagl. Lane M: 100bp DNA molecular ladder (ThermoFisher Scientific).
Genotypes 1 (100bp, 350bp, 400bp, 500bp banding pattern) and 2 (100bp, 200bp, 350bp, 500bp

banding pattern) were distributed across BV intermediate samples.
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M V84 V92 V98 V103 V124 V126 V42 V18 V32 V44

1100bp

2AB 2B 2C

5

1200bp

1100bp

M V84 V92 VI V103 V124 V126 V42 V18 V32 V44

Figure 11: Subtypes assigned to Gardnerella vaginalis detected in bacterial vaginosis positive
samples based on BamHI and Hindl 1l digestion profiles. Lane M: 100bp DNA molecular ladder
(ThermoFisher Scientific). Subtypes 1 (1200bp band for BamHI and Hindlll digestion), 2B
(200bp, 1100bp for BamHI digestion and

1200bp for HindllI digestion), 2AB (200bp, 1100bp for BamHI digestion and 450bp, 1000bp,
1200bp for Hindl1I digestion) and 2C (200bp, 1100bp for BamHI digestion and 450bp, 1000bp

for HindlIl digestion) were distributed across the BV positive samples.
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Figure 12: Subtypes assigned to Gardnerella vaginalis detected in bacterial vaginosis
intermediate samples based on BamHI and Hindlll digestion profiles. Lane M: 100bp DNA
molecular ladder (ThermoFisher Scientific). Subtypes 1 (1200bp band for BamHI and Hindl1l
digestion), 2B (200bp, 1100bp for BamHI digestion and 1200bp for Hindlll digestion) and 2C
(200bp, 1100bp for BamHI digestion and 450bp, 1000bp for Hindll1 digestion) were distributed

across the BV intermediate samples.
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Table 2: Genotypes identified after digestion with Tagl across bacterial vaginosis

intermediate and bacterial vaginosis positive women. Subtypes identified after digestion

with BamHI and Hindlll

Sample Taql Genotype BamHI Hindlll Subtype
Name fragment fragments fragment
sizes sizes sizes
BV positives
V003 100bp, 200bp, 2 200bp, 1200bp 2B
350bp, 500bp 1100bp
V010 350bp, 400bp 1 1200bp 1200bp 1
V018 Bands not visible - Bands not Bands not -
visible visible
V021 100bp, 350bp, 1 200bp, 1200bp 2B
400bp, 500bp 1100bp
V027 100bp, 350bp, 1 1200bp 1200bp 1
400bp, 500bp
V031 100bp, 350bp, 1 200bp, 1200bp 2B
400bp, 500bp 1100bp
V032 250bp, 350bp, 1 200bp, 450bp, 2AB
400bp, 500bp 1100bp 1000bp
1200bp
V035 350bp, 500bp 2 200bp, 1200bp 2B
1100bp
V042 400bp, 500bp 1 200bp, 1200bp 2B
1100bp
V044 400bp, 500bp 1 200bp, 450bp, 2C
1100bp 1000bp
V050 100bp, 200bp, 2 200bp, 1200bp 2B
350bp, 500bp 1100bp
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V055 | 100bp, 350bp, 1 200bp, 450bp, 2C
400bp, 500bp 1100bp 1000bp
V057 100bp, 350bp, 1 200bp, 450bp, 2C
400bp, 500bp 1100bp 1000bp
V069 100bp, 200bp, 2 200bp, 1200bp 2B
350bp, 500bp 1100bp
V081 100bp, 350bp, 1 200bp, 1200bp 2B
400Dbp, 500bp 1100bp
V084 | 100bp, 200bp, 2 200bp, 450bp, 2AB
350bp, 500bp 1100bp 1000bp,
1200bp
V088 | 350bp, 500bp 2 200bp, 1200bp 2B
1100bp
V092 100bp, 350bp, 1 200bp, 450bp, 2AB
400bp, 500bp 1100bp 1000bp,
1200bp
V098 500bp Different 200bp, 1200bp 2B
pattern 1100bp
V103 500bp Different 200bp, 450bp, 2AB
PEUET) 1100bp 1000bp
1200bp
V121 Bands not visible - Bands not Bands not -
visible visible
V124 400bp, 500bp 1 200bp, Bands not -
1100bp visible
V126 100bp, 350bp, 1 200bp, 1200bp 2B
400bp, 500bp 1100bp
BV intermediates
V056 | 250bp, 400bp, 1 1200bp 1200bp 1
500bp
V085 Undigested DNA - 1200bp 1200bp 1
V095 | 250bp, 350bp, 1 200bp, 1200bp 1
400bp, 500bp 1100bp
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V096 | 250bp, 400bp, 1 200bp, 1200bp 2B
500bp 1100bp

