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ABSTRACT
Gardnerella spp. are a hallmark of bacterial vaginosis – a vaginal dysbiosis
characterized by the shift from a lactobacilli dominated vaginal microbiome to a diverse
microbiome composed of many aerobic and anerobic bacteria. Gardnerella spp. are diverse
both phenotypically and genotypically and likely differ in their roles in the pathogenesis of
vaginosis. Four cpn60-defined subgroups: A, B, C, and D, corresponding to thirteen “genome
species” have been identified. Multiple subgroups of Gardnerella usually colonize vagina
simultaneously. Subgroups A and C are the most common and abundant, while subgroup D is
rarely abundant. The factors determining Gardnerella community composition and dynamics
are unknown.
Since the vaginal environment has a limited supply of host-derived nutrients, it is
intuitive that species of Gardnerella may interact to secure resources, especially when they
dominate the microbiome. The first objective of our study, therefore, was to determine the types
of interactions between Gardnerella spp.. While no evidence of contact-independent interaction
was identified, evaluation of the outcomes of co-cultures of 2, 3 or 4 isolates indicated that
resource-based, scramble competition was prevalent among Gardnerella spp.. Although
competition was common, not all Gardnerella subgroups were affected equally by the
competition. While A, B, and C were negatively affected, the growth rate of subgroup D isolates
increased with increasing numbers of competitors.
The success of this rare subgroup and its maintenance in the vaginal microbiome at low
abundance might be explained by negative frequency-dependent selection in which the fitness
of a species is highest when its relative abundance in a community is low. Species that are
nutritional generalists and that occupy distinct niches from their more abundant competitors are
candidates for negative frequency-dependent selection. To test this hypothesis, we evaluated
the amount of niche overlap between Gardnerella species and investigated if subgroup D is a
nutritional generalist using comparative genomics and a phenotypic assay. Comparison of
predicted proteomes of 40 isolates revealed minimal overlap between Gardnerella subgroup D
and the three other subgroups. Subgroup D isolates utilized more carbon sources than those
other subgroups and had distinct patterns of utilization.
If subgroup D is favoured by negative frequency-dependent selection, why is it so rarely
abundant in the real world? We speculated that the dynamics of the vaginal ecosystem could
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periodically reset the bacterial population density providing abundant resources for the growth
of common species, and checking the success of rare subgroup D. We generated contrived
communities of subgroup C and D isolates in vitro at varying initial population densities and
measured relative abundance of each subgroup by deep sequencing of rpoB amplicons at 0h
and 72h. Density did affect the outcome of competition but unexpectedly, both positive and
negative effects of initial population density on subgroup D isolates were observed. The
findings suggest that although population density may affect the outcome of subgroup D in
competition, other factors including growth rate of competing species and biofilm forming
potential may also impact their success.
Biofilm formation is considered a major cause of chronic and recurrent infection and is
also often implicated in treatment failure of bacterial vaginosis. It has also been suggested that
biofilm formation is enhanced by sub-therapeutic levels of antibiotics. Using a broth
microdilution assay, we demonstrated that minimum inhibitory concentrations of
metronidazole for both planktonic and biofilm cultures were similar for isolates in all
subgroups, suggesting that growth as biofilm does not provide enhanced protection against
metronidazole. Stimulation of biofilm production by sub-inhibitory concentrations of
metronidazole was observed in a small minority of cases.
The findings presented in this thesis are a way forward to unveil the complexity of
interactions at play in the vaginal ecosystem, which will enable us to better understand the
dynamics of the vaginal ecosystem, and with any luck, the reason(s) for occurrence of bacterial
vaginosis.
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CHAPTER 1. Introduction and literature review
1.1. Introduction
Gardnerella spp. are a hallmark of bacterial vaginosis, a dysbiosis of the vaginal
microbiome characterized by a shift from a lactobacilli dominated vaginal microbiome to a
more diverse microbiome comprising many aerobic and anaerobic bacterial species, including
Gardnerella. Gardnerella spp. are diverse, comprising of at least four cpn60 defined subgroups:
A, B, C and D (Jayaprakash et al., 2012). The four subgroups were also reported as four clades
based on whole genome sequences (Ahmed et al., 2012). The latest development in Gardnerella
taxonomy is the establishment of thirteen genome species, including four named species:
Gardnerella swidisinskii, G. leopoldii (Subgroup A/Clade 4), G. piotii (subgroup B/Clade 2),
G. vaginalis (subgroup C/ Clade 1)(Vaneechoutte et al., 2019). The other unnamed “genome
species” include genome species 3 of subgroup B and genome species 8, 9, and 10 of subgroup
D.
Phenotypic differences between the four Gardnerella subgroups have been reported
previously (Schellenberg et al., 2016). Since many women harbor Gardnerella spp. without any
symptoms (Albert et al., 2015; Hill & Albert, 2019; Schellenberg et al., 2017), it is therefore
probable that not all species of Gardnerella are equally virulent (Patterson et al., 2010). There
might also be species, although non-pathogenic, that help more pathogenic species colonize the
vagina and hence, contribute to the transition from healthy to non-healthy vaginal microbiome
(Agarwal et al., 2020).
Multiple Gardnerella subgroups can be detected simultaneously in the vaginal
microbiomes of individual women with varying abundances (Albert et al., 2015; Hill & Albert,
2019). The subgroups that are most frequently numerically dominant are subgroup A and C
while subgroup D is rarely if ever dominant (Hill & Albert, 2019). The abundance of different
species in the vagina can be affected by several factors, including microbial interactions, host
physiology and immune response (Schellenberg et al., 2017). Like all vaginal microbiome,
Gardnerella spp. rely heavily on host derived nutrient sources, and so it is likely that they have
similar nutrient requirements. Any overlap in nutrient requirement guarantees interspecific
interaction (Darwin, 1859; Hibbing et al., 2010). A variety of tools have been used to study
interactions between bacterial species, however, most of those studies have involved
1

environmental bacteria or well characterized model species (Foster & Bell, 2012; Ren et al.,
2015; Rezzoagli et al., 2020). Although antagonistic interactions between Gardnerella spp. and
other vaginal bacteria have been reported (Alves et al., 2014; Castro et al., 2013; Teixeira et al.,
2010), interactions between the species of Gardnerella have not been investigated.
Competition between bacterial species can take the form of either chemical warfare,
which involves production of antimicrobials that inhibit the growth of competitors, or an
exploitative, indirect competition involving differential growth rates and nutrient utilization
capacities, phenotypic diversity, or social cheating (Bauer et al., 2018; Foster & Bell, 2012;
Hibbing et al., 2010). Competition is usually more intense between species that occupy the
same niche (Hutchinson, 1957; Russel et al., 2017; Wangersky, 1978). Microbial niche overlap
is, therefore, one of the major factors determining the outcomes of interactions. Although
Gardnerella spp. all reside in the human vagina, the degree of niche overlap between species
of Gardnerella is unknown. Understanding the niche overlap between Gardnerella spp. may
also unveil the ecological phenomena governing inter-specific competition and the resulting
abundances of these species within the microbiome. Factors affecting the maintenance of some
Gardnerella spp. at consistently low abundance are another intriguing target for research since
the presence of rare bacterial species can determine the stability of an ecosystem (Hajishengallis
et al., 2011; Herren & McMahon, 2018; Jousset et al., 2017).
Although interspecies resource-based competition usually favours species with high
growth rate that eventually leads to their numerical dominance over competitors, rare bacterial
species may also be favoured by an ecological phenomenon known as negative frequencydependent selection (Hibbing et al., 2010; Levin, 1988). High abundance can come at the cost
of competitive ability due to resource depletion, which paves the way for a less abundant, slowgrowing species to become dominant, especially if that slow grower is capable of utilizing a
wider variety of nutrients (i.e. it is a nutritional generalist) (Holt, 2009; Hutchinson, 1957;
Pereira & Berry, 2017). Negative frequency-dependent selection thus will favour the slower
growing species in a density dependent manner (Abreu et al., 2019; Kurihara et al., 1990;
Wangersky, 1978). It is possible that rare Gardnerella species are slow-growing generalists,
which are maintained in the vaginal microbiome at low abundance through negative frequencydependent selection. A rare species can be a “keystone species”, essential for the homeostasis
of an ecosystem, increasing diversity and enhancing the colonization by other, potentially more
2

pathogenic species (Banerjee et al., 2018; Herren & McMahon, 2018). If the rare species of
Gardnerella act as keystone species, understanding the mechanism of their co-existence in the
vaginal microbiome may help us better understand the dynamics of bacterial populations in the
vaginal ecosystem.
If negative frequency-dependent selection favours rare, slower growing species, why do
they not eventually become dominant in communities? This question continues to intrigue
microbial ecologists, and no definitive answer has yet been reached (Jousset et al., 2017). While
there are theories suggesting reasons for maintenance of rare species (Abreu et al., 2019;
Banerjee et al., 2018; Gray et al., 2019; Hajishengallis et al., 2011), investigations to date have
not focused on human associated microbial communities. The answer probably lies in
understanding the dynamics of the particular environment inhabited by the microbial
community. The human vagina, for example, is a dynamic ecosystem. Increased flow-rate of
fluids during menstrual cycles, turnover of epithelial cells, and fluctuating nutrient levels can
reset the population density of the microbiome (Abreu et al., 2019; Gajer et al., 2012; Nunn &
Forney, 2016). If saturation density of faster growing members of the microbiome is delayed
by changes in the environment or these changes provide a continuous supply of nutrients, rare
species may never have the opportunity to become numerically abundant.
The recent reclassification of species within the genus Gardnerella is an important
landmark in recognition of the diversity of these organisms and their potentially different roles
in vaginal dysbiosis. There are also direct implications of Gardnerella population dynamics for
women’s health and the diagnostic detection of high-risk microbiomes. It is essential to
understand both the virulence potential of Gardnerella spp. and the factors affecting relative
abundances of more or less virulent species to avoid ineffective and unnecessary therapeutics,
which may lead to increased antibiotic resistance and recurrent infection. The research
described in this thesis addresses questions around the nature of interaction and competition
among Gardnerella species and the factors affecting Gardnerella community structure.
1.2. Vaginal dysbiosis
1.2.1.

Aerobic Vaginitis (AV) and Bacterial Vaginosis (BV)
The vaginal microbiomes of healthy, reproductive aged women are usually dominated

by Lactobacillus spp.. When the dominant Lactobacillus spp. are replaced by an overgrowth of
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many other aerobic and anaerobic species, the resultant condition is referred to as dysbiosis
(Kaambo et al., 2018; Schellenberg et al., 2017). The tilt of balance is often — though not
always — associated with clinical signs and symptoms, including vaginal discharge, ulceration,
inflammation, increased pH, malodor, dyspareunia, and presence of epithelial cells coated with
biofilms known also as clue cells. Based on microbial composition and types of clinical
symptoms, vaginal dysbiosis is broadly classified into two major types: aerobic vaginitis (AV)
and bacterial vaginosis (BV) (Donders et al., 2002; Kaambo et al., 2018; Schellenberg et al.,
2017). The vaginal microbiome of AV includes enteric bacteria such as Escherichia coli,
Enterobacter faecalis, Staphylococcus aureus, Staphylococcus epidermidis, and Streptococcus
agalactiae (Donders et al., 2002). The microbial composition of the vaginal microbiomes of
women with BV may harbor diverse aerobic and anaerobic bacterial species, including
Gardnerella spp., Atopobium vaginae, Prevotella spp., and Sneathia spp. (Onderdonk et al.,
2016; Schellenberg et al., 2017). The difference between AV and BV is evident in their clinical
manifestations. AV is often associated with a foul-smelling yellow to green purulent vaginal
discharge compared to the fishy, whitish, less thick discharge in BV. The presence of ulceration,
inflammation, and often, if not always, dyspareunia are common clinical symptoms of AV
(Donders et al., 2002). In BV, however, the most common and probably the unique clinical sign
is the presence of clue cells in the vaginal discharge.
1.2.2.

Diagnosis of vaginal dysbiosis
The diagnosis of vaginal dysbiosis falls mainly under two categories: clinical diagnosis,

which is based on clinical signs and symptoms e.g., Amsel’s criteria for BV diagnosis (Amsel
et al., 1983; Sobel, 2000), and microbiological diagnosis, which is based on the presence of
microorganisms detected using either microscopic or molecular diagnostic methods (Balashov
et al., 2014; Donders et al., 2002, 2011; Fredricks et al., 2005; A. Machado & Cerca, 2017;
Money, 2005; Nugent et al., 1991; Rumyantseva et al., 2016; Swidsinski et al., 2005). The
counting of lactobacilli, and Gram-variable and Gram-negative pleomorphic rods, including
Gardnerella spp. and Bacteroides, done using Gram-staining and microscopic analysis is
known as Nugent scoring (Nugent et al., 1991), and this remains the gold standard for BV
diagnosis. Wet-mount microscopy to count the number of Lactobacillus spp., leucocytes, and
background microbiome is used for diagnosing AV (Donders et al., 2002). Both methods assign
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a low score for the abundance of lactobacilli (0 in AV and 0-3 in BV) and high scores when the
count of lactobacilli drops (1 and 2 in AV and 4-6 in intermediate and 7-10 in BV).
1.2.3.

Clinical significance of BV
Of the two broad categories of vaginal dysbiosis associated with bacteria, BV is more

widely studied and thus better characterized than AV (Kaambo et al., 2018). Also, BV is the
most prevalent form of vaginal dysbiosis — the prevalence of BV reported in studies of
different populations of women is between 16% and 50% (Amsel et al., 1983; Koumans et al.,
2007; Peebles et al., 2019; Schellenberg et al., 2016; Sobel, 2000) — making it a significant
area of study in the field of women’s reproductive health. The association of BV with many
reproductive disorders, including pre-term birth, premature rupture of membranes,
endometritis, pelvic inflammatory disease, and increased risk of contracting sexually
transmitted diseases, including chlamydia, gonorrhea, and HIV-AIDS, further indicates the
importance of this vaginal dysbiosis in the health of women and their families (Kroon et al.,
2018). The treatment of BV also comes with controversy since many women who meet the
microbiological criteria for BV do not show any clinical signs and symptoms, often referred to
as asymptomatic BV (Hickey & Forney, 2014; Schellenberg et al., 2017). Thus, the question
remains whether to treat asymptomatic BV or not.
1.2.4.

Causes of vaginal dysbiosis
Vaginal dysbiosis can happen because of sexual and hygienic practices, socio-economic

status, stress, psychological trauma, diet, history of sexually transmitted infection, host
physiology, microbial interaction, host-microbiome interactions, and most likely because of
the combination of either of the aforementioned factors (Amabebe & Anumba, 2018a; Castro
et al., 2019; Crucitti, 2017; Culhane et al., 2006; Fethers et al., 2008; Forcey et al., 2015; Hardy
et al., 2016; Lewis et al., 2017; Nunn & Forney, 2016; Schellenberg et al., 2017).
There is a minority view that BV can be sexually transmitted since vaginal microbiome
associated with BV can be detected among both same-sex and heterosexual partners (Forcey
et al., 2015; Gardner & Dukes, 1955; Larsson et al., 1991; Morris, 2001; Muzny & Schwebke,
2016; Swidsinski et al., 2010). The incidence of BV has been reported to be more frequent
among women who have sex with women (WSW) than in heterosexual women (Forcey et al.,
2015; Koumans et al., 2007). It has also been suggested that the incidence of BV among WSW
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is only significant when one of the partners has a history of BV, suggesting that BV can be
sexually transmitted (Bradshaw et al., 2005; Forcey et al., 2015; Marrazzo et al., 2002; Muzny
et al., 2013; Vodstrcil et al., 2015). However, the findings of those studies have been criticized
based on the relatively small size of study population, lack of diversity of the study population,
reliance on self-reporting, and the statistical analyses used (Forcey et al., 2015). Moreover, the
majority of studies conducted on sexual transmissibility of BV are cross-sectional (Forcey et
al., 2015), and thus suffer from an intrinsic inability to establish a cause and effect relationship
(Solem, 2015).
Having multiple sexual partners may increase the chances of contracting BV (Cherpes
et al., 2008; for the Vaginal Biomarkers Study Group et al., 2015; Koumans et al., 2007;
Vodstrcil et al., 2015). A study of a fairly large and diverse population showed that the incidence
of BV is significantly associated with ethnicity and number of sexual partners (Koumans et al.,
2007). However, the study by Koumans et al. did not include any data about the sexual partners
or sexual practices of the study population. It is therefore probable that not mere number, but
other factors, such as sexual habits, hygienic practices, medical history, etc. of the sexual
partners might also have contributed to the occurrence of BV. Since the study also reported BV
among sexually inactive participants, it contradicts the hypothesis of sexual transmissibility of
BV (Larsson et al., 1991; Muzny et al., 2013; Vodstrcil et al., 2015).
Sexual practices have also been suggested to be contributing factors to the development
of BV (Cherpes et al., 2008; Forcey et al., 2015). Frequency of vaginal intercourse, unprotected
sex, anal and oral sex, use of unclean sex toys, etc. have all been implicated as factors affecting
the acquisition BV (Bradshaw et al., 2005; Fethers et al., 2008; Vodstrcil et al., 2015). The use
of oral contraceptives and condoms, however, are likely to reduce the chances of BV (Achilles
& Hillier, 2013; Koumans et al., 2007; Riggs et al., 2007). Some sexual hygienic practices may
also affect vaginal microbiome composition and hence, may be responsible for the progression
to the disease state. For example, intravaginal douching has been reported to increase the
chances of BV development (Brotman et al., 2008).
Smoking, body mass index (BMI), malnutrition during pregnancy and dietary habits
have also been reported to impact vaginal microbiome composition leading to bacterial
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vaginosis (Bodnar et al., 2009; Brotman et al., 2014; Marchesi et al., 2016; Verstraelen et al.,
2005). All of these studies, however, suffered from small sample size.
Psychological trauma and stress have also been correlated with BV (Culhane et al.,
2001, 2002). Culhane et al. reported that women living in neighborhoods with high crime rates,
poor housing conditions, material hardship, and perceived danger of harassment were more
likely to develop BV. The association of BV with ethnicity was also significant; African
American women were more likely to suffer from BV than white women. However, since most
of the African-American women reported to be living in more stressful condition than white
women, the authors argued that the level of stress determined the outcome of BV in those
women (Culhane et al., 2002). It has also been suggested that the hormonal changes associated
with stress affect the immune response (Amabebe & Anumba, 2018b), which perhaps
contributes to dysbiosis. Another study suggested higher incidence of BV in divorced, separated
or widowed women (Morris, 2001). It is not counterintuitive that the loss of a partner can have
a negative impact on mental health, inducing the over-secretion of stress-related hormones,
which could affect the immune response and perturb the normal vaginal microbiome.
Although the above studies reported various factors contributing to BV, all those factors
can probably be conflated into one major category: host physiology. The factors mentioned
above definitely affect the host physiology variously, which in turn may upset vaginal
ecological homeostasis leading to BV.
The normal vaginal ecosystem is dominated by Lactobacillus spp. (Döderlein, 1892).
These lactic acid bacteria metabolize the products of glycogen degradation to produce lactic
acid, which is thought to discourage the growth of other bacterial species (Aldunate et al., 2015;
Amabebe & Anumba, 2018a; Nunn & Forney, 2016; Spear et al., 2014; Tachedjian et al., 2017).
The status-quo, nonetheless, can be challenged if Lactobacillus spp. have to compete for
resources, including glycogen, with other vaginal bacterial species in a dynamic ecosystem
(Bauer et al., 2018; Hibbing et al., 2010). It has also been demonstrated that lactobacilli can be
infected by phages (Pavlova et al., 1997), which may also lead to the gradual decline of
lactobacilli in the vaginal microbiome. Hormonal changes throughout the menstrual cycle may
also affect immune function (Farage et al., 2009). As a result, susceptibility to colonization by
unwanted bacterial species may increase, leading to overabundance of unwanted vaginal
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bacterial species, reduction of the population of protective lactobacilli and the development of
BV.

1.3. Gardnerella spp.
1.3.1.

Original identification and taxonomic history
One bacterial genus almost always associated with BV is Gardnerella (Schellenberg et

al., 2017; Schwebke et al., 2014). The consistent presence of Gardnerella in the vaginal
microbiomes of women with BV, and its importance in the diagnostic assessment of BV by
Nugent scoring, earned Gardnerella the title of a hallmark of bacterial vaginosis. However,
Gardnerella is also detected in women without BV (Janulaitiene et al., 2017; Mikamo et al.,
2000).
Gardnerella spp. are Gram-variable, pleomorphic rods (Catlin, 1992). Although the
organism itself was isolated in 1953 by Leopold (Leopold, 1953), Gardner was first to associate
Gardnerella with BV. Gardner and Duke named the newly-identified bacterial species
Haemophilus vaginalis (Gardner & Dukes, 1955) and it has gone through several taxonomic
reclassifications since that time (Schellenberg et al., 2017). It was initially assigned to the genus
Haemophilus; however, it was later discovered that the organism does not require hemin, NAD
or other growth factors and thus was re-classified as Corynebacterium (Zinnemann & Turner,
1962, 1963). One of the major arguments of Zinnemann et al. for this re-classification as
Corynebacterium was morphological – the former Haemophilus vaginalis cells stained Grampositive and the cells morphologically resembled Corynebacterium, showing polar granules and
club-like structures. The cell wall structure, however, did not fit the well-known Gram-positive
structure; the former Haemophilus vaginalis was shown to have a multilayered cell wall with
components resembling that of Gram-negative bacteria (Criswell et al., 1972; Reyn et al., 1966).
Later, the analysis of cell wall components and DNA-DNA hybridization analysis of H.
vaginalis with other genera, including Bifidobacterium, Corynebacterium, Lactobacillus, and
Arthrobacter revealed unique cell wall structure and minimal genetic similarity with
Corynebacterium. Therefore, a new taxonomic classification was proposed and was finally
named after Dr. Gardner as Gardnerella vaginalis in 1980 (Piot et al., 1980). It was later shown
that G. vaginalis does have a Gram-positive cell wall, but it takes on a Gram-negative staining
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pattern with the aging of the culture (Catlin, 1992; Sadhu et al., 1989). Although the new name
of this organism was well accepted among the researchers in the field, new findings started to
emerge in the 1980s revealing diversity within the species.
The authors of the first report that described diversity within G. vaginalis used
biochemical tests to differentiate biotypes among isolates from the human vagina (Piot et al.,
1984). They identified at least eight biotypes of G. vaginalis, of which some were present
simultaneously in individual women. Genetic diversity in G. vaginalis, however, was not
reported until the first half of the last decade: four separate clusters of G. vaginalis were reported
based on partial sequences of the chaperonin-60 (cpn60) gene amplified from metagenomic
DNA from vaginal swabs (Hill et al., 2005). Although this observation was met with some
initial oppositions, the scientific community at large started to embrace the genetic diversity
within the genus Gardnerella. Three distinct genotypes of G. vaginalis were reported in 2011
based on random amplified polymorphic DNA (RAPD) and amplified ribosomal DNA
restriction analysis (ARDRA) (Lopes dos Santos Santiago et al., 2011). A year later, four
subgroups of G. vaginalis: A, B, C, and D were resolved among clinical isolates using cpn60based sequences (Jayaprakash et al., 2012), confirming the 2005 observations by Hill et al..
Four clades of G. vaginalis were reported in the same year based on whole genome sequences
of 17 isolates (Ahmed et al., 2012), which have subsequently been demonstrated to correspond
to the four cpn60-based subgroups (Schellenberg et al., 2016).
The latest update in the taxonomic classification of Gardnerella spp. was the
amendment of the four subgroups/clades into thirteen genome species by Vaneechouttee et al.,
of which four were named: Gardnerella swidsinskii and G. leopoldii corresponding to subgroup
A/Clade 4, G. piotii to subgroup B/Clade 2, and the name G. vaginalis was retained for
subgroup C/Clade 1 (Vaneechoutte et al., 2019). Vaneechoutte and colleagues performed
Average Nucleotide Identity (ANI) analysis using 81 whole genome sequences of Gardnerella
spp. and used ten isolates for phenotypic characterization by matrix assisted laser desorption
ionizing time-of-flight (MALDI-TOF) mass spectrometry. Eight of the 13 genome species
identified in the study were not named by Vaneechoutte et al. because they did not have enough
isolates to provide sufficient evidence to support designation of new species. Hill and Albert
later showed that the thirteen Gardnerella spp. established by Vaneechoutte et al. can also be
resolved using partial cpn60 sequences (Hill & Albert, 2019).
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Although the DDH and ANI established clear delineation of the thirteen genome
species, the phenotypic differentiation could not be accomplished with previously described
biochemical tests and instead relied MALDI-TOF analysis. As we will see later in this chapter,
identification of phenotypic differences between Gardnerella spp. remains a challenge. Taken
together, the long story of taxonomic evolution of Gardnerella spp. is a testimony to the fact
that Gardnerella is not a monolith (Castro et al., 2020).
1.3.2.

