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Abstract

The vaginal microbiome (VM) is of major importance for reproductive health as vaginal dysbiosis during
pregnancy has been linked to adverse pregnancy outcomes such as preterm birth (PTB). PTB is a global health
issue, resulting in an urgent need for prevention strategies and therapies. A better understanding of the VM
dynamics during pregnancy in the general population could elucidate factors that contribute to a dysbiotic VM
and PTB. Therefore, this Master’s thesis aimed to further reveal the dynamics of the VM during pregnancy by
investigating the VM composition of 92 participants from the Probiotics for Preterm Birth prevention (ProPreB)
trial control group at three time points (each trimester) throughout pregnancy. It was demonstrated that
lactobacilli dominated the VM of 82 women in this study cohort at all time points, while a VM dominated by
anaerobes was rarely observed. Moreover, a VM dominated by Lactobacillus crispatus showed the highest
stability throughout pregnancy. As a recommendation for future research, it might be of interest to study both
the pre- and postpartum period to further expand knowledge on the changes in the VM composition at the onset
of pregnancy and after delivery. In addition, more frequently collecting samples would be recommended to get
more detailed insights into the VM dynamics throughout pregnancy.

Besides vaginal dysbiosis during pregnancy, a series of clinical factors, including a limited cervical length, smoking
behaviour, advanced maternal age, as well as high and low maternal Body Mass Index (BMI), have been
previously associated with an increased risk for PTB. However, many of these associations remain to be further
explored. Therefore, associations between PTB and a series of clinical factors were examined using clinical data
collected from 413 women participating in control groups of the ProPreB trial. A weak positive correlation was
found between gestational age at delivery and cervical length in the second trimester. This observation supports
the currently used measurement of cervical length as a screening method for PTB risk. However, further research
is required to determine an appropriate cut-off value for women at risk for PTB. In addition, an association was
observed between the presence of Group B Streptococcus (GBS) in the third trimester and PTB. This finding
stimulated further investigation of the VM composition of women who had a GBS positive status. Here, an
association was found between the vaginal community state type in the second trimester of pregnancy and GBS
status. However, more research is necessary to further investigate the relation between the VM during
pregnancy and the presence of GBS. Surprisingly, no correlations with PTB were found for the presence of
bacterial vaginosis, vaginal pH, maternal age, maternal BMI and smoking behaviour. Nevertheless, these factors
should be further investigated since previous studies have shown significant associations with PTB.

The VM does not only play an important role during pregnancy, it is also crucial for the initial colonisation of
newborns. Some studies have already shown that certain members of the maternal microbiota are vertically
transmitted towards the offspring’s gut. However, a knowledge gap remains regarding the origin of the VM.
Some research suggest that the VM is seeded at birth by vertical transmission of maternal vaginal microbiota
members. However, up to date, limited research was performed to explore vertical transmission of vaginal
lactobacilli, especially in combination with a study of lifelong persistence of these transferred bacteria. Other
studies suggest that the VM originates from external sources such as the environment and diet. If the hypothesis
of vertical transmission of the VM from mother to daughter would be confirmed, this might implicate that the
VM during pregnancy does not only impacts mother’s health, but also the daughter at later age. This Master’s
thesis aimed to explore the hypothesis of vertical transmission of vaginal microbiota members from mother to
daughter and whether the transmitted bacteria persist in the vagina until the daughter reaches reproductive-
age. In short, a culturing campaign was set up and successfully tailored towards the isolation of vaginal lactobacilli
from vaginal swabs by introducing a subculture phase. In total, 258 vaginal lactobacilli were isolated from 21
vaginal swabs collected from seven pairs and two groups of mothers and adult daughters from the Isala project.
Based on phylogenetic analyses, three L. crispatus isolates from one mother-daughter pair (including one
maternal isolate and two daughter isolates) were determined to be very similar, as these clustered within the
same clade on the tree with a single nucleotide polymorphism (SNP) count of 489 and 493 between mother and
daughter sequences. Notably, this daughter was delivered by Caesarean section. Further investigation is
required, including an analysis of the genome-based SNP locations, to confirm that these daughter strains
originate from vertical transmission at birth. Expanding research in this relatively new field is certainly
recommended to further elucidate the origin of the VM.
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1 Introduction

1.1 Introducing the human microbiome

The human body is colonised by billions of microorganisms, such as bacteria, archaea, and fungi (1). These
microorganisms occupy several niches in and on the human body, including the skin and mucous surfaces of
cavities exposed to the exterior, such as the gastrointestinal, urogenital and respiratory tract, and secretory
glands such as the sebaceous, biliary and mammary glands (2). All living microorganisms residing in a distinct
niche are collectively called the microbiota. The microbiota form together with their genomes and other non-
living elements within the environment (i.e., viruses, phages, signalling molecules, structural DNA/RNA) the
human microbiome (3). Since the human host and inhabiting microorganisms co-evolved, microbiota members
are adapted to the different niches they occupy (4, 5), resulting in a unique set of microorganisms per niche (6).
Nevertheless, multiple niches are connected to each other. The gut and vaginal microbiota, for instance, interact
with each other, resulting in local and systemic immune responses and an overall effect on host physiology (7).

1.1.1 The human microbiome in health and disease

Within a microbial community, several types of community members can be found, such as commensals,
pathogens and pathobionts (8). These share a unique biological relationship with their host, referred to as
symbiosis. Symbiosis is a broad term to describe “different organisms living together”, and encompasses several
biological interactions, such as mutualism (benefit for all organisms involved) and commensalism (benefit for
one of the organisms involved) (9). Commensals are non-pathogenic microbiota members that frequently play
an essential role in many host functions and thus benefit the human host (8). For example, in the intestines,
beneficial gut bacteria aid in the digestion of food and absorption of nutrients, produce vitamins such as biotin
(vitamin B8) and vitamin K, regulate the immune system, and facilitate barrier integrity by interfering with the
colonisation of pathogenic microorganisms (10). On the other hand, these resident microbiota members can
benefit from food-derived nutrients present in the intestines. Despite their designation as commensals, both the
host and these beneficial microbiota members clearly benefit from this mutualistic interaction (8, 10, 11).

Nevertheless, under certain circumstances some commensals can become pathogenic, then referred to as
pathobionts. Normally, pathobionts are present in low abundances and do not cause health problems, yet,
outgrowth of these microorganisms can disturb the beneficial symbiotic relationship between host and
microbiota, and thus contribute to disease (12, 13). As an example, a high abundance of Clostridium difficile in
the gut can cause mild to severe pseudomembranous colitis. However, a “healthy” microbial community provides
resistance to this pathology by preventing C. difficile proliferation (14). In general, imbalances in indigenous
microbial composition are reflected in dysbiotic states which can shift the microbiome from being optimal to
non-optimal to the human host. Several host factors can cause these dysbiotic states, such as genetic background
and presence of disease. Additionally, environmental factors and lifestyle habits can be involved, such as diet,
use of antibiotics and other medication, and hygiene practices (15). Dysbiosis can have significant causes and
implications, including (i) an expansion of pathobionts, (ii) a reduction in commensals, and (iii) a decrease in
overall microbial diversity (12, 16). It has been documented that dysbiosis plays a role in various disease states
such as inflammatory bowel disease (IBD) (17), depression (18), asthma (19), bacterial vaginosis (20), and others.
Nevertheless, as many individuals with dysbiosis remain asymptomatic, it is controversial to use the terms
“healthy” and “unhealthy” when referring to the composition of the human microbiome. In this regard, the use
of the terms optimal and non-optimal is rather preferred (21-23). Overall, to further elucidate the underlying
causes of dysbiosis as well as the role of the microbiome in disease predisposition and pathogenesis, an increased
understanding of the microbiome composition under optimal conditions is first needed (24).
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1.1.2 Studying the human microbiome

For a long time, scientists could only rely on culture-based techniques to study the microbiome composition.
Even so, it is well established that only approximately 1% of microorganisms living on Earth can be readily
cultivated in vitro (25). Some of the main reasons for culture failure include the absence of host factors (e.g.,
interactions with the immune system), missing nutrients and other community members, inappropriate
temperature and atmospheric gas composition, and accumulation of toxic waste products in culture (26). As a
result, the emergence of culture-independent technologies, such as metagenomics (i.e., the study of genomes
extracted from a complex mixture of microorganisms), introduced a rapid evolution in microbiome research and
clinical applications (27-29). These new insights and advances in techniques have changed the perspective on
microorganisms, moving from a pathogen-oriented perspective towards a broader view in which microorganisms
play a significant role in maintaining human health (22, 27). Therefore, during the past decades, studies have
shifted towards defining the microbiome in the general population, rather than focussing on disease states only
(4, 27). The Human Microbiome Project (HMP) was one of the first large-scale studies to characterise the human
microbiome in the general population when setup in 2007 (30). Additionally, by establishing the HMP researchers
aimed to determine possible associations between changes in the microbiome and several medical conditions
(30). In the first phase of the project, the microbiome was characterised by sampling five body sites, including
the skin, nasal cavity, mouth, gastrointestinal tract and vagina. A second phase started in 2014 to focus on the
dynamics of the microbiome for three different medical conditions, namely preterm birth, IBD and diabetes.
Overall, the entire project has been a major help in accelerating microbiome research and was finished in 2016
(21, 22, 30).

Large-scale studies, such as the HMP, revealed that the microbiome composition of the general population is
extremely variable across different body sites (i.e., intra-individual variation) (21, 23). Besides, a high amount of
inter-individual variation exists for the microbiome of a particular body site. For instance, the human gut
harbours approximately 1000 different bacterial species of which only 160 species are commonly shared across
individuals, while others are variable between individuals (31). Nevertheless, the presence of a ‘core microbiome’
has been suggested by numerous studies (21, 32, 33). This core microbiome refers to a set of features, such as
the presence of certain microbiota members and functions at the level of genes or pathways, that are consistent
across host populations (4, 21, 34, 35). Of particular interest are so-called keystone species which are microbiota
members with a crucial role in maintaining the structure and functions of a microbial community. Consequently,
loss of such keystone species can dramatically change the microbial community, possibly resulting in significant
clinical implications. Therefore, further understanding of the core microbiome and characterising keystone
species could help to identify causes of dysbiosis and develop treatments for microbiome-related disease states
(35). Here, a variety of challenges are encountered because of the intra- and inter-individual variation and limited
understanding of the exact interactions between the microbiome and the human host (21-23, 35). As
microbiome research is advancing, it becomes clear that understanding the roles of the human microbiome in
human health is crucial. While previous microbiome studies have mainly focussed on the gut microbiome, the
oral, skin and vaginal microbiome are gaining increasing attention to date (4, 27). In particular, the vaginal
microbiome is considered of major importance for women’s health and reproduction, thus stressing the need
for evidence-based research in this area (20, 36).

1.2 Introducing the vaginal microbiome

Similar to the gut, the vagina contains numerous microbiota members, including bacteria, algae, and fungi, but
also non-living elements such as viruses and phages. The vaginal microbiome (VM) thus refers to the collection
of indigenous microorganisms (i.e., the vaginal microbiota), their structural elements (i.e., nucleic acids, proteins,
lipids, polysaccharides), metabolites, and other non-living elements (i.e., viruses and phages) inhabiting the
vaginal microenvironment (3, 20, 36), and showing a mutualistic interaction with the host in this niche (37).
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1.2.1 The vaginal microenvironment

The vaginal microenvironment is characterised by the resident vaginal microbiota, a mucosal epithelial barrier,
and endocrine regulatory mechanisms (38, 39). The vaginal mucosa is composed of a multi-layered stratified
squamous epithelial cells. The top layer (i.e., the stratum corneum) consists of approximately 28 cell layers
containing flattened, cornified cells, covered by a cervicovaginal fluid layer, thus offering a physical protective
barrier (40, 41). Those epithelial cells are filled with glycogen (i.e., a polysaccharide composed of multiple glucose
monomeric units). When epithelial cells exfoliate, they disintegrate and release their glycogen content into the
vaginal lumen (41, 42). This is subsequently followed by depolymerization of glycogen into maltose, maltotriose
and glucose by the human a-amylase enzyme (43). The resulting carbohydrates can serve as fermentation
substrates for some vaginal microbiota members. Epithelial proliferation, glycogen accumulation and release, as
well as thickness of the mucus layer are influenced by hormonal fluctuations, with key roles for oestrogen and
progesterone (40, 44, 45). Oxygen, additional glucose and other nutrients are supplied from underlying
submucosal layers through diffusion via a limited blood supply, making the vaginal microenvironment a micro-
aerophilic niche (20, 41).

1.2.2 The vaginal microbiota

Given these specific factors that characterise the vaginal microenvironment, micro-aerophilic and fermenting
Lactobacillus species (spp.) naturally tend to dominate the VM of most reproductive-age women (46-48). This
vaginal lactobacillidominance was first reported in 1892 by Albert Déderlein, who described the vaginal microbial
community as a homogenous group of Gram-positive bacilli, called Déderlein’s bacilli (49, 50). Their high
abundance is a unique characteristic of the human VM while lactobacilli rarely comprise more than 1% of the
microbiota in the vagina of other mammals (51). Importantly, lactobacilli play a key role in maintaining an optimal
vaginal environment. Firstly, these bacteria can adhere to the vaginal epithelium, thus preventing colonisation
of pathogens (52, 53). Secondly, lactobacilli are lactic acid bacteria (LAB) that are capable of fermenting
depolymerised glycogen into organic acids (e.g., lactic acid), thereby acidifying the vaginal environment to a
typical pH below 4.5, which limits the growth of certain pathogenic microorganisms (54). Lactic acid also
modulates the immune system, creating a non-inflammatory environment (55, 56). In addition, lactobacilli can
produce other compounds, such as hydrogen peroxide (H202) and bacteriocins (i.e., antimicrobial peptides)
called lactocins, that can also suppress pathogenic growth (57, 58). However, it is important to highlight that the
VM is not exclusively composed of Lactobacillus spp. (46).

Over the last decades, increased research is being conducted to reveal the taxonomic composition of the VM in
the general population (46, 59). More specifically, advances in molecular sequencing techniques have enabled
high-throughput characterisation of the VM composition. In this regard, bacterial 16S ribosomal RNA (rRNA)
sequencing has greatly increased the identification of VM members that have never been cultured before (44,
46). Reproductive-age women in the general population, often have a VM dominated by one or more of four
Lactobacillus spp., namely Lactobacillus crispatus, Lactobacillus iners, Lactobacillus gasseri, and Lactobacillus
jensenii (46, 47). These four species are often designated as the ‘big four’ in VM research (59). Some women
however lack these high proportions of vaginal lactobacilli and instead have a VM that is dominated by strict
anaerobes such as Gardnerella vaginalis, Prevotella, Atopobium, Dialister, Sneathia, Peptoniphilus, and
Megasphaera (46, 47). Overall, the taxonomic composition of the VM can be approached by a limited number of
configurations called community state types (CSTs) (44). The CST concept was first introduced in 2011 by Ravel
et al., who defined five of them based on the VM of 396 reproductive-age North American women. More
specifically, CST I, CST Il, CST lll, and CST V are dominated by L. crispatus, L. gasseri, L. iners, and L. jensenii,
respectively, whereas CST IV is more diverse, and characterised by higher proportions of different anaerobic
bacteria (46). In 2020, a nearest centroid-based tool called VALENCIA (Vaginal community state type nearest
centroid classifier) was developed based on a reference data set of 13,160 taxonomic profiles from 1,975 women
in the USA. This tool further expanded the five original CSTs and allows for robust and reproducible assignments
of vaginal samples to CSTs (60). Based on this tool, VM compositions could be assigned to one out of seven CSTs,
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which are even further divided into thirteen sub-CSTs (Table 1) (60). The assignment of CSTs to VM compositions
allows better comparison between different datasets. In addition, it allows the use of standard statistical tests
to study associations between CSTs and certain host factors (i.e., ethnicity, age), clinical factors (i.e., vaginal pH)
and presence or absence of diseases (i.e., sexually transmitted infections, bacterial vaginosis) (60).

Table 1: Vaginal microbiome composition based on the thirteen sub-CSTs according to the VALENCIA algorithm (60).
Abbreviations: CST = Community state type, spp. = species.

Sub-CST Vaginal microbiome composition

CSTI-A Community dominated by L. crispatus

CSTI-B Community with less L. crispatus than CST I-A, but still majority
CSTII Community dominated by L. gasseri

CST llI-A Community dominated by L. iners
CST lI-B Community with less L. iners than CST IlI-A, but still majority

CSTIV-A Community contains a high to moderate relative abundance of Candidatus
Lachnocurva vaginae and G. vaginalis

CSTIV-B Community contains a high to moderate relative abundance of G. vaginalis and
Atopobium vaginae

CST IV-CO Community contains low relative abundances of G. vaginalis, Candidatus Lachnocurva
vaginae, and Lactobacillus spp., is an even community, with moderate amount of
Prevotella

CSTIV-C1 Community contains low relative abundances of G. vaginalis, Candidatus Lachnocurva
vaginae, and Lactobacillus spp., and is dominated by Staphylococcus spp.

CST IV-C2 Community contains low relative abundances of G. vaginalis, Candidatus Lachnocurva
vaginae, and Lactobacillus spp., and is dominated by Enterococcus spp.

CSTIV-C3 Community contains low relative abundances of G. vaginalis, Candidatus Lachnocurva
vaginae, and Lactobacillus spp. and is dominated by Bifidobacterium spp.

CST IV-C4 Community contains low relative abundances of G. vaginalis, Candidatus Lachnocurva
vaginae, and Lactobacillus spp., and is dominated by Staphylococcus spp.

CSTV Community dominated by L. jensenii

1.2.3 Vaginal dysbiosis and its impact on health

The vaginal environment is exposed to many disturbances, for example during intercourse, menstruation and
pregnancy. Therefore, it is important that the interactions between the host and the VM are balanced, in order
to maintain vaginal homeostasis (i.e., eubiosis) (Figure 1A) (40, 55). When a balanced VM gets disrupted, vaginal
dysbiosis can succeed. Vaginal dysbiosis is characterised by the absence of vaginal lactobacilli dominance,
increase of microbial diversity, and overgrowth of opportunistic pathogens (61-63). This reduction in
Lactobacillus spp. increases the vaginal pH, creating a favourable environment for colonisation by various
pathogenic microorganisms. One of the most common vaginal conditions associated with vaginal dysbiosis is
bacterial vaginosis (BV), afflicting 23-29% of women worldwide, which results in an annual global economic
burden of US $4.8 billion for treating symptomatic BV (62, 64).

BV is characterised by a loss or sharp decline in the total number of vaginal lactobacilli, increased species diversity
and a high abundance of anaerobic bacteria (i.e.,Gardnerella, Prevotella, Atopobium and Mobiluncus) (20). Those
anaerobic species produce short chain fatty acids, which increase the vaginal pH and generates a pro-
inflammatory environment (Figure 1B) (55). BV can increase susceptibility for infections, for instance, urinary
tract infections (UTIs) are more common among women with lower abundance of vaginal lactobacilli (65).
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Moreover, increased abundances of anaerobic bacteria are linked to a higher risk for sexually transmitted
infections (STIs), such as human immune deficiency virus (HIV) (66), gonorrhoea and chlamydia (38, 67).
Additionally, BV is the most common cause of (malodourous) vaginal discharge. Other clinical manifestations
include burning sensation during urination and itching surrounding the vagina (38, 68). Moreover, some studies
have linked BV to adverse pregnancy outcomes, including PTB, miscarriage and low birth weight (69). It should
however be noted that approximately half of women with BV have no overt symptoms (i.e., asymptomatic BV)
(70). Currently, the pathogenesis of asymptomatic BV remains underexplored and its treatment remains
controversial. Since asymptomatic women have been infrequently studied, it remains unknown whether a
treatment can prevent adverse outcomes such as increased infection risk and averse pregnancy outcomes (71).
Therefore it is important that more asymptomatic women are examined, however it is more difficult to recruit
asymptomatic women outside a clinical setting (59).
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Figure 1: The vaginal microenvironment (55). (A) A balanced VM (i.e., eubiosis), lactic acid produced by lactic acid bacteria

creates a non-inflammatory environment. In addition, lactic acid acidifies the vaginal milieu to pH below 4.5. Lactic acid

inactivates pathogens causing STIs and suppresses growth of other endogenous bacteria. (B) A dysbiotic VM, short chain fatty

acids produced by anaerobic bacteria increase the vaginal pH. The diverse anaerobic bacteria also generate a pro-

inflammatory environment, and increase risk for infections (55). Abbreviations: BV = bacterial vaginosis, SCFAs = short chain
fatty acids, VM = vaginal microbiome.

Mobiluncus sp. Bacterial STI (e.g. Neisseria gonorrhoea, Chlamydia trachomatis)

Megasphaera sp. Trichomonas vaginalis

1.2.4 Characterising the vaginal microbiome in the general population: The Isala project

To further explore the composition, ecology and determinants of the VM in the general population, outside of
the hospital setting, a large-scale citizen-science project was recently set up by the Laboratory of Applied
Microbiology and Biotechnology (LAMB; ENdEMIC; University of Antwerp), led by Prof. Sarah Lebeer (59). The
project was named Isala (https://isala.be/en), in honour of Isala Van Diest (1842-1916), the first female doctor
in Belgium. The main research goal of the Isala project was to map the VM in a large study cohort of healthy
women, and how their VM was associated with several life-course and lifestyle factors (59). Moreover, they
aimed to establish a large biobank with vaginal isolates, which could be used for further fundamental and applied
research (59). Additionally, Isala also had a societal goal to break certain taboos around female and vaginal health
and thus make these topics more accessible for discussion. Therefore, the Isala research team provided clear
science communication towards all participants and the general public.
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In March 2020 a call for 200 participants was launched. Astonishingly, within ten days 6,007 Flemish participants
registered through the website. All registrants were invited to fill out an extensive questionnaire, questioning
their general health, reproductive history, hygiene practices, sexual habits, dietary habits, birth mode, living
situation and other lifestyle parameters. A total of 4,682 registrants completed this questionnaire and received
a self-sampling kit at home via national postal service (59). 3,345 women ranging from 18 to 98 years old provided
two vaginal swabs, including one for microbiome profiling based on 16S rRNA amplicon sequencing and one for
culturing purposes (59). Based on the large set of vaginal samples and detailed questionnaire data, the Isala team
analysed which factors are influencing the VM. A total of 166 covariates were assessed, including reproduction,
lifestyle, health status, hygiene practices, environmental and dietary information (59).

As mentioned before, the VM composition can be reflected in five CSTs (cfr. ‘1.2.2 The vaginal microbiota’) (46).
The Isala research team adopted a different approach and determined four main modules of interacting microbes
by investigating the correlations between taxa abundances. The modules are centred around L. crispatus,
Bacteroides, Gardnerella, and Prevotella, respectively. These modules comprises microbiota community
members that seem to be functionally connected, as they are frequently found in close association with one
another. The L. crispatus module, comprising L. crispatus, L. jensenii, and Limosilactobacillus taxa, probably
reflects a common healthy homeostatic state, and is negatively associated with the number of vaginal
complaints, while a reduction of this module was associated with different vaginal complaints reported by the
participants (e.g., vaginal discharge and malodour) (59). Those findings are not surprising, considering that LAB
are known to create an anti-inflammatory environment (55). By grouping the VM in modules, the importance of
low-abundance taxa, such as Limosilactobacillus, becomes more clear. The Isala data thus suggests a keystone
role for Limosilactobacillus spp. in the VM (59). More specifically, Limosilactobacillus spp. show a low average
relative abundance of 0.4%, while being prevalent among the Isala cohort (47.9%). Moreover, the positive
correlations found between Limosilactobacillus spp. and L. crispatus and L. jensenii in the L. crispatus module,
suggest a potential role of Limosilactobacillus spp. in supporting their dominance (59).

1.2.5 Diversity in the vaginal microbiome

Both the Isala project (59) as well as the study of Ravel et al.(46) demonstrated the heterogeneity of the VM
composition among individuals (i.e., inter-individual variability). In general, vaginal lactobacilli dominance
appears to be a good biomarker for an optimal vaginal ecosystem, because of the protective functions of these
bacteria. Nevertheless, a non-Lactobacillus dominated VM does not necessarily cause symptoms (i.e.,
malodourous discharge) (72). Up until now, it is not yet fully understood why in most asymptomatic women the
VM is dominated by lactobacilli while others are not (73). When investigating underlying causes for this inter-
individual variability, several studies have already shown that the composition of the VM varies among ethnic
groups (46, 48, 74). For example, a study of Zhou et al. (2007) demonstrated that a VM dominated by
Lactobacillus spp. was more common in Caucasian women, whereas the VM of black women was mainly
dominated by anaerobes (48). The aforementioned CST-revealing study of Ravel et al. (2011), including 396
asymptomatic reproductive-age women with different ethnic backgrounds (i.e., white, Asian, black, and
Hispanic), revealed that the proportions of CSTs varied significantly among these four ethnic groups (46). More
specifically, Lactobacillus spp. were more abundant among white and Asian women, while anaerobic species
dominated in black and Hispanic women in their study (46). In addition, the composition of the VM is known to
be influenced not only by human behaviour, including personal hygiene, diet, contraceptive use, and sexual
practices (46, 75), but also by environmental factors such as socioeconomic status (for example, household
income and access to healthcare) (76). Nevertheless, it remains to be further explored to what extent these VM
differences along ethnic groups are reflections of host genetics, environmental factors or a combination of both
(77).
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1.3 The vaginal microbiome throughout life

Apart from inter-individual variability, the VM is a dynamic ecosystem of which the composition changes
throughout a woman'’s life. Therefore, the VM of every woman can vary over time (78). Several factors can
influence the VM composition throughout a woman'’s life, including the natural menstrual cycle (accompanied
by hormonal fluctuations), contraceptive use, pregnancy, as well as behavioural factors (75, 79, 80).