V102 | Very faint pattern - 1200bp 1200bp 1

V184 No band visible - 1200bp 1200bp 1

V202 | 250bp, 350bp, 2 200bp, 1200bp 1
500bp 1100bp

V206 | 250bp, 350bp, 2 1200bp 1200bp 1
500bp

V207 | 250bp, 350bp, 2 200bp, 1200bp 2B
500bp 1100bp

V239 | 250bp, 350bp, 1 200bp, 400bp, 2B
400bp, 500bp 1100bp 1000bp

V240 | 250bp, 400bp, 1 200bp, 1200bp 2B
500bp 1100bp

V258 | 250bp, 400bp, 1 200bp, 450bp, 2C
500bp 1100bp 1000bp

V269 No bands visible - 1200bp 1200bp 1

V281 | 250bp, 400bp, 1 1200bp 1200bp 1
500bp

4.5. Phylogenetic analysis of 16S rRNA gene genotypes and subtypes

The phylogenetic tree revealed the presence of 5 clusters (Figure 13). The tree displayed
clusters which contained groups of specimens from a particular BV status (clusters 1, 3 and 5).
Within these same status groups there were however differences noted for either the genotypes
assigned and/or subtypes present. Additionally, there were clusters which contained specimens
from across both BV status groups such as cluster 2 and 4. Despite the heterogeneity with
respect to BV group, cluster 2 contained specimens of the same genotype (GT1) with the
majority carrying the same subtype (S2B). Cluster 4 on the other hand, contained specimens of

the same genotype (GT1) with a combination of all 4 subtypes (S1, S2B, S2AB, and S2C).
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Figure 13: Phylogenetic analysis according to distribution of genotypes. The tree was
constructed using the Neighbour-Joining method. The optimal tree with the sum of branch
length = 15.35302543 is shown. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (100 replicates) are shown next to the branches. The
tree is drawn to scale, with branch lengths in the same units as those of the evolutionary

distances used to infer the phylogenetic tree. The evolutionary distances were computed using
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the Maximum Composite Likelihood method and are in the units of the number of base

substitutions per site. Evolutionary analyses were conducted in MEGA X.

4.6. Characteristics of the genotyped study population

The characteristics of the study population is described in Table 3. Within the overall study
population, 62.2% did not experience current abnormal vaginal discharge compared to the
37.8% that did. A higher proportion (64.9%) of the study women attended high school. A lower
proportion (27%) of these women attended college/ university, whilst 8.1% completed primary
school only. Majority of the women in the overall study population were unmarried (94.6%),
had a regular sex partner (83.8%), did not co-habit with their sex partner (56.8%), had sex for
the first time between the ages of 15 and 20 (81.8%), had 2-4 lifetime sex partners

(45.9%), said their partner has other partners (40.5%), used condoms only “sometimes”
(59.5%), did not use a condom during their last sexual act (73%), did not smoke (91.9%), did
not consume alcohol (89.2%), did not use intravaginal practices (94.6%), reported having past
abnormal vaginal discharge (51.4%) , and were in the third trimester of pregnancy (48.6%). In
addition, majority of the women did not experience having past preterm delivery (81.1%), past

miscarriage (78.4%), past abortion (94.6%), or past treatment for STIs (62.6%) (Table 3).