Clinical significance of Gardnerella diversity
The diversity among Gardnerella spp. may have diagnostic and therapeutic relevance

(Castro et al., 2020). As stated earlier, a fair proportion of women meet microbiological criteria
of BV but lack the clinical signs and symptoms. The existence of “asymptomatic” BV has come
to light through research studies where vaginal microbiomes of women in a variety of clinical
cohorts have been described (Albert et al., 2015). Outside of research studies, women would be
unlikely to undergo investigation of vaginal microbiome composition unless they are
experiencing symptoms. The question that challenges clinicians is whether to treat those
asymptomatic women or not, especially in pregnancy. Any unnecessary treatment may lead to
increased antibiotic resistance and may also affect the normal vaginal microbiome, whereas not
treating them may lead to adverse reproductive outcomes (Kroon et al., 2018; Leitich et al.,
2003; Shimaoka et al., 2019).
There are reports suggesting differences in virulence potential among the different
species of Gardnerella (Castro et al., 2020; Harwich et al., 2010; Patterson et al., 2010;
Robinson et al., 2019; Schellenberg et al., 2016; Yeoman et al., 2010). Although Yeoman et al.
reported significant differences in genetic traits responsible for production of a cytolytic toxin
called vaginolysin and synthesis of extracellular polymeric substances using comparative
genomics, they used only three isolates, of which two are ATCC strains with almost identical
genomes (Yeoman et al., 2010). Moreover, the study lacked any phenotypic evidence, which
understandably would not be significant considering only three isolates were used. Although
the cytotoxic effects of Gardnerella spp. has been observed and suggested to be the outcome
of vaginolysin production by Gardnerella spp., there is no direct evidence that the toxicity
results from the production of vaginolysin (Harwich et al., 2010). There is also no evidence of
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any difference in vaginolysin production between the species of Gardnerella spp. (Harwich et
al., 2010; Patterson et al., 2010).
Sialidase activity in vaginal fluid is a characteristic of BV, and this activity has been
suggested to play a role in adherence to vaginal epithelial cells and mucin degradation, leading
to colonization of the vagina (Wiggins, 2001). Sialidase is also regarded as an important
virulence factor since there is a positive correlation between sialidase activity and adverse
reproductive outcomes (McGregor et al., 1994). Sialidase activity has been found to be
associated almost exclusively with subgroup B / G. piotii (Clade 2) and genome species 3
(Schellenberg et al., 2016). The enzymatic activity has recently been shown to be due to two
different enzymes, NanH2 and NanH3, that act on α2-3- and α2-6-linked N- and O-linked
sialoglycans, which could help bacteria adhere to mucosal surface and also release smaller
oligosaccharides (Robinson et al., 2019).
Biofilm formation by Gardnerella spp. is another potential virulence factor. There are
reports of biofilm formation by Gardnerella spp., but none of them include any subgroup/clade
information (Alves et al., 2014; Hardy et al., 2016, 2017; Patterson et al., 2010). A few of those
studies were performed on vaginal smears, showing the biofilm morphology (Hardy et al., 2016;
Swidsinski et al., 2013). Attempts have been made to differentiate between BV and so called
“non-BV” isolates based on biofilm formation in vitro and ex situ; but none of these studies
demonstrated any difference in biofilm formation between Gardnerella spp. (Harwich et al.,
2010). Subsequent evidence that most women are simultaneously colonized by multiple
Gardnerella spp. (discussed below) further complicates interpretation of the results of these
studies since a single isolate from a clinical specimen that includes multiple species could be a
“pathogen” or an innocent bystander.
1.3.3.

Abundance patterns of Gardnerella spp. and potentially high-risk microbiomes
If Gardnerella spp. differ in their virulence capacity, the presence of a virulent species

may be indicative of a high-risk vaginal microbiome and hence, could lead to adverse
reproductive outcomes (Jayaprakash et al., 2016; Kimberlin & Andrews, 1998; Kroon et al.,
2018). In their effort to unveil the diversity in the vaginal microbiome in ethnically diverse,
healthy, non-pregnant Canadian women, Albert el al. observed that vaginal microbiomes of
individual women often contain multiple Gardnerella spp., although they vary in abundance
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(Albert et al., 2015). The co-occurrence of multiple species in the vaginal microbiome is more
frequent than colonization by only one species (Hill & Albert, 2019). Gardnerella spp. more
commonly detected and dominant in the vaginal microbiomes dominated by Gardnerella spp.
are either of two subgroups, A (G. swidinskii, G. leopoldii) or C (G. vaginalis) (Balashov et al.,
2014; Hilbert et al., 2017; Hill & Albert, 2019).
A study performed to determine the abundance of Gardnerella spp. in women who meet
both clinical and microbiological criteria of BV using species-specific quantitative PCR
reported that the dominance of subgroup B/Clade 2 is associated with the transition from a nonBV to a BV vaginal microbiome. The abundance of this species was significantly higher in
intermediate microbiome than normal non-BV microbiome, although the abundance of clade
2/subgroup B was not significantly higher in abnormal than the intermediate microbiome
(Hilbert et al., 2017). An earlier study also reported a positive correlation of G. piotii abundance
with intermediate vaginal microbiome defined by Nugent scoring (Balashov et al., 2014).
Balashov et al. further suggested that G. vaginalis (subgroup C) and Genome species 8, 9,
10/subgroup D are more often associated with BV defined by microbiological and clinical
criteria; nevertheless, the study was performed on a limited number of specimens from a small
number of women (Balashov et al., 2014). Both studies, however, agree that subgroup A, C and
D (Clade 4, 3 and 1) are more often associated with higher Nugent score i.e., abnormal
microbiome (Balashov et al., 2014; Hilbert et al., 2017). The association of subgroup D with
BV is surprising given that it is only rarely detected and rarely abundant in the vaginal
microbiome (Hill & Albert, 2019). Although there is a lack empirical evidence for the
correlation of individual Gardnerella species abundance with BV, there is a consensus that
multiple species of Gardnerella can colonize vagina at differential abundance. Several factors,
including microbial interactions, host-microbiome interactions, host physiology, sexual
practices and sexual hygienic practices, could play roles in determining the population structure
of Gardnerella spp. in the vaginal microbiome (Schellenberg et al., 2017), and if Gardnerella
spp. are dominant in the microbiome, the co-occurring Gardnerella spp. will interact with each
other more frequently than with other vaginal bacterial species.
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1.4. Microbial interactions
Microorganisms interact with each other in securing resources important for their
survival and growth. If resource requirements overlap among different species, competition
between these species will be frequent (Bauer et al., 2018; Darwin, 1859; Hibbing et al., 2010).
Since the vaginal ecosystem has a limited supply of largely host-derived nutrients, it is intuitive
that vaginal bacterial species interact with each other to secure resources. Such interspecific
interactions could be an important factor in the transition between eubiosis and dysbiosis (Rosca
et al., 2019).
1.4.1.

Types of microbial interactions
Microbial interactions can be competitive or facilitative (Foster & Bell, 2012). In a

competitive interaction, the final population size of the interacting species will be less than the
final population size of each species if they were not interacting to secure nutritional and spatial
resources (Darwin, 1859; Foster & Bell, 2012). Facilitation describes a relationship in which
the reproductive fitness of any bacterial species is increased when it grows in the presence of
another bacterial species or its by-products (Foster & Bell, 2012). Metabolic products that can
be transformed for the nutritional benefit of others in the community are also known as public
goods (P. Smith & Schuster, 2019). The secretion of public goods by bacteria in facilitation can
be unilateral, that is to say, one bacterial species may promote growth of the others without
receiving anything in return. This selfless behavior also referred to as altruism (Shub, 1994).
Cooperation, on the contrary, is mutual: one of the bacterial species living in a particular
environment will help neighboring species only if it gets something in return. Although there
are some examples of mutualistic relationships among bacteria (Agarwal et al., 2020; RakoffNahoum et al., 2016; Ren et al., 2015), it is often difficult to establish, especially when the
bacteria involved are removed from their natural habitat where they would otherwise interact
in the presence of many other factors, which cannot be reproduced in a laboratory environment.
Mechanistically, microbial interactions can be classified broadly as contact-independent
and contact-dependent interactions (Konovalova & Søgaard-Andersen, 2011). Contactindependent interaction is the result of constitutively secreted molecules or byproducts that nonspecifically affect the growth of others in the community. Secreted molecules may act as
chemical messengers; environmental cues to other community members for increasing growth
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or adopting a survival strategy, such as biofilm formation (Oliveira et al., 2015). If a by-product
is toxic, it will affect the growth of neighboring bacteria negatively. By contrast, contactdependent interaction, as the name suggests, relies on physical proximity. Secretion of any
chemicals, either growth promoting or inhibiting, only occurs when induced by the presence of
the other species residing the same environment (Hibbing et al., 2010). Contact-dependent
interaction can involve a variety of mechanisms, including secretion of antimicrobials, growth
promoting substances, quorum sensing, and even stealing of nutrients from other bacteria
(Hibbing et al., 2010; Juhas et al., 2005; Oshri et al., 2018; Stempler et al., 2017; Wood et al.,
2019). In a contact-dependent interaction, growth inhibiting or promoting substances are
usually produced specifically for the purpose of microbial interaction and targeted towards the
neighboring cells to either harm or benefit them. For example, the type 6 secretion system
(T6SS) of Pseudomonas aeruginosa specifically targets neighboring competitors by injecting
them with toxic effectors, which may cause cell lysis (Willett et al., 2015; Wood et al., 2019).
Similarly, some bacterial species may cross-feed each other when they are in the same
environment, increasing their overall reproductive fitness (Rakoff-Nahoum et al., 2016). The
production of quorum-sensing molecules, which is often a mechanism to attract more species
for a coordinated task, is another example of cooperative contact-dependent interaction (Juhas
et al., 2005).
1.4.2.

Microbial interactions in the vagina
The vaginal microbiome harbors many species, including those that are considered key

players in either eubiotic or dysbiotic states, and interactions between species likely play an
important role in the population dynamics of the vaginal ecosystem (Rosca et al., 2019). Vaginal
microbiome are less diverse than microbiome inhabiting other anatomical sites (Albert et al.,
2015; Döderlein, 1892; Jayaprakash et al., 2012; Nunn & Forney, 2016; Ravel et al., 2011),
perhaps because of the limited range of nutrients in the vaginal ecosystem, which are largely
derived from the host (Hickey et al., 2012; Mirmonsef et al., 2016; Spear et al., 2014). As a
result of this restriction, the vaginal microbiome have co-evolved to utilize similar types of
nutrients, which could lead to niche overlap and consequent microbial interactions (Darwin,
1859; Hutchinson, 1957; Lozupone et al., 2012; Russel et al., 2017). Since BV is the result of
reduced abundance of lactobacilli and simultaneous increase in abundance of other aerobic and
anaerobic species (Nugent et al., 1991), it is not surprising that the few studies conducted so far
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to understand the nature of microbial interactions in the vaginal microbiome have focused on
interactions between Lactobacillus spp. and Gardnerella spp. (Castro et al., 2013; Nunn &
Forney, 2016).
It has been suggested that Lactobacillus spp. discourage the growth of other vaginal
bacteria, including Gardnerella, through secretion of inhibitory molecules such as bacteriocins,
production of lactic acid that lowers the pH of the vaginal milieu, and also by production of
hydrogen peroxide (Hickey et al., 2012; Rosca et al., 2019; Schwebke et al., 2014). The
production of bacteriocin has been reported in Lactobacillus gasseri, and shown to affect the
growth of Lactobacillus iners (Maldonado-Barragán et al., 2016; Nilsen et al., 2020). While the
acidic environment in the vaginal ecosystem is partially the result of lactic acid produced by
host epithelial cells, the primary source of lactic acid in the vagina is bacteria (Boskey et al.,
2001). The capacity of Lactobacillus spp., especially L. crispatus and L. gasseri, to produce
lactic acid contributes to the low pH (ranging from 4.0 to 5.0) of a healthy vaginal ecosystem
(Castro et al., 2013; Hickey et al., 2012; Ravel et al., 2011). Probably, a combination of lactic
acid production, secretion of bacteriocin-like molecules, and other host related factors help
maintain the Lactobacillus spp. dominated vaginal microbiome, and discourage the growth of
other potentially less beneficial bacterial species like Gardnerella (Castro et al., 2013; Hickey
et al., 2012).
A study performed on solid media to detect interactions between Gardnerella and other
vaginal bacteria, including Lactobacillus spp. identified primarily antagonistic relationships
(Teixeira et al., 2010). While the results of this study also suggested inhibition of growth of
Gardnerella isolates by other Gardnerella isolates, they did not identify the isolates according
to their clades/subgroups. Another study assessing the competition between Lactobacillus spp.
and Gardnerella spp. for adhesion to epithelial cells showed that L. iners, which is more often
associated with diverse vaginal microbiome, does not interfere with adhesion of Gardnerella
spp. and vice versa (Castro et al., 2013). The authors of this study also showed that Gardnerella
is capable of displacing L. crispatus, which is commonly the dominant species in the vaginal
microbiomes of women without vaginal symptoms. However, this study included only two
Gardnerella isolates, of which one was from a healthy woman and the other from a woman
diagnosed with BV (Castro et al., 2013). It is, therefore, difficult to conclude that all
Gardnerella spp. would have similar interactions with Lactobacillus spp.. To assess if
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bacteriocins produced by Lactobacillus spp. decrease colonization by Gardnerella spp., an
experiment was performed in vivo by vaginally inoculating Gardnerella into mice precolonized with L. johnsonii (Teixeira et al., 2012). The outcome of the experiment suggested
that the colonization of Gardnerella spp. was discouraged by the antagonistic action of L.
johnsonii. The study, however, used only three mice and thus could not show any significant
differences between the bacterial burden of Lactobacillus and Gardnerella spp. (Teixeira et al.,
2012). The final bacterial population for both of the species was also 2-3 log lower than the
population size of the inoculum. Therefore, it cannot be established that either of the two species
were able to colonize in the experiment. Moreover, the inoculum size of L. johnsonii was 2-log
higher than the inoculum size of Gardnerella, which complicates in interpretation of this study
even further (Teixeira et al., 2012).
While there are a few reports of antagonistic interactions among vaginal microbiome,
reports of any form of cooperation or facilitation among vaginal bacterial species are even more
rare. Although the presence of multiple species in BV has been well recognized since the 1980s
(Mårdh et al., 1984; Spiegel, 1991), the first report of a positive interaction between vaginal
bacteria was of cycling of ammonia and amino acids between Gardnerella and Prevotella
(Pybus & Onderdonk, 1997). A second report relates to Fusobacterium nucleatum, which can
be detected in the oral and vaginal microbiomes and has been associated with preterm birth
(Han et al., 2004). F. nucleatum is sialidase-activity negative but resides with sialidase activity
positive species of the oral microbiome. Its association with sialidase positive bacteria led a
group of researchers to ask the question if sialidase activity by Gardnerella spp. can promote
vaginal colonization by F. nucleatum (Agarwal et al., 2020). The authors did show an enhanced
colonization by F. nucleatum in the presence of sialidase activity positive Gardnerella spp.,
however, the sialidase activity is almost exclusively associated with Gardnerella piotii and
genome species 3 (subgroup B/Clade 2), which are not as commonly abundant in the vagina as
other sialidase-activity negative Gardnerella spp.. Other BV associated bacteria such as
Prevotella bivia (Smayevsky et al., 2001) are known to produce sialidase and so the facilitation
of colonization of F. nucleatum is unlikely to be the result of a specific interaction with
Gardnerella. Moreover, there was no data suggesting any reciprocity between Gardnerella and
F. nucleatum (Agarwal et al., 2020).
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1.4.3.

Influence of niche overlap on microbial interaction
As Darwin noted in On the Origin of Species (1859), competition between closely

related species will be more frequent than between less related species (Bauer et al., 2018;
Darwin, 1859), and any overlap in the requirement for resources may lead to competition.
Although the definition of a niche has evolved over the last 100 years, the concept currently
includes requirement for nutrition, growth factors and space (Holt, 2009; Hutchinson, 1957).
Arguably there are two types of niche: nutrient niche and spatial niche (Hutchinson, 1957;
Pereira & Berry, 2017); microorganisms will compete for either of these two resource types for
successful colonization and invasion. Greater genetic dissimilarity means minimal overlap in
requirements for nutrients and space, which increases the probability of a successful invasion
(Li et al., 2019; Madsen et al., 2016; Russel et al., 2017).
Although many bacteria compete for resources by directly interfering with the growth
of others in what is known as a contest (Bauer et al., 2018; Hibbing et al., 2010; Oliveira et al.,
2015; Stempler et al., 2017; Wood et al., 2019), a majority of them will compete indirectly,
either by rapid utilization of nutrient sources or by social cheating, exploiting resources without
making any contribution to the public goods (Chen et al., 2019; Hibbing et al., 2010). This type
of non-interfering, exploitative, indirect competition is known as a scramble (Hibbing et al.,
2010). Since a scramble between different interacting species happens largely because of
nutrition, it is where a nutrient niche overlap comes into play.
Nutrient niche overlap plays perhaps the most important role in ecological interactions
between vaginal bacteria, including among the species of Gardnerella. In the gut, microbial
population structure is influenced by dietary uptake of nutrients, which vary in space and time
(Graf et al., 2015; Pereira & Berry, 2017). In contrast, the vagina does not have a constant
supply of varying nutrients and the vaginal bacterial community rely largely on host derived
ingredients, which are less diverse for obvious reasons. One of the major sources of nutrition
in the vaginal ecosystem is glycogen. Since glycogen is a complex polysaccharide, breakdown
of glycogen into smaller mono, di- or oligosaccharides is essential to ensure an unbroken supply
of energy sources. Many vaginal bacteria, including Gardnerella spp., are capable of digesting
glycogen. Interestingly, however, Lactobacillus spp. — the most abundant genus of the healthy
vaginal microbiome — arguably lack enzymes essential for glycogen degradation and depends
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on amylases produced by the host or by other vaginal microbiome for glycogen breakdown
(Mirmonsef et al., 2016; Spear et al., 2014). Thus, it seems likely that competitive interactions
between vaginal bacteria will involve glycogen. Capacity for glycogen utilization among the
species of Gardnerella may vary. All Gardnerella spp. have been shown to digest glycogen to
some extent (Bhandari et al., 2020), but the specific products produced, and the relative rates
and efficiencies of uptake and utilization of the products have not yet been determined.
1.4.4.

Negative frequency-dependent selection
Diversity is essential to maintaining balance in an ecosystem, and low abundance

species usually account for most of the taxonomic diversity in any human or environmental
microbiome (Brisson, 2018; Jousset et al., 2017; Trotter & Spencer, 2007). Negative frequencydependent selection is an evolutionary phenomenon that selects for less abundant species in a
community, ensuring their persistence (Levin, 1988). While negative frequency-dependent
selection is an observable phenomenon in the microbiological world, the specific mechanisms
involved are largely unknown (Brisson, 2018). The existence of competing theories regarding
the mechanisms of negative frequency dependent selection make it a difficult concept to
understand. (Brisson, 2018; Clarke et al., 1988; Wilson & Wilson, 2007).
One such theory describes negative frequency-dependent selection an outcome of
“density-dependent fitness dynamics” (Brisson, 2018; Emlen, 1985; Lewontin, 1974; Minter et
al., 2015; Ross-Gillespie et al., 2009). The theory suggests that an abundant genotype will
eventually lose its fitness advantage when competing with a rare genotype for limited resources.
This theory concurs with the Lotka-Volterra model of competition, where a species with a lower
intrinsic growth rate has to increase its range of nutrient utilization to survive competition with
another species with a higher growth rate (Wangersky, 1978). As a result, when the fastgrowing species, by virtue of rapid nutrient utilization capacity, reaches a point when no further
growth is possible, the growth rate of its slower-growing, low abundance competitor takes off.
Since negative frequency-dependent selection ensures diversity, it is perceived that densitydependent selection as a mechanism of negative frequency-dependent selection should
contribute to the maintenance of multispecies communities (Gavina et al., 2018; Trotter &
Spencer, 2007). However, a density-dependent mechanism alone is unable to explain the coexistence of multiple species (Gavina et al., 2018; Weeks & Hoffmann, 2008).
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Another possible mechanism of negative frequency-dependent selection is the selection
of an organism with a rare phenotype (Brisson, 2018). Iron scavenging, for example, is a unique
trait of some Pseudomonas aeruginosa strains (Morris, 2015; P. Smith & Schuster, 2019).
Carrying iron-scavenging genes is costly, and hence, many mutants of P. aeruginosa arise that
lack the capacity of siderophore production, but these mutants retain the function of siderophore
import. Since mutant strains do not carry the cost of siderophore formation, such a gene loss
provides mutants with a competitive advantage in an environment where siderophore producing
strains are more abundant — the non-siderophore producers will exploit excess siderophore
production by the producer strains (Butaitė et al., 2017; Stilwell et al., 2018). Those nonsiderophore producing strains are also known as cheaters and their lifestyle is described as
“social cheating”. However, siderophores will become a rare commodity with the decline of the
siderophore producing population; the non-siderophore producing strains will start losing their
advantage as the siderophore producing strains disappear from the community. The choice for
the cheaters is, therefore, between competitively excluding producers, which will eventually
bring about their own extinction, or slowing their own growth to allow greater abundance of
the producers, which will ensure co-existence of both species (Morris, 2015; Stilwell et al.,
2018).
Although negative frequency-dependent selection is considered the governing force for
generating diversity and a mechanism of success for rare genotypes, many microbial
communities studied so far include far greater numbers of rare species than common ones (Graf
et al., 2015; Jousset et al., 2017; Lozupone et al., 2012; Ravel et al., 2011). Rank abundance
curves from natural microbial communities almost always feature a long tail of low abundance
taxa. If rare things are favoured by negative-frequency-dependent selection, why do not we see
those rare taxa becoming abundant frequently?
Most host associated bacterial species live in dynamic environments: the turnover of
host cells, policing action by the immune system, and fluctuation in the flow-of nutrients caused
by host physiology, etc. can change the homeostasis of the host ecosystem. These changes
increase mortality rates and provide nutrients supporting the growth of commonly abundant
species, and erode the micro-niches of rare species within the host ecosystem (Abreu et al.,
2019). Thus, the window of opportunity for a rare species to come out on top of a competition
and gain numerical dominance can be narrow.
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The competitive ability of a rare species may be limited by its niche requirements.
Consequently, a rare species may not compete well outside its own niche (Brisson, 2018). As
we will see later in this chapter, a keystone species of a multispecies biofilm is usually slowgrowing and thus, only occupies the core of a biofilm where the supply of nutrients is limited.
Thus, they can never be numerically dominant. Also, if a rare species occupies a niche with
lower capacity than those of more commonly detected species, their abundance will always be
lower than the common species. For example, if the capacity of a niche is 10,000 cells, we
cannot expect it to accommodate 100,000 cells; any comparison between niches would be
misleading unless we know the capacity of each niche (Deines et al., 2020). Thus, lower
competitiveness in a foreign niche and niche capacity, also explain why rare species are rare,
and why they are not abundant more frequently.
If a rare species is a social cheater – reaping the benefit of public goods produced by
others – preponderance of a previously rare species will lead to the collapse of the entire
microbial community; a phenomenon referred to as the tragedy of the commons (Hardin, 1968;
Rankin et al., 2007; J. Smith, 2012; Velicer et al., 2000). To prevent that from happening,
complex microbial communities use different strategies to check the growth of the cheaters
(Travisano & Velicer, 2004). These strategies include policing action, which selectively targets
and kills cheaters (Wang et al., 2015; Wechsler et al., 2019), infection with phage (Morgan et
al., 2012), beneficial mutations among non-cheater population (Özkaya et al., 2018), and
quorum sensing (Smalley et al., 2015). It has also been shown empirically that contrary to
common belief, cheaters cannot always outcompete non-cheaters (Leinweber et al., 2017;
Sexton & Schuster, 2017) and the presence of cheaters often leads to co-existence within
microbial communities (Leinweber et al., 2017). The initial abundance of the cheater strain also
determines if a cheater can outcompete a non-cheater strain (Morgan et al., 2012). Since host
associated microbial communities are complex (Lozupone et al., 2012; Ravel et al., 2011),
either of the above mentioned strategies may also control the overgrowth of a rare, cheater
species within a community.
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1.5. Biofilm
1.5.1.