1.3.1 Oestrogen shapes the composition of the vaginal microbiome throughout life

The VM composition is shaped throughout a woman’s life by fluctuating oestrogen levels, which vary from
childhood to onset of puberty, during reproductive-age and pregnancy, as well as during menopause (Figure 2)
(42). Oestrogen acts directly on vaginal epithelial cells by promoting cell proliferation and accumulation and
deposition of glycogen (40, 42, 80). Directly after birth, the vaginal environment of newborns is influenced by
residual maternal oestrogens that are temporarily present in the newborn’s blood. The presence of these
oestrogen molecules induce thickening of the vaginal epithelium and glycogen deposit in the epithelial cells. As
a result, within the first 24h after birth, the vaginal mucosa is rich in glycogen which favours colonisation by LAB,
including lactobacilli. Subsequently, by the fourth post-natal week, the residual maternal oestrogen levels drop,
leading to a thinning of the vaginal mucosa and decreased epithelial glycogen levels. In this way, the decreased
availability of fermentation substrates for LAB lead to a more neutral to alkaline vaginal pH (42, 80, 81). During
childhood and pre-menarche, the vaginal pH remains neutral, resulting in a highly diverse vaginal community,
consisting of Gram-positive anaerobic bacteria (i.e., Actinomyces, Bifidobacterium, Peptococcus,
Peptostreptococcus, and Propionibacterium), Gram-negative anaerobic bacteria (i.e., Bacteroides,
Fusobacterium, and Veillonella), as well as aerobic bacteria (i.e., Staphylococcus aureus, Staphylococcus
epidermidis, Streptococcus viridans, and Enterococcus faecalis) (42).
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Figure 2: A general overview of the dominant vaginal microbiota members and fluctuations in oestrogen levels across the
female life span (42). Abbreviations: CST = community state type, VMB = vaginal microbiota.
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At the onset of puberty, oestrogen levels will increase, thus triggering the transition from low to high glycogen
deposits in epithelial cells available for Lactobacillus spp. This results in a shift towards vaginal lactobacilli
dominance and a subsequent decrease in vaginal pH during reproductive-age (80). Importantly, such lactobacilli-
dominated VMs are not necessarily stable over time. Changes in the microbial community can occur, for example
over the course of the menstrual cycle or after sexual intercourse (78, 82). This was demonstrated by a
longitudinal study of Srinivasan et al. (2010) in fourteen healthy women, who self-collected vaginal swabs at
several time points over a three-week period. This study showed a decrease in relative abundances of L. crispatus
and L. jensenii, and increase in G. vaginalis and L. iners at the onset of and during menses. After menses, the
opposite was observed (42, 82). The increase in G. vaginalis can be potentially explained by the presence of iron
in the menstrual blood, since iron is known as an essential growth factor for most bacteria and enhances
replication of certain pathogens (82, 83). Moreover, experiments evaluating growth of G. vaginalis have shown
that this species is unable to grow in iron-limiting conditions (84). As coping strategy, G. vaginalis has a well-
adapted ability to harvest iron from the environment, thus clarifying its increased growth when menstrual blood
is present (82, 84). Another longitudinal study of Gajer et al. (2012) further explored the temporal dynamics of
the VM by analysing 32 reproductive-age women over a 16-week period (including 4-5 menstrual cycles) (78).
During this period, fluctuations in the VM composition were observed for all women in this study, however being
variable across them in terms of how their VM changed over time. For instance, women with a VM dominated
by anaerobic bacteria (CST-IV) most often transitioned to a L. iners-dominated (CST-1ll) VM. Likewise, their
findings showed that women with a L. crispatus-dominated (CST-1) VM most often transitioned to a L. iners-
dominated (CST-III) VM. Women with a VM dominated by L. gasseri (CST-Il), on the other hand, rarely underwent
VM transitions. While the fluctuations in composition were correlated with the timepoint in the menstrual cycle,
as well as bacterial community composition, and to a certain extent with sexual activity, other (unknown) factors
are certainly at play as well (78). Overall, these findings suggest that VM compositions determined in cross-
sectional studies should be interpreted with care as the VM varies over time, thereby stressing the importance
of longitudinal studies in reproductive-age women.

At the end of their fertile period, most women enter menopause between the ages of 49 and 52. Menopause is
defined as a cessation of menstruation of twelve consecutive months. Due to decreased ovary functions in this
life-stage, levels of circulating oestrogens are lower, possibly resulting in various symptoms such as hot flashes,
night sweats, decreased cognitive functions and mood changes (85, 86). As women approach menopause, the
drop in oestrogen results in a decrease of vaginal lactobacilli, accompanied by a subsequent rise in pH (42, 80).
While reproductive-age women mainly have a VM dominated by L. crispatus (CST-1) and L. iners (CST-Ill) (87), the
VM of perimenopausal women often contains a proportion of L. iners and strict anaerobes (CST-1V) or L. gasseri
(CST-Il), whereas the VM of postmenopausal women is typically categorised as CST-IV (42, 87). Due to the
increased pH, the postmenopausal stage is associated with vaginal symptoms such as vulvovaginal atrophy,
dryness and dyspareunia (i.e., painful intercourse) (80, 87, 88).

1.3.2 The vaginal microbiome during pregnancy

Another life event that will significantly alter the composition of the VM, besides the menopause, is pregnancy.
If a woman becomes pregnant, fluctuations in hormone levels result in behavioural changes and modifications
of the physio-chemical properties of the vaginal mucosa, making the VM of a pregnant woman different from a
non-pregnant one (89). The dynamics of the VM during pregnancy have been investigated in a few longitudinal
studies (76, 90-96). These studies have shown that the VM is reshaped during an uncomplicated pregnancy,
towards reduced alpha diversity (i.e., diversity at a local site, within one community) and thus increased stability
of bacterial communities, characterised by higher abundances of Lactobacillus spp. and lower abundances of
bacterial species associated with BV (e.g., Gardnerella and Prevotella) (76, 90-97). It is not yet completely
understood why the VM of pregnant women undergoes these changes, but they have been linked to increased
oestrogen levels during pregnancy, as well as increased endocrine stability, and the absence of menstrual
bleeding, all favouring vaginal lactobacilli dominance (89, 98).
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When examining the impact of ethnicity on the VM, a recent study of Serrano et al. (2019) showed that the VM
composition of women of African and non-African ancestry responded differently during pregnancy (76). Here,
a shift towards Lactobacillus spp. dominance occurred early in pregnancy, and was observed predominantly in
women of African ancestry. This finding is consistent with previous research, which has revealed that the VM of
women of African ancestry is more often dominated by non-Lactobacillus spp. during reproductive-age,
compared to during pregnancy. In contrast, in women of non-African ancestry, a non-Lactobacillus-dominated
VM is uncommon in pregnant as well as in non-pregnant women. It is suggested that both genomic and
environmental factors are likely to contribute to these differences (76).

Fewer studies have been focussing on the VM in the postpartum period (92, 94, 99, 100). These studies report
that after delivery, a decline in Lactobacillus spp. abundance was observed, as well as a sharp increase in alpha
diversity and anaerobe species such as G. vaginalis, Streptococcus anginosus and Prevotella bivia (82, 84, 89, 90).
The decreased lactobacilli abundance could be explained by the massive drop in oestrogen following delivery
(99, 101). However, further research is needed to gain insight in how this postpartum changes have an influence
on perinatal outcomes and infections risks. Nonetheless, the VM need to restore after pregnancy to create again
an optimal environment (89, 100, 102).

1.4 The importance of the maternal microbiome

Up until now, the vital role of an optimal maternal microbiome during and after pregnancy is increasingly
emphasised (103-105). Vaginal dysbiosis during pregnancy has been linked with many adverse health outcomes
such as preterm birth (PTB) (98, 106) and miscarriages (107). In addition, numerous evidence suggests that
vaginal dysbiosis also influences fertility and can potentially impair the success of natural conception (108) and
assisted reproductive treatments such as in vitro fertilisation (IVF) (109, 110). By consequence, vaginal dysbiosis
does not only have adverse effects on women, but also on their partners, as this can manifest as anxiety, stress,
depression, among other consequences (111). Moreover, the maternal microbiome is assumed to be of major
importance for initial colonisation of a newborn (103, 112-114). Shared microbial strains have already been
detected among mothers and their newborn, suggesting vertical transmission of maternal microbiota members
(97). However, the extent of this maternal microbiota transmission from different body sites, the mechanism by
which these microorganisms are selected, the factors shaping this selection process and the mechanisms by
which they can persist throughout life remain largely unclear (115). Moreover, emerging evidence suggest that
early microbial colonisers play a key role in the establishment and maturation of several metabolic and
developmental pathways, such as stimulating immune development after delivery, thus re-emphasising the
importance of an optimal maternal microbiome (115, 116).

1.4.1 Vaginal microbiome and preterm birth

Several studies in pregnant women have suggested that the composition of the VM during pregnancy has an
impact on the risk for PTB (93, 95, 117). The World Health Organization defines PTB as birth before 37 weeks of
gestational age (GA) (118). PTB is a global health concern, affecting 7-15% of all pregnancies and resulting in
approximately 15 million PTBs annually (119). This makes PTB one of the major causes for neonatal mortality,
together with childbirth-related complications, infections (e.g., meningitis or sepsis) and birth defects (120, 121).
In high-income countries, about 50% of preterm infants born at 24 weeks survive the first 28 days of life. In
general, of those born preterm, more than 1 million dies before the age of 5 years (122). Besides these high
numbers of neonatal mortality, PTB also causes long-term morbidities, such as respiratory distress syndrome,
cerebral palsy and developmental delay (123). Moreover, the care of preterm infants is expensive and creates a
financial burden for both the family and the healthcare system (124). About 70% of PTBs follow spontaneous
onset of labour with intact membranes (45%) or premature rupture of the membranes (25%). For the remaining
30% labour is induced, or the infant is delivered by pre-labour Caesarean section (C-section), due to maternal or
foetal indications (e.g. pre-eclampsia, eclampsia, and intrauterine growth restriction) (125, 126). Several
pathological mechanisms are suggested to contribute to spontaneous PTB, including stress, uterine
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overdistension, cervical disease, breakdown of maternal-foetal tolerance, vascular disease and infections (126).
Most of these factors only seem to be associated with PTB, while the relationship between invasion of
microorganisms in the amniotic cavity and PTB is likely to be causal (125, 127, 128). Microorganisms can enter
the amniotic cavity via ascension from the lower reproductive tract, however also hematogenous dissemination
with transplacental passage can occur (126). Some examples of microorganisms that are known to cause
infection during pregnancy are pathogens (e.g., Neisseria gonorrhoeae, Trichomonas vaginalis, Chlamydia
trachomatis), Group B Streptococcus (GBS), entero-pharyngeal organisms (e.g., Escherichia coli, Enterococcus
faecalis), and microorganisms related to BV (e.g., G. vaginalis and other anaerobes) (129).

However, the use of antibiotic prophylaxis does not appear to lower the risk for PTB associated with infections
(130-132). Moreover, inappropriate use of antibiotics during pregnancy, such as in women without signs of
infection, has been linked to an increased risk for PTB (133). Therefore, the use of probiotics (i.e., live
microorganisms that confer a health benefit on the host when consumed or applied to the body (134)) during
pregnancy, emerges as a promising alternative to reduce the risk for PTB (135). However, more research is
needed to evaluate the efficacy of probiotics during pregnancy. An ongoing trial, called the ProPreB (Probiotics
for Preterm Birth prevention) trial, tries to elucidate the effects of probiotics during pregnancy. The ProPreB trial
started in 2017 and has three major aims: (i) to investigate the relation of VM alteration during pregnancy and
PTB, (ii) to investigate the prophylactic use of probiotics to prevent adverse pregnancy outcomes in women with
high vaginal pH (= 4.5) and (iii) to investigate whether oral and vaginal probiotics potentiate each other’s effect
on the VM.

A VM, dominated by lactobacilli, plays a key role in protecting against inflammation and infections, in contrast
to a VM with high abundances of anaerobic bacteria as observed in women with vaginal dysbiosis (55, 56).
Therefore, throughout the last decade, several studies have been looking for associations between the
composition of the VM during pregnancy and risk for spontaneous PTB (93-95, 117, 120, 136, 137). Overall,
women with a VM dominated by lactobacilli during pregnancy are assumed to have a lower risk of delivering pre-
term compared to women with a dysbiotic VM (98, 105). Nevertheless, geographical and ethnic differences of
which the underlying mechanisms are yet to be elucidated remain. However, in previous research, a consistent
finding is the association of a VM dominated by L. crispatus during pregnancy with a lower risk for PTB (98, 105).
Since vaginal dysbiosis affects millions of women, it is important to gain more insights in its relation with PTB
(105, 138).

In addition, it has been documented that species diversity of vaginal lactobacilli present during pregnancy also
has an impact on the risk for PTB. This was demonstrated by a study of Petricevic et al. (2014) investigating 111
pregnant women with a Lactobacillus-dominated VM in the first trimester of pregnancy, and without any vaginal
complaints (117). The main outcome of the study was the diversity of Lactobacillus spp. during full-term
pregnancies compared to preterm pregnancies. Interestingly, 85% of women who delivered preterm had a VM
dominated by L. iners, in contrast to 16% of the women who delivered at-term. This suggests an association
between L. iners-dominance in early pregnancy and PTB (136). Further research is needed to define which VM
compositions are at risk for PTB and to better understand the underlying pathophysiological mechanisms. In this
regard, longitudinal studies mapping the changes of the VM during pregnancy will be of use in order to find
predictors for PTB (105).

1.4.2 Mother-to-infant transmission in early life

Several maternal niches, including the vagina, are involved the initial microbial colonisation of a newborn (139).
Therefore, a non-optimal maternal VM is not only involved in adverse pregnancy outcomes (e.g., PTB), it might
negatively affect the initial microbial colonisation of a newborn as well. Apart from the vaginal microbiota, other
maternal microbial communities are also involved, including the gut, skin, oral and breast milk microbiota (Figure
3). Vertical transmission of microbial communities from maternal niches promotes the development of the
foetus (e.g., immune and brain development) (116, 140, 141), and favours the transmission of beneficial and
specific microbial communities to the next generation (116). It has been reported that initial microbial
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colonisation primarily occurs during delivery and immediately following birth, apart from an ongoing discussion
on in utero seeding (112, 142, 143).

To further investigate vertical transmission of the maternal microbiome, studies have focussed on identifying
shared strains between mothers and their offspring (144). However, the majority of this research has focussed
on the newborn’s intestinal, oral and skin microbiome (113, 144, 145). For example, Ferretti et al. (2018)
conducted a study on the gut microbiome of newborns, revealing that on the day of delivery, 50.7% of the
microbiota members in the newborn’s gut were derived from the mother’s gut, vagina, oral cavity, or skin. The
largest contribution was from the mothers’ gut (22.1%), followed by the vagina (16.3%), the oral cavity (7.2%),
and the skin (5%), respectively. In the weeks following delivery, the abundance of vaginal, oral, and skin microbial
species in the newborn’s gut decreased. This indicates that these species are only temporary inhabitants of the
lower gastrointestinal tract. In contrast, microbial species from the maternal gut seem to be more persistent
over time (Figure 3) (97, 104). In addition to vertical transmission, several other factors have an impact on the
newborn’s microbiome in early stages. The microbiota that are acquired from various maternal body sites are
influenced by mode of delivery, GA at birth, the maternal diet, as well as other factors such as antibiotic use and
host genetics (Figure 3)(97, 116, 146).
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Figure 3: Dynamics of the maternal microbiome (vaginal, breast milk and gut) during and after pregnancy, and to what
extent these contribute to mother-to-infant transmission in early life (97).
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1.4.3 The origin of the vaginal microbiome

To date, most studies on mother-to-infant transmission have been focussing on the infant gut, oral and skin
microbiome (139), while less attention has gone towards the VM. Therefore, the origin of the VM remains
unknown as well as how its specific community composition is maintained from generation to generation (112,
147). Because of the neutral to alkaline vaginal pH during childhood (148), not all bacteria possibly transmitted
at birth may be capable of surviving this period (112). While it is known that hormonal and physiological changes
at onset of puberty create an environment which is favourable for lactobacilli (80), it is not clear where those
strains originate. On one hand, they might be of maternal origin and might have persisted in a dormant state or
at low abundance throughout childhood. On the other hand, it could be that they are acquired later in life
through other mechanisms (e.g., diet and environment ) (103, 112).

At present, only a limited number of studies investigated vertical transmission of the maternal VM to the female
offspring (112, 147). Bassis et al. (2022) studied the similarity between the vaginal microbiota members of
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thirteen adolescents (ages 15-21) and their mothers based on 16S rRNA gene sequencing in relation to the
daughter’s birth mode (147). The VM of mother and daughter were more similar if the daughter was born by
vaginal delivery rather than C-section. Moreover, L. crispatus isolates from one mother-daughter pair, in which
the daughter was born by vaginal delivery, had highly similar genome sequences, based on recombination-
filtered single nucleotide polymorphisms (SNPs). Therefore, this study provides preliminary evidence that VM
members may be transmitted from mother to daughter at birth during vaginal delivery with persistence until
adolescence (147). Another recent study showed that a small number of vaginal bacterial strains is shared
between mother and daughter, but shared strains were more frequently identified in unrelated individuals (112).
However, this finding does not rule out vertical transmission from the maternal VM, as longitudinal studies have
shown that the VM of reproductive-age women is not necessarily stable over time (78, 80). The findings of these
studies highlight the importance of conducting further research on vertical transmission of the VM and its impact
on the future reproductive health of daughters (112, 147).

1.5 Study aims

The preceding literature review has emphasised the crucial role of the VM in women’s health, as well as in their
partner’s and children’s health. Up to date, the majority of research, however, has been focussing on the VM in
the clinical context of infections and adverse pregnancy outcomes (e.g., PTB) (38, 98). Therefore, it becomes
increasingly important to gain more knowledge on the composition and dynamics of the VM in the general
population to obtain more evidence-based insights in how the VM influences overall health (59). Moreover, many
knowledge gaps remain regarding the dynamics of the VM during pregnancy and how the VM composition during
pregnancy can contribute to the risk for PTB. Currently, an urgent need exists for research on predictive factors
for PTB being a major health problem worldwide. Nevertheless, assessing the risk for PTB remains challenging,
since there are numerous asymptomatic women with a non-Lactobacillus dominated VM (46). It became clear
that longitudinal studies are needed to further investigate the dynamics of the VM during pregnancy and to
identify factors that could contribute to vaginal dysbiosis during pregnancy and PTB. These insights could be used
to implement new strategies for treatment of vaginal dysbiosis and prevention of PTB. Another knowledge gap
is the origin of the VM, with a possible role for vertical transmission of the maternal VM.

Overall, this Master’s thesis aims to provide a better understanding of the dynamics of the VM composition
during pregnancy, the associations with PTB and its vertical inheritance. In a first part, the dynamics of the VM
during pregnancy will be explored by examining microbiome profiles collected at three different time points (in
each trimester) during pregnancy. In addition, the relationship between GA at delivery and several clinical signs
and features will be explored by analysing clinical data collected at these three time points. The goal is to unravel
the potential presence of clinical signs and/or features of the VM that can predict adverse birth outcomes, more
specifically PTB.

The second part aims to examine whether vertical transmission of the maternal VM to the daughter occurs at
birth and whether these communities persist until the daughter's reproductive-age. Therefore, vaginal bacteria
from mother and daughter pairs will be isolated, followed by a comparison of their genome sequences. One
hypothesis is that the genome sequences of those isolates are highly similar between mother and daughter, thus
suggesting vertical transmission at birth. When vertical transmission from the maternal VM at birth can be
proven, this highlights the importance of a healthy VM during pregnancy, as the daughter may inherit a similar
composition.

University of Antwerp
l* |Facu\tyefPharma(euﬂca\,Biomedital Master thesis | Margo Hiel | 13

and Veterinary Sciences



2 Materials and Methods

The following section provides an overview of the experimental methods implied in this Master’s thesis. The first
part describes all methods used to analyse the VM dynamics throughout the three trimesters of pregnancy, and
to analyse clinical data collected during pregnancy to investigate potential associations with PTB. Subsequently,
the second part focusses on the methodology for isolating and identifying bacterial strains from vaginal swabs of
healthy mothers and daughters to explore vertical transmission of the VM and persistence of vaginal bacteria.

2.1 Studying the dynamics of the vaginal microbiome during pregnancy and
preterm birth

To study the dynamics of the VM composition during pregnancy and possible associations with PTB, clinical and
microbiome data from the ongoing ProPreB trial were explored.

2.1.1 The ProPreB trial: study population and data collection

To take part in the ProPreB trial (cfr.’1.4.1 Vaginal microbiome and preterm birth’), pregnant women were
recruited by their obstetric staff members (in Antwerp University Hospital (UZA) and RZ Heilig Hart Tienen (RZ
T)) when they presented for routine prenatal care between 6 and 13 weeks of GA. Recruitment started in 2017
and is still ongoing to date. At the time of recruitment, all participants lived in Belgium, had a minimum age of
18 years, and signed an informed consent form. Exclusion criteria were as follows: (i) use of local and/or systemic
antibiotic and antimycotic treatments and local progesterone treatment two weeks or less prior to examination,
(i) clinical evidence of vulvo-vaginitis or cervicitis requiring treatment, (iii) untreated Chlamydia infection,
gonorrhoea and/or syphilis at time of recruitment, (iv) serious extra-genital pathologies (e.g., insulin-dependent
diabetes mellitus), (v) vaginal bleeding of any cause at the moment of inclusion, and (vi) multiple pregnancy.
Women with disorders such as pre-eclampsia and gestational diabetes that originated during pregnancy were
not excluded.

Data were collected from the participants at each trimester and at delivery (four visits) (Table 2). During the first
trimester visit (i.e., inclusion visit between 6 and 13 weeks of GA), women filled out an intake questionnaire
questioning personal information (incl. name, date of birth) and socio-demographics (incl. ethnicity, education,
employment). In addition, questions about their medical, obstetric and gynaecological history, as well as smoking
and drinking behaviour, and medicine use were asked. Besides the intake questionnaire, clinical data were
collected. More specifically, an ultrasound was performed (routine) and four vaginal smears were collected, one
to measure vaginal pH and three for microscopic analyses. In more detail, the pH was measured using pH test
strips (Macherey-Nagel, pH-Fix 3.6-6.1), and microscopy on fresh vaginal smears was performed to determine
the lactobacillary grade (LBG), and to investigate the presence of BV-associated bacteria, Candida, Trichomonas
and other vaginal morphotypes. Vaginal smears for pH measurements and microscopic analyses were kept at
room temperature. Additionally, a vaginal swab was taken for microbiome analyses. After collection, vaginal
swabs were stored at -20 °C.

Later during pregnancy, three more medical visits were planned at the second (between 18 and 23 weeks of GA),
and third (between 35 and 37 weeks of GA) trimester and at delivery, respectively. At each of these three visits,
different types of tests and data collection were performed to monitor pregnancy and assess vaginal parameters.
Table 2 provides an overview of the different time points at which the clinical data used for analyses in this
Master’s thesis were collected.
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Table 2: ProPreB trial: examination overview and timing. Visits were planned at different time points during pregnancy and
at delivery. An overview of the performed clinical examinations at four different time points is shown. Abbreviations: GA =
gestational age, GBS = Group B Streptococcus.

Visit 1 (Inclusion) Visit 2 Visit 3 Visit 4

Timing 6-13 weeks of GA 18-23 weeks of GA 35-37 weeks of GA At delivery

Intake X
questionnaire

Ultrasound X X
(routine)

Vaginal smears X X X

for pH (1x) and

microscopy (3x)

Vaginal swab for X X X

microbiome

analyses

Routine GBS X

recto-vaginal

swab

Perinatal data X

Microbiome profiling of the collected vaginal swabs was previously performed by the host lab (LAMB; ENdEMIC;
University of Antwerp) as previously described (59). Briefly, the V4 hypervariable region of the 16S rRNA gene
was amplified and sequenced using Illumina MiSeq. Sequenced reads were processed using a state-of-the-art
denoising algorithm (DADA2), resulting in an overview of abundances of amplicon sequence variants for each
vaginal swab. Subsequently, an in-house bioinformatic pipeline was used to identify the taxonomic composition
of the vaginal microbial communities (59). In general, the obtained sequencing data do not allow identification
at species level (59). Therefore, to enhance taxonomic resolution, the Lactobacillus genus was further divided
into subgenera, including the L. crispatus-group, L. jensenii-group, L. iners-group and L. gasseri-group. For
instance, the L. crispatus-group as subgenus comprises different species, such as L. helveticus and L.
kefiranofaciens. This classification enables to discriminate between L. crispatus, L. iners, L. jensenii and L. gasseri,
often designated as the ‘big four’ in VM research (59). In addition, all samples were assigned to CSTs and sub-
CSTs (cfr. Table 1 in section 1.2.2), using the VALENCIA algorithm (available at https://github.com/ravel-
lab/VALENCIA) (60). For each swab, the resulting data, including identified taxa and corresponding relative
abundances, were stored in CSV (Comma-Separated Values) files for further data handling in this Master’s thesis.
At the different study sites (UZA and RZ T), questionnaire and clinical data of all four visits were directly recorded
in REDcap. These data were retrieved by the host lab (Excel version 16.43) and prepared for further data analyses
in this Master’s thesis. More specifically, data was explored, variables of interest were selected and unclear data
points as well as duplicate and incomplete data were removed (Table 3).

Table 3: Overview of selected variables from the clinical ProPreB data that were used for further analyses in this Master’s
thesis. Data were collected at visit 1 if not stated otherwise. Abbreviations: BMI = Body Mass Index, BV = bacterial vaginosis,
GBS = Group B Streptococcus, ID = identity.

Variable name Variable type Meaning

Participant ID categorical Participant ID number

Age continuous Participant’s age, expressed in years

Last time smoked categorical Last time when the participant smoked
- Never

- <30 days ago or currently smoking
- 1-12 months ago
- >12 months ago
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BMI continuous Participant’s BMI, expressed in kg/m?

Vaginal pH (for each visit) = continuous Participant’s vaginal pH measured at visit 1, 2 and 3
Bacterial vaginosis (for categorical Presence of BV related cells
each visit) - No

- Patchy granular; <20% clue cells
- Full granular: >20% clue cells

Cervical length continuous Participant’s cervical length measured at visit 2, expressed in mm
GBS culture categorical Result of recto-vaginal GBS swab, taken at visit 3.
- GBS positive

- GBS negative
- Not known/ sample inconclusive
- GBS swab not taken

Gestational age at continuous The participant’s gestational age at delivery, expressed in weeks
delivery

2.1.2 Selection of ProPreB participants

Based on personal agreement levels (i.e., informed consent) and vaginal pH evaluated during the first visit,
women participating in the ProPreB trial were divided into two control groups. One control group included
women with a vaginal pH below 4.5. No study medication was administered since absence of vaginal lactobacilli
dominance is not expected in these women. A second control group included women with a vaginal pH > 4.5
who did not give consent to use the study medication. The actual study group included women with a vaginal pH
> 4.5 who did give consent to use the study medication. These women were randomly allocated to one of the
different treatment groups. Each of those groups receive a specific treatment combination, ranging from the oral
active product, vaginal active product, oral placebo and vaginal placebo, resulting in four different possible
treatment combinations. Over the entire duration of the trial, both participants and researchers will not be aware
of the allocated treatment groups (i.e., double-blind trial). Since the trial is still ongoing, and thus blinded up to
date, this Master’s thesis will focus on different types of data (incl. questionnaire, clinical and microbiome data)
collected from the control groups. In this Master’s thesis, control group 1 includes women with a vaginal pH
below 4.5 and control group 2 includes women with a vaginal pH > 4.5 without consent to use study medication.