When comparing the variables across the BV intermediate and positive groups, it was observed
that across the both groups the majority of the women did not report symptoms of abnormal
vaginal discharge when enrolled into the study. There was no significant association between
presence of discharge and BV status (p=0.234). With respect to level of education, for both BV
intermediate and positive women, a higher proportion had attended high school, however this
was not significant (64.3% and 65.2%, p=0.383). There was also no significant association
between marital status and BV status (p=0.517). For both BV intermediate and positive women,

the majority of the women were unmarried (100% and 91.3%). There was also no significant
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association (p>0.05) between co-habitation status, age of first sex, lifetime number of sex
partners, partner having other partners, condom use at last sex act, smoking, consuming alcohol,
engaging in intravaginal practices, trimester of pregnancy, previous pregnancy history and
treatment for past STIs in relation to BV status (Table 3). There was a significant association
between BV positive status and having a regular sex partner (p=0.021). A higher proportion of
BV positive women reported having a regular sex partner when compared to the BV
intermediate women (95.7% versus 64.3%). However, there were also significant associations
between practicing condom use and experiencing past abnormal vaginal discharge in relation
to BV status. With respect to using condoms, a higher proportion of BV positive women
reported never using condoms when compared to the BV intermediate group (43.5% versus
7.1%, p=0.009). A higher proportion of women who reported experiencing past abnormal
vaginal were in the BV intermediate group when compared to the BV positive group (71.4%

versus 39.1%, p=0.057) (Table 3).

Table 3: Characteristics of the genotyped study population according to bacterial

vaginosis status

BV status
Variable Intermediate | Positive p-value Overall
(n=14) (n=23) (n=37)
Age 0.182
Mean+SD(CV%) 25.6+4.47(17 | 27.945.26(18. 27.0£5.04(18.7)
.5) 9)
Median(Q1-Q3) 26.5(21.3- 26.0(24.0- 26.0(24.0-30.0)
28.8) 30.5)
Min-Max 19.0-33.0 18.0-38.0 18.0-38.0
Current abnormal 0.234
vaginal discharge
No 7 (50.0%) 16 (69.6%) 23 (62.2%)
Yes 7 (50.0%) 7 (30.4%) 14 (37.8%)
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Level of education 0.383
College/University 5 (35.7%) 5 (21.7%) 10 (27.0%)
High school 9 (64.3%) 15 (65.2%) 24 (64.9%)
Primary school 0 (0%) 3 (13.0%) 3 (8.1%)
Married 0.517
No 14 (100%) 21 (91.3%) 35 (94.6%)
Yes 0 (0%) 2 (8.7%) 2 (5.4%)
Has a regular sex partner 0.021
No 5 (35.7%) 1 (4.3%) 6 (16.2%)
Yes 9 (64.3%) 22 (95.7%) 31 (83.8%)
Living with sex partner 0.970
No 8 (57.1%) 13 (56.5%) 21 (56.8%)
Yes 6 (42.9%) 10 (43.5%) 16 (43.2%)
Age of first sex 0.830
<15 1 (7.1%) 2 (8.7%) 3 (8.1%)
15-20 11 (78.6%) 19 (82.6%) 30 (81.1%)
21-25 2 (14.3%) 2 (8.7%) 4 (10.8%)
Lifetime number of sex partners 0.222
>4 3 (21.4%) 4 (17.4%) 7 (18.9%)
1 7 (50.0%) 6 (26.1%) 13 (35.1%)
2-4 4 (28.6%) 13 (56.5%) 17 (45.9%)
Partner has other partners 1.000
Don’t know 5 (35.7%) 9 (39.1%) 14 (37.8%)
No 3 (21.4%) 5 (21.7%) 8 (21.6%)
Yes 6 (42.9%) 9 (39.1%) 15 (40.5%)
Practices condom use 0.009
Always 1 (7.1%) 0 (0%) 1 (2.7%)
Never 1 (7.1%) 10 (43.5%) 11 (29.7%)
Rarely 0 (0%) 3 (13.0%) 3 (8.1%)
Sometimes 12 (85.7%) 10 (43.5%) 22 (59.5%)
Used a condom at last sex act 1.000
No 10 (71.4%) 17 (73.9%) 27 (73.0%)
Yes 4 (28.6%) 6 (26.1%) 10 (27.0%)
Smokes 0.275
No 14 (100%) 20 (87.0%) 34 (91.9%)
Yes 0 (0%) 3 (13.0%) 3 (8.1%)
Consumes alcohol 0.276
No 14 (100%) 19 (82.6%) 33 (89.2%)
Yes 0 (0%) 4 (17.4%) 4 (10.8%)
Engages in intravaginal practices 1.000
No 13 (92.9%) 22 (95.7%) 35 (94.6%)
Yes 1 (7.1%) 1 (4.3%) 2 (5.4%)
Trimester of pregnancy 0.605
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1st 3 (21.4%) 4 (17.4%) 7 (18.9%)
2nd 3 (21.4%) 9 (39.1%) 12 (32.4%)
3rd 8 (57.1%) 10 (43.5%) 18 (48.6%)
Had a past pre-term baby 1.000
No 11 (78.6%) 19 (82.6%) 30 (81.1%)
Yes 3 (21.4%) 4 (17.4%) 7 (18.9%)
Had a past miscarriage 0.683
No 12 (85.7%) 17 (73.9%) 29 (78.4%)
Yes 2 (14.3%) 6 (26.1%) 8 (21.6%)
Had a past abortion 1.000
No 13 (92.9%) 22 (95.7%) 35 (94.6%)
Yes 1 (7.1%) 1 (4.3%) 2 (5.4%)
Experienced abnormal vaginal 0.057
discharge in the past
No 4 (28.6%) 14 (60.9%) 18 (48.6%)
Yes 10 (71.4%) | 9 (39.1%) 19 (51.4%)