A hub of interactions
With few lucky exceptions, bacteria are not fortunate enough to grow in a laboratory,

supplied with abundant nutrients. However, they are much older inhabitants of this blue planet
than we are, capable of surviving a variety of stressful conditions (Gray et al., 2019). One
survival mechanism described not too long ago, is the formation of biofilm (Costerton et al.,
1978). While stress is one of the major factors that drive biofilm formation, it is a default
mechanism of growth for many bacterial species (Jefferson, 2004). Being in a biofilm comes
with several advantages: protection from predators, resistance to antimicrobials and recalcitrant
compounds, and enhanced colonization (Burmølle et al., 2006; Hall & Mah, 2017; Høiby et al.,
2010; Jefferson, 2004; Lewis, 2008; Piccardi et al., 2019; Raghupathi et al., 2018; Rendueles
& Ghigo, 2012). Since being in a biofilm is lucrative, many bacterial species are spurred into
action to be part of these bacterial mega cities, leading to the formation of multispecies biofilms
(Watnick & Kolter, 2000).
A multispecies biofilm thus formed is not an unorganized mass of cells; all bacterial
species associated within a multispecies biofilm work synchronously (Ereshefsky & Pedroso,
2015; Stewart & Franklin, 2008; Watnick & Kolter, 2000). Some bacterial species in a multispecies biofilm, for example, are essential for biofilm formation, persistence, and reseeding –
often referred variously as pioneer biofilm formers, persister cells or keystone taxa (Banerjee
et al., 2018; Kostakioti et al., 2013; Lewis, 2005, 2008, 2010, 2010; Liu et al., 2016; Stewart &
Franklin, 2008). The pioneer biofilm formers residing at the core of biofilm are deprived of an
abundant supply of nutrients, forcing them to adopt a slow-growing strategy (Nadell et al., 2009;
Stewart & Franklin, 2008). Consequently, the pioneer cells are usually metabolically inactive
and nondividing, resulting in a low overall abundance of the pioneer population in a biofilm
community. It is understandably so because neighboring bacterial cells occupying locations
where nutrients are more easily accessible, curtail the supply and diffusion of substances to the
core of a biofilm (Piccardi et al., 2019). If the pioneers reside at the periphery of the biofilm
where they are exposed to predation, host immune defense and antimicrobials, they will be less
successful. Their intrinsic slow-growth rate would act against the persister cells as they would
fail to compensate for the number of cells they would lose to attacks by immune cells and/or
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antimicrobials. A non-persister, fast-growing, metabolically active population, on the contrary,
would not sustain in a nutrient deprived environment (Rainey & Rainey, 2003). As a result,
persister and non-persister populations occupy separate spatial niches, which helps them protect
the overall biofilm community by the division of tasks. A biofilm, however, cannot
accommodate all bacteria attracted to it. The only way to secure a space in biofilm is either
through cooperation with other biofilm forming bacteria or by competition (Elias & Banin,
2012; Oliveira et al., 2015; Ren et al., 2015). It is therefore intuitive that the different species
living in a biofilm have developed complex relationship, which are often paradoxical, yet
essential for their survival.
Cooperation in a mixed species biofilm usually starts with initial colonizers, which send
out signaling molecules, such as N-acylhomoserine lactone (AHL), autoinducer peptides, short
chain fatty acids, and even electrical signals to attract other bacteria (Elias & Banin, 2012;
Humphries et al., 2017; Kolenbrander et al., 2010; Rendueles & Ghigo, 2012; Strassmann et
al., 2011). Once established, cooperation among bacteria in a mixed species biofilm results in
resistance to antimicrobials, toxins, immune cells and also provides opportunities for metabolic
cooperation and thus, increased overall reproductive fitness (Burmølle et al., 2006; Liu et al.,
2015; Piccardi et al., 2019; Ren et al., 2015).
Since a multispecies biofilm can provide shelter to bacteria residing the same ecosystem,
the constituent species often overlap in their nutrient and physical resources requirements.
Therefore, competition is common among the different bacterial species residing in a biofilm
(Foster & Bell, 2012; Nadell et al., 2009; Oliveira et al., 2015). Initial colonizers often produce
common goods such as quorum sensing molecules and iron-scavenging molecules in excess,
which is also referred to as “leaky” production (Morris, 2015). Opportunistic bacteria in a
biofilm take full advantage of common goods, but do not return anything to the community,
which may lead to the competitive exclusion of core biofilm formers or initial colonizers,
jeopardizing the entire biofilm community (Popat et al., 2012). Thus, to check the cheater
species in a biofilm, many bacteria produce antimicrobials to competitively excluding cheaters
(Anderson et al., 2014; Oliveira et al., 2015). The spatial separation of different species may
protect them from competitive exclusion, which could be detrimental for their co-existence and
survival in the community (Deines et al., 2020).
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1.5.2.

Biofilm in the vaginal microbiome
Biofilm formation is a major concern in chronic and recurrent infections (Costerton et

al., 1999). One major feature of bacterial vaginosis is the presence of clue cells, which are
epithelial cells coated with Gardnerella spp. and others (Hardy et al., 2016, 2017). The
existence of extracellular polymeric matrix, which extends out of the Gardnerella cells and
connects with neighboring cells was observed as early as the 1980s (Greenwood & Pickett,
1980; Sadhu et al., 1989), however, it was not until more recently that it was recognized that
Gardnerella spp. can form biofilm (Swidsinski et al., 2005, 2008, 2010).
Swidsinski and colleagues developed a fluorescence in situ hybridization technique,
which they used to diagnose BV (Hardy et al., 2016, 2017). The authors observed compact
masses of Gardnerella cells attached to epithelial cells of women suffering from BV. However,
they also noted dispersed or loosely attached masses of bacterial cells, mostly in healthy
women. Many Lactobacillus cells were interspersed within the biofilm, but they accounted for
less than 5% of the total biomass (Swidsinski et al., 2005). Building further on the story, the
authors identified Gardnerella cells in urine samples of heterosexual couples. Based on this
finding, they suggested sexual transmission of BV biofilms. The Gardnerella cells they
observed in urine were unlike the adherent masses observed on epithelial cells collected from
vaginal fluid – the cells from urine samples were non-cohesive and dispersed (Swidsinski et al.,
2005). Thus, it is possible that it was not the biofilm, but the free-floating cells that transmitted
from one partner to another. It has been suggested that biofilms formed by Gardnerella spp.
can withstand prolonged antibiotic treatment perhaps contributing to recurrent BV (Muzny &
Schwebke, 2015; Swidsinski et al., 2008) .
Polymicrobial biofilms are common in host associated infections (Burmølle et al., 2010;
Costerton et al., 1999; Donlan & Costerton, 2002; Kolenbrander, 2011; Wolcott et al., 2013).
Swidsinski et al. reported that the upper genital tract of women can harbor polymicrobial
biofilm (Swidsinski et al., 2013). It has been proposed that Gardnerella spp. are usually early
colonizers of epithelial cells, which may then be joined by other anaerobic bacterial species
(Verstraelen & Swidsinski, 2013). A protein-nucleic acid (PNA) probe-based FISH technique
was developed to study polymicrobial BV biofilms (Hardy et al., 2016; Swidsinski et al., 2013).
The PNA-FISH revealed an association of Atopobium vaginae with Gardnerella spp. in vaginal
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smears collected from 120 Rwandan women. Although the finding of this study was intriguing,
it has yet to be replicated in other populations of women. The association of these two bacterial
species could very much be impacted by hygienic practices, which are influenced by cultural
traditions and socio-economic status. It has also been suggested that biofilm formation by
Gardnerella spp. may lead to increased virulence and may play an important role in transition
from Lactobacillus spp. dominated microbiome to dysbiotic microbiome (Alves et al., 2014;
Castro et al., 2013, 2019; Patterson et al., 2010), however, none of these studies has taken the
diversity Gardnerella spp. into consideration. The non-cohesive nature of some Gardnerella
cells and the association of Gardnerella with other species may all be affected by the species
of Gardnerella present. It is not known if multiple Gardnerella spp. can co-exist in biofilms
and if they do, what sorts of interactions are occurring within those structures.
Although multiple enzymes are required for biofilm formation (Jefferson, 2004), one
key enzyme – sialidase – has been found exclusively in subgroup B/Clade 2 of Gardnerella,
which is comprised of two genome species: G. piotii and genome species 3 (Schellenberg et al.,
2016). Sialidase acts on the sialic acids linked to oligosaccharides, releasing nutrients and also
facilitating attachment of bacteria to mucosal surfaces (Lewis & Lewis, 2012). Vaginal mucosal
surfaces are a rich source of sialoglycans, which provide sialidases with ample substrates for
attachment and release of mono and disaccharides (Lewis & Lewis, 2012). It has been also
reported that the sialidase gene G. piotii and genome sp. 3 can undergo slipped strand
mispairing, which may result in the production of truncated sialidases and hence, G. piotii and
genome sp. 3 may undergo phase variation (Kurukulasuriya et al., 2020). It has also been
suggested that the sialidases produced by G. piotii and genome sp. 3 are not always anchored
to the cell wall and may very possibly be released outside the cells (Robinson et al., 2019). Such
extracellular release of sialidases qualifies it to be called a public good, which can be used by
the other neighboring species. It has been reported that sialidase positive Gardnerella can
enhance colonization by sialidase-negative F. nucleatum, which is often associated with
preterm birth (Agarwal et al., 2020). Thus, it is conceivable that G. piotii and genome species
3, are perhaps responsible for setting the stage for a multispecies biofilm formation. However,
slipped strand mispairing of sialidase genes could produce truncated enzymes, which are
unusable by the exploiters, suggesting phase variation as a potential mechanism of evading
cheaters in a mixed species biofilm.
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Overall, biofilms pose a serious threat to human vaginal health by increasing antibiotic
resistance and recurrent infection. Understanding the role of Gardnerella spp. in establishing
and maintaining multispecies BV biofilms may help us design more appropriate diagnostic and
therapeutic strategies for BV and recurrent BV.
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OBJECTIVES
Since multiple Gardnerella subgroups reside in the human vagina at a varying abundance, we
hypothesized that ecological interactions between Gardnerella subgroups can affect their
abundance in the vagina and the outcome of ecological interactions can be affected by vaginal
dynamics. So, our objectives are:
1.

Determine the types of interactions occurring between subgroups of Gardnerella.

2.

Evaluate the degree of overlap among the subgroups in terms of encoded proteins and carbon
source utilization phenotypes, and determine if subgroup D has a nutritional generalist lifestyle.

3.

Determine if the effect of population density on the success of subgroup D in co-cultures.

4.

Determine if biofilm formation provides protection to metronidazole and if exposure to
sublethal antibiotic concentrations enhance Gardnerella biofilm formation.
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CHAPTER 2. Competition among Gardnerella subgroups from the human
vaginal microbiome
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Chapter transition
Microbial interactions between members of the genus Gardnerella can play a critical
role in determining the community structure of the vaginal microbiome. My objective was to
determine the type of interaction(s) that is(are) the most prevalent form among Gardnerella
spp. This chapter describes the type of interactions we observed and how different subgroups
were affected by such microbial interaction. Since biofilm formation is a major clinical feature
of bacterial vaginosis (BV), we also tested if multiple subgroups of Gardnerella can co-exist in
a biofilm.
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2.1. Abstract
Gardnerella spp. are hallmarks of bacterial vaginosis, a clinically significant dysbiosis of the
vaginal microbiome. Gardnerella has four subgroups (A, B, C and D) based on cpn60
sequences. Multiple subgroups are often detected in individual women, and interactions
between these subgroups are expected to influence their population dynamics and associated
clinical signs and symptoms of bacterial vaginosis. In the present study, contact-independent
and contact-dependent interactions between the four Gardnerella subgroups were investigated
in vitro. The cell free supernatants of mono- and co-cultures had no effect on growth rates of
the Gardnerella subgroups suggesting that there are no contact-independent interactions (and
no contest competition). For contact-dependent interactions, mixed communities of 2, 3 or 4
subgroups were created and the initial (0 h) and final population sizes (48 h) were quantified
using subgroup-specific PCR. Compared to the null hypothesis of neutral interactions, most
(69.3%) of the mixed communities exhibited competition. Competition reduced the growth
rates of subgroups A, B and C. In contrast, the growth rate of subgroup D increased in the
presence of the other subgroups. All subgroups were able to form biofilm alone and in mixed
communities. Our study suggests that there is scramble competition among Gardnerella
subgroups, which likely contributes to the observed distributions of Gardnerella spp. in vaginal
microbiomes and the formation of the multispecies biofilms characteristic of bacterial
vaginosis.
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2.2. Introduction
Gardnerella vaginalis is considered a hallmark of bacterial vaginosis, a dysbiosis of the
vaginal microbiome, although it is also commonly detected in women who do not meet the
clinical criteria for vaginosis. Gardnerella comprises four sub-groups (A, B, C, and D), based
on cpn60 barcode sequences and whole-genome sequences (Jayaprakash et al., 2012;
Schellenberg et al., 2016). These subgroups have also been classified as clades 1-4 (Ahmed et
al., 2012), with subgroups A, B, C, and D corresponding to clades 4, 2, 1 and 3, respectively.
More recently, Vaneechoutte et al. amended the description of Gardnerella and defined three
new species within the genus: G. leopoldii, G. swidsinskii, and G. piotti (Vaneechoutte et al.,
2019). These species correspond to three of the previously defined subgroups: G. vaginalis
(subgroup C/clade 1), G. leopoldii and G. swidsinskii (subgroup A/clade 4), and G. piotii
(subgroup B/clade 2), while subgroup D/clade 3 encompasses several unnamed “genome
species”.
Phenotypic differences between the subgroups have been identified that could influence
the role of Gardnerella spp. in the vaginal microbiome and their contributions to establishment
and maintenance of vaginal dysbiosis(Janulaitiene et al., 2018; Schellenberg et al., 2016;
Vaneechoutte et al., 2019). Furthermore, it has been shown that clades 4, 1 and 3 (Subgroups
A, C, and D) are more often associated with bacterial vaginosis as defined by a high Nugent
score or Amsel’s criteria (Albert et al., 2015; Hilbert et al., 2017). Subgroup B or Clade 2 has
been reported to be more abundant in women with an intermediate Nugent score (Albert et al.,
2015; Balashov et al., 2014; Hilbert et al., 2017). Taken together, these observations highlight
the potential clinical significance of the composition of the Gardnerella community within the
vaginal microbiome.
Gardnerella clades or subgroups can be reliably distinguished in vaginal microbiome
profiles using cpn60 barcode sequences (Hill et al., 2005; Jayaprakash et al., 2012), whereas
16S rRNA gene sequencing does not provide sufficient resolution (Vaneechoutte et al., 2019).
Profiling of vaginal microbiomes using cpn60 barcode sequencing, and application of cladespecific PCR has shown that the vagina is often colonized by multiple subgroups
simultaneously (Albert et al., 2015; Hilbert et al., 2017). The relative abundances of these
subgroups, however, are not equal, and one subgroup usually dominates. The combinations and
relative abundances of cpn60-defined subgroups of Gardnerella have been used to define
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previously undescribed community structures called community state types (CST) in the human
vaginal microbiome(Albert et al., 2015). Given the observed phenotypic diversity within
Gardnerella, an understanding of the factors that determine Gardnerella population structure
in the vaginal microbiome is critical.
Potential factors contributing to the relative abundance patterns of Gardnerella
subgroups in the vaginal microbiome include differences among subgroups in terms of biofilm
formation, adhesion, overall fitness, and resistance to anti-bacterial factors (either produced by
other microbiome or delivered as a medical intervention). Interactions between the subgroups
may influence the population dynamics of the Gardnerella subgroups (Czárán et al., 2002;
Faust & Raes, 2012; Hibbing et al., 2010). When the vaginal microbiome is dominated by
Gardnerella, interactions between subgroups would be more frequent than with other bacterial
species because they are closely related and therefore more likely to occupy the same niche
(Darwin, 1859). Gardnerella can form biofilm in isolation and can also be incorporated in
multispecies biofilms in the vagina (Hardy et al., 2016). Inter- and intraspecies interactions are
ubiquitous within such multispecies biofilms (Burmølle et al., 2014; Elias & Banin, 2012;
Narisawa et al., 2008), and such interactions may lead to competitive exclusion (Kerr et al.,
2002; Oliveira et al., 2015). Thus, it is possible that competition between Gardnerella
subgroups within the biofilm shapes the microbial population structure in the vaginal
microbiome.
Competition between subgroups could take the form of a contest where two subgroups
interact directly in either a contact-dependent manner or a contact-independent manner
involving the secretion of effectors that reduce the fitness of competitors (Stubbendieck &
Straight, 2016). Direct interactions can either inhibit the growth of one or more competitor(s)
(Hayes et al., 2014; Willett et al., 2015), or trigger an enhanced biofilm response (Oliveira et
al., 2015; Ren et al., 2015). In either case, competition could result in the exclusion of one or
more competitor(s). Alternatively, competition between closely related taxa may take the form
of a scramble (Hibbing et al., 2010), where they do not interact directly, but one competitor
outgrows the others through its superior ability to use shared resources, such as nutrients. In a
scramble mode of competition, all competitors have to share finite resources, which can reduce
the fitness of competing organisms. This type of competition is often referred to as noninterfering exploitative competition (Russel et al., 2017).
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The objective of our study was to seek evidence of contact-independent or contactdependent interactions between Gardnerella subgroups that affect growth in vitro. Our results
demonstrate that strains representing Gardnerella subgroups A, B, C, and D can coexist in
biofilms but that mixing of subgroups does not enhance biofilm formation. Our findings also
suggest the presence of a non-interfering, exploitative competition in mixed subgroup
communities of Gardnerella.

2.3. Methods
2.3.1.

Gardnerella isolates
Isolates of Gardnerella spp. used in this study were drawn from a previously described

culture collection kept at -80 °C (Schellenberg et al., 2016) (Table S1). The subgroup
affiliations of all isolates were determined by cpn60 barcode sequencing (Links et al., 2012).
Selected isolates were revived from -80 °C on Columbia agar plates with 5% sheep blood and
incubated under anaerobic conditions (BD GasPak EZ Anaerobe Gas Generating Pouch System,
NJ, USA) at 37 °C for 48 h.
2.3.2.

Measurement of the effect of Gardnerella culture supernatant on growth
The purpose of this part of the study was to test whether the Gardnerella subgroups

produce molecules that inhibit the growth of the other subgroups (i.e. contact-independent
interactions). Specifically, we wanted to test the effect of cell-free supernatant from
Gardnerella subgroups on the growth and biofilm formation of the other subgroups. To detect
contact-independent interactions, we tested a total of 56 combinations using 14 isolates of
subgroups A (n = 4), B (n = 4), C (n = 3) and D (n = 3) (Table 1). Isolates that were used to
derive cell-free supernatant (CFS) were called producer strains, and strains on which the effect
of prepared CFS was tested were called focal strains. Selected focal strains of all four subgroups
were grown in medium containing 10% CFS from producers belonging to other subgroups and
their own subgroup (“self-CFS”). Experiments were performed in two culture media: NYC III
broth, which is recommended by the American Type Culture Collection (ATCC) for
Gardnerella culture, and BHI + 1% glucose broth, to determine if culture media influenced
growth of Gardnerella subgroups in the presence or absence of CFS.
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To produce the CFS, colonies from Columbia blood agar plates were harvested using
sterile swabs, resuspended in 5 ml of NYC III broth and incubated anaerobically for 72 hours
at 37˚C to reach stationary phase. CFS was generated by centrifuging the broth culture at 3 000
´ g for 30 min (26). The supernatant was filter-sterilized using 0.22 μm filters and was used on
the same day. Filter-sterilized CFS was streaked on Columbia blood agar plates to confirm
sterility.
To test the effect of CFS on the focal strains, colonies from blood agar plates were
harvested using sterile swabs, resuspended in 0.85% saline and adjusted to McFarland turbidity
standard 1. Fifteen microliters of each test strain suspension were added to 135 μl of NYC III
or BHI + 1% (v/v) glucose and 10% (v/v) CFS in individual wells of a flat bottom 96-well plate
(Corning Costar, NY, USA). The focal strains were also grown in control wells with media
containing no CFS. Negative controls consisted of 15 μl of 0.85% saline added to 135 μl of
culture media (NYC III or BHI + 1% glucose) and sterile culture media alone. To confirm the
viability of the inocula, focal strain suspensions were streaked on to Columbia blood agar. Each
combination of CFS and the focal strain was performed in three technical replicates.
2.3.3.

Quantification of total growth, planktonic growth and biofilm growth
Total growth, planktonic growth, and biofilm formation were determined for each

combination at 48 h (Fig. S2.1 – Fig. S2.14). Total growth was calculated as the difference in
optical density measured at 595 nm between the 48 h and the 0 h time points. The OD595 was
measured using a VMax Kinetic ELISA Absorbance Microplate Reader (Molecular Devices,
CA, USA). Planktonic growth was measured by transferring 150 μl of supernatant from each
well to a fresh 96-well plate and determining the OD595. To measure the biofilm formation, a
crystal violet (CV) staining assay was performed (Oliveira et al., 2015; O’Toole, 2011; Ren et
al., 2015). Briefly, after removal of the supernatant, plates were washed twice with water,
biofilms were stained with 1% CV for 10 min, plates were washed twice with water and air
dried. To solubilize stained biofilm, 150 μl of 33% glacial acetic acid was added to each well,
and the OD595 was measured.
2.3.4.

Co-culture assays to detect contact-dependent interactions
The purpose of this part of the study was to test whether there were interactions between

Gardnerella subgroups when they were grown together in the same culture. Four independent
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experiments were conducted at separate points in time with two different sets of Gardnerella
isolates. Experiments 1A and 1B were done in March and April 2018, respectively, and
subgroups A, B, C, and D were represented by isolates NR020, N170, NR038, and NR003.
Experiments 2A and 2B were done in April and May 2018, respectively, and subgroups A, B,
C, and D were represented by isolates VN003, VN002, NR001, and WP012. For each of the
four replicate experiments, we grew the four subgroups alone (n = 4; A, B, C, D), and in all
possible combinations of two (n = 6; AB, AC, AD, BC, BD, CD), three (n = 4; ABC, ABD,
ACD, BCD) and four subgroups (n = 1; ABCD) for a total of 15 different combinations. Each
of the 15 combinations was replicated three times in the wells of a 96-well tissue culture plate
(i.e. 4 experiments *15 combinations * 3 replicates per combination = 180 replicates). The
members of each community were allowed to interact for a period of 48 hours and the
abundance of the constituent subgroups was estimated at the start (0 h) and the end (48 h) of
this period using subgroup-specific quantitative real-time PCR (qPCR). Prior to the interaction
assay, each of the four subgroups was grown alone at 37 °C anaerobically in BHI with 0.25%
maltose and 10% horse serum for a period of 12 h and then mixed in BHI+ 0.25% maltose.
Immediately prior to combining the subgroups to create the mixed communities, a sub-sample
was taken from each of the four cultures to determine the abundance of each subgroup at the
time point of 0 h using the subgroup-specific qPCR. To create the mixed communities, equal
volumes of each isolate containing ~5 x 106 genome equivalents per mL (i.e., verified by qPCR)
were included in a total volume of 200 µl per well. For each of the four experiments, two plates
were used: one for quantifying the number of cells in both the planktonic and biofilm fractions
using qPCR and the other to quantify biofilm formation using the CV staining assay.
2.3.5.