2.1.3 Data analysis and statistical testing

Microbiome data, as well as clinical and questionnaire data, were analysed using the open source program R
within the RStudio platform (version 4.2.3). Microbiome data were explored using the “tidyverse” set of R-
packages and the in-house developed R-package “tidyamplicons” version 0.2.2 (available at
github.com/Swittouck/tidyamplicons). VM profiles were visualised to analyse dynamics throughout pregnancy.
In addition, relative abundances of taxa, as well as alpha diversity throughout the three trimesters of pregnancy
were examined. As measure for alpha diversity within each sample, the inverse Simpson’s diversity index (D-
value) was calculated. D-values were compared among women who delivered at term and preterm for each visit
using the Wilcoxon rank-sum test. Besides, the Wilcoxon signed-rank test with Bonferroni correction was used
to compare D-values between visits for all women. In addition, a Fisher exact test was performed to look for
possible associations between GBS status and sub-CSTs at each visit.

Besides exploring the dynamics of the VM during pregnancy, several statistical tests and analyses were
performed on the clinical data. The Wilcoxon signed-rank test with Bonferroni correction was used to compare
pH values between visits for all women. Subsequently, the Wilcoxon rank-sum test was used to compare the
vaginal pH between women who delivered at term and preterm. In addition, the Fisher exact test and Spearman
correlation coefficient were used to unravel possible associations between PTB, GA at delivery and clinical
parameters such as pH, GBS status, maternal Body Mass Index (BMI), maternal age and cervical length.
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2.2 Studying vertical transmission of the vaginal microbiome

To study vertical transmission of the maternal VM and to examine whether vaginal strains remain present until
daughter’s reproductive-age, vaginal swabs from mother-daughter pairs from the Isala project were analysed.

2.2.1 The Isala project: Isala cohort and citizen-science based study design

The study cohort of the Isala project encompasses 6,007 healthy women aged 18 to 98. All Isala participants
signed an informed consent form to analyse the data retrieved from their vaginal swabs, and to collect extensive
questionnaire data. Two self-collected vaginal swabs were donated by 3,345 participants, including one for 16S
rRNA amplicon sequencing (Copan, eNat®) and one for culturing and metabolomics analyses (Copan, ESwab™)
(39). All swabs were transported at room temperature, with an average transport time of 2.9 +- 3.3 days (59).
The eNat® swab contains a guanidine thiocyanate based medium as transport buffer, which stabilises DNA. This
vaginal swab was used to determine relative taxonomic bacterial abundances, based on 16S rRNA amplicon
sequencing of the V4 region of the 16S rRNA gene. After arrival in the host lab, the ESwab™ containing Amies
medium was vortexed for 15 sec and separated in two aliquots of 500 pL, for culturomics and metabolomics
analyses, respectively. After adding 500 uL glycerol (50%), the aliquot intended for culturomics analyses was
stored at -80°C in a 96-tube Micronic rack. In this Master’s thesis, the aliquot for metabolomics analyses will not
be used.

2.2.2 Selection of Isala participants

Within the Isala cohort, several types of relations were identified, resulting in a total of 115 pairs of two related
participants. The relationships within pairs were defined as follows: mother and daughter (31 pairs), partners (4
pairs), sisters (41 pairs), housemates (20 pairs), and other (19 pairs). In addition, nineteen groups with three or
more related participants were identified.

To analyse vertical transmission of the VM from mother to daughter, a selection of mother-daughter pairs and
groups was made. Pairs with a VM (co-)dominated by the L. crispatus-group (including L. crispatus and closely
related species such as Lactobacillus gallinarum, L. acidophilus, and L. hamsteri) were selected for further
analyses. Bacterial dominance was defined as a relative abundance equal to or higher than 30%. Groups were
selected regardless of L. crispatus-group dominance in their VM. In parallel, for the selected participants, a set
of metadata was retrieved from the extensive questionnaire data, including the participants age, age difference
between mother and daughter, cohabitation status, pregnancy history and daughters’ birth mode. Cohabitation
status was determined based on answers on living situation in the questionnaire (e.g., postal code, number of
house mates).

2.2.3 Culturing conditions

To optimise the isolation of vaginal lactobacilli from vaginal ESwabs of the selected participants, different
laboratory growth media and growth conditions (micro-aerophilic vs. anaerobic) were tested. The composition
of the growth media used in this Master’s thesis is shown in Table 4.
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Table 4: Medium composition of laboratory growth media used in this Master’s thesis. Ingredients and preparation
instructions are shown. Abbreviations are used in following protocol descriptions and thesis parts.

Medium Abbreviation Composition Company
Difco™ Lactobacilli MRS broth - Proteose Peptone No. 3 (10 g/L) Becton, Dickinson and
De Man — Rogosa — - Beef extract (10 g/L) Company
Sharpe Broth - Yeast extract (5 g/L) (BD), Difco

- Dextrose (20 g/L)

- Polysorbate (80 g/L)

- Ammonium Citrate (2 g/L)

- Sodium Acetate (5 g/L)

- Magnesium Sulfate (0.1 g/L)

- Manganese Sulfate (0.05 g/L)
- Dipotassium Phosphate (2 g/L)

- Agar(15g/L)
MRS pH 4.6 + - Composition of MRS broth BD, Difco
Cys broth - Supplemented with 0.3 % L-cysteine before Roth
autoclaving

- Brought to pH 4.6 by adding hydrochloric
acid (1M) before autoclaving

Difco™ Lactobacilli MRS agar - Agar (15 g/L) was added to the composition BD, Difco
De Man — Rogosa — of MRS broth to obtain a solid medium
Sharpe Agar MRS + Cys - Composition MRS agar BD, Difco
agar - Supplemented with 0.3% L-cysteine before Roth
autoclaving
MRS pH 4.6 - Composition of MRS agar BD, Difco
agar - Brought to pH 4.6 by adding hydrochloric
acid (1M) or acetic acid (5M) before
autoclaving
Difco™ Columbia CB agar - Pantone (12 g/L) BD, Difco
Blood Agar Base EH - Bitone H Plus (6 g/L)

- Enzymatic Digest of Animal Tissue (3 g/L)

- Starch (1g/L)

- Sodium Chloride (5 g/L)

- Agar(12g/L)

- Addition of 5% sheep blood (after
autoclaving, right before use)

2.2.4 Culturing vaginal ESwabs and growth evaluation on different laboratory growth
media

Vaginal ESwabs from the selected mothers and daughters were retrieved from the host lab biobank at -80°C. For
each swab, a ten-fold dilution series (from 1:1 up to 1:107) in phosphate-buffered saline (PBS, 1X) was prepared
in total volumes of 200 L in a sterile, flat-bottom 96-well microtiter plate. Subsequently, 50 pL of each dilution
was spotted on a Petridish (20 mL) containing either CB agar or MRS + Cys agar. Sterile glass beads were used to
obtain a homogeneous spread. Subsequently, plates were incubated at 37°C with 5% CO». Growth was evaluated
after each 24 h period.

In addition, the potential of a subculture phase was explored. Therefore, some frozen swab material was
inoculated in 10 mL MRS pH 4.6 + Cys broth, in duplicate. Test tubes were incubated at 37°C with 5% CO: directly
or in an anaerobic jar with anaerobic gas generating sachets (AnaeroGen™ 2.5 L, Thermo Scientific™). Growth
was evaluated after each 24 h period. When microbial growth was observed, the cultured swabs were vortexed
whereafter the optical density (OD) at 600 nm of a ten-fold dilution was measured with a spectrophotometer
(Genesys 20, Thermo Scientific™). First, sterile MRS pH 4.6 + Cys broth was set as blank to take into account a
background signal. After OD measurements, Formula 1 was used to determine an appropriate dilution factor of
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the cultured swabs to obtain a countable plate (i.e., between 30 and 300 colony forming units (CFU)) after
overnight incubation. Subsequently, a ten-fold dilution series in PBS (1X) was prepared, whereafter 50 puL of the
appropriate dilution and of these within a ten-fold difference range were streaked on a Petridish (20 mL),
containing MRS agar, MRS + Cys agar, MRS pH 4.6 agar or CB agar. After drying, the agar plates were incubated
at 37°C with 5% CO.. Growth was evaluated each 24 h.

Formula 1: 0,25 OD600nm = 10° CFU/mL (dilution 1:10) ¢> OD600nm = 4 x 10° CFU/mL (undiluted)
2.2.5 Selection and identification of vaginal isolates from mothers and daughters

Single colonies were picked up from countable agar plates and suspended in Eppendorf PCR tubes containing 15
pL sterile molecular grade water. From this suspension, 10 puL was used for colony polymerase chain reaction
(PCR) using universal amplification primers 27F (5-AGAGTTTGATCMTGGCTCAG-3’, Integrated DNA Technologies)
and 1492R (5'-GGTTACCTTGTTACGACTT-3’, Integrated DNA Technologies), to amplify the complete 16S rRNA
gene. A negative control, including 10 pL of sterile molecular grade water, was included. The remaining
suspension (5 pL) was inoculated in MRS broth and incubated at 37°C with 5% CO: followed by a regular growth
check (each 24 h period). After sufficient bacterial growth was observed, 800 uL of each bacterial culture was
mixed with 800 pL of glycerol (50%) in cryovials. Cryovials were labelled appropriately and stored in the host lab
biobank at -80°C for potential future research purposes.

Subsequently, Eppendorf PCR tubes were heated three times for 1.5 min at 800 W to impair bacterial cell walls
and membranes. Additionally, a PCR master mix was prepared, for each sample and a negative control, including
the ingredients mentioned in Table 5, with 10% extra to account for pipetting bias. Samples were centrifuged 10
sec at 3,000 rpm before adding 14.9 uL of the PCR master mix. All Eppendorf PCR tubes were placed in a PCR
machine (Mastercycler® Eppendorf) and colony PCR was performed according to the program in Table 6.

Table 5: Master mix ingredients for 16S rRNA gene amplification.

Ingredients Volume per sample
10X VWR buffer 2.5 uL
dNTPs (10 mM) 0.5 uL
Forward primer (10 uM) 2.5 uL
Reverse primer (10 uM) 2.5 uL
Taqg polymerase 0.1uL
Molecular grade water 6.8 uL

Table 6: Colony PCR program for 16S rRNA gene amplification.

Step Repetitions Temperature Duration
Denaturation 1 cycle 95°C 2 min
Denaturation 30 cycles 95°C 30 sec
Annealing 58.5°C 30s
Extension 72°C 1 min 30 sec
Final extension 1 cycle 72°C 5 min

Hold 10°C o

Gel electrophoresis was performed to check the success rate of the performed colony PCR. First, a 1% agarose
gel (10 g/L) was made using 750 mg agarose, 75 mlL Tris-acetate EDTA (TAE) buffer (1X) and 7.5 puL
GelRed®(Biotium). For each sample and the negative control, 1 uL of loading dye (6X TriTrack, Thermo
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Scienctific™) was added to 5 pL of PCR product. Subsequently, samples and negative control were loaded on the
agarose gel. Additionally, 3.6 or 6 pL of a reference ladder was loaded (GeneRuler 1 kb, Thermo Scienctific™),
depending on the number of wells in the gel (eight and fifteen, respectively). The gel was run at 120 V for 25 min,
and afterwards visualised with ultra-violet light (Fisher Bioblock Scientific).

Successful PCR products were prepared for Sanger sequencing of the 16S rRNA gene. First, PCR products were
diluted with molecular grade water based on the band brightness after gel electrophoresis (i.e., a proxy for DNA
concentration). Diluted PCR products (10 pL) were loaded in duplicate in a 96-well plate. In parallel a primer plate
was prepared. Therefore, for each PCR product, 10 pL of the forward primer (27F; final concentration 5 uM) and
10 pL of the reverse primer (1492R; final concentration 5 uM) was added. Sequencing was performed by the
Genetic Service Facility of the University of Antwerp. Sequencing data of forward and reverse reads (ab.1 files)
were analysed in Geneious Prime (version 2023.0.4). Sequences were trimmed (error probability of 0.1),
whereafter reading directions were set. Next, reads were de novo assembled. The consensus sequence of each
assembly was analysed in EZBioCloud (available via https://www.ezbiocloud.net/) for species-level identification.
When the assembly of sequences failed, species-level identification was based on the sequence of one read. The
top-hit taxon species identity (%) and completeness of the sequence (%) were retrieved from EZBioCloud and
stored in the host lab online inventory. If the obtained sequences could not be identified using EZBioCloud, the
NCBlI  nucleotide BLAST tool was wused for species-level identification (available via
https://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.2.6 Phylogenetic analysis of 16S rRNA gene sequences

If vaginal isolates from the same species were identified for participants of the same pair or group, these were
selected for phylogenetic analysis of their 16S rRNA gene sequences. To select 16S rRNA consensus sequences
suitable for phylogenetic tree construction in Geneious Prime (version 2023.0.4), a threshold of 1,200 base pairs
was set. Trees were constructed, focussing on the most frequently isolated vaginal species (including L. crispatus,
L. gasseri, L. paragasseri, L. jensenii and Limosilactobacillus reuteri). The reference sequence of the 16S rRNA
gene of each selected species was retrieved from the NCBI nucleotide database (available via
https://www.ncbi.nlm.nih.gov/nuccore). A summary of the used reference strains is shown in Table 7. To
establish homologous positions across the sequences of isolates of a certain species, the Clustal Omega algorithm
was used for multiple alignment of all consensus sequences, including the reference strain. The resulting
alignment was visually checked, unaligned sequences were removed and uneven ends were trimmed to obtain
sequences of equal length. The aligned sequences were then used to build a phylogenetic tree, using the Jukes-
Cantor evolutionary model and the neighbour joining algorithm.

Table 7: Reference strains and accompanying 16S rRNA gene sequences for all species included in the phylogenetic trees.
Data were retrieved from NCBI (https://www.ncbi.nlm.nih.gov/nuccore).

Species Strain Reference sequence nr.
Lactobacillus crispatus ATCC 33820 NR_041800.1
Lactobacillus gasseri ATCC 33323 NR_07051.2
Lactobacillus paragasseri JCM 5343 NR_179257
Lactobacillus jensenii ATCC 25258 NR_025087
Limosilactobacillus reuteri F275 NR_025911.1

2.2.7 Bacterial DNA extraction and whole genome sequencing

A selection of vaginal isolates was made for whole genome sequencing (WGS) performed by the BGI Genomics
Sequencing Service (Shenzhen, China). This selection was made with focus on the most frequently isolated
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Lactobacillus spp. (i.e., L. crispatus, L. jensenii, L. gasseri, L. reuteri), including isolates from the same species for
mother and daughter of the same pair. In preparation of WGS, the selected isolates were streaked on a Petridish
(20 mL) containing MRS agar using the pentagon method to check for pure cultures. Petridishes were incubated
at 37°C with 5% CO.. for 48 h. After incubation, a single colony from each agar plate was inoculated in 10 mL of
MRS broth and incubated overnight at 37°C with 5% CO... After incubation, genomic DNA was extracted according
to an optimised in-house pipeline. First, 1.5 mL overnight culture was transferred to a sterile Eppendorf tube, in
duplicate, whereafter 1.5 puL Ampicillin (100 mg/mL) was added to inactivate the bacteria. The mixture was
incubated for 1 h at 37°C with 5% CO.. After incubation, the culture was centrifuged at 12,000 rpm for 5 min.
Supernatant was removed and the resulting pellet was washed once with 1 mL NaCI-EDTA (30 mM NaCl, 2 mM
ethylene diamine tetra-acetic acid). Subsequently, the two cell pellets were pooled and resuspended in NaCl-
EDTA, followed by two additional wash steps. After the last wash step, the cell pellet was resuspended in 100 uL
NaCl-EDTA. Next, 100 pL lysozyme (10 mg/mL) and 1 uL RNase (20 mg/mL) were added followed by incubation
with periodic shaking (284 rpm) for 1 h at 37°C. Subsequently, 229 pL NaCI-EDTA, 50 pL 10% SDS and 20 pL
proteinase K (20 mg/mL) were added followed by incubation with periodic shaking (250 rpm) for 1 h at 55°C.
After incubation, 200 pL cold protein precipitation solution (containing kalium acetate, glacial acetic acid, distilled
water) was added and Eppendorf tubes were put on ice for 5 min. The obtained mixture was centrifuged for 5
min at 3618 rpm and 4°C, whereafter the supernatant was transferred to a clean Eppendorf tube and centrifuged
for 3 min at 3,618 rpm and 4°C. The supernatant was transferred to a clean Eppendorf tube and 600 pL ice-cold
isopropanol solution was added to precipitate the DNA, after which the mixture was centrifuged for 3 min at
3,618 rpm and 4°C. The supernatant was discarded, whereafter the pellet was washed with fresh 70% ethanol.
The supernatant was again carefully removed and after air-drying, the pellet was dissolved in 50 pL molecular
grade water. The final DNA concentration was measured using the Qubit 3.0 Fluorometer and standard kit
(Invitrogen™ by Life Technologies) according to the manufacturer’s instructions.

Samples with a DNA concentration lower than 10 ng/uL were concentrated, prior to sending them for WGS.
Samples were centrifuged for 20 min at 13,500 rpm, supernatant was removed and the resulting pellet was
dissolved in 100 pL 70% ethanol. The obtained mixture was centrifuged again for 20 min at 13,500 rpm,
supernatant was removed and after air-drying, the pellet was dissolved in molecular grade water to reach a final
DNA concentration above 10 ng/uL. The final DNA concentration was confirmed using the Qubit 3.0 Fluorometer
(Invitrogen™ by Life Technologies). Samples (50 pL or 25 pL depending on the DNA concentration) were then
collected in a 96-well plate and shipped on dry ice. Upon arrival, the sequencing facility checked sample integrity
and assigned a quality label ranging from A to C. Level A means that the sample meets the requirements of library
construction and sequencing, success rate of sequencing is around 93.59%. Level B indicates that the sample
does not totally meet the requirements of library construction and sequencing, resulting in a lower success rate
(88.34%).Level C means that the sample does not meet the requirements of library construction and sequencing
and the success rate is only 70.53%.

2.2.8 Phylogenetic analysis of whole genome sequences

Successfully obtained genome sequences of isolates identified as L. crispatus were processed by the host lab bio-
informaticians. More specifically, upon arrival, the overall quality of the sequences was assessed using CheckM.
Previously available genome sequences of L. crispatus strains of the host lab were included in the following
phylogenetic analysis. Here, sequences were classified using the GTDB-Tk software toolkit (available via
https://github.com/Ecogenomics/GTDBTk). The pangenome of all sequenced isolates was determined using in-
house SCARAP software. Subsequently, all genes with a prevalence of at least 90% were selected. The nucleotide
sequences of these genes were aligned and concatenated into a supermatrix. Finally, a tree was inferred on the
supermatrix, using the General Time Reversable evolutionary model. The tree was midpoint rooted and
visualised with iTol. Additionally, the SNP counts between the genomes of isolates within the same clade were
calculated. The whole-genome alignment tool MUMmer was used for these calculations.
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3 Results

The data and results obtained in this Master’s thesis are presented in this section. In the first part, the dynamics
of the VM throughout the three trimesters of pregnancy were investigated for control groups 1 and 2 of the
ProPreB trial, followed by analyses of clinical data to unravel possible associations with PTB. In the second part,
vertical transmission and persistence of vaginal bacteria were investigated. Hereto, the VM composition and
metadata of a subset of Isala mothers and daughters were assessed first. Subsequently, different culturing
conditions were screened to tailor the bacterial isolation towards vaginal lactobacilli. The obtained bacterial
isolates were identified using 16S rRNA gene sequencing. After identification, phylogenetic analyses were
performed based on the 16S rRNA gene sequences and whole genome sequences.

3.1 Examination of vaginal microbiome dynamics and clinical data throughout
pregnancy

3.1.1 Global assessment and division of the ProPreB cohort

In total, clinical data of 497 participants were available (Figure 4). For the analyses in this Master’s thesis, data
from control group 1 (N = 405) and control group 2 (N = 8) were analysed. Within control group 1 (Figure 4, left
part), the delivery date of 326 women was recorded, including 302 at term and 24 preterm deliveries. Within
control group 2 (Figure 4, middle part), the delivery date of three out of eight women was recorded, including
two at term and one preterm delivery. The actual ProPreB study population (Figure 4, right part) includes 84
women up to date. Among them, the delivery date of 60 women was recorded. In addition, microbiome data
throughout the three trimesters of pregnancy were available for 92 women of control group 1 and fifteen women
of the actual study population. The PTB rate in the population under investigation (i.e., control group 1 and
control group 2) was 7.6%. Within the group of participants of whom microbiome data was used (N = 92), five
women delivered preterm, resulting in a PTB rate of 5.4%.

Clinical data

(N =497)
1
Control group 1 Control group 2
pHvisit 1< 4.5 pHvisit1z 4.5
Not agreed for study medication
(N = 405) (N=8)

No date Delivery at Preterm No date Delivery at Preterm No date Delivery at Preterm
available term delivery available term delivery available term delivery
(N=79) (N=302) (N =24) (N=5) (N=2) (N=1) (N = 24) (N =52) (N=8)

Microbiome data Microbiome data
(N = 92) (N =15)
No date Delivery at Preterm Delivery at term Preterm delivery
available term delivery (N=14) (N=1)
(N=1) (N = 86) (N=5)

Figure 4: Numbers of ProPreB participants with available clinical and/or microbiome data. Participants were divided into
three groups (i.e., control group 1, control group 2 and the actual study population) based on vaginal pH values and recorded
agreement levels at visit 1. Further group divisions were made based on delivery date (including delivery date not available,
delivery at term, preterm delivery). In this Master’s thesis, data from control group 1 and control group 2 were analysed.
Figure made in biorender.com.
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3.1.2 Dynamics of the vaginal microbiome during pregnancy

The VM composition of the ProPreB participants of control group 1 (N = 92) was studied. Microbiome data of the
ProPreB study population was not used since an unknown part of this group received probiotic treatment, which
is expected to modulate their VM composition. Samples were collected at three time points (each trimester)
during pregnancy, which resulted in a total of 276 vaginal swabs. Based on 16S rRNA amplicon sequencing,
relative bacterial abundances were determined at genus level during pregnancy (Figure 5A).
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Figure 5: The dynamics of the VM throughout pregnancy. (A) Relative bacterial abundances in vaginal swabs from ProPreB
participants in control group 1 (N = 92), based on 16S rRNA amplicon sequencing. Vaginal swabs were sampled at three
different timepoints during pregnancy (i.e., visit 1 (6-13 weeks of GA), visit 2 (18-23 weeks of GA) and visit 3 (35-37 weeks of
GA)). Participants that delivered preterm (N = 5) are marked with an asterisk (*). (B) Dynamics of the vaginal microbiome
during pregnancy of the ProPreB participants in control group 1 (N = 92). Sankey diagram visualising the dynamics of the VM
throughout pregnancy (including three visits), based on the most abundant taxon per participant. The percentages represent
the proportion of participants that have a VM dominated by a certain taxon. Legend of panel A is applicable to both panel A
and panel B.
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At visit 1 (6-13 weeks of GA), most women had a VM dominated by the L. crispatus-group (49%), followed by the
L. iners-group (32%). Towards visit 2 (18-23 weeks of GA) and visit 3 (35-37 weeks of GA), the dominant taxa
were shifted in 17 women. In general, the number of participants with a VM dominated by species of the L.
crispatus-group increased towards 50% at visit 2 and 52% at visit 3 (Figure 5B). This results in 50% of all collected
vaginal swabs being dominated by species of the L. crispatus-group. In addition, a VM dominated by the L.
crispatus-group had the highest stability, as 91% of the women with a VM dominated by the L. crispatus-group
at visit 1 preserved this dominance at all visits. Among the women who were dominated by the L. iners-, L.
gasseri- and L. jensenii-groups at visit 1, respectively 75%, 67% and 40% of them had a VM that was still
dominated by the same species group at the following visits. This means that 75% of the included participants
had a VM dominated by the same Lactobacillus spp.-group at all visits. In general, 89% (82/92) of the participants
had a VM dominated by lactobacilli at all visits.

When assessing the total number of identified taxa at each visit as proxy for the overall diversity throughout
pregnancy, a decrease was observed from visit 1 to visit 3. More specifically, at visit 1, visit 2 and 3, a total of
141, 86 and 51 genera were identified, respectively. The most frequently observed taxa among all vaginal swabs
included (in descending order) species from the L. crispatus-group, L. iners-group, L. gasseri-group, L. jensenii-
group, Gardnerella, Prevotella, Peptoniphilus, Anaerococcus, Finegoldia and Staphylococcus. In each collected
vaginal swab, vaginal lactobacilli were present. Species from the L. crispatus-group were most frequently
observed, as they were identified in 93% of samples (258/276) (Table 8).

Table 8: Overview of the ten most frequently detected bacterial taxa in vaginal swabs of control group 1 (N = 92), based
on 16S rRNA amplicon sequencing. The number of vaginal swabs in which these taxa were identified as well as their average
relative abundance per visit are shown. In addition, the total number of vaginal swabs (among all visits) in which these taxa
were identified as well as their average relative abundance (calculated for this subset of swabs) is shown.