\Was previously treated for 0.835

sexually transmitted infections
No 9 (64.3%) 14 (60.9%) 23 (62.2%)
Yes 5 (35.7%) 9 (39.1%) 14 (37.8%)

4.7. Symptoms associated with BV across genotypes and BV states

The median age (Q1-Q3) of the women in the BV intermediate group was 26.5 (21.3-28.8) and

the median age (Q1-Q3) of the women in the BV positive group was 26.0 (24.0-30.5). Amongst

the BV intermediate and positive groups, a higher percentage of the women did not present

with symptoms of abnormal vaginal discharge (i.e. were asymptomatic). For BV intermediate

and positive women harbouring GT1, there was no significant difference in women who

reported abnormal vaginal discharge when compared to women who did not report the

discharge (p>0.05) (Figure 14a).
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Similarly, for the women harbouring GT2, there was no significant difference in the BV
positive women who reported abnormal vaginal discharge when compared to women who did
not report discharge (p>0.05). All BV intermediate women with GT2 reported no symptoms of
abnormal vaginal discharge (Figure 14b).

(b) Discharge M ves H No
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BV Status: Genotype Il

Figure 14: Symptoms of bacterial vaginosis across the intermediate and positive women in

relation to genotypes. ns= refers to not significant.
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CHAPTER 5

DISCUSSION

Gardnerella vaginalis is one of the most frequently isolated microorganisms from women
presenting with symptoms of bacterial vaginosis [119]. High microbial loads of G. vaginalis in
the vaginal tract has been linked to reproductive health issues such as infertility and preterm
labour [9, 120]. The pathogenesis of G. vaginalis in the vaginal tract is not completely
understood since this microorganism has been shown to be present across the BV groups (BV
negative, intermediate and positive). Differentiation of G. vaginalis strains and subgroups
according to sequence variations in the 16S rRNA gene has been made possible using molecular

biology approaches, as reported by Balashov et al., 2014 [21].