Quantification of Gardnerella using subgroup-specific quantitative real-time PCR
Cells from planktonic and biofilm fractions were collected at 48 h and extraction of

DNA was performed using a commercial kit (DNeasy PowerBiofilm, Qiagen, Mississauga,
ON) following the manufacturer’s instructions with minor modifications. To collect the
planktonic phase, 200 μl of culture supernatant was removed from the wells and transferred to
bead tubes. To collect biofilm, 200 μl of lysis reagent MBL was pipetted directly into the wells
of the 96-well plate and incubated for 30 min to solubilize the biofilm. The bottom of each well
was scraped with a pipette tip and the suspension was pipetted up and down several times before
transferring it to a bead tube. The biofilm solubilization step was repeated to maximize biofilm
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collection. To enhance lysis, 100 μl of chaotropic agent FB was added to the bead tubes. The
bead tubes were incubated at 65˚C for 5 min in a water bath, and then vortexed using a multitube
vortexer at maximum speed for 15 min. Later steps were performed following the
manufacturer’s instructions.
Subgroup-specific qPCR was performed using previously published primers and probes
(Balashov et al., 2014) (Table S2). Amplification was performed in 10 μl reactions containing
1´ iQ Supermix (BioRad, Mississauga, ON), 800 nM of each primer, 100 nM of TaqMan probe,
and 2 μl of template. The qPCRs were performed using a CFX Connect (BioRad, Mississauga,
ON) instrument. The qPCR results were reported as target copy number per PCR reaction (2 µl
of template DNA extract). Each sample was assayed in duplicate reactions with the appropriate
standard curve comprised of plasmids containing probe targets (102 to 109 plasmid copies per
reaction). Thermocycling conditions were: initial denaturation at 95˚C for 3 min, 40 cycles of
95˚C for 15 s, and annealing/extension at 60˚C (subgroups A, B, and D) or 63.3˚C (subgroup
C) for 40 s. Each plate contained a no template control, DNA extraction controls, and non-target
subgroup templates as negative controls. For each qPCR reaction, the genome copy number
was calculated using the standard curve. The qPCR assay was repeated for samples with a
difference in Cq value > 1 between duplicate wells.
2.3.6.

Statistical analysis of contact-independent interactions
The

contact-independent

interactions

were

analyzed

using

Kruskal-Wallis

nonparametric one-way ANOVA with Dunn’s post hoc test (Prism 8, Graphpad Software).
2.3.7.

Statistical analysis of contact-dependent interactions
To characterize the interactions between the four subgroups, the 180 replicates of 15

unique communities in four independent experiments (1A, 1B, 2A, 2B) were analyzed
collectively (4 experiments * 15 combinations per experiment * 3 replicates per combination =
180 replicates; each of the 15 unique combinations was replicated 12 times). Outcomes from
these co-culture experiments were interpreted as shown in Fig. 1 (Foster & Bell, 2012). First,
the growth rates of all isolates grown as singletons were calculated using the following formula:
ri = ln (Nt, i/N0, i)/T. Here, ri is the observed growth rate of subgroup i when it is alone (has no
competitors), N0, i and Nt, i are the initial and final population sizes of subgroup i as estimated
by qPCR (sum of biofilm and planktonic cells), and T is the time period of 48 hours (Table S2).
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Under the null hypothesis of no competition, we used our estimates of ri from the singletons
and our estimates of N0, i in the mixed communities to predict the expected abundance of each
"!,# ) in the mixed communities after 48 hours of growth. The sum of predicted
subgroup (𝑁
abundances (based on the singleton growth rates) for each subgroup in the community is the
expected null abundance for the mixed communities (i.e. the expected community size in the
absence of interaction). If the observed abundance of a mixed community was higher than the
expected null abundance, the interaction was classified as facilitation (positive interaction). If
the observed abundance of a mixed community was lower than the predicted null abundance, it
was classified as competition (negative interaction)(Fig. 2.1). The null hypothesis of no
interaction predicts that due to random measurement error, 50% of the interactions should be
positive (facilitation) and 50% of the interactions should be negative (competition). A
proportion test was used to determine whether the observed prevalence of facilitation and
competition were significantly different from the 50/50 expectation. This approach is a general
test of the nature of interactions between Gardnerella subgroups and does not consider that
each subgroup may be affected differently by competitors.
To test whether the subgroups were affected differently by the number of competitors,
the growth rates of the Gardnerella subgroups were analyzed using linear mixed effect models
(LMMs). The residuals of the growth rates were considered as normally distributed. The fixed
effects were subgroup (four levels: A, B, C, and D), the number of competitors (0, 1, 2, and 3),
and their interaction. The random effects were the 3 replicates of each community nested in the
4 different experiments (i.e. total of 12 replicates for each community). This approach does not
consider the identity of the competitors. We used R (v 1.1-21) to analyze the data; the LMM
models were run using the lmer() function in the R package lme4.
To test whether the identity of the competitors mattered, the growth rate of each
subgroup was analyzed separately using LMMs. The four subgroups had to be analyzed
separately, because the identity of the competitors differs for each subgroup. The fixed effects
were the identities of the competitors. For example, for the growth rate of subgroup A, the
competitors included B, C, D, BC, BD, CD, and BCD. The random effects structure was the
same as before.
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2.4. Results
2.4.1.

Effect of Gardnerella culture supernatant on growth and biofilm formation
The initial optical density (OD) of all the focal strains was ~ 0.05 and they grew in both

NYC III and BHI + 1% glucose, except for one subgroup C strain, NR001, which did not grow
in BHI+ 1% glucose (Fig S11). The OD at 48 h of these strains varied from as low as 0.05 (after
subtracting initial OD) to 0.80. There was no effect of CFS on overall growth or planktonic
growth of focal strains, nor on biofilm formation (Kruskal-Wallis nonparametric one-way
ANOVA with Dunn’s post hoc test, p > 0.05 for all comparisons) (Fig S2.1 – Fig S2.14). The
type of medium, however, influenced mode of growth: NYC III had more planktonic growth,
whereas BHI + 1% glucose had more biofilm growth. Increasing the concentration of CFS from
10% to 20% had no effect on the growth pattern of the Gardnerella subgroups (data not shown).
2.4.2.

Validation of qPCR assays
Prior to performing the co-culture experiments, the efficiency of each subgroup-specific

qPCR assay and the limits of detection and quantification were determined, since these values
had not been reported previously (Balashov et al., 2014). The amplification efficiency for
subgroups A, B, C, and D were 99.9%, 107.4%, 110%, and 98.2%, respectively. The lowest
concentration at which all subgroups were detected was 1 target copy per qPCR reaction.
However, the lower limit of quantification (LOQ) was different for each subgroup. The LOQ
for subgroups A, B, C and D were 1, 10, 100, and 1 copy per reaction, respectively.
2.4.3.

Characterization of contact-dependent interactions between Gardnerella isolates
Our null hypothesis approach of testing the type of interaction (facilitation versus

competition) between subgroups of Gardnerella found that competition was 2.3 times more
common than facilitation. Of the 132 mixed communities, 69.7% (92/132) had negative
interactions (competition), and 30.3% (40/192) had positive interactions (facilitation)
(Supplemental Datasheet 1). A proportion test found that these percentages were significantly
different (p <0.0001) from the 50/50 null expectation. Competition was more frequently
observed in communities with more subgroups. The prevalence of competition was 58.3%
(42/72), 79.2% (38/48) and 100.0% (12/12) in communities with two, three, or four subgroups,
respectively.
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Alternatively, we can set an arbitrary threshold so that absolute differences <500 million
cells (between the observed and expected values) are considered as neutral interactions (i.e. the
difference was caused by random measurement error). Using this approach for the 132 mixed
communities, there were 25.0% (33/132) neutral interactions, 75.0% (99/132) competitive
interactions, and 0.0% (0/132) facilitative interactions. The probability of getting this result
under the null hypothesis that competition and facilitation are equally likely (50/50) is
vanishingly small (p <0.0001). This alternative analysis shows that introducing an arbitrary
threshold to separate measurement error from biologically interesting interactions does not
change our conclusion that competitive interactions dominate between Gardnerella subgroups.
2.4.4.

Competition between subgroups in biofilms versus the supernatant
Since biofilms are a common site of interactions between species (Burmølle et al., 2014;

Elias & Banin, 2012; Nadell et al., 2009; Oliveira et al., 2015), we investigated whether
competition was more frequent in the biofilm fraction than the planktonic fraction. Out of 132
mixed communities, 68.9% of the biofilm fractions (91/132) and 65.9% (87/132) of the
planktonic fractions exhibited competition (Supplemental Datasheet 1). This result indicates
that competition occurs in both biofilm and planktonic populations of Gardnerella spp. In
addition, these observations demonstrate that mixed subgroup biofilms can occur, with no
subgroup excluded.
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Fig 2.1. Regime of interpretation. Interactions between bacterial species or strains can be classified
as neutral, competition, or facilitation. When bacterial species X and Y are grown in isolation,
their abundances correspond to bars X and Y. Under the null hypothesis of no interaction, the
expected abundance of the mixed community is equal to the sum of the abundances of two
organisms grown separately (Null abundance, indicated by broken line). A neutral interaction
occurs when the observed abundance of the mixed community is exactly equal to the null
abundance (bar ‘Null’). In practice, neutral interactions are almost never observed due to
measurement error. Facilitation occurs when the observed abundance of the mixed community
is greater than the null abundance (bar ‘Fac’). Competition occurs when the observed
abundance of the mixed community is less than the null abundance (bars ‘a’ and ‘b’).
Competitive exclusion occurs when one of the species is completely eliminated in the mixed
community (bar ‘b’).
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2.4.5.

Effect of mixed communities on the growth rate of individual subgroups
When grown in isolation, the instantaneous growth rates (per hour) of the four

subgroups ranked from lowest to highest are as follows: 0.098 for subgroup A, 0.119 for
subgroup D, 0.120 for subgroup B, and 0.211 for subgroup C. The population doubling times
(in hours) ranked from slowest to fastest are as follows: 7.1 for subgroup A, 5.8 for subgroup
D, 5.8 for subgroup B, and 3.3 for subgroup C. The LMM found a significant interaction
between subgroup and number of competitors on the growth rate (p <0.0001) indicating that
the effect of the number of competitors on the growth rate differs between subgroups. Growth
rates of subgroups A, B, and C decreased significantly (p <0.0001) in mixed communities (Fig.
2.2a, 2.2b, 2.2c). In contrast, the growth rate of subgroup D increased significantly (p <0.0001)
in mixed communities (Fig. 2.2d). Thus, subgroups A, B, and C experienced competition in
mixed communities, whereas subgroup D experienced facilitation. Regardless of the identity of
the community, subgroup C always had a higher intrinsic growth rate than the other subgroups
(Fig. 2.2).
2.4.6.

Impact of competitor subgroups on focal subgroups
Next, we investigated whether subgroups differed in the magnitude of their negative (or

positive) effect on the growth rate of other subgroups. Subgroup D had the most negative impact
on the growth rates of the other subgroups. The presence of subgroup D in any community
reduced the growth rate of the other members of the communities by 44.2% (Fig. 2.3d; LMM,
p <0.0001). Subgroup A reduced the growth rates of the other members of the communities by
4.8%, whereas B and C increased the growth rates of the other members of the communities by
7.2%, and 1.6%, but none of these effects were statistically significant (Fig. 2.3a, 2.3b, and
2.3c). In summary, subgroup D has a large and negative effect on the growth rate of all other
subgroups, whereas the effects of the other subgroups are essentially neutral.
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Fig 2.2. Effect of mixed communities on growth rates of Gardnerella subgroups. The growth
rates of subgroups A, B, and C decreased with an increasing number of competitors indicating
competition (panels a, b, and c). In contrast, the growth rate of subgroup D increased with an
increasing number of competitors indicating facilitation (panel d). Each community was
allowed to interact and grow over a period of 48 hours.
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Fig 2.3. Impact of competitor subgroups on focal subgroup. The growth rates of subgroups A,
B, and C are inhibited by the presence of subgroup D (panels a, b, and c). In contrast, the growth
rate of subgroup D is enhanced by the presence of the other subgroups (panel d). The identities
of the competitors are indicated on the X axis. The red dotted line is the expected null growth
rate (growth as a singleton). Growth rates above and below the red dotted line indicate
facilitation and competition, respectively. Significant effects on growth rates of the focal
subgroups in the presence of competitors are denoted by asterisks (***). The vertical lines on
each bar indicate the 95% confidence intervals for the means.
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2.4.7.

Quantification of biofilm formation in monocultures and co-cultures
Mixing of different bacterial species often leads to increased biofilm formation. We

therefore investigated whether mixing of Gardnerella subgroups would enhance biofilm
formation. If the amount of biofilm formed by a mixture of subgroups was greater than the
amount formed by the best individual biofilm former of that mixture, the interaction was
considered synergistic. If the amount of biofilm formed by a mixture was less than the amount
formed by the worst individual biofilm former of that mixture, the interaction was considered
antagonistic (Madsen et al., 2016). Here biofilm formation by mixed subgroups was almost
always less than the individual biofilm formation by the best biofilm-forming subgroup but
greater than the worst biofilm former in the mixture (Fig. 2.4 a, b). Only one co-culture of
subgroups A and D was higher than the individual biofilm formation of either strain (KruskalWallis, p < 0.05)(Fig. 2.4b). The results of this experiment show that overall biofilm biomass
is not enhanced by mixing of subgroups.
2.4.8.

Effect of Gardnerella co-culture supernatant on individual subgroups
Our initial experiments showed that the CFS of singleton cultures had no impact on the

growth of isolates from other subgroups, but negative interactions were frequently observed in
co-cultures. To determine if effectors were secreted as a result of contact, we derived CFS from
pairwise co-cultures and prepared media conditioned with 10% co-culture supernatant. We
grew four representative isolates of all four subgroups in media with and without co-culture
CFS and measured optical density to monitor growth and used a CV assay for quantification of
biofilm formation (Fig S15). No significant differences in the amount or mode of growth were
observed with exposure to co-culture CFS (Kruskal-Wallis, p > 0.05).

43

Fig 2.4. No enhancement of biofilm formation in mixed communities. Isolates used in
Experiment 1 (a) and Experiment 2 (b) were cultured alone or in combinations. Biofilm biomass
was quantified by a crystal violet assay after 48 hours of growth. The error bars indicate
standard deviations of three replicates.
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2.5. Discussion
A critical step in the development of bacterial vaginosis is when Gardnerella spp.
displace Lactobacillus spp. and initiate multispecies biofilm formation (Schwebke et al., 2014).
The recent amendment of the genus and the “fine-tuning” of the taxonomy of Gardnerella
(Vaneechoutte et al., 2019) re-emphasizes the clinical importance of determining the particular
contributions of different Gardnerella spp. to vaginosis, and the degree to which different
subgroups may compete or cooperate in the vaginal microbiome. The detection of multiple
subgroups (or species) of Gardnerella in the vaginal microbiomes of individual women is
common and so interactions are expected to occur frequently (Hardy et al., 2015, 2016). Our
current study was designed to determine the types of interactions that occur between isolates
from different cpn60-defined subgroups of Gardnerella, and to discover whether multiple
subgroups can be incorporated into biofilms.
2.5.1.

No evidence of contest competition between subgroups of Gardnerella
A contest is a direct, interference competition where the secretion of small molecules

(secondary metabolites or toxins) by one organism inhibits the growth of other organisms in an
environment (Czárán et al., 2002; Faust & Raes, 2012; Garbeva et al., 2014; Hibbing et al.,
2010; Ismail et al., 2016; Oliveira et al., 2015; Stubbendieck & Straight, 2016). Cell-free
supernatant (CFS) is the first place to look for any such secreted small molecules that could
affect the growth of other bacterial species or strains. Gardnerella isolates have been shown to
inhibit the growth of some vaginal lactobacilli in a contact-independent manner (McLean &
McGroarty, 1996; Teixeira et al., 2010), and both inhibitory and stimulatory effects of
Gardnerella CFS on the growth of a range of vaginal bacterial species have been documented
(Chanos & Mygind, 2016). These previous reports, however, have involved relatively few
isolates and no information was provided regarding the Gardnerella species. In the present
study, we detected no effect on the amount or mode of growth of Gardnerella isolates when
they were exposed to the CFS from other isolates grown in isolation (Figs S1 - S14). Since
effector molecules are often only secreted when their producers are in contact with other
bacterial species (Chanos & Mygind, 2016; Konovalova & Søgaard-Andersen, 2011), we also
tested whether CFS from co-culture combinations (where competition had been observed in coculture assays) affected the growth of Gardnerella strains. We found no effect of co-culture
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CFS on growth, which further supports the conclusion that there is no contest or direct
interference competition between Gardnerella subgroups (Fig 4). Similarly, no enhancement
of growth was observed, which would have been expected if there was nutritional synergy or
cross-feeding among Gardnerella spp. as has been demonstrated for G. vaginalis and Prevotella
bivia (Pybus & Onderdonk, 1997).
2.5.2.

Scramble competition is common in mixed communities of Gardnerella
When Gardnerella isolates from different subgroups were co-cultured, all of them were

present in both planktonic and biofilm fractions of each tested community, indicating that no
subgroup was completely dominant or excluded over the 48-hour observation period.
Competition between subgroups was common, with 70% of the observed interactions classified
as competitive. Although intrinsic growth rates differed among the four subgroups (Fig. 2),
subgroups A, B and C all showed a reduced growth rate as the number of competitors increased
(Fig. 2a-c). Interestingly, subgroup D experienced facilitation in co-cultures because its growth
rate increased with increasing numbers of competitors (Fig. 2d). Subgroup D also had a negative
effect on the growth rates of other subgroups (Fig. 3a-d). Taken together, these co-culture
observations are consistent with a non-interfering, exploitative competition, which is also called
scramble competition (Hibbing et al., 2010; Nicholson, 1954). Scramble competitions result in
the dominance of the competitor with the greatest ability to exploit a shared resource (e.g.
nutrients), and a general reduction in the overall fitness of all members of a mixed community
that share this resource (Darwin, 1859; Foster & Bell, 2012; Hibbing et al., 2010).
One possible explanation for the distinct behaviour of subgroup D is that it has different
nutritional requirements than the other subgroups and thus remains unaffected when others
compete for the same nutrient resources. It might also represent a “social cheater” (Ghoul et al.,
2014; Hibbing et al., 2010); an opportunistic member of the community that occupies a distinct
niche and benefits from the competition of others. Subgroup D strains are rarely detected in the
vaginal microbiome, and are usually at low abundance (Albert et al., 2015). Negative-frequency
dependent selection can favour rare variants that are able to exploit available niches (Hibbing
et al., 2010), allowing them to thrive in an otherwise highly competitive environment (Ghoul et
al., 2014). These specialized variants can also make some important nutrients unavailable to the
other community members, who are carrying the cost of maintaining the multispecies
community (Harrison et al., 2006). This scenario could explain why, in mixed Gardnerella
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subgroup communities in vitro, the presence of subgroup D negatively affects the growth of
other subgroups. In vivo, the interactions between other bacterial species in the vaginal
microbiome might check the abundance of this social cheater (Hibbing et al., 2010). Since our
experiments were conducted over a relatively short period of time (48 hours), we were unable
to determine if mixed communities of Gardnerella subgroups comprise a non-transitive
competitive interaction network. This type of interaction is characterized by gradual
replacement of dominant species by others in the consortium (Hibbing et al., 2010), but requires
the presence of other contributing factors and changes in the environment happening over time
that could not be captured in our in vitro model. A longitudinal study using a dynamic culture
system might possibly demonstrate the presence of a non-transitive network in Gardnerella
spp..
2.5.3.

No synergy in mixed subgroup biofilm
Gardnerella species have been implicated in the initiation of vaginal biofilms by

displacing lactobacilli and adhering to the epithelium. Subsequent recruitment of other bacteria
results in the characteristic multispecies bacterial vaginosis biofilm (Castro et al., 2019; Hardy
et al., 2017; Machado et al., 2015). Multispecies biofilms are a hotspot of interactions (Burmølle
et al., 2014; Liu et al., 2016) that can be antagonistic or synergistic (Ren et al., 2015; Røder et
al., 2015) . Synergy can result in increased biofilm biomass in co-cultures compared to the best
individual biofilm former grown alone, while antagonism can lead to a reduction in the biofilm
biomass of co-culture compared to the worst individual biofilm former (Madsen et al., 2016).
Enhancement of biofilm formation can also be the result of competition where the end result is
the exclusion of some species from the biofilm (Foster & Bell, 2012; Oliveira et al., 2015). In
the current study, no enhancement of biofilm biomass was detected using a CV assay when
different Gardnerella subgroups were co-cultured (Fig 2.4), which is consistent with the noninterfering, exploitative competition we observed in the co-cultures. Importantly, our results
show that all subgroups of Gardnerella can participate in biofilms, and thus contribute to the
formation of this defining feature of bacterial vaginosis, regardless of their individual arsenals
of “virulence factors”.
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2.5.4.

Limitations
The logistical advantages of in vitro systems for studying bacterial interactions are