Visit 1 Visit 2 Visit 3 All visits
Bacterial Taxa Number of swabs Number of swabs Number of swabs Number of swabs
(average relative (average relative (average relative (average relative
abundance) abundance) abundance) abundance)
L. crispatus-group 86 (39.6%) 84 (42.2%) 88 (36.5%) 258 (39.4%)
L. iners-group 70 (32.8%) 70 (31.5%) 72 (28.0%) 212 (30.8%)
L. gasseri-group 51 (8.2%) 51 (9.9%) 54 (9.0%) 156 (9.1%)
L. jensenii-group 37 (17.1%) 36 (18.6%) 40 (10.4%) 113 (15.2%)
Gardnerella 32 (6.8%) 27 (8.5%) 32 (8.3%) 91 (7.8%)
Prevotella 37 (0.2%) 19 (0.5%) 19 (0.6%) 75 (0.4%)
Peptoniphilus 31(0.1%) 21 (0.06%) 11 (0.06%) 63 (0.08%)
Anaerococcus 33 (0.01%) 17 (0.1%) 7 (0.2%) 56 (0.1%)
Finegoldia 33(0.1%) 15 (0.09%) 4 (0.08%) 52 (0.1%)
Staphylococcus 24 (0.1%) 19 (0.1%) 7 (0.05) 50 (0.1%)

As a measure of bacterial diversity within the VM samples of women in control group 1, alpha diversity was
explored by calculating the inverse Simpson’s diversity index (D-value) (Figure 7A). Average D-values were not
significantly different throughout pregnancy, with values ranging from 1.40, 1.47 and 1.56 at visit 1, 2 and 3,
respectively. In addition, per visit, average D-values were calculated for women who delivered at term (N = 86)
and preterm (N = 5). Among the women who delivered at term, the average D-values were 1.40, 1.47 and 1.54
at visit 1, 2 and 3, respectively. For the women who delivered preterm, average D values were 1.48, 1.61 and
1.97 for each visit respectively. Here, no significant difference in D-values was observed between women who
delivered at term and preterm (Figure 7B). Appendix A Table 1 and 2 provide an overview of the average D-values
and p-values, respectively.
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3.1.3 Vaginal CSTs throughout pregnancy

The dynamics of the VM throughout pregnancy were also assessed based on the CSTs and sub-CSTs assigned to
the vaginal samples according to the VALENCIA algorithm (cfr. Table 1 in section 1.2.2) (60). Over all vaginal swabs
(among all visits) , seven CSTs were identified (Figure 6A). Most vaginal swabs (98%) were assigned to a CST that
is dominated by lactobacilli (i.e., CST I, Il, [ll and V). Throughout all visits, 52% of vaginal swabs were assigned to
CST | (L. crispatus dominated), followed by 30% assigned to CST Ill (L. iners dominated), 10% assigned to CST Il (L.
gasseri dominated) and 5.8% to CST V (L. jensenii dominated). On the other hand CSTs characterized by a higher
abundance of anaerobes, CST IV-A, IV-B and IV-C were assigned to only 1.8% of all vaginal swabs. In addition,
nine out of a total of thirteen possible sub-CSTs were identified (Figure 6B), including CST I-A, CST I-B, CST I, CST
IlI-A, CST llI-B, CST IV-A, CST IV-B, CST IV-C3, and CST V. At sub-CST level, most vaginal swabs were assigned to
CST I-A (46%), followed by CST IlI-A (28%), at all three visits.

A Vaginal CSTs throughout pregnancy (N = 92) B vaginal subCSTs throughout pregnancy (N = 92)
[7%]
4%
=2%
—2%
subCST
CST LA
:| 1B
- I
]
V-A l-A
V-8B D5l -8
V-C V-A
v v-B
] v-ca
v
Visit 1 Visit 2 Visit 3 Visit 1 Visit 2 Visit 3

Figure 6: Dynamics of the vaginal microbiome during pregnancy of the ProPreB participants in control group 1 (N = 92)
based on the assigned CSTs (A) or sub-CSTs (B). Sankey diagram visualising the dynamics of the VM throughout pregnancy
(including three visits), based on the CSTs (A) or sub-CSTs (B) according to the VALENCIA algorithm (60) The percentages
reflect the proportions of participants that have a VM assigned to this particular (sub-)CST. Abbreviations: CST = community
state type.

3.1.4 Vaginal pH throughout pregnancy

To investigate variations in vaginal pH throughout pregnancy and to look for differences between women who
delivered at term and preterm, pH measurements were retrieved from the ProPreB participants in the control
groups (Figure 7C). These data included pH measurements from 413, 310 and 247 women at visit 1, 2 and 3,
respectively. The average pH values measured at visit 1, 2 and 3 were 3.97, 4.03 and 4.10, respectively. pH values
significantly differed between visit 1 and visit 2 (p = 0.0035), and visit 1 and visit 3 (p = 6.50E-08) (Figure 7C).
Among the women who delivered at term, the average pH values were 3.97, 4.03 and 4.10 at visit 1, 2 and 3,
respectively. For the women who delivered preterm, average pH values were 3.98, 4.05 and 4.04 at each visit,
respectively. No significant differences were found when comparing the vaginal pH of women who delivered at
term and preterm (Figure 7D). An overview of the average pH values and p-values is shown in Appendix A Table
3 and Table 4, respectively.
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Figure 7: Diversity (A-B) and vaginal pH (C-D) throughout pregnancy. (A) Inverse Simpson’s diversity index (D-values) values
at each visit for women in control group 1 (N = 92). Wilcoxon signed-rank test with Bonferroni correction was used to compare
all visits. No significant difference in alpha diversity was observed between the different visits. (B) D-values at each visit for
women in control group 1 who delivered at term (N = 86) and preterm (N = 5). Wilcoxon rank-sum test was used to compare
the groups with at term and preterm deliveries. No significant difference was observed in D-values when comparing women
who delivered at term and preterm. (C) Vaginal pH values at each visit for women in control groups 1 and 2. Wilcoxon signed-
rank test with Bonferroni correction was used to compare all visits. The vaginal pH was significantly different between visit 1
and visit 2 (p = 0.0035) and between visit 1 and visit 3 (p = 6.50E-08). (D) Vaginal pH values at each visit for women who
delivered at term and preterm. Wilcoxon rank-sum test was used to compare the groups with at term and preterm deliveries.
No significant difference in vaginal pH values was observed when comparing women who delivered at term and preterm.
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3.1.5 Exploring the associations of several factors with gestational age and preterm birth

In order to explore the potential impact of clinical factors on gestational length, the correlation between GA at
delivery and a series of continuous variables was explored. These continuous variables included, the vaginal pH
at each visit, cervical length in mm (measured at visit 2), maternal BMI and maternal age (both registered at visit
1). For every parameter, a scatter plot was built and the Spearman correlation coefficients (rs) were determined
(Figure 8 A-F). When examining the rs-values describing the correlation between GA at delivery and vaginal pH
at each visit (Figure 8 A-C), maternal BMI (Figure 8D) and maternal age (Figure 8E), values close to 0 were
obtained, suggesting a weak or negligible correlation between GA at delivery and these variables. However, the
significant rs -value describing the correlation between GA at delivery and cervical length indicates a weak
positive correlation (rs=0.1315, p = 0.0303) (Figure 8F).
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Figure 8: The relationship between GA at delivery and several continuous variables. Studied variables are the following:
vaginal pH at each visit (A-C), maternal BMI at visit 1 (D), maternal age at visit 1 (E) and cervical length measured at visit 2
(F). Spearman correlation coefficients (rs) and corresponding p-values are shown on the respective graphs. Abbreviations:
BMI = body mass index, GA = gestational age.

Besides this correlation analysis with continuous variables, the association between the occurrence of PTB and a
series of categorical variables was examined, including GBS status, ‘last time smoked’ and the presence of BV at
each visit (Figure 9). No significant association was observed between PTB and ‘last time smoked’ (p = 1) (Figure
9A) neither between PTB and the presence of BV at any visit (p = 1 for all visits) (Figure 9C-E). However, upon
examining the relationship between PTB and GBS status (Figure 9B), a p-value of 0.0060 was obtained, indicating
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a significant association between GBS status and PTB. In addition, an odd ratio of 6.8897 was calculated, with a
95% confidence interval (Cl) ranging from 1.5024 to 31.6536.
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Figure 9: Overview of smoking condition (A), GBS status (B) and BV condition per visit (C-E) along with their participant
counts. These variables were assessed for their association with PTB. The Fisher’s exact test was used to examine the
significance of association between the aforementioned variables and the occurrence of PTB. The corresponding p-value,
odds ratio and 95% confidence interval (if applicable) are shown on the respective graphs. Abbreviations: BV = bacterial
vaginosis, Cl = confidence interval, GBS = Group B Streptococcus, OR = odds ratio.
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3.1.6 Exploring associations between the vaginal microbiome composition and GBS status

Among participants with available microbiome data and known GBS status in control group 1 (N = 83), 15 women
tested positive for GBS at visit 3, resulting in a GBS positive rate of 18% in this group. The VM composition of the
GBS-positive women (N = 15) was further investigated (Figure 10A). Among them, two women delivered preterm
(13%, indicated by *). At visit 1, 47% of GBS-positive women had a VM assigned to sub-CST IlI-A (L. iners
dominated), followed by 33% of women with a VM assigned to sub-CST I-A (L. crispatus dominated). At visit two,
more GBS positive women had a VM dominated by species of the L. iners-group, reflected by 53% of the vaginal
swabs being assigned to CST IllI-A and 7% to CST IlI-B. The remaining women had a VM dominated assigned to
CST I-A (27%) and CST I-B (13%). At visit 3, no changes were observed regarding the most dominant taxon in the
vaginal samples compared to visit 2. Overall, none of the vaginal samples was assigned to CST IV at any of the
visits (Figure 10B). When determining the prevalence of Streptococcus during pregnancy in women with a
positive GBS status, Streptococcus was only detected in the vaginal swab of one women at visit 3.

Possible associations between GBS status and vaginal sub-CST classification were examined at each visit. The
number of GBS-positive and -negative participants per sub-CST per visit is visualised in Figure 11A-C. No
significant association was observed between the GBS status and the sub-CST classification at visit 1 (p = 0.8199)
and visit 3 (p = 0.0597). Upon examining the relationship between GBS status and the vaginal sub-CST
classification at visit 2, a p-value of 0.0395 was obtained, indicating a significant association between GBS status
and the vaginal sub-CST at this visit.
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Figure 10: The dynamics of the VM throughout pregnancy in GBS positive women. (A) Relative bacterial abundances based
on 16S rRNA amplicon sequencing of vaginal swabs from ProPreB participants in control group 1, who tested positive for GBS
(N = 15). VM composition was assessed at three different timepoints during pregnancy (i.e., visit 1 (6-13 weeks of GA), visit
2 (18-23 weeks of GA) and visit 3 (35-37 weeks of GA)). Participants that delivered preterm (N = 2) are marked with an asterisk
(*). (B) Dynamics of the vaginal microbiome during pregnancy of the ProPreB participants in control group 1, who tested
positive for GBS (N = 15). Sankey diagram visualising the dynamics of the VM throughout pregnancy (including three visits),
based on the sub-CSTs according to the VALENCIA algorithm (60). Percentages reflect the proportion of participants with a
VM assigned to a particular sub-CST. Abbreviations: CST = community state type, GBS = Group B Streptococcus.
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Figure 11: Overview of sub-CST classification along with their participant counts per GBS status, at visit 1 (A), visit 2 (B) and
visit 3 (C). Sub-CSTs were tested for their association with GBS status. This figure includes women from control group 1 who
tested positive (N = 15) or negative for GBS (N = 68). The Fisher’s exact test was used to examine the significance of association.
Corresponding p-values are shown on the graphs. Abbreviations: CST = community state type, GBS = Group B Streptococcus.

3.2 Examination of vertical transmission and persistence of the vaginal
microbiome

3.2.1 Global assessment of the vaginal microbiome composition of the selected lIsala
mothers and daughters

To analyse vertical transmission of the VM, a selection of seven mother-daughter pairs (P1-P7) and two groups
(G8-G9) was made among the Isala participants. The first group (G8) consisted of a grandmother (abbreviated as
GM), her daughter (M) and granddaughter (D). The second group (G9) consisted of a mother (M) with four
daughters (D1-D4). The taxonomic composition of the VM of these selected Isala mothers and daughters was
previously determined based on 16S rRNA amplicon sequencing. The relative bacterial abundances detected
within their vaginal swabs are shown in Figure 12. In addition, metadata of the selected participants (N = 22),
including their age, age difference with mother, birth mode, pregnancy history, menopausal status and
cohabitation status, are summarized in Table 9. The average age of the mothers and daughters was 55.8 years
and 27.3 years, respectively. All of the selected daughters, except two, were born vaginally.
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Figure 12: Relative bacterial abundances based on 16S rRNA amplicon sequencing of vaginal swabs from the selected Isala
mothers and daughters (N = 22). All participants were assigned a specific code, starting with the corresponding pair (P1-P7)
or group number (G8-G9), followed by the type of relationship (M: mother, D: daughter, GM: grandmother). Abbreviations: P
= pair, G = Group, GM = grandmother, M = mother, D = daughter.

Table 9: Overview of a subset of questionnaire data from the selected Isala mothers and daughters (N = 22). A total of seven
mother-daughter pairs (P1-P7) and two groups (G8-G9) were selected. Abbreviations: C-section = Caesarean section, IVF = in
vitro fertilization, PTB = preterm birth, NA: not applicable, P: pair, G: group, GM: grandmother, M: mother, D: daughter.

Participant

code

P1M
P1D
P2M
P2D
P3M
P3D
P4AM

P4D
P5M
P5D
P6M
P6D
P7M
P7D

University of Antwerp
U’ | Faculty of Pharmaceutical, Biomedical
and Veterinary Sciences

Age

47
23
48
18
57
32
68

31
54
22
51
22
49
20

Age
difference
with
mother
24

30

25

37

32

29

29

Birth mode

Vaginal birth
Vaginal birth
Vaginal birth
Vaginal birth
Vaginal birth
Vaginal birth
Vaginal birth

Vaginal birth
Vaginal birth
Vaginal birth
Vaginal birth
Vaginal birth
Vaginal birth
C-section

Pregnancy history

5

0

3 (1 miscarriage)

0

4 (2 miscarriages)

1 (IVF trajectory)

4 (1 miscarriage, 1 PTB)
0

1(PTB)

0

o N O b

Menopause
(ves/no)

No
No
No
No
Yes
No
Yes

No
No
No
Yes
No
No
No

Cohabitation with
mother (yes/no)

NA
No
NA
Yes
NA
No
NA

No
NA
Yes
NA
Yes
NA

Yes

Master thesis | Margo Hiel | 31



G8GM 96 NA Vaginal birth 5 Yes NA

G8M 69 27 Vaginal birth 3 Yes No
G8D 44 25 C-section 2 (1 abortion) No No
G9M 59 NA C-section 10 (4 miscarriages) Yes NA
G9D1 24 35 Vaginal birth 0 No Yes
G9D2 34 25 Vaginal birth 3 (1 miscarriage) No No
G9D3 27 32 Vaginal birth 0 No Yes
G9D4 31 28 Vaginal birth 0 No Yes

3.2.2 Optimisation of culturing conditions for vaginal lactobacilli

For the vaginal ESwabs of the selected participants (N = 22), a culturing campaign was set up. Therefore, different
laboratory growth media and growth conditions were tested to tailor the bacterial isolation towards vaginal
lactobacilli. When directly streaking the diluted vaginal ESwabs of PAM and P4D on CB agar, growth was observed
after 24 h on plates with dilution 102and dilution 1072 to 10 from mother and daughter, respectively. A total of
36 colonies were selected from countable plates (10 for P4AM and 107 for P4D), including twelve from P4M and
24 from P4D. PCR was successful for all selected colonies and Sanger sequencing for 32 colonies. From these
colonies, 92% were identified as Enterococcus faecalis, 4% as Streptococcus agalactiae, and 4% as Enterococcus
dispar (Figure 14A). In addition, when streaking the vaginal ESwabs on MRS + Cys agar, small colonies were
observed on the plates with dilution 10 after 48 h. A total of sixteen colonies was selected, including six colonies
from P4M and ten colonies from P4D. PCR and Sanger sequencing were only successful for the colonies from
P4M. Three colonies were identified as E. faecalis and three as S. agalactiae (Figure 14A). Overall, no vaginal
lactobacilli were identified when using this direct streaking technique on CB agar and MRS + Cys agar for P4.

In a next step, adapted culturing conditions were used to tailor the isolation towards vaginal lactobacilli. More
specifically, the selective potential of a subculture phase was explored. First, the growth of vaginal isolates
retrieved from the host lab biobank was evaluated in MRS pH 4.6 + Cys broth (both in anaerobic and micro-
aerophilic conditions), including some of the identified isolates above. The following bacterial strains were
selected: E. faecalis AMBV2265, S. agalactiae AMBV2307, S. dysgalactioe AMBV2309, Shigella flexneri
AMBV2269, Klebsiella huaxiensis AMBV2301 and L. crispatus AMBV06, AMBV252, AMBV815, and AMBV961.
After 24 h, bacterial growth was observed for all four L. crispatus strains, both in anaerobic and microaerophilic
conditions. In contrast, none of the non-Lactobacillus strains did grow, nor after 72 h (Figure 13).

Enterococcus faecalis e Shigella flexneri Lactobacillus crispatus

Streptococcus dysgalactiae/agalactiae o Klebsiella huaxiensis

Figure 13: Growth evaluation in MRS pH 4.6 + Cys broth of common vaginal isolates. Figure shows evaluation of micro-
aerophilic growth of ten vaginal isolates. Growth was evaluated after 24, 48 and 72 h, respectively.
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Subsequently, the enrichment of this subculture phase towards vaginal lactobacilli was evaluated on different
types of agar (including CB agar, MRS pH 4.6 agar, and MRS agar). Therefore, vaginal ESwabs from P1M and P1D
were first inoculated in MRS pH 4.6 + Cys broth under micro-aerophilic conditions. After 48 h, the appropriate
dilution factors to obtain countable plates were set to 10, 10°and 10 based on OD measurements. After 48 h,
eight, three and sixteen colonies were selected from CB agar, MRS agar and MRS pH 4.6 agar, respectively. After
PCR and Sanger sequencing, five, fifteen and one colonies from CB agar, MRS agar and MRS pH 4.6 agar,
respectively, were successfully identified (Figure 14B). For the colonies obtained from CB agar, 20% was identified
as Staphylococcus aureus, 20% as Staphylococcus coagulans, 20% as Staphylococcus pasteuri, and 40% as
Staphylococcus epidermidis. From MRS agar L. crispatus (36%), L. jensenii (58%) and L. pasteuri (6%) were
isolated, whereas the only isolate from MRS 4.6 agar was identified as L. jensenii (Figure 14B).

A Average isolation frequency per medium B Average isolation frequency per medium after subculture phase

1000 poman 1.00
0.20
) & 0.36
o5 0.50 8075 )
g g 0.20 Species
s . I [ 006 Lactobacillus crispatus
c 0.92 Species s B [ actobacillus fornicalis
2450 B Enterococcus dispar = 0.50 1.00 Ié?cr%b?clﬂus Jjensenii
e i = aphylococcus aureus
3 Stroptocoscus agaictiae 2 WD Staphylococcus coagulans
= o Staphylococcus epidermidis
3 2 0.58 Staphylococeus pasteuri
So.2s 0.50 g%
2 z
&
0.20
0.00 0.04 0.00
CB agar MRS agar MRS pH 4.6 agar

CB agar MRS + Cys agar

Figure 14: Isolation frequencies per medium without (A) and with (B) a subculture phase. (A) The average isolation
frequency after streaking vaginal ESwabs of PAM and P4D on CB agar and MRS + Cys agar. Average isolation frequencies of
different species are calculated for a total of 32 isolates on CB agar and five isolates on MRS + Cys agar. (B) The average
isolation frequency per medium after inoculating vaginal ESwabs of PIM and P1D in MRS pH 4.6 + Cys broth. Average
isolation frequencies of different species are calculated for five isolates on CB agar, fifteen isolates on MRS agar and one
isolate on MRS pH 4.6 agar. Abbreviations: CB = Columbia blood, Cys = cysteine, MRS = De Man — Rogosa — Sharpe, P = pair,
M = mother, D = daughter.

3.2.3 Identification of bacterial isolates from the Isala mothers and daughters

Based on the optimisation steps in the previous section, an optimised experimental pipeline (Figure 15) was
established and implemented for all vaginal ESwabs from the selected participants (N = 22). Of note, since no
growth was observed when applying this pipeline for the vaginal ESwab of P4M, all incubation steps were
performed anaerobically. Table 10 provides an overview of all isolated vaginal lactobacilli per participant per pair
or group, including the taxonomic group they belong to. A total of 258 vaginal lactobacilli were isolated and
identified by Sanger sequencing of their 16S rRNA gene. Appendix B Table 1 gives an overview of the identified
isolates (top-hit), their ‘AMBV’ strain designation (used by the host lab (LAMB) for bacteria isolated from vaginal
(V) ESwabs), their sequence identity and completeness. Isolates were obtained from all participants except P9M,
since the vaginal ESwab of this participant showed no growth in the subculture phase (not anaerobically, nor
micro-aerophilic). In total 22 different bacterial taxa were isolated. The most frequently isolated species was L.
crispatus (N = 74), followed by L. jensenii (N = 64), L. gasseri (N = 32), L. paragasseri (N = 29) and
Limosilactobacillus reuteri (N = 22). Figure 16 gives an overview of the proportions of species that were isolated
from each type of agar (i.e., MRS agar or MRS pH 4.6 agar).
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positive PCR products electrophoresis colony PCR

Figure 15: Optimised experimental pipeline. Figure gives an overview of the optimised experimental pipeline for isolation
and identification of vaginal lactobacilli from ESwabs of Isala mothers and daughters. Figure made in biorender.com.
Abbreviations: Cys = cysteine, MRS = De Man — Rogosa — Sharpe, OD = optical density, PCR = polymerase chain reaction.

Proportions of isolated species per medium

Limosilactobacillus vaginalis (N=4) -
Limosilactobacillus urineamulieris (N=1) -
Limosilactobacillus reuteri (N=22) -
Limosilactobacillus portuensis (N=2) -
Limosilactobacillus kefiranofaciens (N=1) -
Limosilactobacillus fermentum (N = 10) -
Limosilactobacillus fastidiosus (N=1) -
Limosilactobacillus delbruecki subsp. lactis (N=1) -
Limosilactobacillus delbruecki subsp. delbruecki (N =3)
Limosilactobacillus agrestis (N =3)
Levilactobacillus fuyuanensis (N=1)
Lactobacillus taivanensis (N=1) -
Lactobacillus rodentium (N=1) -
Lactobacillus psittaci (N=2) -
Lactobacillus paragasseri (N = 29) -
Lactobacillus jensenii (N = 64) -
Lactobacillus hominis (N=1) -
Lactobacillus helveticus (N=2) -
Lactobacillus gasseri (N=32) -
Lactobacillus fornicalis (N=2) -
Lactobacillus crispatus (N =74) -
Companilactobacillus insicii (N=1) -

000 025 050 075 1.00

Proportion

. MRS agar

MRS pH 4.6 agar

Species

Lull.

Figure 16: Proportions of vaginal isolates (N = 258) per type of agar after a subculture phase in MRS pH 4.6 + Cys broth.
Proportions are based on the total number of species that were isolated per medium (113 for MRS agar and 145 for MRS pH
4.6 agar). Abbreviations: MRS = De Man — Rogosa — Sharpe.
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Table 10: Isolated vaginal lactobacilli from the selected Isala mothers and daughters (N = 22). In total, 258 isolates were
obtained from all pairs and groups. The species names of the vaginal isolates are shown, identified based on their 16s rRNA
sequences (via https://www.ezbiocloud.net/). The number of isolates from a certain species is shown between brackets.
Species are coloured according to the taxonomic group to which they belong. The corresponding legend is shown below.
Abbreviations: GM = grandmother, M = mother, D = daughter.

Pair 1 2 3 4 5 6 7
M L. erispatus (7) L. jensenii(9) L. jensenii(7) L. crispatus (26) L. erispatus (1) L. erispatus (5) L. erispatus (1)
L. psittaci (2) L. reuteri(2) L. reuteri(2) L. jensenii(6)
L. agresitis (2) L. vaginalis (1)
L gasseri(1)
D L. crispatus (1) L. crispatus (4) L. crispatus (1) L. crispatus (14) L. reuteri(8) L. crispatus (7) L. crispatus (6)
L. jensenii(13) L. jensenii(5) L. jensenii(8) L. agrestis (1)

—

L. fornicalis (2) L. kefiranofaciens (1) . fuyuanensis (1)

L. helveticus (1) L. vaginalis (1)
Companilactobacillus
insicii (1)
Group 8 Group 9
GM L. gasseri(12) M /
L. paragasseri (7)
M L.crispatus (1) D Daughter 1 Daughter 2 Daughter 3  Daughter 4
L. gasseri(9) L. jensenii(7) L. delbrueckisubsp. L jensenii(9) L. gasseri(2)
delbruecki(3)
L. paragasseri (6) L. gasseri (6) L. paragasseri(3)
L. delbrueckisubsp. lactis (1)
L. rodentium (1) L. paragasseri(1) L. reuteri(10)
L. fermentum (10)
L. taiwanensis (1) L. helveticus (1) L. vaginalis (2)
L. hominis (1) L. portuensis (2)
D L. paragasseri(12) L. urineamulieris (1)
. el ) L. fastidiosus (1)
Phylogroups:
L. crispatus-group * L. gasseri-group * L. reuteri-group

« L. jensenii-group  + L. delbrueckii-group

3.2.4 Phylogenetic analysis of the 16s rRNA gene sequences of isolated vaginal lactobacilli

To determine the degree of similarity between isolates of mothers and daughters, a phylogenetic analysis was
performed based on 16S rRNA gene sequencing data. In total, the sequences of 128 isolated vaginal lactobacilli
were suitable for phylogenetic analysis. Trees were constructed based on 16S rRNA gene sequences of L.
crispatus, L. jensenii, L. gasseri/L. paragasseri, and L. reuteri isolates. The L. crispatus tree included sequences of
53 isolates and the reference strain. The sequences included in the tree were obtained from isolates of P1M (7),
P1D (1), P4M (17), PAD (14), P6M (3), P6D (5), P7M (1) and P7D (5) (Figure 17). The L. jensenii tree included
sequences from eighteen isolates and the reference strain. The sequences included in this tree were obtained
from isolates of P2M (3), P2D (3), P3M (6), P3D (1), G9D3 (3) and G9D2 (2) (Appendix C Figure 1). The tree
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constructed with sequences of L. gasseri and L. paragasseri isolates included 49 sequences of isolates and two
reference strains (L. gasseri and L. paragasseri). The sequences included in this tree were obtained from isolates
of G8GM (18), G8M (10), G8D (13), G9D1 (4) and G9D4 (4) (Appendix C Figure 2). Finally, the L. reuteri tree was
constructed using eight sequences and the reference strain sequence. The sequences were obtained from
isolates of P5M (2) and P5D (6) (Appendix C Figure 3). In general, among all trees, isolates from the same
participant were more often found within the same clade than isolates from different participants. Moreover, in
the L. crispatus tree, isolates from both mother (P7M AMBV2395) and daughter (P7D AMBV2403) of pair 7 were
found within the same clade. In addition, in the L. gasseri/L. paragasseri tree, isolates from two sisters (G9D1
and G9D4) of pair 9 were observed within the same clade (Appendix C Figure 2).