In this study, the diversity of the G. vaginalis 16S rRNA gene was analysed across BV
intermediate and positive pregnant women who were diagnosed by the Nugent method. A BV
negative group was not included in the diversity analysis since none of the BV negative samples
produced a positive PCR amplicon for the 16S rRNA gene specific for G. vaginalis. However,
the presence of Lactobacillus crispatus was shown to be present in the negative specimens
eliminating the possibility of a failed DNA extraction or PCR amplification for the negative
specimens (data not shown in this study). Our failure to amplify the G. vaginalis 16S rRNA
gene in the negative samples differ from previously published works which had shown the
presence of G. vaginalis in BV negative specimens based on PCR detection of the 16S rRNA
gene [21, 113]. Our assumption is validated by an earlier study conducted by Verhelst et al.,
2004 [121] which used ARDRA in order to assess the diversity of the vaginal microbiome. In

that study, ARDRA failed to identify G. vaginalis in women who were classified as BV
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negative, however G. vaginalis was detected in women who were BV positive. Despite the
suggested limitation, ARDRA has been useful in identifying different G. vaginalis genotypes

[22, 97, 122].

A possible reason for the conflicting evidence between the present study and the findings of
Balashov et al., 2014 [21] and Janulaitiene et al., 2017 [113] could be due to the following: the
population studied for the Balashov [21] and Janulaitiene [113] studies included non-pregnant
women from the United States and Lithuania. Geographical location, ethnic diversity and
pregnancy could be a contributing factor to shifts in the vaginal microbiome leading to the
observed conflicting results. However, we were unable to confirm this statement through the
current study since we only tested pregnant women from one region in South Africa. This now
opens up the scope for future research work on diversity assessments for G. vaginalis in a

broader South African population.

The characteristics of the population from which successful genotyping data was obtained was
as follows: the vast majority of the study population were unmarried [123] and attended high
school, reaffirming the findings of a study conducted by Abbai et al., 2013 [124] which reported
that young women with lower education are at high risk of multiple STIs. In addition, this study
also revealed that a higher proportion of women had a regular sex partner, did not co-habit with
their sex partner [123], had sex for the first time between the ages of 15 and 20 [124, 125], had
2-4 lifetime sex partners, said their partner has other partners [50], used condoms only
“sometimes”, did not use a condom during their last sexual act [ 126], did not smoke or consume
alcohol [48], did not use intravaginal practices [127], and were in the third trimester of
pregnancy. Past preterm delivery, past miscarriage, past spontaneous abortion, or past
treatment for STIs, was not reported by most of the study participants. Within the overall
population, clinical symptoms such as current abnormal vaginal discharge was not reported by

majority of the women, whilst past abnormal vaginal discharge was.
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In this study, marital status, having a regular sex partner, condom use and past abnormal vaginal
discharge was significantly associated with BV status. According to a study by Abbai et al.,
2015 [10], clinically, it has been reported that BV represents the main cause of abnormal
vaginal discharge in women of reproductive age [128]. A systematic review and meta-analysis
which investigated the association between sexual risk factors and BV have suggested that BV
may be sexually transmitted since many studies have shown that BV positive individuals have
been associated with having a high number of lifetime or recent sexual partners, having an early

age of sexual debut [124, 125] and lack of condom use during sex acts [126].

Despite being the first micro-organism associated with BV by Gardner and Dukes, G. vaginalis
remains the most controversial species, with disparate phenotypic and genetic features, as well
as an elusive role in BV pathogenesis [45], as validated by its presence across the BV groups

(BV negative, intermediate and positive).

Genomic sequencing has shown differences in virulence factors among strains of G. vaginalis
[83]. Recent comparative genomic studies indicate that G. vaginalis comprises at least four
distinct phylogenetic clades/subtypes [102, 103]. More recently, the advent of culture-
independent methods for determining the composition of the vaginal microbiome, based on
whole-genome sequencing, has provided an unprecedented opportunity to investigate the
diversity of Gardnerella spp. [129], following the report by Ahmed et al., 2012 [102] who
found the degree of diversity among the strains to be exceptionally high for a single species.