balanced by some limitations. We used a closed system with one set of growth conditions where
nutrient depletion over the duration of the experiments may have affected interactions. In
addition, the in vitro environment lacks the other members of the vaginal microbiome, host
immune system, vaginal fluid flow, epithelial cell turnover, and other environmental cues
present in the vaginal ecosystem. In the absence of an appropriate animal model, microfluidic
devices and cultured vaginal epithelial cells may offer more realistic conditions, but also present
logistical challenges for studies involving large numbers of isolates and experimental
replication. In our experiments, Gardnerella cell numbers were estimated based on quantitative
PCR, which does not distinguish viable from non-viable bacteria, but since we used growth rate
as our main measurement, this factor was likely not a major influence on our results. Another
potential limitation of the study is the isolates we used were chosen to represent Gardnerella
subgroups, and were not isolated as pre-established consortia from individual women. It has
been proposed that Gardnerella biofilms can be sexually transmitted (Swidsinski et al., 2014),
and since our results demonstrate the possibility of biofilms comprised of multiple Gardnerella
spp., it will be interesting to investigate interactions among isolates from biofilms that may have
been transmitted together over long periods of time.
2.6. Conclusions
Overall, our experiments suggest that competition is common in mixed communities of
Gardnerella subgroups and that these negative interactions are likely due to niche overlap and
competition for shared resources rather than direct interference. The combined effects of
scramble competition and different vaginal microbiota compositions in individual women,
physiological influences, medical interventions, and sexual and hygiene practices, results in the
patterns of distribution of Gardnerella spp. we observe in reproductive-aged women.
Colonization by multiple species is common and any one of the most frequently detected
subgroups (A, B and C, corresponding to G. swidsinskii, leopoldii, piotii and vaginalis) can
dominate the microbiome. Longitudinal studies of Gardnerella spp. in co-culture will be critical
in deciphering the contributions of both abundant and rare species in the transition to bacterial
vaginosis in the vaginal microbiome.
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Chapter transition
The previous chapter described how a resource-dependent, scramble competition among the
subgroups of Gardnerella spp. is common. These results also revealed the intriguing behaviour
of subgroup D, the rarely abundant subgroup of the four Gardnerella spp.. While subgroups A,
B, and C suffer from decreased growth rate in mixed communities, the growth rate of subgroup
D increases with increasing number of competitors. Since the competition between bacterial
species with similar nutritional requirements is usually more intense, it is intuitive that subgroup
A, B, and C have a significant overlap in their nutritional requirements. On the other hand,
subgroup D probably has the least overlap, which enables it to avoid competing with the other
subgroups. This chapter evaluates the amount of overlap among subgroups of Gardnerella and
sheds light on the lifestyles of the four subgroups, which may explain their varying abundance
and co-existence in a competitive vaginal ecosystem.
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3.1. Abstract
Gardnerella spp. are considered a hallmark of bacterial vaginosis, a dysbiosis of the vaginal
microbiome. There are four cpn60 sequence-based subgroups within the genus (A, B, C, and
D), and thirteen genome species have been defined recently. Gardnerella spp. co-occur in the
vaginal microbiome with varying abundance, and these patterns are shaped by a resourcedependent, exploitative competition, which affects the growth rate of subgroup A, B, and C
negatively. The growth rate of rarely abundant subgroup D, however, increases with the
increasing number of competitors, negatively affecting the growth rate of others. We
hypothesized that a nutritional generalist lifestyle and minimal niche overlap with the other,
more abundant Gardnerella spp. facilitate the maintenance of subgroup D in the vaginal
microbiome through negative-frequency dependent selection. Using 40 whole genome
sequences from isolates representing all four subgroups we found that they could be
distinguished based on content of their predicted proteomes. Proteins associated with
carbohydrate and amino acid uptake and metabolism were significant contributors to the
separation of subgroups. Subgroup D isolates had significantly more of their proteins assigned
to amino acid metabolism than the other subgroups. Subgroup D isolates were also significantly
different from others in terms of number and type of carbon sources utilized in a phenotypic
assay, while the other three could not be distinguished. Overall, the results suggest that a
generalist lifestyle and lack of niche overlap with other Gardnerella spp. leads to subgroup D
being favoured by negative-frequency dependent selection in the vaginal microbiome.
Keywords: Gardnerella, vaginal microbiome, negative frequency dependent selection,
pangenome, competition
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3.2. Introduction
Gardnerella spp. are an important diagnostic marker of bacterial vaginosis (BV), a
dysbiosis of the vaginal microbiome characterized by a shift from lactobacilli dominated
vaginal microbiome to a more diverse microbiome, containing many aerobic and anaerobic
bacterial species, including Gardnerella spp.. Gardnerella is a diverse genus and at least four
subgroups (A, B, C, and D) have been identified using cpn60 universal target barcode
sequencing (Jayaprakash et al., 2012), which correspond to four clades defined by Ahmed et al.
(Ahmed et al., 2012). Recently, Gardnerella subgroups have been reclassified into thirteen
genome species, of which four are now named as G. vaginalis (Subgroup C/Clade 1), G.
swidsinskii and G. leopoldii (Subgroup A/Clade 4), and G. piotii (Subgroup B/Clade 2) (Hill &
Albert, 2019; Vaneechoutte et al., 2019). These Gardnerella species differ in their phenotypic
traits, including sialidase activity and vaginolysin production, which may render some of the
subgroups more pathogenic than the others (Janulaitiene et al., 2018; Schellenberg et al., 2017;
Yeoman et al., 2010).
Women with vaginal microbiomes dominated by Gardnerella are usually colonized by
at least two Gardnerella spp. (Albert et al., 2015; Hill & Albert, 2019). The relative abundances
of these co-occurring species, however, are not equal. Subgroup A (G. swidsinksii and G.
leopoldii) and subgroup C (G. vaginalis) are most frequently dominant in reproductive aged
women (Albert et al., 2015; Hill & Albert, 2019). These two subgroups are also often associated
with the clinical symptoms of bacterial vaginosis (Hilbert et al., 2017; Hill & Albert, 2019;
Shipitsyna et al., 2019). Subgroup B has been suggested to be associated with intermediate
microbiota (Hilbert et al., 2017; Schellenberg et al., 2017; Shipitsyna et al., 2019). Subgroup
D, comprised of several unnamed "genome species", has only been detected at low prevalence
and abundance (Hill & Albert, 2019; Shipitsyna et al., 2019).
Several factors can affect the abundance and co-occurrence of Gardnerella spp. in the
vaginal microbiome, including host physiology, host-microbiota interactions, nutrient
availability and ecological interactions among bacteria (Khan et al., 2019; Schellenberg et al.,
2017). Ecological interactions are perhaps the most important factors which may affect the cooccurrence and ecological succession of Gardnerella species in the vaginal microbiome.
Recently, we demonstrated that an indirect, exploitative competition between subgroups of
Gardnerella is prevalent in co-cultures in vitro. While the growth rates of isolates in subgroups
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A, B, and C, were negatively affected by competition, growth rates of Gardnerella subgroup D
isolates increased with the increasing number of competing subgroups in co-culture
communities (Khan et al., 2019).
The strength of microbial interactions between bacterial species can be affected by niche
overlap (Madsen et al., 2016; Russel et al., 2017), and species with similar nutritional
requirements will naturally compete over the same resources (Darwin, 1859). In addition to
competition for nutritional resources, bacteria may also compete for resources essential for
colonizing a specific site. Since isolates from Gardnerella subgroups A, B and C are negatively
affected by competition, and subgroup D isolates experienced a boost in growth rate, the degree
of niche overlap between subgroup A, B, and C is presumably higher than between subgroup
D and any of the others.
Although the growth rate of subgroup D increases in co-cultures, it does not have an
intrinsically high growth rate. In fact, the in vitro growth rate of subgroup D is half of that of
subgroup C, which may contribute to its low abundance in the vaginal microbiome (Khan et al.,
2019). Low abundance species are often favoured by negative-frequency-dependent selection
(Hibbing et al., 2010; Levin, 1988), which can be governed by nutritional requirements
(Kurihara et al., 1990). Bacteria capable of utilizing relatively few, abundantly available
nutrients in a particular environment are nutritional specialists in the context of that
environment. Generalists, on the contrary, are bacteria capable of utilizing more nutrient
sources than their specialist counterparts. In negative frequency-dependent selection, the
resources accessible to rapidly growing specialists will dwindle, reducing the fitness of the
specialists as their population increases. As a result, the population of more generalist bacteria
capable of utilizing a wider range of nutrient sources will expand in a density-dependent manner
(Kurihara et al., 1990; Ross-Gillespie et al., 2009). Generalists can also negatively affect the
growth of specialists by competing for the resources that can be utilized by both of them (Russel
et al., 2017).
Although growth of the rarely abundant subgroup D is facilitated in co-cultures, the
degree of overlap in nutrient utilization among the subgroups and the range of nutrient
utilization by individual subgroups are yet unknown. The objective of our present study was,
therefore, to evaluate the amount of genomic and phenotypic overlap in nutrient utilization
among the subgroups of Gardnerella and to determine if subgroup D is a nutritional generalist
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relative to the three other subgroups. Findings are interpreted in relation to the hypothesis that
subgroup D is maintained in the vaginal microbiome through negative frequency dependent
selection.
3.3. Methods
3.3.1.

Bacterial isolates
Thirty-nine Gardnerella isolates from our culture collection representing all four

subgroups (based on cpn60 barcode sequencing) were selected for the study (n = 12 subgroup
A, 12 subgroup B, 8 subgroup C, and 7 subgroup D isolates) (Table S3.1). Isolates were streaked
on Columbia agar plates with 5% (v/v) sheep blood and were incubated anaerobically at 37° C
for 48 h. For broth culture, colonies from blood agar plates were suspended in BHI broth
supplemented with 10% horse serum and 0.25% (w/v) maltose.
3.3.2.

Whole-genome sequencing
Whole genome sequences for 10 of the study isolates had been published previously,

and the remaining 29 were sequenced as part of the current study (Table S1). DNA was
extracted from isolates using a modified salting out protocol (Martin-Platero et al., 2007) and
was stored at -20°C. DNA was quantified using Qubit dsDNA BR assay kit (Invitrogen,
Burlington, Ontario) and the quality of the extracts was assessed by the A260/A280 ratio.
Isolate identity was confirmed by cpn60 barcode sequencing as follows. cpn60 barcode
sequences were amplified from extracted DNA with the primers JH0665 (CGC CAG GGT TTT
CCC AGT CAC GAC GAY GTT GCA GGY GAY GGH CHA CAA C) and JH0667 (AGC
GGA TAA CAA TTT CAC ACA GGA GGR CGA TCR CCR AAK CCT GGA GCY TT). The
reaction contained 2 μL template DNA in 1× PCR buffer (0.2 M Tris-HCl at pH 8.4, 0.5 M
KCl), 2.5 mM MgCl2, 200 µM dNTP mixture, 400 nM of each primer, 2 U AccuStart Taq DNA
polymerase, and water to bring to a final volume of 50 μL. PCR was carried out with incubation
at 94°C for 30 seconds, 40 cycles of 94°C 30 sec, 60°C for 1 min, 72°C for 1min, and final
extension at 72°C for 10 min. PCR products were purified and sequenced by Sanger sequencing
and compared with the chaperonin sequence database cpnDB (Vancuren & Hill, 2019) to
confirm identity.
Following confirmation of the identity of isolates, sequencing libraries were prepared
using the Nextera XT DNA library preparation kit according to the manufacturer’s instructions
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(Illumina, Inc., San Diego, CA). PhiX DNA (15% [vol/vol]) was added to the indexed libraries
before loading onto the flow cell. The 500 cycle V2 reagent kit was used for the Illumina MiSeq
platform (Illumina, Inc.).
Raw sequences were trimmed using Trimmomatic (Bolger et al., 2014) with a minimum
quality score of 20 over a sliding window of 4, and minimum read length of 40. Trimmed
sequences were assembled using SOAPdenovo2 (Luo et al., 2012) or SPAdes (NR002, NR043,
NR044) (Prjibelski et al., 2020). Assembled genomes were annotated using the National Center
for Biotechnology Information Prokaryotic Genome Annotation Pipeline (Tatusova et al.,
2016).
3.3.3.

Pangenome analysis
Pangenome analysis of the 39 study isolates and the published genome of G. vaginalis

strain ATCC 14019 (Accession number: PRJNA55487) was performed using the micropan R
package (Snipen & Liland, 2015). We used “complete” linkage for clustering, and the cut-off
value for the generation of clusters was set to 0.75. For initial visualization of the results, the
Jaccard index was used to calculate similarity of patterns of presence and absence of protein
clusters among all isolates and a dendrogram was constructed from the results by unweighted
pair

group

method

with

arithmetic

mean

(UPGMA)

using

DendroUPGMA

(http://genomes.urv.cat/UPGMA/).
3.3.4.

COG analysis
Predicted protein sequences from individual genomes were classified into Clusters of

Orthologous

Groups

(COG)

categories

using

WebMEGA

(http://weizhonglab.ucsd.edu/webMEGA). Based on the output from this process, the
proportion of proteins in each of the COG categories was calculated for each genome. The
distributions of proportional abundances of each category were then used to assess the
relationships of the four subgroups in terms of COG category representation.
3.3.5.

Carbon source utilization assay
Bacterial isolates from freezer stocks were streaked on 5% sheep blood agar plates and

were grown for 48 h anaerobically, prior to inoculation of AN Microplates (Biolog Inc,
Hayward, CA). Each plate contained 95 carbon sources and one blank well. Colonies of
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Gardnerella isolates were harvested using a sterile swab and suspended in 14 mL of inoculating
fluid supplied by the manufacturer. The cell density was adjusted to 55%T (OD595
approximately 0.25) using a turbidimeter. Each well was filled with 100 μl of culture suspension
and was incubated at 35˚ C anaerobically for 48 h. All inoculations and incubations were
performed in an anaerobic chamber containing 10 % CO2, 5% hydrogen, and 85% nitrogen. All
plates were read visually after 48h of incubation. If there was no carbon source utilization, the
wells remained colourless. A visual change from colourless to purple indicated carbon source
utilization. To avoid bias in interpretation, a subset of the plates was read by a second observer
who was blinded to the identity of the isolates. There was no disagreement between independent
observers. The entire experiment was performed in two biological replicates.
3.3.6.

Carbon source profiling of co-cultures
Representative isolates (VN003 of subgroup A, VN002 of subgroup B, NR001 of

subgroup C, and WP012 of subgroup D) from the four subgroups were co-cultured in the Biolog
AN Microplate in a pairwise fashion (n =6, AB, AC, AD, BC, BD, CD), by combining 50 µL
of each isolate suspended in inoculation fluid in each well. The co-cultured AN Microplates
were incubated at 35˚C for 48h before being assessed visually for colour change. The
experiment was repeated on separate days.
3.3.7.

Statistical analysis
The degree of similarity between the isolates in terms of presence/absence of protein

clusters generated in the pangenome analysis, proportional abundance of proteins in various
COG categories, and carbon source utilization patterns were calculated using the Bray-Curtis
dissimilarity matrix. Principle components analysis (PCA) was performed on the distance
matrices and significance of relationships were tested using PERMANOVA with the ADONIS
function in the vegan package (Oksanen et al., 2012). The SIMPER function was used to
identify variables driving the differences between groups.
One-way ANOVA, student’s t-test and chi-square tests were applied to determine if
utilization of particular carbon sources was associated with specific subgroups.
All statistical analyses were performed in RStudio (version 3.5.2). Figures were generated using
GraphPad Prism 8.0 and RStudio (version 3.5.2).
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3.4. Results
3.4.1.

Overlap between the subgroups based on pangenome and COG analysis
The purpose of our pangenome analysis was to estimate the degree of niche overlap

between Gardnerella subgroups based on comparisons of their predicted proteomes.
Hierarchical clustering using complete linkage produced 4,868 clusters or predicted proteins in
the pangenome of the 40 isolates included (rarefaction curve shown in Fig. S1). The strict core
(defined as the protein clusters present in all isolates) included 176 clusters. Most of these core
proteins were related to metabolism, transcriptional control, DNA replication, and protein
synthesis. Clustering of the genomes by subgroup was apparent in a UPGMA dendrogram based
on the presence/absence patterns of the 4,868 protein clusters (Fig. 3.1a). PCA was performed
to determine the extent of overlap between the subgroups. The amount of variance explained
by the two principal components was 19.4%, based on which, the four subgroups were separable
(Fig. 1b). The dissimilarity between the four subgroups was significant (pairwise-ADONIS,
Bonferroni adjusted, p < 0.05, A vs B, R2 = 0.45; A vs C, R2 = 0.48; A vs D, R2 = 0.26; B vs C,
R2 = 0.34; B vs D, R2 = 0.45; and C vs D, R2 = 0.55).
Following the identification of core and accessory proteins, we investigated the
distribution of functional classifications of proteins encoded by isolates in the four subgroups.
COG analysis resulted in assignment of predicted proteins into 23 functional categories. As
expected, hierarchical clustering of the COG distribution patterns corresponded to subgroup
affiliation (Fig. 3.2a). PCA was performed on the Bray-Curtis dissimilarity matrix and the
differences between all subgroups were found to be significant (pairwise ADONIS, Bonferroni
adjusted, p <0.05, A vs B, R2 = 0.31; A vs C, R2 = 0.71; A vs D, R2 = 0.26; B vs C, R2 = 0.48;
B vs D, R2 = 0.20; and C vs D, R2 = 0.74) (Fig. 2b).
We identified the variables which caused the four subgroups to diverge in terms of
abundance of different COG categories in a multivariate analysis using SIMPER (WhitfieldCargile et al., 2015). SIMPER calculates the contribution of each variable to the dissimilarity
observed between two groups and relies on Bray-Curtis dissimilarity matrix for calculating the
proportion of contribution of each variable being tested. Thirty-six percent of the differences
between subgroup A and subgroup B were accounted for by amino acid transport and
metabolism (COG category E), inorganic ion transport metabolism (category P), translation,
ribosomal structure and biogenesis proteins (category J). The proportion of proteins with
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functions related to carbohydrate transport and metabolism (category G) was the major factor
that differentiated subgroup A from C, contributing to 34% of the dissimilarity observed.
Carbohydrate transport and metabolism also accounted for 31% of the dissimilarity observed
between subgroups B and C and 36% of the dissimilarity between subgroups C and D. The
major contributing factors that differentiated subgroup A and D were proportional abundance
of proteins assigned to functional categories H (co-enzyme transport and metabolism) and E
(amino acids transport and metabolism) (23%). Subgroups B from D were separated primarily
based on functional categories P (inorganic ion transport and metabolism), J (translation,
ribosomal structure and biogenesis), G (carbohydrate transport and metabolism proteins), and
E (amino acid transport and metabolism proteins), which together accounted for 37% of the
dissimilarity observed.
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Fig. 3.1 Comparison of predicted proteomes of study isolates. (a) UPGMA dendrogram based
on presence/absence of protein clusters in the predicted proteomes of Gardnerella isolates. (b)
Principle components analysis (PCA) of Bray-Curtis dissimilarity matrices calculated from
protein cluster distributions. Dissimilarity between the four subgroups is significant (pairwise
ADONIS p < 0.05, Bonferroni adjusted). Subgroup affiliations of isolates are indicated by
colour as shown in the legend between the panels.
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3.4.2.

Functional categories of proteins differentiating subgroups of Gardnerella
We tested if the proportions of individual functional categories of proteins that drive the

overall separation of the four subgroups in multivariate analysis were significantly different
between pairs of Gardnerella subgroups. This analysis revealed that subgroup C has a
significantly higher proportion of its encoded proteins associated with carbohydrate transport
and metabolism and transport, and transcriptional regulation than the other subgroups (unpaired
t-test, p ≤ 0.01, Bonferroni adjusted, Fig. 3.3a, 3.3d). The proportion of proteins associated with
amino acid transport and metabolism is significantly higher in subgroup D than subgroups A,
B, and C (unpaired t-test, p ≤ 0.01, Bonferroni adjusted, Fig. 3.3b). Proteins involved in coenzyme transport and metabolism were found in significantly higher proportional abundance in
subgroup A than in subgroup B, C and D (unpaired t-test, p ≤ 0.0001, Bonferroni adjusted, Fig.
3c). Subgroup B has a significantly higher abundance of proteins associated with inorganic ion
transport and metabolism than subgroup A and D (unpaired t-test, p ≤ 0.0001, Fig. 3.3e), but
the difference between subgroup B and C was not significant. Subgroup B also has a
significantly higher proportion of translation, ribosomal structure and biogenesis proteins
(unpaired t-test, p ≤ 0.001, Fig. 3.3f) compared to subgroup C.
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Fig. 3.2 COG analysis of predicted proteomes. (a) Hierarchical clustering of study isolates based
on proportional abundance of COG categories in their predicted proteomes. Abundance is
indicated by blue colour intensity in the heat map. (b) PCA of Bray-Curtis dissimilarity matrices
calculated from the proportional abundance data. Dissimilarity between the four subgroups is
significant (pairwise ADONIS, p < 0.05, Bonferroni adjusted). Subgroup affiliations of isolates
are indicated by colour as shown in the legend between the panels.
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Fig. 3.3 Differential abundance of six COG categories that were identified by SIMPER
analysis as main drivers of subgroup separation. (a) carbohydrate metabolism and transport
proteins (Category G), (b) amino acid transport and metabolism proteins (Category E), (c) coenzyme transport and metabolism proteins (Category H), (d) transcription proteins (Category
K), (e) inorganic ion transport and metabolism proteins (Category P), and (f) translation,
ribosomal structure and biogenesis proteins (Category J). Results of unpaired t-tests are
indicated where * is p ≤ 0.05 , ** is p ≤ 0.01, *** is p ≤ 0.001 , **** is p ≤ 0.0001 and ns is not
significant.
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3.4.3.

Carbon source utilization phenotypes
We hypothesized that subgroup D, a slow-growing, rarely detected Gardnerella

subgroup is maintained in the vaginal microbiome at a low level and avoids competitive
exclusion through negative-frequency-dependent selection, made possible by being a
nutritional generalist. We performed carbon source utilization profiling of thirty-six
representative isolates (n= 12, subgroup A; n= 9, subgroup B; n=8, subgroup C (including type
strain G. vaginalis ATCC 14018); and n=7, subgroup D). The number of carbon sources utilized
by any Gardnerella strain ranged from 5 to 24. Only 25% (9/36) of the isolates utilized more
than 17 carbon sources, including two subgroup C (NR001, NR038) and all subgroup D isolates.
Twenty isolates utilized at least 13 carbon sources, including three subgroup A (3/12, 25%),
four subgroup B (4/8, 50%), six subgroup C (6/7, 86%), and all seven isolates of subgroup D
(100%). The average number of carbon sources utilized by isolates in subgroups A, B, C, and
D was 10.4±3.1, 11.8±1.75, 13.9±3.6, and 20.3±1.9, respectively (Fig. 3.4). A one-way
ANOVA was performed to compare the overall difference in carbon sources utilization among
the four subgroups showed significant difference among the subgroups (F (3,32) = 18.15, p
<0.05). A posthoc comparison between the subgroups revealed that the number of carbon
sources utilized by subgroup D was significantly higher than subgroup A, B, and C (Tukey
HSD, p <0.05). All of the tested Gardnerella isolates were able to utilize pyruvic acid,
palatinose, and L-rhamnose. The next most frequently utilized carbon sources were D-fructose
(32/36, 97%) and L-fucose (32/36, 97%).
Overall, 31/95 carbon sources were utilized by at least one isolate, and the majority
(20/31) of these were sugars (mono- or oligosaccharides). Together, subgroup D isolates (n =
7) utilized more of the sugar substrates (18/37 available) than any other subgroup, including
subgroup C (n=8), which utilized 15/37 available sugars. Utilization of any of the 11 available
amino acids was rarely observed, with only two of the subgroup C isolates positive for Lmethionine or L-valine utilization.
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Fig. 3.4 Comparison of numbers of carbon sources utilized by isolates in each subgroup. The
number of carbon sources utilized by isolates in subgroup D was significantly higher than those
in subgroups A, B and C (TukeyHSD, p ≤ 0.001). Only one fourth (9/36) of the tested isolates
utilized more than 17 carbon sources, including all seven tested isolates of subgroup D.

3.4.4.

Overlap in carbon sources utilization among the subgroups
To determine if subgroups could be distinguished based on carbon source utilization

profiles, a principal component analysis was performed (Fig. 3.5). The overlap between the
representative isolates of subgroups A, B, and C was significant. Subgroup D was significantly
dissimilar to subgroups A and B (Fig. 3.5, pairwise-ADONIS, A vs D, R2 = 0.55; B vs D, R2 =
0.55, p<0.05). Although the dissimilarity between subgroup C and D was not statistically
significant after Bonferroni adjustment, 39% (pairwise ADONIS, C vs D, R2= 0.39) of the
variation in carbon source utilization could be explained by subgroup affiliation of the tested
isolates, which was higher than between subgroups A, B and C (A vs B: 13%, A vs. C: 21%,
and B vs. C: 8%).
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Fig. 3.5 Subgroup D has minimal overlap with the other subgroups in carbon source
utilization. The degree of variation based on carbon source utilization between subgroup D and
subgroups A and B was significant (pairwise ADONIS, p < 0.05, after Bonferroni adjustment).
The variation in carbon sources utilization between subgroup C and D can be explained by
subgroup affiliation in 39% of cases. Overall, 42% of differences in carbon sources utilization
between subgroups can be explained by their subgroup affiliation (Adonis, R2 = 0.42, p < 0.05).
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3.4.5.

Association of carbon source utilization pattern with subgroups
To identify carbon sources that differentiate the subgroups, we selected twelve

substrates that were utilized by more than five isolates but fewer than thirty isolates. Chi-square
tests were performed to determine if the subgroups significantly differ in the utilization of those
twelve carbon sources. The four Gardnerella subgroups differed in their use of 3 of the 12
carbon sources: turanose, inosine, and uridine 5-monophosphate (Chi-square test, p <0.05,
Bonferroni adjusted) (Fig. 6). For each of these three carbon sources, subgroups A and B had
low frequency of use (9.5% = 2/21, 0.0% = 0/21, 0.0% = 0/21; subgroups A and B combined),
subgroup C had low or intermediate frequency of use (25.0% = 2/8, 50.0% = 4/8, and 62.5% =
5/8), whereas subgroup D had high frequency of use (100.0% = 7/7, 100.0% = 7/7, 100.0% =
7/7).
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Fig. 3.6 Subgroup D can be differentiated from the other subgroups based on its capacity to
utilize inosine (a), uridine 5-monophosphate (b), and turanose (c). The percentage of
isolates in each subgroup that utilize the indicated carbon source is shown. The utilization of
these three carbon sources is significantly associated with subgroup D (Chi-square test, p ≤
0.001).
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3.4.6.

Carbon source utilization by co-cultured isolates
Since the four subgroups co-exist in the same ecosystem, it is possible that mixing them

might facilitate the utilization of certain carbon sources. To detect any such facilitation in
carbon sources utilization, we co-cultured isolates from all four subgroups in six pairwise
combinations (A+B, A+C, A+D, B+C, B+D, and C+D). The representative isolates of
subgroups A-D utilized 11, 13, 19 and 24 carbon sources, respectively, when grown alone while
co-cultures utilized from 12 to a maximum of 22 carbon sources (Table 3.1). In every case, the
co-culture utilized fewer carbon sources than the isolate that utilized the most carbon sources
on its own.
Table 3.1. Carbon source utilization by co-cultured isolates
Isolate

1

Isolate

2

No. carbon sources

(Subgroup)

(Subgroup)

Isolate 1

Isolate 2

Co-culture

VN003 (A)

VN002 (B)

11

13

12

VN003 (A)

NR001 (C)

11

19

13

VN003 (A)

WP012 (D)

11

24

22

VN002 (B)

NR001 (C)

13

19

15

VN002 (B)

WP012 (D)

13

24

20

NR001 (C)

WP012 (D)

19

24

19
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3.5. Discussion
Rarely abundant species can be maintained in the human microbiome through a variety
of mechanisms, which include but are not limited to sequestration of essential nutrients from
competing species, diversification of phenotype (Martín et al., 2019), social cheating (Chen et
al., 2019), and negative frequency dependent selection (Levin, 1988). Differences in nutrient
utilization among community members can be a key factor that sets the stage for negative
frequency dependent selection (Freter et al., 1983). The reproductive fitness of nutritional
specialist species will remain high as long as the supply of nutrients usable by the specialists is
abundant. As soon as the supply of these nutrients drops, slower-growing generalists, by virtue
of their greater utilization capacity, will have increased fitness, which will eventually lead to
their dominance in the absence of any other negative influences.
Among the four subgroups of Gardnerella spp. that colonize the vaginal microbiome of
reproductive-aged women, subgroup D is the rarest in terms of abundance and prevalence
among women (Hill & Albert, 2019). Subgroup D is also relatively slow-growing, yet shows
an increased growth rate when the number of competitors in an in vitro community increases
(Khan et al., 2019). We have reported previously that resource-based competition is common
among Gardnerella spp. and no evidence for contact-dependent interaction was observed.
Therefore, we set out to investigate if negative-frequency dependent selection is responsible for
persistence of subgroup D, which would require relatively small niche overlap and a more
generalist lifestyle than the other Gardnerella spp. in the vaginal microbiome.
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3.5.1.