Phylogenetic tree Lactobacillus crispatus

P1D AMBV2332
— P4D AMBV2555

P6D AMBV2490

ﬂr P4M AMBV2655

P4M AMBV2649
P4M AMBV2650

P4M AMBV2665
PﬁM AMBV2660

M AMBV2646

P4D AMBV2554
P4D AMBV2562
i P6M AMBV2446

P6M AMBV2447

r P4D AMBV2558

P4D AMBV2548
P4D AMBV2556

P4D AMBVY2550

Lactobacillus crispatus type strain
P6D AMBV2409

P6D AMBV2413

P6D AMBV2416

AMBV2463
A’\M BV2474

0.009
Figure 17: Phylogenetic tree of 16S rRNA gene sequences of L. crispatus isolates and the reference strain. This tree includes
52 isolates that were identified as L. crispatus. Isolates are coloured according to the pair or group to which they belong.
'AMBV’ strain designation is used by the host lab (LAMB) for bacteria isolated from vaginal (V) ESwabs. Tree was built with
Geneious Prime (version 2023.0.4). Abbreviations: P = pair, G = group, M = mother, D = daughter.

3.2.5 Phylogenetic analysis of whole genome sequences of isolated vaginal lactobacilli

In this Master’s thesis, a total of 32 vaginal isolates were selected for WGS. After DNA extraction, 24 of these
isolates had a DNA concentration above 10 ng/uL and were sent for WGS. Table 11 gives an overview of the
isolates sent for WGS, and the assigned quality label based on quality control after arrival at the BGI genomic
sequencing facility. Quality level A and B were assigned to 25% and 17% of the isolates, respectively. More than
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half of the isolates that were sent for sequencing were assigned to quality level C (58%), thereby excluding them
from the sequencing run.

From the 24 vaginal isolates sent for WGS, seven L. crispatus genomes were successfully sequenced (Table 11,
indicated with asterisk) and could therefore be added to the pool of 32 already available L. crispatus genomes
vaginal isolates of the host lab. These seven L. crispatus isolates were obtained from the mother and daughter
of pair 6 and pair 7. All these L. crispatus genomes had a completeness higher than 98% and a contamination
smaller than 1%, as assessed during quality control using CheckM. The resulting tree including all 39 L. crispatus
genomes is shown in Figure 18. Sequences from the mother of pair 6 (P6M) were found within the same clade
(Figure 18). Their high similarity is reflected by a difference of 2 SNPs only (Figure 19B). In addition, sequences
from the daughter of pair 6 (P6D) were found within the same clade (Figure 18). Here, SNP analysis revealed a
difference of 13 SNPs (Figure 19B). Interestingly, the sequences of isolates from the mother (P7M) and daughter
(P7D) of pair 7 were found within the same clade as well (Figure 18). The isolates from P7D had an average SNP
count of 49142 with the sequence of the maternal isolate, whereas an average SNP count of 13+0 was observed
for the isolates of P7D

Table 11: Overview of the isolates sent for WGS. This table provides an overview of the AMBV numbers and identified species
(top-hit) of the 24 isolates selected for WGS, the participant from whom they were isolated, extracted DNA concentration, the
sample volume that was sent, and the quality label assigned by the sequencing facility. 'AMBV’ strain designation is used by
the host lab (LAMB) for bacteria isolated from vaginal (V) ESwabs. Isolates that were used to build a phylogenetic tree are
indicated with an asterisk (*). Abbreviations: P = pair, G = group, M = mother, D = daughter.

AMBYV number Top hit species Pair code DNA concentration = Volume sent Quality label
(ng/uL) (ut)

AMBV2332 L. crispatus P1D 40.9 25 C
AMBV2386 L. reuteri P5M 49.1 25 C
AMBV2388 L. crispatus P5M 50 25 C
AMBV2394 L. reuteri P5D 40.3 25 B
AMBV2395* L. crispatus P7M 56 25 A
AMBV2396 L. jensenii P2M 19.3 50 C
AMBV2400* L. crispatus P6M 20.9 50 B
AMBV2403* L. crispatus P7D 42.7 25 A
AMBV2405 L. crispatus P7D 10.7 25 C
AMBV2407* L. crispatus P7D 30.7 25 A
AMBV2413* L. crispatus P6D too high 25 A
AMBV2415* L. crispatus P7D 54 25 A
AMBV2436 L. jensenii P2M 27.4 25 C
AMBV2439 L. jensenii P2M 14.1 50 C
AMBV2441 L. jensenii P2D 20.4 50 C
AMBV2444 L. jensenii P2D 13 50 C
AMBV2446* L. crispatus P6M too high 25 A
AMBV2456 L. gasseri P5M 30 25 B
AMBV2463 L. crispatus P1M too high 25 C
AMBV2465 L. crispatus P1M too high 25 B
AMBV2473 L. jensenii P7M too high 25 C
AMBV2474 L. crispatus P1M too high 25 C
AMBV2478 L. jensenii P2D 39.2 25 C
AMBV2479 L. crispatus P2D 33.7 25 C
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Phylogenetic tree Lactobacillus crispatus (WGS)
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Figure 18: Phylogenetic tree of whole genome sequences of L. crispatus isolates. This tree includes 39 host lab isolates that
were identified as L. crispatus. The coloured isolates are obtained from the selected mothers and daughters. Isolates are
coloured according to the pair or group to which they belong. The isolate indicated with an asterisk (*) was not included in
the phylogenetic tree based on 16S rRNA gene sequences. 'AMBV’ strain designation is used by the host lab (LAMB) for
bacteria isolated from vaginal (V) ESwabs. Tree was built by the host lab bio-informaticians. Abbreviations: WGS = whole
genome sequencing, P = pair, M = mother, D = daughter.
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Figure 19: SNP analysis of whole genome sequences obtained from mother and daughter of pair 6 (A) and pair 7 (B). SNP
counts are shown for pairwise comparisons. 'AMBV’ strain designation is used by the host lab (LAMB) for bacteria isolated
from vaginal (V) ESwabs. Analysis was done by the host lab bio-informaticians. Abbreviations: P = pair, M = mother, D =

daughter.

University of Antwerp
& | Faculty of Pharmaceutical, Biomedical
and Veterinary Sciences

Master thesis | Margo Hiel | 38



4 Discussion

In this section, the results and data obtained in this Master’s thesis will be discussed in perspective of existing
literature, with a focus on the major scientific aims of this Master’s thesis. The first major aim was to characterise
the VM dynamics throughout the three trimesters of pregnancy. The second one was to explore potential clinical
factors that could be associated with PTB. Finally, the third aim was to explore vertical transmission of the VM
from mother to daughter as well as persistence towards reproductive-age, with a particular focus on vaginal
lactobacilli. Hereto, appropriate culturing conditions towards the isolation of vaginal lactobacilli were optimised.

4.1 Composition and dynamics of the vaginal microbiome throughout
pregnancy

In the past decade, different studies have revealed that the VM plays a crucial role in women’s health, as well as
for their children and partners (66, 104, 111, 149). In the general population, most reproductive-age women
have a VM dominated by one or more Lactobacillus spp. This vaginal lactobacilli dominance has been associated
with vaginal health, due to their protective capacities (46, 54-56, 58, 72). In contrast, a non-lactobacilli dominated
VM (also referred to as a dysbiotic VM) could be linked to a number of adverse pregnancy outcomes (including
PTB), and urogenital diseases and infections, including BV, STls, UTls (46, 64-66, 125, 137). However, women with
a VM dominated by anaerobes (including Prevotella, Atopobium, and Dialister) do not necessarily experience
vaginal symptoms or other adverse effects (46, 150). Up until today, it remains to be further elucidated whether
these asymptomatic women are at risk for PTB and whether or not they should be (preventively) treated (71,
151). Moreover, a better understanding of the VM composition and dynamics in pregnant women is needed to
comprehend how the VM can improve or affect the health of mother, partner and newborn (149).

A large number of studies however still focused on non-pregnant women (46, 48, 59, 78) and thus many
knowledge gaps remain considering the dynamics of the VM throughout pregnancy in the general population.
Nevertheless, in recent years, the importance of the VM during pregnancy has been stressed by several studies,
as PTB remains a large health problem worldwide (89, 91, 92, 94, 121, 152, 153). A clear need exists for more
longitudinal studies in order to characterise the dynamics of the VM throughout the different trimesters of
pregnancy. In this Master’s thesis, the VM dynamics during pregnancy were evaluated for 92 participants, being
part of the control group of the ProPreB trial. These women had a vaginal pH below 4.5 at 6-13 weeks of GA and
did not receive any treatment. A longitudinal study design was followed including the collection of vaginal swabs
at three different time points during pregnancy (each trimester); between 6-13 weeks of GA (visit 1), 18-23 weeks
of GA (visit 2) and 35-37 weeks of GA (visit 3), which resulted in a total of 276 collected vaginal swabs.

Among women in this ProPreB control group, the most frequently observed vaginal taxa along all visits belonged
to the L. crispatus-group, followed by the L. iners-group, L. gasseri-group, and L. jensenii-group. Moreover,
vaginal lactobacilli were present in all vaginal swabs during pregnancy, irrespective of their relative abundances.
This is consistent with the findings in a study of Yeruva et al. (2017), who studied the vaginal lactobacilli profile
of 27 pregnant Indian women without vaginal dysbiosis (i.e., having a VM dominated by Lactobacillus spp.) (154).
In that study, L. crispatus was observed in 100%, L. iners in 77%, L. jenseniiin 74% and L. helveticus in 60% of the
samples. More specifically, L. helveticus belongs to the L. crispatus-group (59). Within another study in 64
pregnant Mexican women without vaginal dysbiosis, lactobacilli were present in 98% of the collected vaginal
samples (155). For example, L. acidophilus, which also belongs to the L. crispatus-group, was observed in the VM
of 78% of the analysed samples (59, 155). These reports of high lactobacilli prevalence during pregnancy can be
explained by the accompanying rise in circulating oestrogen during pregnancy (156), as this hormone stimulates
glycogen accumulation in the vaginal epithelial cells favouring growth of vaginal lactobacilli (40, 44, 45). Other
explanations could be an increased endocrine stability and absence of menstrual bleeding (89, 98). In addition,
the women in the ProPreB control group all had a low vaginal pH (below 4.5) at visit 1, which also suggests
dominance of vaginal lactobacilli. These factors might also explain the high relative abundance of vaginal
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lactobacilli during pregnancy within the control group of the ProPreB trial. Species of the L. crispatus-group were
dominant (i.e., relative abundance above 30%) in 50% of the collected vaginal samples. The other highly
abundant taxa included species of the L. iners-, L. gasseri- and L. jensenii-groups. This was reflected as 52% of all
samples being assigned to CST | (L. crispatus dominated), 30% to CST Il (L. iners dominated), 10% to CST Il (L.
gasseri dominated) and 5.8% to CST V (L. jensenii dominated). Several other studies have also shown that L.
crispatus dominates the VM during pregnancy (90, 92, 149). For instance, in a study of MaclIntyre et al. (2014),
samples were collected from 42 pregnant British women at four time points during pregnancy and post-partum
(92). Respectively, 40%, 27%, 9% and 13% of the samples were assigned to CST I, CST IIl, CST Il and CST V. In
contrast, other studies, including African-American participants report that L. iners mostly dominates the VM
during pregnancy (76, 91). This could be explained by the difference in ethnicity of the included women in these
study cohorts. In general, a VM dominated by L. crispatus seems more common in Caucasian women during
pregnancy, while dominance by L. iners is more frequently observed in pregnant women with African ancestry
(74, 76). Within the ProPreB control group, 90% of women self-identified as Caucasian, which aligns with species
of the L. crispatus-group being dominant in 50% of the samples. In general, the microbiome data collected from
this control group confirm that vaginal lactobacilli, and L. crispatus particularly, are frequently observed in
Caucasian women during pregnancy with high relative abundances. Since samples were exclusively collected
during pregnancy, it is however not possible to make comparisons with the VM composition prior to conception.
As a consequence, it remains unclear whether these abundances are higher compared to the period preceding
pregnancy. Possible ways to investigate this could be on one hand the inclusion of prepartum samples, which
however might complicate the ease of recruitment. On the other hand, these abundances could be compared
with a subset of Isala participants within a similar age group.

Besides vaginal lactobacilli, anaerobic bacteria, such as Gardnerella, Prevotella, Peptoniphilus, Anaerococcus, and
Finegoldia, were also detected in the collected swabs. On average, the latter four were present in very low
relative abundances (0.07-0.4%) calculated over all study visits. Within the Isala cohort, comprising 3345 non-
pregnant women, 12% had a VM dominated by Gardnerella and 6% by Prevotella (59). In contrast, within the
ProPreB control group, only 4.7% of all swabs were dominated by Gardnerella and none by Prevotella, suggesting
lower abundances of these anaerobic taxa in pregnant women. Importantly, the size of this study cohort was
much smaller compared to the large Isala cohort. Besides, contrary to the Isala cohort for which vaginal pH
measurements are missing, the ProPreB control participants were selected based on a low vaginal pH (below
4.5), which can also explain the low abundances of these anaerobic taxa and the aforementioned high
abundances of vaginal lactobacilli (40). Another hypothesis could be that anaerobic bacteria decrease in
abundance during pregnancy, or that women with high abundances of anaerobes encounter difficulties to get
pregnant, thus explaining the low number of ProPreB control participants with a VM dominated by anaerobes.
Although, further investigation is needed, such as the inclusion of prepartum samples, to further investigate this
hypothesis. When further classifying the vaginal samples according to CST levels, CST IV-A (dominated by C.
Lachanocurva vaginae and G. vaginalis), IV-B (dominated by G. vaginalis and Atopobium vaginae) and IV-C (low
abundance of G. vaginalis, high abundance of other anaerobes) were assigned to only 1.8% of samples.
Moreover, at visit 3, none of the samples belonged to these CSTs. These data confirm that anaerobic species
were rarely dominant during pregnancy in the ProPreB control group. This observation is in line with the study
of Romero et al. (2014) which also showed significantly lower levels of CST IV-A and IV-B during pregnancy (91).

Upon assessing the VM dynamics during pregnancy in the ProPreB control group, a VM dominated by species of
the L. crispatus-group showed the greatest stability over time. This was reflected in 45% of women having a VM
dominated by species of the L. crispatus-group at each visit. A study of Verstraelen et al. (2009) supports this
observation as they provided evidence that presence of L. crispatus ensures ongoing presence of L. crispatus
(153). Other studies have shown that, in general, the VM during pregnancy is characterised by a greater degree
of stability compared to non-pregnant women (91, 94). This increase in stability is suggested to be caused by the
increased oestrogen levels during pregnancy, but further research is needed to explore this hypothesis (91). The
reported increase in VM stability during pregnancy might play an important role in lowering the susceptibility for
vaginal infections, and might therefore be an evolutionary adaptation to increase reproductive success and
decreased chances for adverse pregnancy outcomes (91, 157). On the other hand, the study of Verstraelen et al.
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(2009) showed that dominance by L. gasseri and/or L. iners was less likely to persist throughout pregnancy, and
more prone to switching to a VM dominated by anaerobes (153). In the ProPreB control group, dominance by
species of the L. gasseri- and L. iners-groups was less likely to persist throughout pregnancy compared to L.
crispatus dominance. However, switches from these dominances to a VM dominated by anaerobes were only
observed in one participant. Probably, this might be attributed to the low prevalence of anaerobes in the ProPreB
control group, possibly due to the inclusion of women with a low vaginal pH. This observation could also be
attributed to the sampling frequency within the ProPreB trial. In this regard, a study of DiGiulio et al. (2015)
collected vaginal samples weekly during pregnancy and investigated the effects of sampling frequency on the
study findings (94). They concluded that sampling less frequently than weekly would have affected the ability to
detect changes in CST IV assigned samples, since CST IV has a persistence time of 2.6 weeks on average (94).
Thus, as a recommendation for future research, a higher sampling frequency could help in further exploring the
dynamics of CST IV assigned vaginal samples.

Throughout all visits, the VM diversity in the studied population remained stable. Moreover, no significant
difference in alpha diversity was observed when comparing all visits. Similarly, Nunn et al. (2021) examined alpha
diversity throughout pregnancy as well as during the postpartum period in 48 American women (99). In that
study, no significant difference in alpha diversity was observed during pregnancy, however a major increase in
diversity as well as a decrease in vaginal lactobacilli was detected in postpartum samples (99). Currently,
longitudinal studies including the postpartum period are rather sparse (92, 99, 149). Nevertheless, the conducted
studies suggest that the VM composition is completely altered during the postpartum period, which can play an
important role in postpartum pathologies (i.e., endometritis and sepsis) (92, 149). To gain better insights in the
effects of this altered VM composition after pregnancy, further research is recommended. A study of Stout et al.
(2017) (117), examining VM diversity in 77 predominantly African-American pregnant women, showed that the
VM diversity remained stable during pregnancy for women who delivered at term (117). In addition, they found
a significant difference in alpha diversity in the first trimester for women who delivered at term and those who
delivered preterm (117). However, within the ProPreB control group, no significant difference in alpha diversity
was observed at any visit between women who delivered at term and preterm. Importantly, the study cohort in
the study of Stout et al. (2017) consisted mainly of women with African-American ancestry with a much higher
rate of PTB (31.5%) compared to the ProPreB control group (PTB rate of 5.4%) (117). Because of a limited study
size in this Master’s thesis as well as a limited PTB rate, possible associations between VM dynamics during
pregnancy and the occurrence of PTB were not further investigated. To this end, a larger study cohort is
recommended to obtain significant results.

4.2 Associations between clinical parameters and preterm birth

Currently, several prevention strategies are available for PTB in women who are at risk (158). Therefore, it is
essential to detect women at risk for PTB as early as possible. Since PTB is known to be influenced by multiple
pathologic processes (126), in this Master’s thesis, a series of clinical factors that are possibly associated with
PTB were investigated. Clinical data from the participants in both control groups of the ProPreB trial (i.e., vaginal
pH below 4.5 and >4.5 in the absence of study medication) were used to investigate possible associations with
PTB. Data collection started in 2017 and is still ongoing to date. In this Master’s thesis, clinical data from 413
women in the ProPreB control groups were analysed. Since data were collected and recorded at various study
sites (UZA and RZ T) by multiple clinicians, this could have led to particular discrepancies. For instance, certain
measurements (e.g., cervical length) were recorded in different units. Besides, an increase in drop-out rate was
observed towards visit 3, thus resulting in an unequal number of data points for all visits. Altogether, these
reasons complicated the statistical analyses. Moreover, in this Master’s thesis, PTB was defined as delivery earlier
than 37 weeks of GA and no further sub-division was made. Several studies however define sub-categories of
PTB, ranging from early PTB (before 32 weeks of GA) to late PTB (before 37 weeks of GA), and other subdivisions
are also used (159, 160). Since only 25 women delivered preterm in the ProPreB control groups, further sub-
divisions would result in small study groups. Comparing findings with other studies was therefore complicated.
Moreover, the limited size of the group of women who delivered preterm might explain why some associations
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were not found within this study cohort. Another limitation of this Master’s thesis includes the lack of
differentiation between spontaneous and induced PTBs (125).

The PTB rate in the ProPreB control groups was 7.6%. This corresponds with the Belgian average PTB rate of
7.96% between 2017 and 2020 (161). In Belgium, a decrease in the number of PTBs was observed from 2019
(8.03%) towards 2020 (7.57%) (161). This decline in PTBs was also reported in other developed countries,
including the Netherlands and several states in the USA (162-164). Studies suggest that this decline in PTBs could
be attributed to the policy measures in response to the COVID-19 pandemic (165-167). Factors that could explain
this decline include a reduction in infections due to increased awareness of personal (e.g., social distancing) and
environmental hygiene (e.g., clean water, housing/school/public place sanitation), reduced air pollution and a
reduction in work-related stress (164, 168). However, other studies observed no difference (169, 170), or even
an increase (171) in PTBs in this period. Nevertheless, the impact of the COVID-19 pandemic on the number of
PTBs is not yet fully understood and remains to be further explored (164). Therefore, when interpreting the
results, it should be taken into consideration that some data of the ProPreB trial were collected during this
pandemic.

Many studies have shown that vaginal dysbiosis has been associated with an increased risk for PTB (94, 106, 172,
173). Therefore, it was examined whether there was an association between the presence of BV in the ProPreB
control groups at any of the visits and the occurrence of PTB. Surprisingly, no association was found. Currently
the gold standard diagnostic tool for BV is the Nugent scoring system, which relies the evaluation of morphotypes
on a Gram-stained vaginal smear (174, 175). A main advantage of the Nugent scoring system, is its high
reproducibility and sensitivity (176). Another frequently used diagnostic tool are the Amsel’s criteria (174).
According to the Amsel’s criteria, BV is identified by presence of at least three of the following criteria: (i)
presence of clue cells on wet mount microscopy,(ii) vaginal pH above 4.5, (iii) presence of vaginal discharge, (iv)
positive whiff test (i.e., fishy odour when 10% potassium hydroxide is added to vaginal discharge) (177). However,
in the ProPreB trial, only the presence of clue cells was used to characterise BV. The ProPreB control group mainly
consisted of women with a pH below 4.5 at visit 1 (N = 405), for 369 of them, the pH remained low at all visits. In
addition, the presence of vaginal discharge was not examined in this study. In future research, it would be
beneficial to include examination of vaginal discharge to possibly improve the BV classification or the Nugent
criteria could be used for diagnosis. Nevertheless, it remains to be further elucidated whether asymptomatic
women with BV are at risk for adverse pregnancy outcomes and whether or not this asymptomatic BV should be
treated (71, 151). Since vaginal dysbiosis itself is often characterised by an increase in vaginal pH (55, 178), vaginal
pH values were compared between women who delivered at term and preterm. Here, no significant differences
were found. In addition, no significant relationship was found between vaginal pH at all three visits and GA at
delivery. These findings were surprising since previous studies have found significant associations between a high
vaginal pH and an increased risk for PTB (179). For example, Hauth et al. (2000) studied vaginal markers in early
pregnancy that could be predictive for PTB, including vaginal pH (179). Based on the vaginal pH measured in the
first or second trimester of pregnancy for 12,041 women, they investigated the differences in PTB rates. In this
study, women with a pH > 5 had an increased risk for PTB (179). These findings suggest that an elevated vaginal
pH in the first or second trimester of pregnancy is an early pregnancy marker for PTB (179). This finding was also
confirmed by another study in 438 pregnant women analysing the vaginal pH in the second trimester of
pregnancy (180). Their study indicated that a vaginal pH above 5 was significantly more predictive for PTB than
a lower vaginal pH (180). Based on these studies, a negative correlation between vaginal pH and GA at delivery
was expected. Since the ProPreB control groups mainly consisted of women with a vaginal pH below 4.5 at the
first visit (N = 405), this probably explains the absence of a significant association between pH and GA at delivery
in this study cohort. For future research a larger study cohorts of pregnant women, including women with a high
vaginal pH and asymptomatic BV is recommended.

Furthermore, a possible correlation between GA at delivery and maternal BMI, maternal age and cervical length
was assessed. Previous studies have provided evidence that these factors affect GA at delivery (181). Firstly,
being underweight (BMI <18.5kg/m?), overweight (BMI 25.0-29.9 kg/m?) or obese (BMI =30 kg/m?) in the pre-
pregnancy period has been shown to increase the risk for PTB (181). Importantly, also maternal age and ethnicity
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seemed to play a role in this association (181). Within the ProPreB control groups, no relation was found between
maternal BMI and GA at delivery. Nevertheless, the association between (pre-)pregnancy BMI and GA remains
to be further explored since many studies remain inconclusive (181). Further studies are required to elucidate
the roles of ethnicity and maternal age and the type of relationship between maternal BMI and GA at delivery.
Secondly, the relationship between advanced maternal age and risk for PTB has been previously addressed by
different studies (182-184). In general, these studies have shown an association between advanced maternal age
and increased risk for PTB. Contrary, within the ProPreB control groups, no relation was found between maternal
age and GA at delivery. It should be noted that it is challenging to study associations between GA at delivery and
variables such as BMI and maternal age, since they are often differently categorised. Therefore, within this
Master’s thesis, these variables were treated as continuous variables, rather than categorical variables.
Moreover, a limitation is that only the monotonic relationship between GA at delivery and the aforementioned
variables was explored. It is possible that other types of relationships exist, although this has to be further
investigated. Thirdly, a short cervical length has already been determined as a risk factor for PTB (185). In line
with the expectations, a weak positive correlation was observed between cervical length at visit 2 during the
second trimester and GA at delivery within the ProPreB control groups. These findings confirm that measurement
of the cervical length is an appropriate screening method to detect women possibly at risk for PTB (158). In
addition, for women with a short cervix (i.e., 10-25mm), some studies have shown that administration of vaginal
progesterone can significantly reduce the PTB rate (186, 187). Nevertheless, it is still necessary to establish an
appropriate cut-off value to determine women at risk and to optimise and streamline measurement methods
(188).

Since several studies in the past have examined the association between the occurrence of PTB and smoking
behaviour (160, 189), the association between these variables was examined. No significant association was
found between the last time a mother had smoked and the occurrence of PTB. Within this ProPreB study cohort,
having smoked in the last 30 days or currently smoking did not show an association with the occurrence of PTB.
This was unexpected, since several studies in the past have shown an impact of smoking on the risk for PTB (160,
190, 191). Importantly, women self-reported their smoking behaviour, which might be influenced by reporting
bias (192, 193) since smoking during pregnancy is socially stigmatised because of reported negative health effects
for both mother and unborn child (160, 194, 195). This stigmatisation could have led to incorrect reporting of
the actual smoking condition by the mother. In addition, the questionnaire did not include questions on passive
smoking, while some studies have suggested that passive smoking could also increase the risk for PTB (189, 196).
Nevertheless, smoking during pregnancy remains strongly discouraged as it causes long-lasting epigenetic
changes, increased risk for adverse pregnancy outcomes and an increased risk for adverse health outcomes
during foetal life and childhood (197). As a recommendation for future research, it could be valuable to include
more questions on smoking behaviour of others within the close surroundings of pregnant women, to get more
insights on how passive smoking affects the newborn.