As mentioned previously, differentiation of G. vaginalis strains and subgroups according to
sequence variations in the 16S rRNA gene has been made possible using molecular biology

approaches [21].
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Based on the ARDRA technique used in this study, restriction digestion with Taql revealed the
presence of two different genotypes i.e. GT1 and GT2. A third genotype (suggested to be the
composite of genotypes 1 and 2) [22, 97] was not identified in this study. The absence of
genotype 3 may be explained by the limited number of G. vaginalis strains examined in this
study [23]. Similarly, a study by Pleckaityte et al., 2012 [23] reported on the presence of GT1
and GT2 in a population of women with BV in Lithuania. However, the Lithuanian study was
unable to detect specific subtypes associated with GT1. All the GT1 sequences in their
population of women were identical. However, the present study, observed different subtypes
associated with GT1. This suggests that a level of diversity does exist between G. vaginalis
present in different geographical locations as well as across different population groups
(pregnant versus non-pregnant). Additionally, the present study observed a difference in the
prevalence of the different subtypes across BV intermediate and positive women. Among the
BV positive women, the most prevalent subtype was 2B whereas in the BV intermediate
women, the most prevalent subtype was subtype 1, thereby hypothesizing a level of genetic
differences across BV intermediate and positive women. Our hypothesis was confirmed by the
phylogenetic analysis which showed the presence of 5 sequence clusters on the tree indicating

genetic differences across the sequences.

The study further investigated the link between genotypes and clinical symptoms of abnormal
vaginal discharge. Amongst the BV intermediate and positive groups, a higher percentage of
the women did not present with symptoms of abnormal vaginal discharge (i.e. were
asymptomatic). This study found no significant association between genotypes harboured and
symptoms of abnormal vaginal discharge. Similarly, a study by Ingianni et al., 1997 [22]
reported no association between genotypes of G. vaginalis and clinical symptoms of BV. This
finding was also published by other researchers confirming that G. vaginalis strains involved
in BV did not seem to belong to any particular subtype [107, 108]. However, a study conducted
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by Santiago et al., 2011 [97] showed GT2 to be the most prevalent genotype associated with

symptomatic BV.

The limitations of the study are as follows: the sample size used for the analysis was small.
However, despite the small sample size the study was able to provide data on the prevalent
genotypes and subtypes of G. vaginalis in South African pregnant women across BV
intermediate and positive groups, an area of research which has not been previously
investigated in our setting. The study lacked a control group of non-pregnant women which
would have been useful to draw comparisons regarding the distribution of the genotypes. This
study did not attempt to culture G. vaginalis from vaginal swabs in order to perform the
genotyping assays on pure cultures that would have enabled direct comparisons with previously
published studies. Nevertheless, diversity assessments performed from the non-cultured
clinical specimens in this study, had still provided substantial evidence. Lastly, due to the cross-
sectional nature of the study, we did not associate the genotypes with pregnancy outcomes and
acquisition of other infections such as HIV and genital infections. All the limitations described

here will be addressed in a study that is planned for commencement in 2021.
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CHAPTER 6

CONCLUSION

Given the role of G. vaginalis in the polymicrobial syndrome of BV, progression of the clinical
symptoms of the disease, adverse pregnancy outcomes, and more significantly, its controversial
presence across the BV states, it remains vital to understand its pathogenesis at genetic levels
[4, 12]. This study provides the first report on the most prevalent genotypes and subtypes of G.
vaginalis across BV intermediate and positive South African pregnant women. Restriction
analysis revealed the presence of two different genotypes i.e. GT1 and GT2 as well as four
subtypes (1, 2B, 2AB and 2C) circulating in our population. In addition, no significant
association between reported symptoms of discharge and genotype harboured, was found. The
observed diversity can be used as a foundation for future studies which aim to understand the

pathogenesis of G. vaginalis across BV groups in women from different populations.
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