Predicted niche overlap between the four subgroups
Niche overlap may lead to competition for nutrients and space (Amarasekare, 2002;

Freter et al., 1983; Holt, 2009; Hutchinson, 1957) and it has been reported that competition is
prevalent among metabolically similar bacterial species (Russel et al., 2017). Occupying
distinct niches can therefore help bacterial species avoid competition for space, growth factors,
and nutrients, resulting in increased reproductive fitness. Since subgroup D isolates have higher
growth rates in vitro in the presence of competitors compared to when grown alone, these
isolates presumably occupy a distinct niche. The pangenome analysis showed that the four
subgroups differ significantly based on the composition of their predicted proteomes (Fig. 4.1),
with only 176 proteins comprising the strict core of proteins found in all isolates. This finding
is not surprising since the genetic diversity among Gardnerella is well established, and genome
sequence comparisons formed the basis for the recent reclassification of Gardnerella into 13
genome species (Ahmed et al., 2012; Jayaprakash et al., 2012; Vaneechoutte et al., 2019).
Comparisons of the entire predicted proteomes do not, however, focus on the key factors
for a resource-based competition: nutrient utilization potential. Proteins involved in nutrient
uptake and metabolism account for only a fraction of the 4,868 protein clusters comprising the
pangenome. Analysis of the distribution of various functional (COG) categories of proteins
revealed significant differences among subgroups in their predicted capacity to utilize
carbohydrates and amino acids (Fig. 3.3a, 3.3b), with subgroup D having significantly more of
its proteome dedicated to amino acid transport and metabolism than any of the other subgroups.
Since a resource-based competition encapsulates competition for space, growth factors and
nutrients, our findings from the pangenome and COG analyses suggest that the competition
among the four subgroups is not spatial but may be primarily for nutrients; a speculation
supported by the previous observation that Gardnerella spp. form multi-subgroup biofilms
(Khan et al., 2019).
3.5.2.

Subgroup D is a nutritional generalist relative to subgroup A, B and C
The diversity of nutrients available to microbiota in the vaginal microbiome is less than

in the gastrointestinal microbiome, where food intake provides a constant source of diverse
nutrients that affect the assembly of gut microbiota (Graf et al., 2015; Smith et al., 2015).
Vaginal microbiota, on the contrary, are largely dependent upon host-derived nutrients, the
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most abundant of which is glycogen. Glycogen is deposited in the vaginal lumen by epithelial
cells under the influence of estrogen (Mirmonsef et al., 2016), and is digested into
maltooligosaccharides, maltodextrins and glucose by the combined activities of host and
microbial enzymes prior to uptake and metabolism by the microbiota (Bhandari et al., 2020;
Nunn & Forney, 2016; Spear et al., 2014). Given the relatively narrow range of nutrients
available in the vaginal microbiome, it is expected that the resident microbiota, including the
four subgroups of Gardnerella, overlap to a considerable extent in their nutrient utilization
capacity, resulting in some level of competition among them (Bauer et al., 2018; Holt, 2009;
Smith et al., 2015). As discussed earlier, subgroup D is an exception since the growth of these
isolates was actually facilitated in co-cultures, suggesting that while it may compete with other
Gardnerella spp. over common nutrients like the breakdown products of glycogen, it may be
able to utilize a greater overall diversity of nutrients (i.e. it is a generalist).
The AN microplate assay results showed that subgroup D isolates utilized more of the
provided carbon sources than isolates in the three other subgroups (Fig. 3.4). Furthermore, when
the patterns of substrate use were considered, subgroup A, B and C were not separable from
each other, but subgroup D was significantly different (Fig. 3.5). The distinct pattern observed
in subgroup D was partially driven by utilization of three particular substrates: turanose,
inosine, and uridine 5-monophosphate (Fig. 3.6). Turanose is an isomer of sucrose, known as a
non-accumulative osmoprotectant, aiding bacterial growth at high osmolarity (Gouffi &
Blanco, 2000). The importance of turanose utilization in the vaginal environment is not known
yet, but our observation is an indication that subgroup D isolates can metabolize sucrose-like
sugars. The two other carbon sources: inosine and uridine 5-monophosphate are probably used
in purine and pyrimidine biosynthesis in Gardnerella spp..
Some findings of the pangenome and COG analyses could not be reconciled with the
phenotypic carbon source utilization assay. For example, although subgroup C and D have
higher proportions of their proteomes predicted to be involved in transport and metabolism of
carbohydrates (Category G) and amino acids (Category E), respectively, than the other
subgroups, subgroup C isolates did not utilize the greatest number of available sugar substrates
in the AN microplate and subgroup D isolates did not utilize any of the amino acid substrates
available. It is, however, important to consider that the carbon source utilization assay was
performed in a plastic environment and included only 95 substrates, many of which are not
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relevant to the vaginal microbiome. More relevant amino acid sources available in the vagina,
including those whose abundance is altered in bacterial vaginosis, such as isoleucine, leucine,
proline, and tryptophan, are not included (Srinivasan et al., 2015; Vicente-Muñoz et al., 2020;
Vitali et al., 2015). Ideally, this study would have involved a vaginal-microbiome specific
nutrient panel, but such reagents were not available. Even with this limitation, our results
suggest that subgroup D is a nutritional generalist relative to other Gardnerella spp.. Most of
the ecological studies that have been performed to date to elucidate mechanisms shaping the
assembly of bacterial communities have included either environmental bacterial species or
well-characterized model organisms(Bauer et al., 2018; Gonzalez et al., 2011; Griffin et al.,
2004; Hibbing et al., 2010; Martín et al., 2019; Oliveira et al., 2015; Rezzoagli et al., 2020;
Russel et al., 2017; Smith et al., 2015; Stubbendieck & Straight, 2015)

. There are

understandably fewer studies that focus on interactions among host-associated microbiota
(García-Bayona & Comstock, 2018; Rakoff-Nahoum et al., 2016).
3.5.3.

Negative-frequency-dependent selection in the vaginal microbiome
The genomic and phenotypic differences we observed between subgroup D and the three

other subgroups, including the potential to utilize more amino acids, use of a greater number of
carbon sources, and a distinct pattern of substrate utilization, suggest that subgroup D is a
candidate for negative frequency dependent selection. Why then are these Gardnerella spp.
only observed rarely, and in low abundance in reproductive aged women? Among 413 vaginal
samples from reproductive aged Canadian women, genome species comprising subgroup D of
Gardnerella were detected in <10% of samples and never accounted for more than 5% of the
microbiota (Hill & Albert, 2019). Vaginal environmental dynamics and related host factors,
such as menstruation, sloughing of epithelial cells, and fluctuating pH contribute to the turnover
of bacterial species, shifting the bacterial population density and changing the nutrients
available (Abreu et al., 2019). A decline in population density would reshuffle the vaginal
ecosystem, increasing the supply of abundant nutrients accessible to faster growing, specialists,
and checking the growth of slower growing generalist subgroup D.
Although subgroup D is likely rare due the factors described above, it could still be a
major player in ecological succession and transition of vaginal microbiota between a
Lactobacillus dominated community and the overgrowth of anaerobes characteristic of bacterial
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vaginosis. These organisms may also play a particular role in biofilm formation or competition
for occupancy of the vaginal mucosa. Rarely abundant species often act as keystone species
helping colonization by other bacterial species, which are also essential to maintain homeostasis
of an ecosystem(Banerjee et al., 2018; Hajishengallis et al., 2011; Herren & McMahon, 2018;
Maldonado-Contreras et al., 2011). Resolution of the role of low abundant Gardnerella spp.
will depend on the development and application of experimental systems that more closely
model the human vaginal microbiome. Rodent models have shown some promise, especially
for studies of specific combinations of organisms (Teixeira et al., 2012), but there is also
potential in bioreactors (Guzman-Rodriguez et al., 2018), and cell and tissue culture systems
that attempt to recapitulate many of the environmental and physiological aspects of the vaginal
microbiome (Herbst-Kralovetz et al., 2016). Further study of rare Gardnerella spp. will likely
also result in the definition of additional species within this diverse genus.
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CHAPTER 4. Population density affects the outcome of co-cultures of
Gardnerella species isolated from the human vaginal microbiome
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Chapter transition

The previous chapter explains how a slow-growing, rarely abundant subgroup
of Gardnerella spp. could be favoured by negative frequency-dependent selection because of
its nutritional generalist lifestyle. Although the nutritional generalist lifestyle helps subgroup D
avoid competition with the other subgroups and to persist in the vaginal microbiome, subgroup
D has rarely ever been detected in abundance in the vaginal microbiome. One explanation for
this is that the vaginal microbiome is a dynamic environment, and physiological processes such
as the menstrual cycle, mucus and fluid flow, and fluctuating levels of glycogen would lead to
bacterial population turnover and changes in microbial population density. Negative frequencydependent selection has been shown to be affected by population density. This alteration of
population density essentially resets the environment, once again allowing the fast-growing
specialists to gain numerical advantage. We hypothesize that the failure of subgroup D to
become numerically dominant in the vaginal microbiome is due to negative frequency
dependent selection occurring in a density dependent manner. Thus, the following chapter
describes how population density may affect the success of subgroup D.

75

4.1. Abstract
Negative frequency-dependent selection is one possible mechanism for maintenance of
rare species in communities, but the selective advantage of rare species may be checked at lower
overall population densities where resources are abundant. Gardnerella spp. belonging to cpn60
subgroup D are detected at low levels in vaginal microbiomes and are nutritional generalists
relative to other more abundant Gardnerella spp., making them good candidates for negative
frequency-dependent selection. The vaginal microbiome is a dynamic environment and the
resulting changes in density of the microbiota may explain why subgroup D never gains
dominance. To test this, we co-cultured subgroup D isolates with isolates from the more
common and abundant subgroup C. Deep amplicon sequencing of rpoB was used to determine
proportional abundance of each isolate at 0 h and 72 h in 152 co-cultures, and to calculate
change in proportion of each isolate. Sugroup D isolates had a positive change in proportional
abundance in most co-cultures regardless of their initial proportion. Initial density affected the
change in proportion of subgroup D isolates either positively or negatively depending on the
particular isolates combined, suggesting that growth rate, population density and other intrinsic
features of the isolates influenced the outcome. Our results demonstrate that population density
is an important factor influencing the outcome of competition between Gardnerella spp.
isolated from the human vaginal microbiome.
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4.2. Introduction
Negative frequency-dependent selection is an evolutionary phenomenon that maintains
rare genotypes (variants) in complex communities and occurs when the relative fitness of a
variant is higher when its relative abundance in the population is low (Hibbing et al., 2010;
Levin, 1988). Resource competition is a major force that can selectively benefit rare variants,
contributing to negative frequency-dependent selection. Slower growing variants that can
utilize a wide range of nutrients (nutritional generalists) have a selective advantage over faster
growing nutritional specialists once the availability of nutrients favoured by the specialists
becomes limiting (Kurihara et al., 1990). In a closed system, negative frequency-dependent
selection could lead to the initially rare variant increasing in relative abundance in the
population. In natural microbial communities, however, this process may be checked by factors
including the density of the population and the carrying capacity of the environment since the
benefits of negative frequency-dependent selection only come into play when the more
abundant members of the community experience a reduction in fitness (Abreu et al., 2019).
Variants subject to negative frequency-dependent selection may be prevented from gaining
dominance due to environmental changes that introduce a fresh supply of nutrients for the
specialists or reduce overall population density, shifting the selective advantage to the more
common variants.
We have shown previously that resource-dependent, scramble competition is prevalent
among Gardnerella spp. isolated from the human vaginal microbiome (Khan et al., 2019).
Women with Gardnerella dominated vaginal microbiomes are usually colonized by multiple
species, with G. vaginalis (cpn60 subgroup C), G. leopoldii and G. swidsinskii (subgroup A)
being the most common and abundant (Albert et al., 2015; Hill & Albert, 2019). G. piotii
(subgroup B) and strains belonging to several currently unnamed genome species (subgroup D)
are less frequently detected and have not been observed to dominate the microbiome (Albert et
al., 2015; Hill & Albert, 2019). In in vitro co-culture experiments, isolates from subgroups A,
B and C had reduced fitness when co-cultured with isolates from other subgroups, but the
growth rates of subgroup D isolates increased with increasing number of competitors (Khan et
al., 2019). Subgroup D isolates were subsequently shown to have a nutritional generalist
lifestyle and limited niche overlap with other Gardnerella spp. suggesting that these isolates
persist in the vaginal microbiome through negative frequency-dependent selection (Khan et al.,
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2020). Vaginal microbiomes dominated by subgroup D, however, have not been reported
(Albert et al., 2015; Hill & Albert, 2019). While this potentially an argument against negative
frequency-dependent selection, another possibility is that the negative frequency-dependent
selection of rare Gardnerella spp. is density-dependent. Vaginal dynamics affecting bacterial
population density: turnover of epithelial cells, bacterial mortality rates, flow of vaginal fluid,
changing niche capacity, and interactions of microbial species in the vaginal ecosystem, can
reshuffle the densities of competing species (Abreu et al., 2019; Brisson, 2018; Brisson &
Dykhuizen, 2004). As the vaginal ecosystem changes, the advantage that slow growing,
generalist species have over others may be diminished because at lower population densities,
the supply of nutrients available to fast-growing bacteria will plentiful and thus they will outcompete slower growing species even if they are generalists (Fig 4.1) (Abreu et al., 2019).
Demonstrations of the influence of density on negative frequency-dependent selection in
vitro have been achieved by monitoring population dynamics of contrived microbial
communities over a range of dilutions to mimic the dynamics of a real-world environment
(Abreu et al., 2019; Kurihara et al., 1990). The objective of our current study was to apply this
approach to determine if population density affects the outcome of competitions involving
Gardnerella subgroup D.
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Fig 4.1: Effect of density on negative frequency-dependent selection. (a) If a common and a rare
species are mixed at equal proportion at varying densities and grown for a fixed period of time,
the selective advantage of the rare species will decrease with lower initial population densities.
(b) The proportional abundance outcomes of the experiment shown in (a). (c) Using the initial
and final proportional abundances of each isolate at varying densities, change of proportion is
calculated. The change of proportion value of a species subject to density-dependent negative
frequency-dependent selection will decrease with decreasing initial population density.
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4.3. Methods
4.3.1.

Bacterial isolates
Nine Gardnerella isolates (Subgroup C, n = 2, NR001, NR038; subgroup D, n = 7, NR002,

NR003, NR043, NR044, NR047, WP012, N160) were used for this experiment. All isolates
were revived from -80°C stocks by streaking on Columbia agar plates containing 5% (v/v)
defibrinated sheep blood. For broth cultures, up to 10 isolated colonies from blood agar plates
were picked and sub-cultured in brain heart infusion (BHI) broth supplemented with 10% (v/v)
heat inactivated horse serum and 0.25% maltose (w/v) and incubated anaerobically for 18h (BD
GasPak EZ Anaerobe Gas Generating Pouch System, NJ, USA).
4.3.2.

Co-culture experiment
Freshly grown broth cultures were adjusted to an OD of 0.5, and a loopful of each was

streaked on Columbia blood agar to confirm viability. For each co-culture, an equal volume
(250 µl) of one subgroup C and one subgroup D culture were mixed in 4.5 ml of BHI
supplemented with 0.25% maltose to make a 10-1 dilution. Ten-fold dilutions up to 10-4 were
made. Each of the two C isolates: NR001(C1) and NR038 (C2) were mixed with each of the
seven D isolates: NR002 (D1), NR043 (D2), NR044 (D3), NR003(D4), N160 (D5), NR047
(D6), and WP012 (D7) resulting in 14 combinations (set 1: C1D1, C1D2, C1D3, C1D4, C1D5,
C1D6, C1D7; and set 2: C2D1, C2D2, C2D3, C2D4, C2D5, C2D6, C2D7). Triplicate aliquots
of 200 µl from each dilution of every combination were transferred into individual wells of 96wells plates, and an additional aliquot was immediately pelleted and stored at -80°C (0 h). The
total number of co-cultures of subgroup C and D thus created in 96-well plates was 168 (14
combinations × 4 dilutions × 3 technical replicates = 168). All co-cultures were incubated
anaerobically for 72 h and OD595 was measured at 48 h and 72 h.
All C and D isolates were also grown alone in eight wells each as technical replicates. The
OD595 of the monocultures were measured at 24 h, 48 h and 72h. To quantify planktonic growth
of the monocultures, 72 h culture supernatant was transferred to a fresh 96-well plate and the
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OD595 was measured. The adhered biofilm remaining in the wells was quantified as described
previously using crystal violet staining (Khan et al., 2019).
4.3.3.

DNA extraction
DNA was extracted from both initial mixtures (0 h incubation) and end point co-cultures

(72 h incubation) using the DNeasy Power Biofilm extraction kit (DNeasy PowerBiofilm,
Qiagen, Mississauga, ON) as described previously (Khan et al., 2019), except that both
planktonic (i.e. supernatant of each well) and biofilm fractions (scraped from the bottom of the
96-well plates) were combined for DNA extraction. Extraction controls (reagents only) were
included for all batches of DNA extractions and these controls were carried through the PCR,
library preparation and sequencing process.
4.3.4.

Amplification of rpoB sequences
Since cpn60 universal primers are degenerate and might introduce amplification bias,

we chose rpoB as a target for amplicon sequencing. The rpoB sequences of the nine isolates
were aligned using MUSCLE in MegaX, and primers were designed using SnapGene to anneal
to perfectly conserved sequences flanking a 353 bp region (corresponding to nucleotides 14411793 of the G. vaginalis NR001 rpoB gene) that included 29 bp differences between subgroup
C and D isolates. Primers were modified with the addition of Illumina adapter sequences
(underlined): M_G_RPOBF (5’ - TCG TCG GCA GCG TCA GAT GTG TAA AGA CAG ATG
TGC CCA ATC GAA TCC - 3’ and M_G_RPOBR: 5’ - GTC TCG TGG GCT CGG AGA TGT GTA
TAA GAG ACA GTC GTG CTC CAA GAA TGG AAT - 3’). Specificity of the primers was

confirmed by amplification and sequencing of the target region from isolate NR001. Equal
amounts of genomic DNA extracts from all nine isolates were subsequently used as template in
rpoB PCR. The amplification products were resolved on an agarose gel and visually inspected
to confirm uniform amplification. All products were sequenced to confirm the rpoB sequence
of each isolate.
For creation of amplicon sequencing libraries, PCR reactions contained 2 μL template
DNA, 1 × PCR buffer (0.2 M Tris-HCl at pH 8.4, 0.5 M KCl), 2.5 mM MgCl2, 200 μM dNTP
mixture, 400 nM of primers M_G_RPOBF and M_G_RPOBR, 2 U high fidelity platinum Taq
DNA polymerase, and water to bring it to a final volume of 50 μL. Control reactions containing
no template were included and carried through the library preparation and sequencing steps.
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PCR was carried out with incubation at 94°C for 30 seconds, 25 cycles of 94°C 30 sec, 60°C
for 30 sec, 72°C for 1 min, and final extension at 72°C for 10 min. Purification of the amplified
rpoB sequences was performed using NucleoMag® magnetic beads (Machery-Nagel,
Germany). A bead volume of 40 µl was added per sample to maximize yield of DNA. All
samples were run on an agarose gel after the purification step to confirm the size and purity of
the PCR product.
4.3.5.

Library generation and amplicon sequencing
Indexing of purified PCR products was performed using the Nextera XT Index kit v2

(Set D) as per manufacturer’s instruction (Illumina Inc, CA, USA). The libraries after indexing
were quantified using Qubit dsDNA BR assay kit (Invitrogen, Burlington, Ontario), and
indexed amplicons were pooled at an equimolar concentration. PhiX DNA (20% [vol/vol]) was
added to the indexed libraries before loading onto the flow cell. Paired-end (2 × 250 bp)
sequencing was performed using MiSeq Reagent Nano kit v2 (500 cycles) on an Illumina
MiSeq (Illumina Inc., CA, USA). DNA extraction controls and PCR no template controls were
carried through library preparation and sequencing.
4.3.6.

Bioinformatics
Because the subgroup C and D rpoB sequences were so distinct, only the R1 data were

used in the analysis. Primer sequences were removed using cutadapt (Martin, 2011), and
sequences were trimmed for quality using Trimmomatic version 0.32 (Bolger et al., 2014) with
a minimum length of 150 bp and quality score of 30. Amplicon sequence variants (ASV) were
identified using DADA2 (Callahan et al., 2016) in QIIME2 (Bolyen et al., 2019), which
generated a frequency table. ASV sequences were identified by aligning them to a database
containing the rpoB sequences of the nine study isolates using watered-BLAST (Schellenberg
et al., 2009; T. F. Smith & Waterman, 1981).
The proportion of each D isolate in each co-culture was calculated at 0 hours and 72
hours using the equation: Ri/Rt, where Ri is the number of sequence reads corresponding to the
D isolate in the mixture and Rt is the total number of sequence reads obtained for that mixture.
The change of proportion of each D isolate in each mixture was calculated using the formula:
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Pc = Pf/Pi - 1, where Pc is the change of proportions, Pi is the proportion of an isolate at 0 h and
Pf is the final proportion after 72 h. A positive value for Pc indicates that the proportional
abundance of the D isolate increased over the 72 h incubation period, while a negative value
indicates that its proportional abundance in the co-culture decreased. Change of proportion was
calculated for each replicate co-culture individually.
4.3.7.

Statistical analysis
To detect differences in the numbers of co-cultures in which C or D had a positive

change in proportion, a chi-square test was performed. A chi-square test was performed to
determine if the number communities where there was a positive change in proportions for the
D isolate was different when its initial proportion was low (Pi < 0.3), medium (0.3 < Pi < 0.5),
or high (Pi > 0.5). Change in proportion values for D isolates in co-cultures at different dilutions
were compared using Kruskal-Wallis and Dunn’s multiple comparison. Statistical analyses
were performed in R version 4.0.1 and GraphPad Prism version 8.
4.4. Results
4.4.1.

Growth of co-cultures
Viability of all isolates prior to mixing and inoculation of 96-well plates was confirmed

by observation of growth on blood agar plates. Growth was detected as an increase in OD595 in
162/168 co-cultures. Co-cultures containing C2 (NR038) reached a maximum OD at 48 hrs,
while the OD of co-cultures containing C1 (NR001) increased between 48 and 72 h (Fig S4.1).
In most cases, as initial culture density decreased (from 10-1 to 10-4 dilutions), the maximum
OD achieved also decreased.
Since the same seven D isolates were included in co-cultures with both C1 and C2, one
explanation for the different co-culture growth rates (Fig S1) was that C1 and C2 have different
growth rates. To investigate this possibility, C1 and C2 were grown as singletons with different
initial densities (Fig S4.2). C2 grew faster and achieved higher OD values than C1 at all
dilutions, reaching its maximum OD (0.2-0.3) by 48 h. The final OD for C2 was not obviously
affected by the density of the starter culture. C1, however, was affected by starting density with
reduced 72 h OD values with reduced initial density. No growth of C1 was detected in the
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culture with the lowest initial density (10-4 dilution) (Fig S4.2). Both isolates grew almost
exclusively in biofilm (Fig S2).
The seven D isolates were also grown as singletons at varying initial population density
to test if the initial population density affects their growth, regardless of the presence of a
competitor. Although at the highest population density (10-1) D5 and D1 outperformed all other
D isolates, D4 reached the highest OD595 values in all subsequent dilutions (10-2 – 10-4) (Fig.
S4.3). The other four D isolates: D2, D3, D6 & D7 were consistent in all four dilutions (Fig.
S4.3). The optical density of all seven isolates reached an OD595 of 0.5 to 1.0 (Fig. S4.3). Except
for D5 and D6 at 10-1 (Fig. S4.3a), the growth curve of all D isolates at all dilutions plateaued
after 48 h. All seven isolates grew exclusively as biofilm (Fig. S4.3e, S4.3f). Although biofilm
formation was appreciably lower at the highest population density (i.e., 10-1) compared to more
dilute cultures (10-2 -10-4, Fig. S4.3f), all subgroup D isolates, in general, formed more biofilm
at all dilutions than subgroup C isolates (Fig. S4.2f, Fig. S4.3f).
4.4.2.

rpoB amplicon sequencing
After primer removal and trimming for quality, a total of 1,104,683 reads were available

for analysis (average 5225 reads per sample). One of the extraction controls (n = 4) yielded 7
reads. All other extraction controls and no template controls (n = 4) had 0 reads. Since the no
template controls and extraction controls were essentially clean and given the low initial
densities of the 10-4 dilutions, we decided to include any samples with ≥ 50 reads in the analysis.
After removal of samples with no growth based on OD595 after 72 h and samples with fewer
than 50 reads, 204 samples, including fifty-two 0 h and one hundred and fifty two 72 h cocultures remained for analysis. DADA2 identified twelve ASV sequences, all of which were
98%-100% identical to one of the rpoB sequences of the nine tested isolates.