4.3 Group B streptococci during pregnancy

Streptococcus agalactiae is an opportunistic pathogen, known as Group B Streptococcus (GBS). It colonises the
vagina and/or rectum of approximately 25% of pregnant women (198). Within the VM of the control group of
the ProPreB trial, 16% of the participants had a positive recto-vaginal GBS swab in the third trimester of
pregnancy. This is lower than expected, which might be explained be the high abundances of lactobacilli in the
VM of the women in the control group. As shown in a study of Rénnqvist et al. (2010), women with high
abundances of vaginal lactobacilli are less likely to be a GBS carrier (199). They suggest that lactobacilli might
outcompete the colonization by GBS (199). Colonisation by GBS during pregnancy has been linked to neonatal
infections, including meningitis (200), sepsis and pneumonia (201), and PTB (202). Although there is a widespread
adoption of intrapartum screening and the use of antibiotic prophylaxis for carriers of GBS, there is still need for
improvements to reduce adverse pregnancy and neonatal health outcomes (198). Upon examining the
association between GBS status and the occurrence of PTB in the ProPreB control group, a significant association
(p = 0.0060) was found. Although, some studies have found associations between GBS and the risk for PTB, other
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studies have reported contradictory findings (203). Therefore further research to understand the mechanisms
by which GBS could attribute to a higher risk for PTB is recommended.

In addition, the VM composition of fifteen women who had a positive GBS recto-vaginal swab was examined
more in detail. In the past, only a limited number studies have looked into the link between the VM composition
and GBS colonisation (204-206). In general, these studies indicated that a high abundance of vaginal lactobacilli
lowers vaginal colonisation with GBS (205). In particular, L. crispatus dominance seemed to be the most
protective against GBS colonisation (205). However, a knowledge gap remains on which VM composition might
increase the risk for GBS colonisation. For the women in the ProPreB control group, an association was found
between the VM composition in the second trimester (at visit 2) at sub-CST level and a GBS status. However, a
larger data set is recommended to apply a chi-square test, allowing to see which CST shows an association with
GBS status. Given the impact of GBS colonisation during pregnancy on mother and newborn, and considering
that the VM might be an important determinant for the susceptibility for GBS colonisation, further studies are
strongly advised. Another remarkable finding emerged upon examining the VM composition of GBS positive
women. When looking at the prevalence of streptococci in the VM of these women, species of the Streptococcus
genus were only detected in one women at visit 3. This could mean that streptococci were not present in the
vagina of these women, but originated from the rectum. This could be a possibility, since the rectum is known to
be a major reservoir for GBS (198). Nevertheless, it is more likely that they were present in the VM, but that they
did not get detected within the vaginal swabs. This stresses the importance of collecting rectal samples for GBS
screening.

4.4 Optimised culturing conditions for isolation of lactobacilli from vaginal
swabs

Since vaginal lactobacilli are essential for maintaining a healthy vaginal environment (40) and for the initial
colonization of a newborn (103), these bacteria were of main interest in the culturing campaign set up in this
Master’s thesis to study vertical transmission of vaginal microbiota members from mother to daughter.
Difficulties with isolating oral and faecal lactobacilli were previously reported in literature since these bacteria
only represent a small proportion of the total microbial composition in these niches (207). In contrast to their
low abundances in the gastro-intestinal tract, lactobacilli often comprise more than 70% of the human vaginal
microbiota (51). In this Master’s thesis, isolating lactobacilli from vaginal swabs of pair 4 (both dominated by
Lactobacillus spp.) was however not successful when directly streaking the swabs on CB agar and MRS + Cys agar.
More specifically, this direct streaking technique resulted in the isolation of enterococci and Streptococcus
agalactiae, despite the frequent use of these agar types for the cultivation of lactobacilli (208, 209). Furthermore,
MRS is often supplemented with cysteine since this amino acid enhances the growth of lactobacilli by removing
oxygen present in the agar, thereby supporting a microaerophilic environment which is in favour of these
bacteria (210). In 2020, after sample collection at home, the vaginal swabs were transferred to the host lab by
postal service with varying shipping times. This transport process at room temperature might have affected the
bacterial composition within the swabs. As a result, a culturing bias towards vaginal pathobionts such as
enterococci and streptococci might be introduced, at the expense of lactobacilli, since these are more adapted
to cope with different environments and replicate more rapidly at room temperature (211). Therefore, it was
required to investigate more suitable in vitro culturing conditions to specifically enhance the growth of vaginal
lactobacilli. To this end, the use of a subculture phase in acidified MRS broth supplemented with cysteine (MRS
pH 4.6 + Cys) was implemented. Importantly, MRS + Cys broth was acidified to pH 4.6 to mimic the acidity of the
vaginal environment and incubation at 37°C with 5% CO2 was performed to recreate the microaerophilic
conditions present in the human vagina (212). Implementing this subculture phase was successful to tailor the
bacterial isolation towards vaginal lactobacilli, instead of vaginal pathobionts of genera such as Enterococcus,
Shigella, Klebsiella and Streptococcus (16). It should however be noted that staphylococci were still isolated from
CB agar after subculturing the vaginal swabs of pair 1 at pH 4.6. This is not surprising since staphylococci are able
to grow in a wide pH range, with values ranging from 4 to 10 (213). Besides, this could be explained by the
presence of iron in CB agar, which is known to enhance the growth of staphylococci (214, 215). Surprisingly,
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enterococci and streptococci were not able to grow in this subculture phase, while being known to produce lactic
acid themselves and to adapt to wide pH ranges as well (202, 216, 217). Some studies have been investigating
the response to acid stress of these LAB but mechanistic research is rather limited to date (202). As a result, some
knowledge gaps remain regarding the acidic stress response of these bacteria. Thus, further investigation is
recommended since the mechanisms by which growth of these bacteria in MRS pH 4.6 + Cys broth is inhibited
are unknown. In general, after subculturing the vaginal swabs, it was shown that streaking on both MRS agar and
MRS pH 4.6 agar was suitable for the isolation of vaginal lactobacilli. In contrast to streaking on CB agar, no
staphylococci were observed on these MRS agar types.

By using the optimised culturing protocol including subculture phase, a total of 258 vaginal lactobacilli were
isolated from vaginal swabs of one grandmother, nine mothers and twelve daughters. In descending order, the
most frequently isolated species were L. crispatus, L. jensenii, L. gasseri, L. paragasseri and L. reuteri. Remarkably,
besides the species with the highest relative abundance in the VM of these participants, also isolates from less
abundant species were retrieved. For instance, L. jensenii and L. reuteri were isolated from vaginal swabs, while
L. crispatus had a relative abundance of more than 90% for these swabs. Secondly, L. gasseri and L. paragasseri
were isolated from the grandmother and granddaughter in group 8. However, these taxa were not observed in
the VM profile of the grandmother, and only with a relative abundance of 0.5% in the VM of the granddaughter.
Importantly, based on 16S rRNA gene sequencing, relative bacterial abundances can be determined for a vaginal
sample, which does not provide any information on absolute bacterial cell counts (218). For instance, in case the
L. crispatus-group dominates a particular VM profile, this does not provide information on the absolute
abundance of L. crispatus nor other bacteria within this particular swab (219, 220). If the total bacterial biomass
in a sample is lower compared to other samples, a high relative abundance of a particular taxon in that sample
can still correspond to a lower absolute cell count of this taxon compared to other samples (221). This might
explain the frequent isolation of bacteria other than the dominant one, since these non-dominant bacteria are
probably present in sufficient numbers in the original vaginal swab as well. Here, quantitative PCR (qPCR) can be
used to determine absolute bacterial counts in a sample, however this technique is time intensive and expensive.
Moreover, a separate assay has to be developed for every bacterium present in a diverse sample or species of
interest should be selected, which can result in investigator bias (218). In this respect, species-specific primers
are a useful tool to tailor the isolations towards a particular species. Currently the host lab is working on the
development of such primers by creating a pangenome of sequences of strains of the family Lactobacillaceae.
Based on this pangenome, specific core genes could be selected as species-specific targets to design primers.
This approach is a promising future step to optimise sequencing, identification and quantification of vaginal
lactobacilli. In general, relative abundances obtained by 16S rRNA gene sequencing are certainly valuable to study
the interactions and associations with microbiome associated conditions. Nevertheless, absolute bacterial counts
might be a better predictor for disease risk (218). Therefore, for future experiments, a combination of gPCR and
16S rRNA gene sequencing might be recommended. Another possible explanation for isolating other taxa than
the dominant could be the presence of picking bias, since not all colonies were picked up from the agar plates
for PCR and sanger sequencing.

All identified isolates, except for Levilactobacillus fuyuanensis, were host-adapted strains (i.e., associated with
invertebrate or vertebrate hosts) (222). L. fuyuanensis was isolated from the daughter of pair 5 with a species
identity of 77.11% and a sequence completeness of 67.7%. A species identity below 97%, suggests that this
isolate likely represents another (possibly novel) species or genus (223). Although, it can also be caused by a low
sequencing quality. It is recommended to perform WGS for this isolate to be able to more accurately identify and
classify it compared to 16S rRNA gene sequencing (224). In general, host-adapted vaginal lactobacilli (e.g., L.
crispatus and L. gasseri,) are sensitive to the antibiotic vancomycin. In that regard, MRS supplemented with
vancomycin can be used to tailor the isolation of vaginal lactobacilli towards nomadic strains (i.e., strains that
can be encountered in a variety of different environments), such as Lactiplantibacillus plantarum and
Lacticaseibacillus casei. These species have a higher capacity to adapt themselves to various environments,
contrary to host-adapted strains (225-227). Since MRS supplemented with vancomycin was not used to isolate
vaginal lactobacilli in this Master’s thesis, mainly host-adapted strains were isolated. In general, the optimised
culturing protocol in this Master’s thesis seems to be optimal for isolating host-adapted lactobacilli from vaginal
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swabs. In follow-up research, as an alternative for MRS medium, simulated vaginal fluid can be used to isolate
bacteria from vaginal swabs, as this medium is known to more closely mimic the vaginal microenvironment and
therefore might increase the isolation rate of vaginal lactobacilli compared to MRS (228, 229).

Remarkably, two vaginal swabs (of P4M and P9M) did not show growth upon applying the optimised culturing
protocol. For the mother of pair 4 (P4M), the swab showed growth in the subculture phase in MRS pH 4.6 + Cys,
but not when subsequently streaking it on MRS agar or MRS pH 4.6 agar. This was unexpected since the VM
profile was almost completely dominated by L. crispatus (relative abundance of 95%). However, upon growing
the swab under anaerobic conditions, L. crispatus could be isolated from both MRS agar and MRS pH 4.6 agar.
These observations suggest that L. crispatus can grow both under micro-aerophilic and anaerobic conditions
(212, 227). Secondly, from the mother of group 9, no isolates were obtained since no growth was observed after
subculturing and incubating under micro-aerophilic or anaerobic conditions. It could be that lactobacilli were
hardly present in this vaginal swab. Based on 16S rRNA gene sequencing, a relative abundance of 0.06% and
0.08% was determined for species of the L. crispatus- and L. iners-group, respectively. It was reported that this
mother was in her menopause at the time of sampling, which goes accompanied by a reduction in vaginal
lactobacilli and an increase in anaerobic taxa (157). Her VM profile was dominated by Prevotella. In addition,
Porphyromonas (relative abundance of 2.5%), Peptoniphillus (relative abundance of 6.4%) and other taxa known
to be involved in BV were present. These taxa typically grow under strict anaerobic conditions (230-232).
Moreover, since MRS is a selective medium for lactobacilli but not for anaerobes such as Prevotella, this choice
of medium might also explain the lack of growth. Overall, no L. iners isolates were obtained in this Master’s
thesis, despite L. iners being present in the VM profiles of twelve selected participants. For the mother of pair 7,
the granddaughter of group 8 and the daughter of pair 9, the L. iners-group was even dominant in their VM
profile with relative abundances of 46%, 76% and 66%, respectively. However, it is not surprising that this species
was not isolated, since it is a rather unusual Lactobacillus spp., with a relatively small genome size and variable
Gram morphology, that does not easily show growth on MRS agar (233, 234). Instead, for future experiments,
this species can be isolated from blood agar after incubation under anaerobic conditions, typically with small,
smooth, non-pigmented colonies (234, 235). In addition, New York City broth (NYCIII) supplemented with horse
serum seems to be suitable for cultivating L. iners (232).

4.5 Vertical transmission of the vaginal microbiome from mother to daughter

At birth, a newborn is exposed to a variety of microorganisms for the first time (113). Despite the ongoing debate
on in utero seeding (103, 142, 236), it is known that the maternal microbiome is of major importance for initial
colonisation of a newborn upon delivery and subsequently for a newborn’s health (113). Several studies have
shown that vaginally delivered newborns harbour bacterial communities similar to the microbiota of their
mother (97, 103, 113). These studies however have mainly focussed on the impact of the maternal microbiota
on the development of the infant gut microbiome (104, 144, 237, 238). In more detail, directly following delivery,
maternal skin, vaginal and gut strains were already found in the infant gut (104). The abundance of vaginal and
skin species decreased over time, suggesting that they were only transient inhabitants (104). The maternal gut
strains, however, seemed to persist the longest in the infant, as these bacteria were still highly abundant four
months after delivery (104). Increasing evidence suggests that this vertical transmission of maternal gut
microbiota members is essential for the development of the infant gut microbiome, while the role of the
maternal VM remains unclear (239-241). Up until today, the origin of the VM and the roles of the maternal VM
in its initial colonisation are not yet fully understood. One hypothesis is that vaginal microbiota members, for
example vaginal lactobacilli, are transferred from a mother to a newborn upon delivery. If this hypothesis holds
true, it still remains unclear how these lactobacilli can persist throughout early childhood and pre-menarche until
reproductive-age (44). Therefore this Master’s thesis aimed to further explore this hypothesis based on a
selection of seven pairs and two groups of mothers and daughters from the Isala project. Vaginal isolates from
this subset of mothers and their adult daughters were cultured and sequenced (16S rRNA gene sequencing
and/or WGS) whereafter phylogenetic analysis was performed.
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Upon examining the phylogenetic trees based on 16S rRNA gene sequences, the sequences of one mother’s L.
crispatus isolate and one daughter’s isolate of pair 7 were found within the same clade. For the phylogenetic
tree based on whole genome sequences, the same sequences as well as another daughter isolate of this pair
were found within the same clade. To reveal how closely genetically related these isolates are, a genome-wide
SNP analysis was performed. This analysis revealed the presence of 489 and 493 SNPs between the two daughter
isolates and the mother’s isolate. SNPs are defined as single base differences in DNA between individual
organisms, and are often used to examine genetic diversity and to perform phylogenetic analysis (242). As a
future step in the host lab, the exact genomic location of these SNPs will be determined, using a precise position
tracking pipeline, to possibly support the hypothesis of vertical transmission at birth. In more detail, random
accumulation of SNPs along the genomes allows these SNPs to be used to calculate the in vivo doubling time. On
the other hand, if SNPs are found close together, this could indicate that there have been horizontal gene
transfers (243), which complicates the estimation of the in vivo doubling time. To calculate the in vivo doubling
time based on recombination-filtered SNPs, the same procedure as the study of Bassis et al. (2023) can be used
(147). As such, the in vivo doubling time for L. crispatus can be estimated using the following formula: (mutation
rate)(daughter’s age)(genome length)/(#mutations). However, the mutation rate of L. crispatus in the human
vagina is currently unknown. Although as an alternative, the in vitro mutation rate of L. casei in the absence of
antibiotics (1.0x10™° bp/generation) can be used (147, 226). The study of Bassis et al. (2023) has been assuming
that the isolates arose from a common ancestor and that all mutations are non-convergent (147). Therefore,
they assume that the number of mutations acquired by each isolate equals the number of SNPs between the
mother’s isolate and the daughter’s isolate divided by two. If doubling time would be in a reasonable range
compared to other bacteria in their natural environment (i.e., Escherichia coli (15 hours) and Salmonella enterica
(25 hours)) the observed number of SNPs can be explained by accumulation of independent mutations during
the years of persistence in both mother and daughter since birth (147). Overall, these analyses should elucidate
whether the observed SNPs are accumulated over the daughters life-time (20 years) or that they have occurred
at a later stage in her live, indicating another source.

Notably, the daughter of pair 7 was delivered by C-section, which raises the question whether vertical
transmission of vaginal microbiota at birth did occur. However, currently it is not known whether this was an
elective or an emergency C-section or whether vaginal seeding occurred after delivery. Since an emergency C-
section is known to affect the gut microbiome in a different way compared to an elective one, as there has been
some contact with the vaginal microbiota, this might also be of importance for the VM (241, 244). Moreover, the
practice of vaginal seeding (i.e., wiping the newborn’s mouth, face and skin with the mother’s vaginal secretions
after C-section) has increased in recent years (245). This procedure is also known to affect the composition of
the newborn’s microbiome, and can still support the hypothesis of vertical transmission (246, 247). As a future
step, additional questions on the delivery mode will be asked to the involved participants, to further explore all
possible hypotheses. Overall, within the subset of selected participants, only two daughters were delivered by
C-section. Therefore, the differences in VM composition with vaginally delivered daughters cannot profoundly
be studied in this study cohort. Previous studies have however shown that birth mode can affect the microbial
composition (113, 248). For instance, a study of Dominquez-Bello et al. (2010) showed that upon vaginal delivery,
the first microbial communities in a newborn resemble the mother’s vaginal microbiota (113). On the other hand,
newborns delivered by C-section are more likely to have communities resembling the maternal skin microbiota
(113). These differences can affect further development of the infant’s microbiome as has been shown for the
gut microbiome of newborns delivered by C-section (249). Another recommendation for future research is to
include a higher number of mother-daughter pairs with daughters delivered by C-section.

Although the importance of delivery mode has been stressed by several studies (113, 145), it is also known that
the microbial differences caused by varying birth modes decrease with increasing age of the newborns (103).
This suggests that exposure to external sources (in later life) could be of importance for the composition of the
microbiome (i.e., diet, environment, horizontal transmission) (250). Therefore, several studies also focus on
transmission routes other than vertically (250, 251). For instance within households or social networks,
transmission of microbiota members could also occur. It has been shown that social-interactions (such as
cohabitation) shape the gut microbiome (250, 252). However, up until today, a knowledge gap remains on how

University of Antwerp
l* | Faaty of Pharmaceutcl,Boedicl Master thesis | Margo Hiel | 47

and Veterinary Sciences



social contacts shape the VM. For the selected mothers and daughters in this Master’s thesis, seven daughters
still lived together with their mother at the moment of sampling. Moreover, within group 9, three out of four
sisters lived together with their mother at that time. Vaginal bacterial isolates from two of these sisters were
observed in the same clade of the L. gasseri/L. paragasseri tree based on their 16S rRNA gene sequences,
suggesting that these isolates are very similar. This could indicate that both sisters acquired the same strains
from their environment (e.g., using the same washing machine or eating the same food). However, they could
also have acquired this microbiota member from their mother at birth. Unfortunately, it was not possible to
further explore this latter hypothesis, since no vaginal isolates from the mother were obtained. In addition,
contrary to the available 16S rRNA gene sequences, whole genome sequences of these isolates were not yet
available to perform a more in-depth genome analysis. Although 16S rRNA gene sequences are often used in
bacterial phylogenetics, some limitations are encountered as mentioned by Hassler et al. (2022) (253). Since the
16S rRNA gene has a low rate of nucleotide substitution in general, these sequences do not capture all
evolutionary changes (253). Therefore, future steps include obtaining whole genome sequences from all isolates
of the mothers and daughters to better analyse their genetic relatedness and evolutionary history. In addition,
more research is recommended to explore other routes of transmission of vaginal microbiota members, such as
via the environment, diet, or direct contact (e.g., during intercourse). Investigating these other transmission
routes can provide new insights into the origin of the VM. Since the Isala study cohort also included other pairs
of related participants, such as partners, sisters and housemates, the influence of these relationships on the VM
composition can also be assessed by the host lab in the future. Investigating the vaginal swabs from these
participants is promising to reveal more and novel insights in the effects of cohabitation on the VM composition.

Another noteworthy finding obtained from the phylogenetic analyses was that 16S rRNA gene sequences from
the same participant were often observed within the same clade, which means that they are closely genetically
related. As mentioned before, the use of 16S rRNA gene sequences might be less reliable when comparing
sequences of the same species since this gene generally undergoes limited nucleotide substitutions (253).
However, within the phylogenetic analysis using whole genome sequences, two isolates of the mother of pair 6
clustered together in a clade, similarly for two isolates of her daughter in another clade and for two isolates of
the daughter of pair 7 as well. Here, the number of SNPs was determined to be 2, 13 and 24, respectively. These
observations suggest that these isolates originated from a common ancestor within the lifespan of the respective
participant, suggesting the occurrence of sub-lineage diversification for each of them (254). However, this
observation could also be due to culturing bias, since it might be that some variants are better culturable than
others. Nevertheless, further investigation is required to confirm these hypotheses.
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5 Conclusions

A better understanding of the VM during pregnancy might be a large help in unravelling the pathophysiology of
several adverse pregnancy outcomes, including PTB (94). A considerable amount of studies however still focuses
on characterising the VM in non-pregnant women, which limits the knowledge on the VM dynamics during
pregnancy in the general population (46, 48, 59, 78). Therefore, a first aim of this Master’s thesis was to
characterise the dynamics of the VM throughout pregnancy. Hereto, the VM composition during pregnancy was
examined at tree timepoints (in each trimester) in a cohort of 92 women from the ProPreB control group. It was
shown that most women (89%) had a VM dominated by vaginal lactobacilli at all visits. Especially, a VM
dominated by species from the L. crispatus-group was frequently observed as it accounted for 50% of all collected
vaginal samples. Moreover, a VM dominated by species from the L. crispatus-group showed the highest stability
throughout all visits. On the other hand, a VM dominated by anaerobes (e.g., Gardnerella and Prevotella) was
rarely observed during pregnancy in this cohort. Finally, it was also shown that the overall diversity of the VM
remained stable throughout pregnancy. Overall, the findings in this Master’s thesis contribute to the pool of
available knowledge on the VM dynamics during pregnancy, by providing support for previous findings.
Nevertheless, further research on the VM throughout pregnancy remains of crucial importance, as well as an
exploration of the (possibly) influencing factors such as vaginal pH and ethnicity. In addition, in future studies, it
is highly recommended to focus on both the pre- and postpartum period to get better insights in how the VM
changes at the onset, during and after pregnancy and how this affects both mother and child (102).

Currently, several strategies are available for prevention of PTB in women who are at risk (158). In general, to
guarantee success of these prevention measurements, it is essential to detect women at risk for PTB as early as
possible. Therefore, this Master’s thesis aimed to find associations between several clinical parameters at
multiple time points during pregnancy and the risk for PTB. Hereto, clinical data from 413 ProPreB control
participants was used to perform statistical analyses. Firstly, the performed analyses revealed a significant
correlation between cervical length and GA at delivery, thereby confirming the efficacy of cervical length
measurement as a screening method to detect women at risk for PTB. Secondly, a significant association was
found between GBS status in the third trimester and the occurrence of PTB. In addition, a significant association
was observed between the vaginal composition at sub-CST level in the second trimester and GBS status. This
observation certainly warrants further investigation, as a knowledge gap remains on how the VM composition
influences the risk for GBS colonisation. Although no associations were found between PTB and BV status, vaginal
pH, maternal BMI, maternal age and maternal smoking behaviour, further investigations are definitely
recommended given the limited participant count with preterm delivery. In general, the findings in this Master’s
thesis contribute to the identification of factors to detect women at risk for PTB.

Lastly, vertical transmission of vaginal microbiota members from mother to daughter at birth was explored. For
that purpose, a culturing campaign was set up to isolate vaginal lactobacilli from vaginal swabs of mothers and
daughters from the Isala project. This resulted in an optimised pipeline for isolating vaginal lactobacilli from
vaginal swabs, which is highly relevant for future isolation campaigns. By using this optimised protocol, a total of
258 vaginal lactobacilli were isolated. 16S rRNA gene and whole genome sequences were subsequently used for
phylogenetic analyses to assess the genetic relationship between mother and daughter isolates. In general, based
on this phylogenetic analyses, several interesting findings were obtained. Firstly, L. crispatus isolates from one
mother-daughter pair were observed within the same clade. This daughter was delivered by C-section, thereby
raising questions on the possibility of vertical transfer and stressing the importance of further research. Secondly,
bacterial isolates of two sisters, living together at the moment of sampling, were found within the same clade.
Lastly, it was shown that isolates from the same participant often cluster together within the same clade,
suggesting that they originate from a common bacterial ancestor. All together, these findings provide dedicated
research questions and stress the importance of further research on the origin of the VM and the effects of
different transmission routes.

University of Antwerp
l* | Faaty of Pharmaceutcl,Boedicl Master thesis | Margo Hiel | 49

and Veterinary Sciences



References

1. Sender R, Fuchs S, Milo R. Are We Really Vastly Outnumbered? Revisiting the Ratio of Bacterial to Host
Cells in Humans. Cell. 2016;164(3):337-40.

2. Requena T, Velasco M. The human microbiome in sickness and in health. Revista Clinica Espafiola
(English Edition). 2021;221(4):233-40.

3. Berg G, Rybakova D, Fischer D, Cernava T, Verges M-CC, Charles T, et al. Microbiome definition re-visited:
old concepts and new challenges. Microbiome. 2020;8(1):103.

4. Lloyd-Price J, Abu-Ali G, Huttenhower C. The healthy human microbiome. Genome medicine.
2016;8(1):51.

5. Dominguez-Bello MG, Godoy-Vitorino F, Knight R, Blaser MJ. Role of the microbiome in human
development. Gut. 2019;68(6):1108-14.

6. Thomas S, Izard J, Walsh E, Batich K, Chongsathidkiet P, Clarke G, et al. The Host Microbiome Regulates

and Maintains Human Health: A Primer and Perspective for Non-Microbiologists. Cancer research.
2017;77(8):1783-812.

7. Amabebe E, Anumba DOC. Female Gut and Genital Tract Microbiota-Induced Crosstalk and Differential
Effects of Short-Chain Fatty Acids on Immune Sequelae. Frontiers in immunology. 2020;11:2184.

8. Hornef M. Pathogens, Commensal Symbionts, and Pathobionts: Discovery and Functional Effects on the
Host. ILAR Journal. 2015;56(2):159-62.

9. Eloe-Fadrosh EA, Rasko DA. The human microbiome: from symbiosis to pathogenesis. Annual review of
medicine. 2013;64:145-63.

10. Curtis MM, Sperandio V. A complex relationship: the interaction among symbiotic microbes, invading
pathogens, and their mammalian host. Mucosal Immunology. 2011;4(2):133-8.