84

4.4.3.

Effect of initial abundance of an isolate on the outcome of competition
Read counts corresponding to C and D isolates in each co-culture rpoB amplicon library

were used to calculate initial (0 h) and final (72 h) proportions, and the change in proportion of
D for each co-culture replicate was calculated. Subgroup D isolates were dominant (>50% of
sequence reads) in only 6/52 (11.5%) of the 0 h co-cultures, but at 72 h nearly half (72/152,
47.4 %) were dominated by a D isolate (Fig 2a). Regardless of which isolate was initially more
abundant, there was a significantly higher number of co-cultures where proportional abundance
of D isolates increased (n = 104/152, 68%) compared to those where C isolates had a positive
change in proportions (n = 48/152, 32%, Chi-square test, p < 0.0001)(Fig 4.2b).
Since negative frequency-dependent selection favours rare variants, we tested if initial
proportional abundance had an impact on the outcome of D isolates in the competition assay
regardless of initial overall population density (dilution). Co-cultures were grouped according
to their initial proportions of D (<0.3, n = 45; 0.3 to 0.5, n = 42 or >0.5, n = 17) (Fig 4.2c). A
positive change in proportion of D occurred in all cases where its initial proportional abundance
was >0.5, which was significantly higher than when the initial proportional abundance of D was
<0.3 or 0.3 – 0.5 (Chi-square test, p < 0.0001), however, at all levels, the proportional
abundance of D increased in >50% of cases.
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Fig 4.2 : Overall changes in proportion for co-cultures regardless of initial density (a) At 0h
most co-cultures were dominated (>50% of sequence reads) by subgroup C, however, subgroup
D was dominant in almost half of the 72h co-cultures. (b) Proportion of co-cultures in which C
or D had a positive change in proportions. (c) Percent of co-cultures where D increased in
proportion when initial proportional abundance was low (<0.3), medium (0.3-0.5) or high
(>0.5). Significant effects on change of proportions at varying densities are denoted by asterisks
(**** = <0.0001)
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4.4.4.

Effect of starting population density on the outcome of competition
Examination of overall co-culture results demonstrated that in most cases, D isolates

experienced an increase in proportion, consistent with negative frequency-dependent selection.
If negative frequency-dependent selection is density-dependent, change in proportion values
should differ between co-cultures with different initial densities. To determine if the initial
population density of co-cultures affects the outcome of competition, seven subgroup D isolates
were co-cultured with either of two subgroup C isolates at starting dilutions from 10-1 to 10-4.
All D isolates (D1-D7) had a positive change in proportions at all dilutions when co-cultured
with C1 (Fig 3). While D1 and D7 also had positive changes in proportion when co-cultured
with C2, the other D isolates had negative changes in proportion at all dilutions (except D6,
which was a positive change at the 10-1 and 10-2 dilutions) (Fig 4.4).
The change of proportion of D in eight of the fourteen tested combinations was affected
by decreasing density of the starting population either positively (n = 4, Fig 3a, 3c, 3d, 3f) or
negatively (n= 4, Fig 3b, Fig 4b, 4c, 4f) in a statistically significant manner. No effect of initial
density was observed for six combinations (Fig 3e, 3g, 4a, 4d, 4e, 4g). All cases where change
of proportion of D increased with decreasing density involved co-cultures with C1. In contrast,
most (3/4) cases of decreasing change of proportion with decreasing density occurred in cocultures with C2. These differences in outcomes of co-cultures with C1 and C2 are consistent
with the slower growth rate of C1 relative to C2 (Figure S4.2).
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Fig 4.3: Change in proportion of D1-D7 when co-cultured with C1 at a range of dilutions.
Experimental triplicates are plotted with the bars indicating mean with standard deviations.
Kruskal-Wallis and Dunn’s multiple comparison was performed to test if the differences of
change of proportion at different densities are significant or not. Significant effects on change
of proportions at varying densities are denoted by asterisks (* = <0.05, ** = <0.01, *** =
<0.001).
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Fig 4.4: Change in proportion of D1-D7 when co-cultured with C2 at a range of dilutions.
Experimental triplicates are plotted with the bars indicating mean with standard deviations.
Kruskal-Wallis and Dunn’s multiple comparison was performed to test if the differences of
change of proportion at different densities are significant or not. Significant effects on change
of proportions at varying densities are denoted by asterisks (* = <0.05, ** = <0.01, *** =
<0.001)
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4.5. Discussion
4.5.1.

Population density affects the outcome of competition for isolates of rare Gardnerella

spp.
Negative frequency-dependent selection favours rare genotypes (Hibbing et al., 2010;
Levin, 1988). Factors like generalist lifestyle, social cheating, and bet hedging, can contribute
to the selection of rare genotypes (Brisson & Dykhuizen, 2004; Chen et al., 2019; Khan et al.,
2020; Levene, 1953; Pollak et al., 2016; Ross‐Gillespie et al., 2007; Villa Martín et al., 2019).
It has been shown that rarely abundant Gardnerella subgroup D are nutritional generalists
(Khan et al., 2020), which may help them to be favoured by negative frequency-dependent
selection. However, the fact that subgroup D has not been observed to dominate the vaginal
microbiome begs the question: if rare subgroup D is favoured by negative frequency-dependent
selection, why do not we see microbiomes dominated by subgroup D more often? The answer
to this question probably lies in the mechanisms of negative frequency-dependent selection and
that it may be density-dependent (Abreu et al., 2019; Emlen, 1985). When population density
is high, abundant specialists will quickly run out of resources, allowing initially rare generalist
populations to expand; however, if the density is lower there are relatively unlimited resources
for the rapidly growing specialist, allowing it to maintain numerical dominance (Fig 4.1).
Dynamics of the vaginal microbiome can affect the population density of the vaginal microbiota
and the resources available, and hence, may check the expansion of rare species. In this study,
we have tested the impact of different initial population densities the outcome of co-cultures of
Gardnerella strains in vitro.
Fourteen combinations of two subgroup C and seven subgroup D isolates were tested.
The result of amplicon sequencing showed that in most co-cultures, D isolates had a positive
change in proportional abundance regardless of initial proportion (Fig 4.2), and that initial
population density did affect the degree of change in proportion of subgroup D isolates in most
cases (Fig 4.3 & 4.4). In some cases, we observed what would have been predicted for densitydependent negative frequency-dependent selection of subgroup D isolates: a decrease in change
in proportion values with decreasing population density (Fig 4.3b, Fig 4.4a, 4.4b, 4.4c, 4.4d,
4.4f). Increasing change in proportion values with decreasing population density, however,
were also observed (Fig 4.3a, 4.3c, 4.3d, 4.3f). These opposing trends were observed for most
D isolates when co-cultured with either C isolate, so it is clear that the effects of density on
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growth of an isolate in co-culture are determined by both the intrinsic characteristics of the
isolate itself but also its competitor as has been reported for wound-colonizing bacteria (GarcíaPérez et al., 2018). Thus, the observed variability of the impact of initial population density on
co-cultured Gardnerella isolates is not unexpected.
Differential growth rates are an obvious explanation for some of our observations. Our
experimental design was based on the premise that subgroup C isolates are faster growing than
the D isolates, but the singleton cultures (Fig S4.2, S4.3) showed that under the conditions used
this was not the case. Both C isolates grew to lower OD values than any of the D isolates, and
C1 (NR001) was also negatively affected by the starting density when grown alone (Fig S4.2).
All seven D isolates, however, were fairly consistent when they were grown alone and were not
affected appreciably by the lowering of initial population density (Fig S4.3). It should be noted
that we used OD595 of the entire well to measure growth and all isolates grew primarily in
biofilm (Fig S4.2f, Fig S4.3f) and so we cannot rule out the possibility that the higher OD595 of
the seven D isolates can be partially attributed to greater biofilm biomass.
The relatively poor growth of C1 likely accounts for what was observed in co-cultures
since given increasingly more room to grow, the faster grower will have more opportunity to
gain in proportional abundance. When the D isolates were co-cultured with C2 with its greater
growth rate, the outcomes were markedly different and, in most cases, change of proportion
values for D isolates decreased with decreasing initial population density. Exceptions to this
pattern were isolates D2 and D7 (Fig 4.3b, 4.4b & Fig 4.3g, 4.4g) that showed the same results
(decreasing or increasing change in proportion values, respectively) when co-cultured with
either C isolate, demonstrating that growth rate alone does not determine the effects of
population density on co-culture outcome.
Differences of growth while competing for resources can also be affected by spatial
organization of the community (Hol et al., 2015). Since all the competing species used in this
experiment grow almost exclusively as biofilms in the culture conditions used in our study (Fig
S2f and Fig S3f), it is probable that the success of each isolate was also influenced by
competition for gaining a foothold in biofilms (Stewart & Franklin, 2008).
In this study, the effect of initial population density on competing isolates were
conducted in a static culture system, which cannot recapitulate the dynamics of the vaginal
microbiome and does not include other members of the vaginal microbiota (Albert et al., 2015;
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Ravel et al., 2011), making it an inadequate model of other mechanisms that may influence the
maintenance of rare species. Niche capacity is one such factor that may be important in vivo
(Brisson, 2018; Deines et al., 2020; Levene, 1953). While one species is the best competitor in
its own niche, it may not fare well when invading a neighboring niche. As a result, the numerical
abundance of that species is limited to the carrying capacity of its niche. We have shown
previously that the rare Gardnerella species (subgroup D) have minimal overlap with the other
Gardnerella spp. and are probably occupying a different niche in the vagina (Khan et al., 2020).
As a result, regardless of its competitive ability, if the capacity of subgroup D’s niche is smaller
than one of the more common but less competitive subgroups, its abundance will be limited
(Brisson, 2018; Brisson & Dykhuizen, 2004; Deines et al., 2020).
It would be naïve to imagine that one ecological mechanism alone can seal the fate of
any species in an ecosystem (Brisson, 2018; Hibbing et al., 2010). Taken together, our current
study shows that the abundance of species in a mixed Gardnerella community can be affected
by changing population density, but also highlights the complexity of interacting factors and
mechanisms at play. Further advances in our understanding of vaginal microbial community
dynamics will be possible with improved model systems for longer-term or continuous culture
of consortia in an easily manipulated environment that also allow sufficient replication for
robust experimental design.
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CHAPTER 5. Biofilm formation by Gardnerella isolates from the human
vaginal

microbiome

does

not

provide

metronidazole
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increased

protection

from

Chapter transition

Biofilm formation is one of the major criteria for diagnosis of bacterial vaginosis. It has
been suggested that biofilm formation by Gardnerella is perhaps one of the major causes of
treatment failure. It has also been suggested that sublethal concentrations of antibiotics may
stimulate biofilm formation. We demonstrated in Chapter 2 that all Gardnerella subgroups can
form biofilm and they can also co-exist in a biofilm. However, it was not known if Gardnerella
biofilm or multispecies biofilms formed by Gardnerella provide enhanced protection. The
following chapter describes an investigation of whether growth as biofilm provides any extra
protection to Gardnerella isolates from metronidazole, the most commonly used drug for
treatment of bacterial vaginosis, and if biofilm formation is stimulated by sublethal
concentrations of metronidazole.
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5.1. Abstract
Gardnerella spp., a hallmark of bacterial vaginosis, can form biofilm and it has been
suggested that failure of antibiotic treatment of bacterial vaginosis and recurrent vaginosis are
linked to its ability to form biofilm. Here, we tested the hypothesis that biofilm formation
provides protection from the effects of metronidazole and that biofilm formation is enhanced
by exposure to sub-inhibitory concentrations of antibiotic. We performed a broth microdilution
assay to measure the minimum inhibitory concentration of metronidazole on thirty-five
Gardnerella isolates in two different growth media: one medium in which Gardnerella spp.
grow primarily as biofilm and the other medium in which Gardnerella spp. grow primarily in
planktonic form. The minimum inhibitory concentration of Gardnerella isolates observed in
the two conditions were highly correlated (R2= 0.69, p <0.001). The amount of biofilm
produced by the Gardnerella isolates was not enhanced by sub-inhibitory concentrations of
metronidazole. Our study suggests that biofilm mode of growth does not provide additional
protection from metronidazole relative to planktonic growth.
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5.2. Introduction
Gardnerella spp. are considered a hallmark of bacterial vaginosis: a vaginal dysbiosis
defined by the shift from the Lactobacillus spp. dominated microbiome to a more diverse
microbiome, comprising many aerobic and anaerobic bacteria, including Gardnerella. The
genus Gardnerella is comprised of at least four cpn60-defined subgroups corresponding to four
whole-genome sequenced defined clades, which were more recently amended to thirteen
genome species (Ahmed et al., 2012; Jayaprakash et al., 2012; Vaneechoutte et al., 2019). One
major diagnostic feature of bacterial vaginosis is the presence of clue cells – epithelial cells
coated with multispecies biofilm (Swidsinski et al., 2005, 2013). It has been observed that
Gardnerella comprises a significant proportion of this multispecies biofilm in vivo (Hardy et
al., 2017; A. Machado & Cerca, 2017), and several studies have shown that Gardnerella spp.
can also form biofilm in vitro (Harwich et al., 2010; Khan et al., 2019; Machado et al., 2015;
Patterson et al., 2010). Since the recognition of multiple Gardnerella spp., it has also been
demonstrated in vitro that Gardnerella spp. can form multispecies biofilm (Khan et al., 2019).
Biofilm formation is often considered a stress response, which protects bacterial cells from
environmental stresses such as antimicrobial substances, immune cells, and predators (Donlan
& Costerton, 2002; Jefferson, 2004; K. Lewis, 2008; Raghupathi et al., 2018; Vidakovic et al.,
2018).
Protection from antimicrobials can be achieved in a variety of ways including enhanced
production of extracellular matrix (ECM), reduction of metabolic activity, generation of
environmental heterogeneity, and induction of phenotypic diversity (Lebeaux et al., 2014; Mah
& O’Toole, 2001). Slow diffusion of antimicrobials within a biofilm may allow the bacteria
living within to produce more extracellular matrix to prevent penetration of antibiotics (Mah,
2012). In fact, for some well characterized bacterial species), sublethal concentration of
antibiotics have been demonstrated to lead to increased production of biofilm (Andersson &
Hughes, 2014; Hoffman et al., 2005; Oliveira et al., 2015; Yu et al., 2018).
Metronidazole, a bactericidal drug that causes DNA breakage by formation of reactive
oxygen species (Sigeti et al., 1983), is widely prescribed for the treatment of bacterial vaginosis
(Machado et al., 2016) and there is increasing concern about treatment failure (Swidsinski et
al., 2008; Verwijs et al., 2020). The ability of Gardnerella spp. to form biofilm is often
suggested to be correlated with metronidazole treatment failure and recurrent BV (Machado et
96

al., 2016; Muzny & Schwebke, 2015; Swidsinski et al., 2008; Verwijs et al., 2020). Since the
genus Gardnerella is comprised of phenotypically diverse species (Schellenberg et al., 2016;
Vaneechoutte et al., 2019), it is possible that they differ in their response to antibiotic treatment,
however, no studies, to our knowledge, have yet been conducted to investigate the relationship
between antibiotic exposure and biofilm formation by the different species of Gardnerella. The
objectives of our current study were to determine if biofilm formation by Gardnerella spp.
affects susceptibility to metronidazole, and if sub-inhibitory concentrations of metronidazole
lead to enhanced biofilm formation.

5.3. Methods
5.3.1.

Bacterial Isolates
Thirty-five Gardnerella isolates representing the four subgroups defined by cpn60

barcode sequence (n= 9, subgroup A; n= 10, subgroup B; n = 9 subgroup C; and n= 7, subgroup
D) were revived from freezer stocks on Columbia agar plates supplemented with 5% (v/v) sheep
blood by incubating them anaerobically for 48 h at 37ºC (BD GasPak EZ Anaerobe Gas
Generating Pouch System, NJ, USA). To prepare inoculum for the broth microdilution assay,
approximately ten well-isolated colonies from each blood agar plate were transferred to 5 ml
brain heart infusion (BHI) medium supplemented with 0.25% (w/v) maltose and 10% (v/v) heat
inactivated horse serum and incubated anaerobically for 18 h at 37ºC.

5.3.2.

Broth microdilution assay
A stock solution, of metronidazole (102.4 mg/ml, M3761-25G, Sigma-Aldrich, ON,

Canada) in DMSO was prepared and stored at -20º C. Immediately before each experiment, the
stock solution was diluted 1:100 in DMSO to make a 1024 µg/ml solution. A broth
microdilution assay was performed to determine the minimum metronidazole concentration at
which growth of Gardnerella isolates was not detected (minimum inhibitory concentration,
MIC) (Wiegand et al., 2008). Briefly, 100 µl of media were aliquoted into each well of a flat
bottom 96 well plate (Corning Costar, NY, USA) using a multichannel pipettor. To make twofold serial dilutions, 100 µl of 1024 µg/ml metronidazole was added to each well of the first
column of a 96-well plate. After mixing by pipetting up and down 4-6 times, 100 µl was
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transferred to the second column, and the process was repeated to column 10. After pipetting
up and down, 100 µl from column 10, instead of transferring to column 11, was discarded.
Column 11 was used as growth control (no antibiotic). Column 12 was used negative control
(sterile media). A freshly grown broth culture was adjusted to an OD595 of 0.5, corresponding
to 106-107 cfu/ml, and 5 µl of adjusted broth culture was added to each well of the 96 well plate,
up to column 11. The plates were then incubated anaerobically at 37° C for 72 h. The process
was repeated for all 35 isolates, and each isolate was tested in two growth media: BHI + 0.25%
maltose (v/v) and BHI + 0.25% maltose (v/v) + 10% heat inactivated horse serum.

5.3.3.

Quantification of total growth, planktonic and biofilm growth
The total growth in each well at 72 h was determined by measuring optical density at

595 nm using a microplate reader (VarioSkan LUX Multimode plate reader). After measuring
the total growth, which includes both the planktonic bacteria and any biofilm formed at the
bottom of the well, the supernatant portion (planktonic growth) was transferred to a fresh flatbottom 96 well plate scanned at 595 nm. Biofilm quantification was performed using a CV
assay as described previously (Khan et al., 2019). Briefly, the 96-well plates were thoroughly
washed twice with water. The wells were then stained with 1% (w/v) crystal violet for 20
minutes. Then the plates were washed twice with water and were dried before the addition of
33% (v/v) glacial acetic for biofilm solubilization. The plates were then read at 595 nm to
quantify biofilm.

5.3.4.

Co-culture microbroth dilution assay
Four representative isolates of the four subgroups were selected for a co-culture assay

(Subgroup A, VN003; Subgroup B, N170; Subgroup C, N165, and Subgroup D, NR002). All
four isolates were revived on blood agar plates. Colonies were harvested and resuspended in
BHI + 0.25% maltose (v/v) + 10% inactivated horse serum. The resuspended isolates were then
incubated for 18 h anaerobically at 37° C. The OD595 of fresh cultures were adjusted to 0.5.
Isolates were mixed in equal proportions in snap cap tubes (15 ml) in six combinations: AB,
AC, AD, BC, BD, and CD. Broth microdilution assays of co-cultures were performed as
described above.
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5.3.5.

Statistical analysis
To test if biofilm growth and planktonic growth were significantly different in the two

different media (with or without serum), a Mann-Whitney test was performed. To determine
the relationship between the MIC values for Gardnerella isolates in the two different culture
conditions, a Pearson-coefficient test was performed. All statistical analyses were performed
using GraphPad Prism (v.9.0.1).

5.4. Results
5.4.1.

Impact of serum on biofilm formation
To investigate if the presence of serum affects biofilm formation, all isolates were grown

in BHI + 0.25% (w/v) maltose with or without addition of 10% (v/v) heat inactivated horse
serum. Thirty-five isolates were grown in four technical replicates. Planktonic growth was
significantly higher in media containing serum compared to serum-free media while biofilm
growth was significantly higher in serum-free media than in media with serum (p <0.0001,
Mann-Whitney U test, Fig 5.1a, 5.1b).
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Fig 5.1: Growth mode is affected by serum (a) Planktonic growth in media with serum (BHI+
0.25% maltose (w/v) + 10% (v/v) heat inactivated horse serum) and without serum (BHI+
0.25% (w/v) maltose). (b) Biofilm formation in media with serum (BHI+ 0.25% (w/v) maltose
+ 10% (v/v) heat inactivated horse serum) and without serum (BHI+ 0.25% (w/v) maltose).
Each data point is the average OD595 of four technical replicates of each isolate. Mann-Whitney
test was performed to test significance (p = <0.0001)
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5.4.2.

Impact of growth mode on susceptibility to metronidazole
Based on our initial experiment, we used serum to control growth mode of the isolates

in subsequent broth microdilution assays. If growth in biofilm reduces susceptibility to
metronidazole, we would expect to see higher MIC values for isolates grown in serum-free
media than in media with serum. Thirty-five Gardnerella isolates were grown in metronidazole
concentrations ranging from 1 µg/ml to 512 µg/ml (two-fold serial dilution) in BHI+ 0.25%
(w/v) maltose with or without 10% (v/v) heat inactivated horse serum. The MIC for most of the
tested isolates (19/35, 54.28%) was 64 µg/ml. Four isolates (GH005, NR015, VN003, and
GH015) had MIC of 32 µg/ml in both media. There were four more isolates which had the same
MIC in both media: 16 µg/ml (WP023, WP022) and 4 µg/ml (GH019 & W11). Overall, 27/35
isolates had the same MIC in both media. MIC values determined in the two media were highly
correlated (Pearson correlation co-efficient, R2= 0.69, p <0.001). Of the 35 isolates tested, the
observed MIC differed between the two conditions for eight (8/35, 23%) isolates: NR010 of
subgroup A; GH007, GH019 & GH022 of subgroup B; and N165, GH015, GH021, and VN001
of subgroup C. For all of these isolates except N165, the MIC in serum-free media (primarily
biofilm growth) was lower than the MIC in media with serum (primarily planktonic growth).
All of the isolates of subgroup D showed the same MIC 64 µg/ml in both media. There was no
apparent pattern in MIC values across the four subgroups (Table 5.1).
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Table 5.1 MIC of thirty-five Gardnerella isolates in two media: one medium containing serum
(BHI+ 0.25% (w/v) maltose + 10% (v/v) heat inactivated horse serum) and the other medium
is devoid of serum (BHI + 0.25% (w/v) maltose).
MIC (µg/ml)
Subgroup

Isolate

A

GH005
NR010
NR015
NR016
NR019
NR020
VN003
WP021
WP022
GH007
GH019
GH022
N95
N101
N144
N170
NR026
VN002
W11
ATCC14018
GH015
GH021
N165
NR001
NR038
NR039
VN001
WP023
NR002
NR003
NR043
NR044
NR047
N160
WP012

B

C

D
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+ serum

No serum

32
1
32
64
64
64
32
64
16
16
4
32
64
64
64
64
64
64
4
32
32
16
64
8
64
64
32
16
64
64
64
64
64
64
64

32
32
32
64
64
64
32
64
16
8
4
2
64
64
64
64
64
64
4
8
32
8
128
4
64
64
4
16
64
64
64
64
64
64
64

5.4.3.

Impact of metronidazole on biofilm formation
To investigate if sub-inhibitory concentrations of metronidazole stimulates biofilm

formation by Gardnerella, we compared the amount of biofilm growth of each isolate at each
concentration of metronidazole in serum-free media. No enhancement of biofilm formation was
observed in most of the tested isolates in the presence of metronidazole compared to biofilm
formation in the absence of metronidazole, except for NR026 (Subgroup B), VN001 (Subgroup
C0, and NR043 (Subgroup D) (Fig 5.2).
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Fig 5.2: Sub-inhibitory antibiotic concentration does not enhance biofilm formation. Thirtyfive Gardnerella isolates were grown in media without serum, which favours biofilm growth
exclusively. Each isolate was replicated four time in a 96- well plate. A crystal violet staining
was performed to quantify biofilm biomass. The OD595 readings of all thirty-five isolates has
been grouped into four subgroups. OD595 of each isolate is an average of four replicates.
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5.4.4.

Effect of co-culture on survival of Gardnerella in antibiotics
Since stressful conditions can lead to cooperation between bacterial species, we tested if

the susceptibility of Gardnerella isolates grown in co-culture was different than when grown
alone. We also investigated if biofilm formation is enhanced when Gardnerella isolates are cocultured in the presence of metronidazole. No co-culture had a higher MIC than the highest
MIC value of either of the two co-cultured isolates (Table 5.2), and no co-culture produced
more biofilm than any of the individual isolates included in the co-culture (data not shown).
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Table 5.2 MIC of co-cultures of Gardnerella isolates in two media: one medium containing
serum (BHI+ 0.25% (w/v) maltose + 10% (v/v) heat inactivated horse serum) and the other
medium is devoid of serum (BHI + 0.25% (w/v) maltose)
MIC (µg/ml)
+ serum
Isolate 1 (Subgroup)

Isolate 2 (Subgroup)

co-culture

Isolate 1

no serum
Isolate 2

co-culture

Isolate 1

Isolate 2

VN003 (A)

N170 (B)

64

32

64

32

32

64

VN003 (A)

N165 (C)

64

32

64

64

32

128

VN003 (A)

NR002 (D)

32

64

64

32

64

64

N170 (B)

N165 (C)

64

64

64

64

64

128

N170 (B)

NR002 (D)

16

64

64

16

64

64

N165 (C)

NR002 (D)

64

64

64

64

128

64
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5.5. Discussion
5.5.1.

Gardnerella biofilm does not provide increased resistance to antibiotics
It is widely reported that biofilm formation by bacteria provides protection against

antibiotics (Bowler et al., 2020; Costerton et al., 1999; Lebeaux et al., 2014; Mah, 2012). It has
also been suggested that bacterial vaginosis treatment failure and recurrence is largely because
of the capacity of Gardnerella and other vaginal bacterial species to form biofilm (Machado et
al., 2016; Muzny & Schwebke, 2015), however, this phenomenon has not been demonstrated
in vitro.
To facilitate two different modes of growth in our study: biofilm and planktonic, we
used media with or without horse serum. Although the mechanisms are yet to be fully
understood, there are reports that suggest inclusion of serum discourages biofilm formation
(Abraham & Jefferson, 2010; Hammond et al., 2010). It has been suggested that low molecular
weight proteins present in the serum may inhibit the transcription of biofilm genes (Abraham
& Jefferson, 2010). Also, it has been proposed that for motile species, serum may promote
twitching motility, which may encourage planktonic growth (Hammond et al., 2010). In our
study, planktonic growth was dominant in the presence of serum while biofilm growth was
dominant in media without serum (Fig. 5.1). Despite this dramatic difference in growth habit,
MIC values in the two conditions were highly correlated (Table 5.1). The MIC of the majority
isolates (54.2%) in both media was 64 µg/ml, which is in agreement with a previous study
which also reported that the MIC of 50% of tested Gardnerella isolates was 64 µg/ml (Petrina
et al., 2017).
5.5.2.

Sub-inhibitory concentrations of metronidazole do not enhance Gardnerella biofilm

formation
It has been suggested that sublethal concentrations of antibiotics can increase the
production of extracellular matrix enhancing biofilm biomass, which slows the diffusion of
antibiotics, reducing exposure of the bacteria within the biofilm (Mah, 2012; Mah & O’Toole,
2001). Thus, we sought to investigate if sub-inhibitory concentrations of metronidazole – the
most common treatment for bacterial vaginosis – can enhance Gardnerella biofilm formation.
We did not observe any enhancement of biofilm formation in any of the tested Gardnerella
isolates at sub-inhibitory concentrations of metronidazole. Although it has been widely
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accepted that biofilm formation is a stress response that protects bacteria from insults, including
antibacterial compounds, it has also been suggested that biofilm formation may simply be a
default mode of growth for many bacterial species in particular environments (Jefferson, 2004).
For these organisms, antibacterial treatment might have no influence on biofilm formation.
We observed no enhancement or impairment of biofilm formation at sub-inhibitory
concentrations of metronidazole in our study. Metronidazole kills primarily anaerobic and
facultative anaerobic bacteria by formation reactive oxygen species (ROS), which damages
bacterial DNA (Sigeti et al., 1983). This may be an important consideration in explaining our
results since there is evidence that the mechanism of action of an antibiotic can influence the
response of target bacteria. Yu et al. demonstrated enhancement of biofilm formation in
Enterococcus faecalis (a host associated Gram-positive cocci often associated with nosocomial
infection) in response to cell wall synthesis inhibitors such as ampicillin, oxacillin, and
Fosfomycin, but not in response to protein synthesis, DNA synthesis, and RNA synthesis
inhibitors, such as erythromycin, ciprofloxacin, and rifampicin (Yu et al., 2018). Exposure to
sub-inhibitory concentrations of protein synthesis inhibitors has been observed to impair
biofilm formation of another Gram-positive cocci, Staphylococcus aureus, although this study
involved extensive passaging of the isolates, which could have affected the capacity of the
isolates to form biofilm (Latimer et al., 2012).
5.5.3.

Antibiotic susceptibility is not lower in co-cultures
When exposed to antimicrobials, otherwise competing species may cooperate for a

greater purpose: to survive environmental stress (Burmølle et al., 2006; Piccardi et al., 2019).
Targeting cooperative behaviours within a biofilm can be an effective method to treat biofilm
infection (Dieltjens et al., 2020). The results of our co-culture experiments showed no evidence
of synergy between Gardnerella spp. when exposed to antibiotics. This finding is contrary to
some other observations which used either environmental (Burmølle et al., 2006) or wellcharacterized Gram-negative bacterial isolates (Dieltjens et al., 2020) but the overall dearth of
information available regarding cooperation between isolates when exposed to antibiotics,
makes it impossible to know if these cases are the exception or the rule.
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5.6. Conclusions
Overall, we have not observed an elevation of MIC for metronidazole with biofilm growth vs.
planktonic growth of Gardnerella spp.. No evidence of enhanced biofilm formation by subinhibitory concentrations of metronidazole or increased MIC for metronidazole in co-cultures
was found. Therefore, our results suggest that metronidazole treatment failure is attributable to
resistance, and not the fact that Gardnerella grows in biofilm.
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CHAPTER 6. General Discussion
6.1. Scramble competition is prevalent among Gardnerella spp.
Since multiple Gardnerella subgroups can be detected in the vagina – an environment
known to have a limited supply of host-derived nutrients – it is intuitive that the subgroups
interact with each other for securing resources. Such interactions will be more frequent between
Gardnerella subgroups than between other vaginal bacterial species when the vagina is
dominated by Gardnerella spp. (Darwin, 1859). Therefore, interspecific interactions between
Gardnerella spp. are likely a critical factor that affects the community structure in the vaginal
microbiome. Determining the mechanisms at work in vaginal bacterial community dynamics is
critical to understanding the cause of vaginal dysbiosis and its potential to impact the
reproductive health of women.
In the study described in Chapter 2, we demonstrated that a resource-based, scramble
competition is common among the Gardnerella spp.. Briefly, the sum of estimated cell count
in co-cultured communities was less than the predicted null cell number calculated based on the
growth rate of each isolate when they were grown alone (Foster & Bell, 2012). Instead of
constitutively producing growth inhibitory substances – an interaction often referred to as a
contest or direct inhibitory interaction – we observed that Gardnerella spp. compete for
resources when co-cultured (Hibbing et al., 2010). Such competition for limited resources
negatively affects the growth rate of Gardnerella subgroups A, B, and C, however, we
discovered that subgroup D, which is rarely abundant in the vaginal microbiome, increased in
growth rate when co-cultured with the other Gardnerella spp.. It was also observed that
subgroup D affected the growth of the three other subgroups negatively. Since biofilm is
considered a hub of microbial interactions (Burmølle et al., 2014; Nadell et al., 2009), we
investigated if Gardnerella spp. can form multi-species biofilm in vitro and if co-culturing
enhances biofilm biomass. Although biofilm formation was not enhanced in co-cultures, we
observed that multiple Gardnerella spp. can co-exist in a biofilm in vitro.
Although competition is at the core of evolution of any species, it has always been an issue
of controversy: while some claim that cooperation is the most common form of interaction
(Damore & Gore, 2012; Sachs & Hollowell, 2012), others insist that competition is the only
form of interaction between species and any cooperation observed is an outcome of competition
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(Foster & Bell, 2012; Oliveira et al., 2015). While the former group sees competition as a
complex form of cooperation that enables the entire community to be stabilized and checks the
monopoly of any single organism, the latter group views cooperation as a form of competition.
The problem actually lies in defining cooperation and competition. For example, in our current
study, we have used genome copy number as an estimate of number of cells to measure
competition or facilitation. However, it has been observed that the number of cells can actually
increase in response to a growth inhibitory substance produced by an interacting species
(Oliveira et al., 2015). In this type of situation, the production of the inhibitory substance leads
to competitive exclusion of the producer as a result of excessive growth of the species targeted
by the inhibitory substance. If this is the case, it would be impossible to define competition or
cooperation unless we know the specific metabolic interactions occurring between species.
Without this knowledge for Gardnerella spp., and in recognition of the semantic problems
associated with defining cooperation or competition, we had to draw a conclusion based on the
current and more prevalent understanding of competition or cooperation (Agarwal et al., 2020;
Foster & Bell, 2012; Raghupathi et al., 2018; Rakoff-Nahoum et al., 2016; Ren et al., 2015).
The Gardnerella isolates used for our current study were not co-isolated from individual
women, and hence, it is possible that they have never been part of a consortium. The major
form of interaction between isolates that have never encountered each other in the same
environment, therefore, could be a negative one. However, it has been well established since
the inception of the idea of natural selection that competition would be more frequent between
closely related species than species that are not genetically related. This is largely because of
the overlap in their nutritional and spatial requirements. The isolates that were used in this study
were certainly closely related to each other. Since Gardnerella spp. are almost exclusively
found in the human vagina, it would not be an overstretch to conclude that the major energy
sources available to them are the same in all reproductive aged women. Furthermore, the tested
isolates were grown in artificially created, well-mixed communities, where each isolate had
equal access to nutrients. Therefore, the fact that the co-cultured isolates included in our
experiments were not from same consortia was likely not a major influence on the results. What
was likely a much more important influence was that the experiments were performed in vitro,
in an environment that obviously cannot reproduce all of the features of the in vivo environment.
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In vivo microbial interaction studies with fastidious organisms isolated from a host are
almost non-existent. The issues associated with contamination in animal models, and the
number of replicates required to draw robust conclusions make such an effort colossal to
undertake. The dearth of studies of interactions at such scales discouraged us from using an in
vivo model. Although an in vitro model lacks many factors that may compound an interaction,
the competition for resources at the base of any interaction, would not be impacted by the use
of in vitro model. The in vitro system is also high throughput, allowing us to test a large number
of replicates within a short period of time, and of course, not with insurmountable logistical
challenges. It also saved us from cost and energy spent only scratching the surface of a complex
microbial world by using a more complex model system.
Since the discovery of human microbiomes, researchers have invested countless hours to
study the effect of microbiome composition on human health but largely through the lens of
associations. The factors and mechanisms that are responsible for changing microbial
composition, including microbial interactions, nevertheless, have not been adequately studied.
The determination of the type of interaction between members of a genus of the vaginal
bacterial community is, therefore, an important milestone, not only for vaginal microbiome
research, but also for any human microbiome associated studies. Although our study was not
free from limitations - limitations that are unlikely to be overcome in the near future - it is
certainly an important step to understanding of the more complex interactions between species
of host-associated bacterial communities.

6.2. Subgroup D is a nutritional generalist, which helps it persist at low abundance in the
vaginal microbiome
A variety of mechanisms can help maintain a rare species in the human microbiome,
including sequestration of essential nutrients from competing species, diversification of
phenotype (Villa Martín et al., 2019), social cheating (Chen et al., 2019), and negative
frequency-dependent selection (Levin, 1988). Negative frequency-dependent selection is an
evolutionary mechanism that selects for rare species – a mechanism for promoting community
diversity and stability. Negative frequency-dependent selection can select for a slow growing
generalist species when the more abundant and specialist species in a particular environment
reach saturation density by utilizing the nutrient sources accessible to them (Emlen, 1985). A
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nutritional generalist is an organism that is capable of utilizing a larger variety of nutrient
sources than the other organisms residing the same environment. Contrary to a generalist
species, a specialist species can only utilize a certain number of nutrients, although at a greater
rate. Of the interesting findings described in Chapter 2, the one that intrigued us the most was
the competitive success of isolates from rarely abundant Gardnerella subgroup D.
Several traits could make subgroup D an ideal candidate for negative frequency-dependent
selection, including slow growth rate and a generalist lifestyle. We observed in Chapter 2 that
subgroup D isolates had intrinsically slow growth rates. The fact that subgroup D isolates
negatively affected the growth rate of isolates from the three other Gardnerella spp., was an
indication that subgroup D isolates were perhaps nutritional generalists relative to those in the
other subgroups. The extent of niche overlap between Gardnerella spp. could also explain the
types of interactions we observed in Chapter 2. Based on the findings in Chapter 2, we
hypothesized that subgroup D is a generalist and that the degree of niche overlap between
subgroup D and the three others is minimal.
A combination of comparative genomics and a phenotypic assay was used to determine
the niche overlap between Gardnerella spp.. As described in Chapter 3, we demonstrated that
subgroup D is distinct from the others based on predicted proteome composition. Also, the
phenotypic assay revealed that subgroup D can utilize more nutrient sources than isolates from
the other subgroups and has distinct pattern of nutrient utilization. The outcomes of the study
suggested that Gardnerella subgroup D is a nutritional generalist (a rare trait among
Gardnerella subgroups) that is subject to negative frequency-dependent selection, preventing
its competitive exclusion from the vaginal microbiome.
Although in silico analysis of niche overlap, and a nutrient utilization assay performed
in plastic plates may not represent the real world, it was perhaps the best approach to assess the
amount of overlap between Gardnerella species, which would account for both nutritional
niche and spatial niche overlap (Holt, 2009; Hutchinson, 1957; Li et al., 2019). The analysis of
distribution of predicted proteomes in different COG categories showed that subgroup C has a
greater proportion of proteins associated with carbohydrate metabolism than the other
subgroups, whereas subgroup D has significantly greater proportion of proteins associated with
amino acid metabolism. The phenotypic assay performed, however, showed that while
subgroup D isolates utilized more carbon sources than the other subgroups, the amino acids
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included in the Biolog AN MicroPlate were not utilized by the subgroup D isolates tested. This
raises questions about correlation between the COG analysis and the phenotypic assay.
Having a greater proportion of putative proteins assigned to any COG category does not
necessarily translate to utilization of a greater number of carbon sources associated with that
category. Multiple proteins may be required for successful utilization of some types of nutrient
substrate, which may account for a higher number of proteins associated with particular
categories (Allison & Martiny, 2008). It has also been suggested that producing fewer proteins
is less costly, and perhaps offer a competitive advantage to species with smaller genomes
(Sandoz et al., 2007; Sexton & Schuster, 2017). Also, the Biolog assay allowed us to test only
95 carbon sources, which no doubt excludes carbon sources relevant to a vaginal ecosystem,
while including many irrelevant ones. It also lacked other factors that could be essential for
successful utilization of a nutrient, such as metabolic interaction with other vaginal bacteria or
co-factors required for utilization. Thus, the Biolog experiment is limited view of what may
occur in real world. Nevertheless, Biolog assays are becoming popular to identify phenotypic
diversity in microbial communities, although to our knowledge, this was the first attempt to
unveil the nutrient utilization diversity of fastidious host-associated bacteria.

6.3. Population density may affect the outcome of a competition
In Chapter 3 we showed that a generalist lifestyle makes subgroup D an ideal candidate
for negative frequency-dependent selection, allowing it to avoid exclusion. One obvious
question remained unanswered: if subgroup D is favoured by negative frequency-dependent
selection, why is this subgroup always rare? The vagina is a dynamic environment: turnover of
epithelial cells, menstrual cycles, deposition of nutrients by the vaginal epithelial cells over
time, may affect the dynamics and composition of the vaginal microbiome. In negative
frequency-dependent selection, a rare species will gain traction only upon the exhaustion of
nutrients available to fast growing, common species. However, if environmental change resets
the nutrient concentration and population density (Abreu et al., 2019; Kurihara et al., 1990), the
window of opportunity for a rare species will be very narrow. Thus, in Chapter 4 we
investigated the effect of population density on the success of subgroup D.
Contrived pairwise communities of a common and presumably fast-growing species of
Gardnerella (subgroup C) and subgroup D were generated. To test the impact of population
114

density on outcomes of these co-cultures, the initial mixtures were diluted on the premise that
if population density affects the success of subgroup D, the selective advantage of subgroup D
would be comparatively less at lower population density than at higher population densities.
We used deep sequencing of rpoB amplicons to evaluate the outcomes of the co-cultures in
terms of change in proportional abundance of the constituents. The results of this study showed
that although initial population density may affect the success of subgroup D, it is not one way:
population density may affect the success of subgroup D both positively and negatively. We
also observed that the success of individual subgroup D isolates also depends on the competitor.
Of the two isolates of subgroup C used as competitors, one proved to be a more competent
competitor, checking the success of many of the subgroup D isolates. Overall, the study
demonstrated that although population density may be an important factor affecting the success
of subgroup D, other variables including growth rate of individual isolates, biofilm forming
capacity, etc. may also play a role.
The vaginal ecosystem is complex, especially when the vagina is colonized by a variety of
species such as during bacterial vaginosis. Host physiology and other external factors, such as
sexual and hygienic practices, may contribute to the complexity of vaginal microbial ecology
(Hickey et al., 2012; Schellenberg et al., 2017). As a result, it would be naïve to think that a
single ecological mechanism can determine the fate of any species in the vagina. Another factor
that may contribute to the limited success of subgroup D in the real world is niche capacity.
Although a species may be competent in its own niche, it may not fare well when invading a
different niche (Brisson, 2018; Deines et al., 2020). We observed in Chapter 3 that subgroup D
perhaps occupies a different niche than its cousins, and the carrying capacity of this niche will
limit the abundance of its occupants. In other words, subgroup D may be the superior competitor
in its niche, but if that niche cannot support a large population, subgroup D will always be
limited in its overall abundance in the vaginal microbiome.
Our study of the effects of initial population density on the outcome of competition was
conducted in a static culture system, which cannot recreate the dynamics of the vagina. The
vaginal ecosystem likely offers many micro-niches, and is also home to many other bacterial
species besides Gardnerella (Albert et al., 2015; Ravel et al., 2011). These are obviously
important factors contributing to population dynamics of the vaginal ecosystem that were not
included in our study. The effects of population density could have been more observable in a
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continuous culture system, but the fastidious and anaerobic nature of Gardnerella species
prevented us from using a continuous culture system. Another experimental system more
closely resembling the vaginal ecosystem is an animal model. Co-culture of common and rare
Gardnerella species in a murine vaginal ecosystem, for example, and observing the abundance
of each isolate over longer periods than 48 hours could illustrate mechanisms of negative
frequency-dependent selection and the nature of co-existence of rare and slow-growing
bacterial species better than a static in vitro system. The potential impacts of the outcome of
such an experiment on answering fundamental questions about mechanisms governing vaginal
microbial community dynamics, however, must be weighed against the logistical complexity,
expense and limited replication capacity of animal models.

6.4. Gardnerella biofilm formation does not provide protection against metronidazole
Biofilm formation is believed to be one of the major contributing factors to treatment
failure in bacterial vaginosis (Swidsinski et al., 2008; Verstraelen & Swidsinski, 2013). It has
also been suggested that biofilm formation is enhanced by exposure to sublethal concentrations
of antibiotics (Burmølle et al., 2006), although the evidence is limited to a few well
characterized bacterial species (Burmølle et al., 2006; Oliveira et al., 2015). We sought to
investigate if biofilm formation provides protection to Gardnerella spp. from metronidazole,
the most commonly used antibiotic for treatment of bacterial vaginosis, and if sublethal
concentrations of this antibiotic stimulate biofilm formation. To test this, we performed broth
microdilution assays of thirty-five Gardnerella isolates in two media: one favoring planktonic
growth and the other favoring biofilm growth. If biofilm formation provides protection against
metronidazole, we would see higher MIC values in media that promotes biofilm growth relative
to MIC values for Gardnerella grown in media supporting primarily planktonic growth.
However, as described in Chapter 5, this was not the case. Furthermore, there was no
stimulation of biofilm formation when Gardnerella isolates were exposed to sublethal
concentrations of metronidazole. It has been suggested that the enhancement of biofilm
formation usually occurs when cell wall synthesis inhibitors are used (Yu et al., 2018). Since
metronidazole is a bactericidal drug that inhibits DNA replication by formation reactive oxygen
species (Sigeti et al., 1983), perhaps it does not stimulate biofilm formation. In fact, it has also
been shown in one study of Staphylococcus aureus that protein synthesis inhibitors may
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attenuate the biofilm forming capacity (Latimer et al., 2012). Therefore, mechanism of actions
of antibiotics can also be an important factor, which may determine if biofilm formation is
enhanced by subinhibitory concentrations of antibiotics or not. For some environmental
bacterial species, co-cultures provide enhanced protection against antibiotics (Burmølle et al.,
2006) , so we also tested if co-culturing Gardnerella spp. results in elevated MIC relative to
monocultures; however, we did not observe any differences in MIC of co-cultures relative to
monocultures.
Biofilm formation is usually considered a stress response (Donlan, 2002; Donlan &
Costerton, 2002; Mah & O’Toole, 2001), however, most of the studies conducted thus far have
used well characterized model bacterial species to study the impact of biofilm on survival under
stress (Amanatidou et al., 2019; Andersson & Hughes, 2014; Boles et al., 2004; Bowler et al.,
2020; Costerton et al., 1999; Hoffman et al., 2005; Oliveira et al., 2015; Yu et al., 2018). While
it is clear from these studies that biofilm can provide some protection to bacterial species under
duress, it is by no means the only reason biofilm formation occurs. Biofilm formation could
just be a default mechanism of growth for some bacterial species. Our findings of a lack of
protection from metronidazole of Gardnerella growing as biofilm demonstrate how the results
of a few studies of model organisms cannot be safely assumed to apply universally.

6.5. Future prospects
As the author of this thesis, I am aware of the limitations of our studies. A critic would
point out that none of the experiments described in this thesis are an exact representation of the
real world. Thus, we have been cautious to make no overarching statements. We do, however,
take pride in acknowledging that we have utilized our limited resources, which can only be
appreciated by somebody working with biofilm and fastidious organisms, to take a step forward
toward understanding the complexity of the forces at play affecting the community structure
the vaginal microbiome. One particularly intriguing finding is the unique behaviour of a rare
species: Gardnerella subgroup D. The generalist lifestyle and superior competitiveness give the
species an edge to be favoured by negative frequency-dependent selection. We have
demonstrated that population density affects the outcome of competition, however, we have
also proposed that population density alone cannot account for the low abundance of subgroup
D in vivo. One other ecological mechanism, which may well be a significant factor determining
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the limited success of subgroup D is niche capacity. So, one step forward to understand the
behavior of this rare species could be to unveil how niche capacity can impact the success of
subgroup D. One suggested experimental model system to address this question is ex situ
vaginal epithelial cells, which may resemble the vaginal ecosystem better. Common and rare
Gardnerella species could be cultured in the presence of epithelial cells for multiple generations
to see if the in vitro results can be recapitulated. Another interesting line of investigation is to
address the hypothesis that subgroup D is a keystone species (Banerjee et al., 2018; Herren &
McMahon, 2018). The removal of this species from a contrived in vitro community may impact
the architecture or even the composition of the community. Understanding these behaviours
may open a gateway to unveil the cause of vaginal dysbiosis in future.
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