11. Manos J. The human microbiome in disease and pathology. APMIS : acta pathologica, microbiologica, et
immunologica Scandinavica. 2022;130(12):690-705.

12. Petersen C, Round JL. Defining dysbiosis and its influence on host immunity and disease. Cellular
microbiology. 2014;16(7):1024-33.

13. Malard F, Dore J, Gaugler B, Mohty M. Introduction to host microbiome symbiosis in health and disease.
Mucosal Immunology. 2021;14(3):547-54.

14. Chandra H, Sharma KK, Tuovinen OH, Sun X, Shukla P. Pathobionts: mechanisms of survival, expansion,
and interaction with host with a focus on <i>Clostridioides difficile</i>. Gut Microbes. 2021;13(1).

15. Hrncir T. Gut Microbiota Dysbiosis: Triggers, Consequences, Diagnostic and Therapeutic Options.

Microorganisms. 2022;10(3).

16. van de Wijgert JHHM, Verwijs MC, Gill AC, Borgdorff H, van der Veer C, Mayaud P. Pathobionts in the
Vaginal Microbiota: Individual Participant Data Meta-Analysis of Three Sequencing Studies. Frontiers in
cellular and infection microbiology. 2020;10.

17. Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace NR. Molecular-phylogenetic
characterization of microbial community imbalances in human inflammatory bowel diseases.
Proceedings of the National Academy of Sciences of the United States of America. 2007;104(34):13780-

5.

18. Jiang H, Ling Z, Zhang Y, Mao H, Ma Z, Yin Y, et al. Altered fecal microbiota composition in patients with
major depressive disorder. Brain, behavior, and immunity. 2015;48:186-94.

19. Hufnagl K, Pali-Scholl I, Roth-Walter F, Jensen-Jarolim E. Dysbiosis of the gut and lung microbiome has a
role in asthma. Seminars in immunopathology. 2020;42(1):75-93.

20. Chen X, Lu Y, Chen T, Li R. The Female Vaginal Microbiome in Health and Bacterial Vaginosis. Frontiers
in cellular and infection microbiology. 2021;11:631972.

21. Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM, Knight R, Gordon JI. The Human Microbiome
Project. Nature. 2007;449(7164):804-10.

22. Proctor LM, Creasy HH, Fettweis JM, Lloyd-Price J, Mahurkar A, Zhou W, et al. The Integrative Human
Microbiome Project. Nature. 2019;569(7758):641-8.

23. Huttenhower C, Gevers D, Knight R, Abubucker S, Badger JH, Chinwalla AT, et al. Structure, function and
diversity of the healthy human microbiome. Nature. 2012;486(7402):207-14.

24. Costello EK, Lauber CL, Hamady M, Fierer N, Gordon JI, Knight R. Bacterial community variation in human
body habitats across space and time. Science (New York, NY). 2009;326(5960):1694-7.

25. Vartoukian SR, Palmer RM, Wade WG. Strategies for culture of ‘unculturable’ bacteria. FEMS

Microbiology Letters. 2010;309(1):1-7.

University of Antwerp
l* |Facu\tyefPharma(euﬂca\,Biomedital Master thesis | Margo Hiel | 50
and Veterinary Sciences



26. Handelsman J. Metagenomics: application of genomics to uncultured microorganisms. Microbiology and
molecular biology reviews : MMBR. 2004;68(4):669-85.

27. Kim BS, Jeon YS, Chun J. Current status and future promise of the human microbiome. Pediatric
gastroenterology, hepatology & nutrition. 2013;16(2):71-9.

28. Marchesi JR, Ravel J. The vocabulary of microbiome research: a proposal. Microbiome. 2015;3(1):31.

29. Thomas AM, Segata N. Multiple levels of the unknown in microbiome research. BMC Biology.
2019;17(1):48.

30. Peterson J, Garges S, Giovanni M, Mclnnes P, Wang L, Schloss JA, et al. The NIH Human Microbiome
Project. Genome research. 2009;19(12):2317-23.

31. Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, et al. A human gut microbial gene catalogue
established by metagenomic sequencing. Nature. 2010;464(7285):59-65.

32. Turnbaugh PJ, Gordon JI. The core gut microbiome, energy balance and obesity. J Physiol. 2009;587(Pt
17):4153-8.

33. Zaura E, Keijser BJ, Huse SM, Crielaard W. Defining the healthy "core microbiome" of oral microbial
communities. BMC microbiology. 2009;9:259.

34, Shafquat A, Joice R, Simmons SL, Huttenhower C. Functional and phylogenetic assembly of microbial
communities in the human microbiome. Trends in Microbiology. 2014;22(5):261-6.

35. Sharon |, Quijada NM, Pasolli E, Fabbrini M, Vitali F, Agamennone V, et al. The Core Human Microbiome:
Does It Exist and How Can We Find It? A Critical Review of the Concept. Nutrients. 2022;14(14).

36. Gupta S, Kakkar V, Bhushan I. Crosstalk between Vaginal Microbiome and Female Health: A review.
Microbial Pathogenesis. 2019;136:103696.

37. Ma B, Forney LJ, Ravel J. Vaginal microbiome: rethinking health and disease. Annual review of
microbiology. 2012;66:371-89.

38. Saraf VS, Sheikh SA, Ahmad A, Gillevet PM, Bokhari H, Javed S. Vaginal microbiome: normalcy vs
dysbiosis. Archives of Microbiology. 2021;203(7):3793-802.

39. Mei Z, Li D. The role of probiotics in vaginal health. Frontiers in cellular and infection microbiology.
2022;12:963868.

40. Amabebe E, Anumba DOC. The Vaginal Microenvironment: The Physiologic Role of Lactobacilli. Frontiers
in medicine. 2018;5:181.

41. Anderson DJ, Marathe J, Pudney J. The structure of the human vaginal stratum corneum and its role in
immune defense. Am J Reprod Immunol. 2014;71(6):618-23.

42. Lehtoranta L, Ala-Jaakkola R, Laitila A, Maukonen J. Healthy Vaginal Microbiota and Influence of
Probiotics Across the Female Life Span. Frontiers in microbiology. 2022;13.

43. Nunn KL, Clair GC, Adkins JN, Engbrecht K, Fillmore T, Forney LJ. Amylases in the Human Vagina.
mSphere. 2020;5(6).

44, France M, Alizadeh M, Brown S, Ma B, Ravel J. Towards a deeper understanding of the vaginal
microbiota. Nature microbiology. 2022;7(3):367-78.

45. Tester R, Al-Ghazzewi FH. Intrinsic and extrinsic carbohydrates in the vagina: A short review on vaginal
glycogen. International Journal of Biological Macromolecules. 2018;112:203-6.

46. Ravel J, Gajer P, Abdo Z, Schneider GM, Koenig SS, McCulle SL, et al. Vaginal microbiome of reproductive-

age women. Proceedings of the National Academy of Sciences of the United States of America. 2011;108
Suppl 1(Suppl 1):4680-7.

47. Nunn KL, Forney LJ. Unraveling the Dynamics of the Human Vaginal Microbiome. The Yale journal of
biology and medicine. 2016;89(3):331-7.
48. Zhou X, Brown CJ, Abdo Z, Davis CC, Hansmann MA, Joyce P, et al. Differences in the composition of

vaginal microbial communities found in healthy Caucasian and black women. The ISME journal.
2007;1(2):121-33.

49. Lash AF, Kaplan B. A Study of Ddérderlein's Vaginal Bacillus. The Journal of Infectious Diseases.
1926;38(4):333-40.

50. Ddderlein A. Das Scheidensekret und seine Bedeutung fiir das Puerperalfieber: BoD—Books on Demand;
2012.

51. Miller EA, Beasley DE, Dunn RR, Archie EA. Lactobacilli Dominance and Vaginal pH: Why Is the Human
Vaginal Microbiome Unique? Frontiers in microbiology. 2016;7:1936.

52. Kovachev S. Defence factors of vaginal lactobacilli. Crit Rev Microbiol. 2018;44(1):31-9.

53. Boris S, Sudrez JE, Vazquez F, Barbés C. Adherence of human vaginal lactobacilli to vaginal epithelial cells

and interaction with uropathogens. Infection and immunity. 1998;66(5):1985-9.

University of Antwerp
l* |Facu\tyefPharma(euﬂca\,Biomedital Master thesis | Margo Hiel | 51
and Veterinary Sciences



54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Boskey ER, Telsch KM, Whaley KJ, Moench TR, Cone RA. Acid production by vaginal flora in vitro is
consistent with the rate and extent of vaginal acidification. Infection and immunity. 1999;67(10):5170-
5.

Aldunate M, Srbinovski D, Hearps AC, Latham CF, Ramsland PA, Gugasyan R, et al. Antimicrobial and
immune modulatory effects of lactic acid and short chain fatty acids produced by vaginal microbiota
associated with eubiosis and bacterial vaginosis. Frontiers in physiology. 2015;6:164.

Saravanan P, R P, Balachander N, K KRS, S S, S R. Anti-inflammatory and wound healing properties of
lactic acid bacteria and its peptides. Folia Microbiol (Praha). 2023:1-17.

Aroutcheva A, Gariti D, Simon M, Shott S, Faro J, Simoes JA, et al. Defense factors of vaginal lactobacilli.
American Journal of Obstetrics and Gynecology. 2001;185(2):375-9.

Cotter PD, Ross RP, Hill C. Bacteriocins — a viable alternative to antibiotics? Nature Reviews
Microbiology. 2013;11(2):95-105.

Lebeer S, Ahannach S, Wittouck S, Gehrmann T, Eilers T, Oerlemans E, et al. Citizen-science map of the
vaginal microbiome2022.

France MT, Ma B, Gajer P, Brown S, Humphrys MS, Holm JB, et al. VALENCIA: a nearest centroid
classification method for vaginal microbial communities based on composition. Microbiome.
2020;8(1):166.

Han Y, Liu Z, Chen T. Role of Vaginal Microbiota Dysbiosis in Gynecological Diseases and the Potential
Interventions. Frontiers in microbiology. 2021;12:643422.

Chee WIJY, Chew SY, Than LTL. Vaginal microbiota and the potential of Lactobacillus derivatives in
maintaining vaginal health. Microb Cell Fact. 2020;19(1):203.

Machado A, Foschi C, Marangoni A. Editorial: Vaginal dysbiosis and biofilms. Frontiers in cellular and
infection microbiology. 2022;12:976057.

Peebles K, Velloza J, Balkus JE, McClelland RS, Barnabas RV. High Global Burden and Costs of Bacterial
Vaginosis: A Systematic Review and Meta-Analysis. Sex Transm Dis. 2019;46(5):304-11.

Gupta K, Stapleton AE, Hooton TM, Roberts PL, Fennell CL, Stamm WE. Inverse association of H202-
producing lactobacilli and vaginal Escherichia coli colonization in women with recurrent urinary tract
infections. J Infect Dis. 1998;178(2):446-50.

Petrova MI, van den Broek M, Balzarini J, Vanderleyden J, Lebeer S. Vaginal microbiota and its role in
HIV transmission and infection. FEMS microbiology reviews. 2013;37(5):762-92.

Brotman RM. Vaginal microbiome and sexually transmitted infections: an epidemiologic perspective.
Journal of Clinical Investigation. 2011;121(12):4610-7.

Thorsen P, Vogel I, Olsen J, Jeune B, Westergaard JG, Jacobsson B, et al. Bacterial vaginosis in early
pregnancy is associated with low birth weight and small for gestational age, but not with spontaneous
preterm birth: a population-based study on Danish women. J Matern Fetal Neonatal Med. 2006;19(1):1-
7.

Bhakta V, Aslam S, Aljaghwani A. Bacterial vaginosis in pregnancy: prevalence and outcomes in a tertiary
care hospital. AfrJ Reprod Health. 2021;25(1):49-55.

Toney JF. 61 - Related Syndromes and Less Common Sexually Transmitted Infections. In: Jong EC, Stevens
DL, editors. Netter’s Infectious Diseases. Philadelphia: W.B. Saunders; 2012. p. 362-70.

Muzny CA, Schwebke JR. Asymptomatic Bacterial Vaginosis: To Treat or Not to Treat? Current infectious
disease reports. 2020;22(12).

Petrova M, Lievens E, Malik S, Imholz N, Lebeer S. Lactobacillus species as biomarkers and agents that
can promote various aspects of vaginal health. Frontiers in physiology. 2015;6:81.

Wissel E, Dunn A, Dunlop A. A Narrative Review on Factors Shaping the Vaginal Microbiome: Role of
Health Behaviors, Clinical Treatments, and Social Factors. 2020.

Fettweis JM, Brooks JP, Serrano MG, Sheth NU, Girerd PH, Edwards DJ, et al. Differences in vaginal
microbiome in African American women versus women of European ancestry. Microbiology (Reading,
England). 2014;160(Pt 10):2272-82.

Holdcroft AM, Ireland DJ, Payne MS. The Vaginal Microbiome in Health and Disease-What Role Do
Common Intimate Hygiene Practices Play? Microorganisms. 2023;11(2).

Serrano MG, Parikh HI, Brooks JP, Edwards DJ, Arodz TJ, Edupuganti L, et al. Racioethnic diversity in the
dynamics of the vaginal microbiome during pregnancy. Nature medicine. 2019;25(6):1001-11.

Gupta VK, Paul S, Dutta C. Geography, Ethnicity or Subsistence-Specific Variations in Human Microbiome
Composition and Diversity. Frontiers in microbiology. 2017;8.

Gajer P, Brotman RM, Bai G, Sakamoto J, Schiitte UM, Zhong X, et al. Temporal dynamics of the human
vaginal microbiota. Science translational medicine. 2012;4(132):132ra52.

University of Antwerp
l* |Facu\tyefPharma(euﬂca\,Biomedital Master thesis | Margo Hiel | 52

and Veterinary Sciences



79. Virtanen S, Rantsi T, Virtanen A, Kervinen K, Nieminen P, Kalliala I, et al. Vaginal Microbiota Composition
Correlates Between Pap Smear Microscopy and Next Generation Sequencing and Associates to
Socioeconomic Status. Scientific reports. 2019;9(1):7750.

80. Auriemma RS, Scairati R, Del Vecchio G, Liccardi A, Verde N, Pirchio R, et al. The Vaginal Microbiome: A
Long Urogenital Colonization Throughout Woman Life. Frontiers in cellular and infection microbiology.
2021;11:686167.

81. Farage M, Maibach H. Lifetime changes in the vulva and vagina. Archives of Gynecology and Obstetrics.
2006;273(4):195-202.

82. Srinivasan S, Liu C, Mitchell CM, Fiedler TL, Thomas KK, Agnew KJ, et al. Temporal variability of human
vaginal bacteria and relationship with bacterial vaginosis. PloS one. 2010;5(4):e10197.

83. Weinberg ED. Iron availability and infection. Biochimica et Biophysica Acta (BBA) - General Subjects.

2009;1790(7):600-5.
84. Jarosik GP, Land CB, Duhon P, Chandler R, Jr., Mercer T. Acquisition of iron by Gardnerella vaginalis.
Infection and immunity. 1998;66(10):5041-7.

85. Gliniewicz K, Schneider GM, Ridenhour BJ, Williams CJ, Song Y, Farage MA, et al. Comparison of the
Vaginal Microbiomes of Premenopausal and Postmenopausal Women. Frontiers in microbiology.
2019;10:193.

86. Takahashi TA, Johnson KM. Menopause. Medical Clinics of North America. 2015;99(3):521-34.

87. Brotman RM, Shardell MD, Gajer P, Fadrosh D, Chang K, Silver MI, et al. Association between the vaginal
microbiota, menopause status, and signs of vulvovaginal atrophy. Menopause. 2014;21(5):450-8.

88. Muhleisen AL, Herbst-Kralovetz MM. Menopause and the vaginal microbiome. Maturitas. 2016;91:42-
50.

89. Gupta P, Singh MP, Goyal K. Diversity of Vaginal Microbiome in Pregnancy: Deciphering the Obscurity.
Frontiers in public health. 2020;8:326.

90. Aagaard K, Riehle K, Ma J, Segata N, Mistretta TA, Coarfa C, et al. A metagenomic approach to
characterization of the vaginal microbiome signature in pregnancy. PloS one. 2012;7(6):e36466.

91. Romero R, Hassan SS, Gajer P, Tarca AL, Fadrosh DW, Nikita L, et al. The composition and stability of the

vaginal microbiota of normal pregnant women is different from that of non-pregnant women.
Microbiome. 2014;2(1):4.

92. Maclintyre DA, Chandiramani M, Lee YS, Kindinger L, Smith A, Angelopoulos N, et al. The vaginal
microbiome during pregnancy and the postpartum period in a European population. Scientific reports.
2015;5:8988.

93. Freitas AC, Chaban B, Bocking A, Rocco M, Yang S, Hill JE, et al. The vaginal microbiome of pregnant

women is less rich and diverse, with lower prevalence of Mollicutes, compared to non-pregnant women.
Scientific reports. 2017;7(1):9212.

94, DiGiulio DB, Callahan BJ, McMurdie PJ, Costello EK, Lyell DJ, Robaczewska A, et al. Temporal and spatial
variation of the human microbiota during pregnancy. Proceedings of the National Academy of Sciences
of the United States of America. 2015;112(35):11060-5.

95. Romero R, Hassan SS, Gajer P, Tarca AL, Fadrosh DW, Bieda J, et al. The vaginal microbiota of pregnant
women who subsequently have spontaneous preterm labor and delivery and those with a normal
delivery at term. Microbiome. 2014;2:18.

96. Li D, Chi XZ, Zhang L, Chen R, Cao JR, Sun XY, et al. Vaginal microbiome analysis of healthy women during
different periods of gestation. Biosci Rep. 2020;40(7).

97. Wang S, Ryan CA, Boyaval P, Dempsey EM, Ross RP, Stanton C. Maternal Vertical Transmission Affecting
Early-life Microbiota Development. Trends in Microbiology. 2020;28(1):28-45.

98. Bayar E, Bennett PR, Chan D, Sykes L, Maclintyre DA. The pregnancy microbiome and preterm birth.
Seminars in immunopathology. 2020;42(4):487-99.

99. Nunn KL, Witkin SS, Schneider GM, Boester A, Nasioudis D, Minis E, et al. Changes in the Vaginal

Microbiome during the Pregnancy to Postpartum Transition. Reproductive sciences (Thousand Oaks,
Calif). 2021;28(7):1996-2005.

100. Li K, Li F, Jaspan H, Nyemba D, Myer L, Aldrovandi G, et al. Changes in the vaginal microbiome during
pregnancy and the postpartum period in South African women: a longitudinal study. Res Sq. 2023.

101. Hendrick V, Altshuler LL, Suri R. Hormonal Changes in the Postpartum and Implications for Postpartum
Depression. Psychosomatics. 1998;39(2):93-101.

102. DiGiulio DB, Callahan BJ, McMurdie PJ, Costello EK, Lyell DJ, Robaczewska A, et al. Temporal and spatial
variation of the human microbiota during pregnancy. Proceedings of the National Academy of Sciences.
2015;112(35):11060-5.

University of Antwerp
l* |Facu\tyefPharma(euﬂca\,Biomedital Master thesis | Margo Hiel | 53
and Veterinary Sciences



103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Xiao L, Zhao F. Microbial transmission, colonisation and succession: from pregnancy to infancy. Gut.
2023;72(4):772-86.

Ferretti P, Pasolli E, Tett A, Asnicar F, Gorfer V, Fedi S, et al. Mother-to-Infant Microbial Transmission
from Different Body Sites Shapes the Developing Infant Gut Microbiome. Cell host & microbe.
2018;24(1):133-45.e5.

Gudnadottir U, Debelius JW, Du J, Hugerth LW, Danielsson H, Schuppe-Koistinen |, et al. The vaginal
microbiome and the risk of preterm birth: a systematic review and network meta-analysis. Scientific
reports. 2022;12(1):7926.

Hillier SL, Nugent RP, Eschenbach DA, Krohn MA, Gibbs RS, Martin DH, et al. Association between
bacterial vaginosis and preterm delivery of a low-birth-weight infant. The Vaginal Infections and
Prematurity Study Group. N Engl J Med. 1995;333(26):1737-42.

Hay PE. Bacterial vaginosis and miscarriage. Curr Opin Infect Dis. 2004;17(1):41-4.

Mania-Pramanik J, Kerkar SC, Salvi VS. Bacterial vaginosis: a cause of infertility? Int J STD AIDS.
2009;20(11):778-81.

Vitale SG, Ferrari F, Ciebiera M, Zgliczyniska M, Rapisarda AMC, Vecchio GM, et al. The Role of Genital
Tract Microbiome in Fertility: A Systematic Review. International journal of molecular sciences.
2021;23(1).

Venneri MA, Franceschini E, Sciarra F, Rosato E, D'Ettorre G, Lenzi A. Human genital tracts microbiota:
dysbiosis crucial for infertility. J Endocrinol Invest. 2022;45(6):1151-60.

Maroufizadeh S, Karimi E, Vesali S, Omani Samani R. Anxiety and depression after failure of assisted
reproductive treatment among patients experiencing infertility. International journal of gynaecology
and obstetrics: the official organ of the International Federation of Gynaecology and Obstetrics.
2015;130(3):253-6.

France MT, Brown SE, Rompalo AM, Brotman RM, Ravel J. Identification of shared bacterial strains in
the vaginal microbiota of related and unrelated reproductive-age mothers and daughters using genome-
resolved metagenomics. PloS one. 2022;17(10):e0275908.

Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G, Fierer N, et al. Delivery mode
shapes the acquisition and structure of the initial microbiota across multiple body habitats in newborns.
Proceedings of the National Academy of Sciences of the United States of America. 2010;107(26):11971-
5.

Korpela K, Costea P, Coelho LP, Kandels-Lewis S, Willemsen G, Boomsma DI, et al. Selective maternal
seeding and environment shape the human gut microbiome. Genome research. 2018;28(4):561-8.

Hou K, Wu Z-X, Chen X-Y, Wang J-Q, Zhang D, Xiao C, et al. Microbiota in health and diseases. Signal
transduction and targeted therapy. 2022;7(1):135.

Gomez de Agliero M, Ganal-Vonarburg SC, Fuhrer T, Rupp S, Uchimura Y, Li H, et al. The maternal
microbiota drives early postnatal innate immune development. Science (New York, NY).
2016;351(6279):1296-302.

Stout MJ, Zhou Y, Wylie KM, Tarr Pl, Macones GA, Tuuli MG. Early pregnancy vaginal microbiome trends
and preterm birth. Am J Obstet Gynecol. 2017;217(3):356.e1-.e18.

WHO: recommended definitions, terminology and format for statistical tables related to the perinatal
period and use of a new certificate for cause of perinatal deaths. Modifications recommended by FIGO
as amended October 14, 1976. Acta Obstet Gynecol Scand. 1977;56(3):247-53.

van de Wijgert JHHM, Jespers V. The global health impact of vaginal dysbiosis. Research in Microbiology.
2017;168(9):859-64.

Fettweis JM, Serrano MG, Brooks JP, Edwards DJ, Girerd PH, Parikh HI, et al. The vaginal microbiome
and preterm birth. Nature medicine. 2019;25(6):1012-21.

WHO. Newborn mortality 2022 [updated 28/02/2022. Available from: https://www.who.int/news-
room/fact-sheets/detail/levels-and-trends-in-child-mortality-report-2021.

Walani SR. Global burden of preterm birth. International journal of gynaecology and obstetrics: the
official organ of the International Federation of Gynaecology and Obstetrics. 2020;150(1):31-3.

Platt MJ. Outcomes in preterm infants. Public Health. 2014;128(5):399-403.

Beam AL, Fried |, Palmer N, Agniel D, Brat G, Fox K, et al. Estimates of healthcare spending for preterm
and low-birthweight infants in a commercially insured population: 2008—2016. Journal of Perinatology.
2020;40(7):1091-9.

Goldenberg RL, Culhane JF, lams JD, Romero R. Epidemiology and causes of preterm birth. Lancet.
2008;371(9606):75-84.

University of Antwerp
l* |Facu\tyefPharma(euﬂca\,Biomedital Master thesis | Margo Hiel | 54

and Veterinary Sciences


https://www.who.int/news-room/fact-sheets/detail/levels-and-trends-in-child-mortality-report-2021
https://www.who.int/news-room/fact-sheets/detail/levels-and-trends-in-child-mortality-report-2021

126. Romero R, Dey SK, Fisher SJ. Preterm labor: One syndrome, many causes. Science (New York, NY).
2014;345(6198):760-5.

127. Romero R, Gomez R, Chaiworapongsa T, Conoscenti G, Cheol Kim J, Mee Kim Y. The role of infection in
preterm labour and delivery. Paediatric and Perinatal Epidemiology. 2001;15(s2):41-56.

128. Romero R, Espinoza J, Gongalves LF, Kusanovic JP, Friel L, Hassan S. The role of inflammation and
infection in preterm birth. Semin Reprod Med. 2007;25(1):21-39.

129. Lamont RF. Infection in the prediction and antibiotics in the prevention of spontaneous preterm labour

and preterm birth. BJOG: An International Journal of Obstetrics & Gynaecology. 2003;110(s20):71-5.

130. Thinkhamrop J, Hofmeyr GJ, Adetoro O, Lumbiganon P, Ota E. Antibiotic prophylaxis during the second
and third trimester to reduce adverse pregnancy outcomes and morbidity. Cochrane Database Syst Rev.
2015;2015(6):Cd002250.

131. Flenady V, Hawley G, Stock OM, Kenyon S, Badawi N. Prophylactic antibiotics for inhibiting preterm
labour with intact membranes. Cochrane Database Syst Rev. 2013(12):Cd000246.

132. Brocklehurst P, Gordon A, Heatley E, Milan SJ. Antibiotics for treating bacterial vaginosis in pregnancy.
Cochrane Database Syst Rev. 2013(1):Cd000262.

133. Hantoushzadeh S, Anvari Aliabad R, Norooznezhad AH. Antibiotics, Inflammation, and Preterm Labor: A
Missed Conclusion. J Inflamm Res. 2020;13:245-54.

134. Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, et al. The International Scientific Association
for Probiotics and Prebiotics consensus statement on the scope and appropriate use of the term
probiotic. Nature Reviews Gastroenterology & Hepatology. 2014;11(8):506-14.

135. Jarde A, Lewis-Mikhael AM, Moayyedi P, Stearns JC, Collins SM, Beyene J, et al. Pregnancy outcomes in
women taking probiotics or prebiotics: a systematic review and meta-analysis. BMC Pregnancy
Childbirth. 2018;18(1):14.

136. Petricevic L, Domig KJ, Nierscher FJ, Sandhofer MJ, Fidesser M, Krondorfer I, et al. Characterisation of
the vaginal Lactobacillus microbiota associated with preterm delivery. Scientific reports. 2014;4:5136.

137. Goodfellow L, Verwijs M, Care A, Sharp A, Ivandic J, Poljak B, et al. Vaginal bacterial load in the second
trimester is associated with early preterm birth recurrence: a nested case—control study. BJOG: An
International Journal of Obstetrics & Gynaecology. 2021;128(13):2061-72.

138. Di Simone N, Santamaria Ortiz A, Specchia M, Tersigni C, Villa P, Gasbarrini A, et al. Recent Insights on
the Maternal Microbiota: Impact on Pregnancy Outcomes. Frontiers in immunology. 2020;11:528202.

139. Hourigan SK, Dominguez-Bello MG. Microbial seeding in early life. Cell host & microbe. 2023;31(3):331-
3.

140. Koren O, Goodrich JK, Cullender TC, Spor A, Laitinen K, Backhed HK, et al. Host remodeling of the gut
microbiome and metabolic changes during pregnancy. Cell. 2012;150(3):470-80.

141. Codagnone MG, Spichak S, O'Mahony SM, O'Leary OF, Clarke G, Stanton C, et al. Programming Bugs:
Microbiota and the Developmental Origins of Brain Health and Disease. Biol Psychiatry. 2019;85(2):150-
63.

142. Perez-Mufioz ME, Arrieta MC, Ramer-Tait AE, Walter J. A critical assessment of the "sterile womb" and
"in utero colonization" hypotheses: implications for research on the pioneer infant microbiome.
Microbiome. 2017;5(1):48.

143. Kennedy KM, de Goffau MC, Perez-Mufioz ME, Arrieta M-C, Backhed F, Bork P, et al. Questioning the
fetal microbiome illustrates pitfalls of low-biomass microbial studies. Nature. 2023;613(7945):639-49.

144, Asnicar F, Manara S, Zolfo M, Truong DT, Scholz M, Armanini F, et al. Studying Vertical Microbiome
Transmission from Mothers to Infants by Strain-Level Metagenomic Profiling. mSystems. 2017;2(1).

145. Biasucci G, Rubini M, Riboni S, Morelli L, Bessi E, Retetangos C. Mode of delivery affects the bacterial
community in the newborn gut. Early Hum Dev. 2010;86 Suppl 1:13-5.

146. Tamburini S, Shen N, Wu HC, Clemente JC. The microbiome in early life: implications for health
outcomes. Nature medicine. 2016;22(7):713-22.

147. Bassis CM, Bullock KA, Sack DE, Saund K, Pirani A, Snitkin ES, et al. Vaginal microbiota of adolescents and
their mothers: A preliminary study of vertical transmission and persistence. bioRxiv. 2022:768598.

148. Xiaoming W, Jing L, Yuchen P, Huili L, Miao Z, Jing S. Characteristics of the vaginal microbiomes in
prepubertal girls with and without vulvovaginitis. European journal of clinical microbiology & infectious
diseases : official publication of the European Society of Clinical Microbiology. 2021;40(6):1253-61.

149. Baud A, Hillion K-H, Plainvert C, Tessier V, Tazi A, Mandelbrot L, et al. Microbial diversity in the vaginal
microbiota and its link to pregnancy outcomes. Scientific reports. 2023;13(1):9061.

150. Forney LJ, Foster JA, Ledger W. The Vaginal Flora of Healthy Women Is Not Always Dominated by
Lactobacillus Species. The Journal of Infectious Diseases. 2006;194(10):1468-9.

University of Antwerp
l* |Facu\tyefPharma(euﬂca\,Biomedital Master thesis | Margo Hiel | 55
and Veterinary Sciences



151. Nygren P, Fu R, Freeman M, Bougatsos C, Klebanoff M, Guise JM. Evidence on the benefits and harms
of screening and treating pregnant women who are asymptomatic for bacterial vaginosis: an update
review for the U.S. Preventive Services Task Force. Ann Intern Med. 2008;148(3):220-33.

152. The Integrative Human Microbiome Project: dynamic analysis of microbiome-host omics profiles during
periods of human health and disease. Cell host & microbe. 2014;16(3):276-89.

153. Verstraelen H, Verhelst R, Claeys G, De Backer E, Temmerman M, Vaneechoutte M. Longitudinal analysis
of the vaginal microflora in pregnancy suggests that L. crispatus promotes the stability of the normal
vaginal microflora and that L. gasseri and/or L. iners are more conducive to the occurrence of abnormal
vaginal microflora. BMC microbiology. 2009;9(1):116.

154. Yeruva T, Rajkumar H, Donugama V. Vaginal lactobacilli profile in pregnant women with normal &
abnormal vaginal flora. Indian J Med Res. 2017;146(4):534-40.

155. Hernandez-Rodriguez C, Romero-Gonzdlez R, Albani-Campanario M, Figueroa-Damian R, Meraz-Cruz N,
Hernandez-Guerrero C. Vaginal microbiota of healthy pregnant Mexican women is constituted by four
Lactobacillus species and several vaginosis-associated bacteria. Infect Dis Obstet Gynecol.
2011;2011:851485.

156. Roy EJ, Mackay R. The concentration of oestrogens in blood during pregnancy. J Obstet Gynaecol Br
Emp. 1962;69:13-7.

157. Greenbaum S, Greenbaum G, Moran-Gilad J, Weintraub AY. Ecological dynamics of the vaginal
microbiome in relation to health and disease. American Journal of Obstetrics and Gynecology.
2019;220(4):324-35.

158. Son M, Miller ES. Predicting preterm birth: Cervical length and fetal fibronectin. Semin Perinatol.
2017;41(8):445-51.

159. Kramer MS, Papageorghiou A, Culhane J, Bhutta Z, Goldenberg RL, Gravett M, et al. Challenges in
defining and classifying the preterm birth syndrome. Am J Obstet Gynecol. 2012;206(2):108-12.

160. Kyrklund-Blomberg NB, Cnattingius S. Preterm birth and maternal smoking: risks related to gestational
age and onset of delivery. Am J Obstet Gynecol. 1998;179(4):1051-5.

161. Statbel. Daling van het geboortecijfer in 2020 2022 [updated 19/09/2022. Available from:
https://statbel.fgov.be/nl/nieuws/daling-van-het-geboortecijfer-2020.

162. Rolnik DL, Matheson A, Liu Y, Chu S, McGannon C, Mulcahy B, et al. Impact of COVID-19 pandemic
restrictions on pregnancy duration and outcome in Melbourne, Australia. Ultrasound Obstet Gynecol.
2021;58(5):677-87.

163. Klumper J, Kazemier BM, Been JV, Bloemenkamp KWM, de Boer MA, Erwich J, et al. Association between
COVID-19 lockdown measures and the incidence of iatrogenic versus spontaneous very preterm births
in the Netherlands: a retrospective study. BMC Pregnancy Childbirth. 2021;21(1):767.

164. Dehaene |, Van Holsbeke C, Roelens K, van Oostrum NNVH, Nulens K, Smets K, et al. Preterm birth during
the COVID-19 pandemic: more, less, or just the same? Acta Clinica Belgica. 2023;78(2):140-59.

165. Dench D, Joyce T, Minkoff H. United States Preterm Birth Rate and COVID-19. Pediatrics. 2022;149(5).

166. Yao XD, Zhu LJ, Yin J, Wen J. Impacts of COVID-19 pandemic on preterm birth: a systematic review and
meta-analysis. Public Health. 2022;213:127-34.

167. Been JV, Burgos Ochoa L, Bertens LCM, Schoenmakers S, Steegers EAP, Reiss IKM. Impact of COVID-19
mitigation measures on the incidence of preterm birth: a national quasi-experimental study. Lancet
Public Health. 2020;5(11):e604-e11.

168. Arun Babu T, Sharmila V, Vishnu Bhat B. Curious scenario of changes in incidence of preterm births
during COVID-19 pandemic. Pointers for future research? European journal of obstetrics, gynecology,
and reproductive biology. 2020;253:333-4.

169. Wood R, Sinnott C, Goldfarb I, Clapp M, McElrath T, Little S. Preterm Birth During the Coronavirus
Disease 2019 (COVID-19) Pandemic in a Large Hospital System in the United States. Obstet Gynecol.
2021;137(3):403-4.

170. Arnaez J, Ochoa-Sangrador C, Caserio S, Gutiérrez EP, Jiménez MDP, Castafon L, et al. Lack of changes
in preterm delivery and stillbirths during COVID-19 lockdown in a European region. Eur J Pediatr.
2021;180(6):1997-2002.

171. Kc A, Gurung R, Kinney MV, Sunny AK, Moinuddin M, Basnet O, et al. Effect of the COVID-19 pandemic
response on intrapartum care, stillbirth, and neonatal mortality outcomes in Nepal: a prospective
observational study. Lancet Glob Health. 2020;8(10):e1273-e81.

172. Bennett PR, Brown RG, MacIntyre DA. Vaginal Microbiome in Preterm Rupture of Membranes. Obstet
Gynecol Clin North Am. 2020;47(4):503-21.

University of Antwerp
l* |Facu\tyefPharma(euﬂca\,Biomedital Master thesis | Margo Hiel | 56
and Veterinary Sciences


https://statbel.fgov.be/nl/nieuws/daling-van-het-geboortecijfer-2020

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Donders GG, Van Calsteren K, Bellen G, Reybrouck R, Van den Bosch T, Riphagen |, et al. Predictive value
for preterm birth of abnormal vaginal flora, bacterial vaginosis and aerobic vaginitis during the first
trimester of pregnancy. Bjog. 2009;116(10):1315-24.

Abou Chacra L, Fenollar F, Diop K. Bacterial Vaginosis: What Do We Currently Know? Frontiers in cellular
and infection microbiology. 2021;11:672429.

Nugent RP, Krohn MA, Hillier SL. Reliability of diagnosing bacterial vaginosis is improved by a
standardized method of gram stain interpretation. J Clin Microbiol. 1991;29(2):297-301.

Bhujel R, Mishra SK, Yadav SK, Bista KD, Parajuli K. Comparative study of Amsel’s criteria and Nugent
scoring for diagnosis of bacterial vaginosis in a tertiary care hospital, Nepal. BMC Infectious Diseases.
2021;21(1):825.

Amsel R, Totten PA, Spiegel CA, Chen KC, Eschenbach D, Holmes KK. Nonspecific vaginitis. Diagnostic
criteria and microbial and epidemiologic associations. Am J Med. 1983;74(1):14-22.

Ceccarani C, Foschi C, Parolin C, D'Antuono A, Gaspari V, Consolandi C, et al. Diversity of vaginal
microbiome and metabolome during genital infections. Scientific reports. 2019;9(1):14095.

Hauth JC, MacPherson C, Carey JC, Klebanoff MA, Hillier SL, Ernest JM, et al. Early pregnancy threshold
vaginal pH and Gram stain scores predictive of subsequent preterm birth in asymptomatic women.
American Journal of Obstetrics and Gynecology. 2003;188(3):831-5.

Foroozanfard F, Tabasi Z, Mesdaghinia E, Sehat M, Mehrdad M. Cervical length versus vaginal PH in the
second trimester as preterm birth predictor. Pak J Med Sci. 2015;31(2):374-8.

LiuB, Xu G, SunY, DuY, Gao R, Snetselaar LG, et al. Association between maternal pre-pregnancy obesity
and preterm birth according to maternal age and race or ethnicity: a population-based study. Lancet
Diabetes Endocrinol. 2019;7(9):707-14.

Waldenstrém U, Cnattingius S, Vixner L, Norman M. Advanced maternal age increases the risk of very
preterm birth, irrespective of parity: a population-based register study. BJOG: An International Journal
of Obstetrics & Gynaecology. 2017;124(8):1235-44.

Fuchs F, Monet B, Ducruet T, Chaillet N, Audibert F. Effect of maternal age on the risk of preterm birth:
A large cohort study. PloS one. 2018;13(1):e0191002.

Saccone G, Gragnano E, llardi B, Marrone V, Strina |, Venturella R, et al. Maternal and perinatal
complications according to maternal age: A systematic review and meta-analysis. International journal
of gynaecology and obstetrics: the official organ of the International Federation of Gynaecology and
Obstetrics. 2022;159(1):43-55.

lams JD, Goldenberg RL, Meis PJ, Mercer BM, Moawad A, Das A, et al. The length of the cervix and the
risk of spontaneous premature delivery. National Institute of Child Health and Human Development
Maternal Fetal Medicine Unit Network. N Engl J Med. 1996;334(9):567-72.

Hassan SS, Romero R, Vidyadhari D, Fusey S, Baxter JK, Khandelwal M, et al. Vaginal progesterone
reduces the rate of preterm birth in women with a sonographic short cervix: a multicenter, randomized,
double-blind, placebo-controlled trial. Ultrasound Obstet Gynecol. 2011;38(1):18-31.

Fonseca EB, Celik E, Parra M, Singh M, Nicolaides KH. Progesterone and the risk of preterm birth among
women with a short cervix. N Engl J Med. 2007;357(5):462-9.

van Zijl MD, Koullali B, Kleinrouweler EC, Mol BW, Kazemier BM, Pajkrt E. Uniform International Method
to Measure Cervical Length: Are We There Yet? Fetal Diagnosis and Therapy. 2022;49(4):159-67.
Delcroix MH, Delcroix-Gomez C, Marquet P, Gauthier T, Thomas D, Aubard Y. Active or passive maternal
smoking increases the risk of low birth weight or preterm delivery: Benefits of cessation and tobacco
control policies. Tob Induc Dis. 2023;21:72.

Ko TJ, Tsai LY, Chu LC, Yeh SJ, Leung C, Chen CY, et al. Parental smoking during pregnancy and its
association with low birth weight, small for gestational age, and preterm birth offspring: a birth cohort
study. Pediatr Neonatol. 2014;55(1):20-7.

Soneji S, Beltran-Sanchez H. Association of Maternal Cigarette Smoking and Smoking Cessation With
Preterm Birth. JAMA Netw Open. 2019;2(4):e192514.

Wagenknecht LE, Burke GL, Perkins LL, Haley NJ, Friedman GD. Misclassification of smoking status in the
CARDIA study: a comparison of self-report with serum cotinine levels. Am J Public Health. 1992;82(1):33-
6.

Klesges RC, Debon M, Ray JW. Are self-reports of smoking rate biased? Evidence from the Second
National Health and Nutrition Examination Survey. Journal of Clinical Epidemiology. 1995;48(10):1225-
33.

Gustavson K, Ystrom E, Stoltenberg C, Susser E, Surén P, Magnus P, et al. Smoking in Pregnancy and Child
ADHD. Pediatrics. 2017;139(2).

University of Antwerp
l* |Facu\tyefPharma(euﬂca\,Biomedital Master thesis | Margo Hiel | 57

and Veterinary Sciences



195. Mackenbach JP, Damhuis RA, Been JV. [The effects of smoking on health: growth of knowledge reveals
even grimmer picture]. Ned Tijdschr Geneeskd. 2017;160:D869.

196. Qiu J, He X, Cui H, Zhang C, Zhang H, Dang Y, et al. Passive smoking and preterm birth in urban China.
Am J Epidemiol. 2014;180(1):94-102.

197. Faber T, Been JV, Reiss IK, Mackenbach JP, Sheikh A. Smoke-free legislation and child health. NPJ Prim
Care Respir Med. 2016;26:16067.

198. Yeh C-C, Tsui K-H, Wang P-H. Group B streptococci screening. Journal of the Chinese Medical Association.
2016;79(3):103-4.

199. Daniel Johannes Rénnqvist P, Birgitta Forsgren-Brusk U, Elisabeth Grahn-Hakansson E. Lactobacilli in the
female genital tract in relation to other genital microbes and vaginal pH. Acta Obstetricia et
Gynecologica Scandinavica. 2006;85(6):726-35.

200. Kohli-Lynch M, Russell NJ, Seale AC, Dangor Z, Tann CJ, Baker CJ, et al. Neurodevelopmental Impairment
in Children After Group B Streptococcal Disease Worldwide: Systematic Review and Meta-analyses. Clin
Infect Dis. 2017;65(suppl_2):5190-s9.

201. Gongalves BP, Procter SR, Paul P, Chandna J, Lewin A, Seedat F, et al. Group B streptococcus infection
during pregnancy and infancy: estimates of regional and global burden. Lancet Glob Health.
2022;10(6):807-19.

202. Shabayek S, Spellerberg B. Acid Stress Response Mechanisms of Group B Streptococci. Frontiers in
cellular and infection microbiology. 2017;7:395.

203. Khalil MR, Uldbjerg N, Mgller JK, Thorsen PB. Group B streptococci cultured in urine during pregnancy
associated with preterm delivery: a selection problem? J Matern Fetal Neonatal Med. 2019;32(19):3176-
84.

204. Rick AM, Aguilar A, Cortes R, Gordillo R, Melgar M, Samayoa-Reyes G, et al. Group B Streptococci
Colonization in Pregnant Guatemalan Women: Prevalence, Risk Factors, and Vaginal Microbiome. Open
Forum Infect Dis. 2017;4(1):0fx020.

205. Starc M, LuCovnik M, Erzen Vrli¢ P, Jeverica S. Protective Effect of Lactobacillus crispatus against Vaginal
Colonization with Group B Streptococci in the Third Trimester of Pregnancy. Pathogens. 2022;11(9).

206. Kubota T, Nojima M, Itoh S. Vaginal bacterial flora of pregnant women colonized with group B
streptococcus. J Infect Chemother. 2002;8(4):326-30.

207. Rogosa M, Mitchell JA, Wiseman RF. A selective medium for the isolation and enumeration of oral and

fecal lactobacilli. J Bacteriol. 1951;62(1):132-3.

208. Pendharkar S, Magopane T, Larsson PG, de Bruyn G, Gray GE, Hammarstrom L, et al. Identification and
characterisation of vaginal lactobacilli from South African women. BMC Infect Dis. 2013;13:43.

2009. Srinivasan S, Munch MM, Sizova MV, Fiedler TL, Kohler CM, Hoffman NG, et al. More Easily Cultivated
Than lIdentified: Classical Isolation With Molecular Identification of Vaginal Bacteria. J Infect Dis.
2016;214 Suppl 1(Suppl 1):521-8.

210. Mendonga AA, de Morais MA, Cabrera MZ. Cysteine induces resistance of lactobacilli to erythromycin
and azithromycin. International Journal of Antimicrobial Agents. 2019;53(3):352-3.

211. DeMarco AL, Rabe LK, Austin MN, Stoner KA, Avolia HA, Meyn LA, et al. Survival of vaginal
microorganisms in three commercially available transport systems. Anaerobe. 2017;45:44-9.

212. Medina-Colorado AA, Vincent KL, Miller AL, Maxwell CA, Dawson LN, Olive T, et al. Vaginal ecosystem
modeling of growth patterns of anaerobic bacteria in microaerophilic conditions. Anaerobe. 2017;45:10-
8.

213. Valero A, Pérez-Rodriguez F, Carrasco E, Fuentes-Alventosa JM, Garcia-Gimeno RM, Zurera G. Modelling
the growth boundaries of Staphylococcus aureus: Effect of temperature, pH and water activity.
International Journal of Food Microbiology. 2009;133(1):186-94.

214. Pishchany G, Haley KP, Skaar EP. Staphylococcus aureus growth using human hemoglobin as an iron
source. J Vis Exp. 2013(72).

215. Cross JH, Bradbury RS, Fulford AJ, Jallow AT, Wegmiiller R, Prentice AM, et al. Oral iron acutely elevates
bacterial growth in human serum. Scientific reports. 2015;5:16670.

216. Mubarak Z, Soraya C. The acid tolerance response and pH adaptation of Enterococcus faecalis in extract
of lime Citrus aurantiifolia from Aceh Indonesia. F1000Res. 2018;7:287.

217. Wang Y, Wu J, Lv M, Shao Z, Hungwe M, Wang J, et al. Metabolism Characteristics of Lactic Acid Bacteria
and the Expanding Applications in Food Industry. Frontiers in Bioengineering and Biotechnology. 2021;9.

218. Tettamanti Boshier FA, Srinivasan S, Lopez A, Hoffman NG, Proll S, Fredricks DN, et al. Complementing
16S rRNA Gene Amplicon Sequencing with Total Bacterial Load To Infer Absolute Species Concentrations
in the Vaginal Microbiome. mSystems. 2020;5(2).

University of Antwerp
l* |Facu\tyefPharma(euﬂca\,Biomedital Master thesis | Margo Hiel | 58
and Veterinary Sciences



219. Williamson BD, Hughes JP, Willis AD. A multiview model for relative and absolute microbial abundances.
Biometrics. 2022;78(3):1181-94.

220. Barlow JT, Bogatyrev SR, Ismagilov RF. A quantitative sequencing framework for absolute abundance
measurements of mucosal and lumenal microbial communities. Nature communications.
2020;11(1):2590.

221. Galazzo G, van Best N, Benedikter BJ, Janssen K, Bervoets L, Driessen C, et al. How to Count Our
Microbes? The Effect of Different Quantitative Microbiome Profiling Approaches. Frontiers in cellular
and infection microbiology. 2020;10:403.

222. Duar RM, Lin XB, Zheng J, Martino ME, Grenier T, Pérez-Mufioz ME, et al. Lifestyles in transition:
evolution and natural history of the genus Lactobacillus. FEMS microbiology reviews.
2017;41(Supp_1):S27-548.

223. Johnson JS, Spakowicz DJ, Hong B-Y, Petersen LM, Demkowicz P, Chen L, et al. Evaluation of 16S rRNA
gene sequencing for species and strain-level microbiome analysis. Nature communications.
2019;10(1):5029.

224, Brumfield KD, Huqg A, Colwell RR, Olds JL, Leddy MB. Microbial resolution of whole genome shotgun and
16S amplicon metagenomic sequencing using publicly available NEON data. PloS one.
2020;15(2):e0228899.

225. Martino ME, Bayjanov JR, Caffrey BE, Wels M, Joncour P, Hughes S, et al. Nomadic lifestyle of
Lactobacillus plantarum revealed by comparative genomics of 54 strains isolated from different
habitats. Environ Microbiol. 2016;18(12):4974-89.

226. Zhang S, Oh JH, Alexander LM, Ozgam M, van Pijkeren JP. d-Alanyl-d-Alanine Ligase as a Broad-Host-
Range Counterselection Marker in Vancomycin-Resistant Lactic Acid Bacteria. J Bacteriol. 2018;200(13).

227. Campedelli I, Mathur H, Salvetti E, Clarke S, Rea MC, Torriani S, et al. Genus-Wide Assessment of
Antibiotic Resistance in Lactobacillus spp. Appl Environ Microbiol. 2019;85(1).

228. Owen DH, Katz DF. A vaginal fluid simulant. Contraception. 1999;59(2):91-5.

229. Pan M, Hidalgo-Cantabrana C, Goh YJ, Sanozky-Dawes R, Barrangou R. Comparative Analysis of
Lactobacillus gasseri and Lactobacillus crispatus Isolated From Human Urogenital and Gastrointestinal
Tracts. Frontiers in microbiology. 2019;10:3146.

230. Diop K, Diop A, Michelle C, Richez M, Rathored J, Bretelle F, et al. Description of three new Peptoniphilus
species cultured in the vaginal fluid of a woman diagnosed with bacterial vaginosis: Peptoniphilus
pacaensis sp. nov., Peptoniphilus raoultii sp. nov., and Peptoniphilus vaginalis sp. nov.
Microbiologyopen. 2019;8(3):e00661.

231. Lithgow KV, Buchholz VCH, Ku E, Konschuh S, D’Aubeterre A, Sycuro LK. Protease activities of vaginal
Porphyromonas species disrupt coagulation and extracellular matrix in the cervicovaginal niche. npj
Biofilms and Microbiomes. 2022;8(1):8.

232. Rosca AS, Castro J, Cerca N. Evaluation of different culture media to support in vitro growth and biofilm
formation of bacterial vaginosis-associated anaerobes. PeerJ. 2020;8:9917.

233. Vaneechoutte M. Lactobacillus iners, the unusual suspect. Research in Microbiology. 2017;168(9):826-
36.

234, Falsen E, Pascual C, Sjédén B, Ohlén M, Collins MD. Phenotypic and phylogenetic characterization of a
novel Lactobacillus species from human sources: description of Lactobacillus iners sp. nov. International
Journal of Systematic and Evolutionary Microbiology. 1999;49(1):217-21.

235. Petrova MI, Reid G, Vaneechoutte M, Lebeer S. Lactobacillus iners: Friend or Foe? Trends in
Microbiology. 2017;25(3):182-91.

236. Walker RW, Clemente JC, Peter |, Loos RJF. The prenatal gut microbiome: are we colonized with bacteria
in utero? Pediatr Obes. 2017;12 Suppl 1(Suppl 1):3-17.

237. Mackie RI, Sghir A, Gaskins HR. Developmental microbial ecology of the neonatal gastrointestinal tract.

Am J Clin Nutr. 1999;69(5):1035s-45s.

238. Bokulich NA, Chung J, Battaglia T, Henderson N, Jay M, Li H, et al. Antibiotics, birth mode, and diet shape
microbiome maturation during early life. Science translational medicine. 2016;8(343):343ra82.

239. Feehily C, O’Neill 1J, Walsh CJ, Moore RL, Killeen SL, Geraghty AA, et al. Detailed mapping of
Bifidobacterium strain transmission from mother to infant via a dual culture-based and metagenomic
approach. Nature communications. 2023;14(1):3015.

240. Milani C, Mancabelli L, Lugli GA, Duranti S, Turroni F, Ferrario C, et al. Exploring Vertical Transmission of
Bifidobacteria from Mother to Child. Applied and Environmental Microbiology. 2015;81(20):7078-87.

University of Antwerp
l* |Facu\tyefPharma(euﬂca\,Biomedital Master thesis | Margo Hiel | 59
and Veterinary Sciences



241.

242.

243.

244,
245.

246.

247.

248.

249.

250.
251.
252.

253.

254,

o4

Dos Santos SJ, Pakzad Z, Albert AYK, Elwood CN, Grabowska K, Links MG, et al. Maternal vaginal
microbiome composition does not affect development of the infant gut microbiome in early life.
Frontiers in cellular and infection microbiology. 2023;13.

Rahman MM, Lim SJ, Park YC. Development of Single Nucleotide Polymorphism (SNP)-Based Triplex PCR
Marker for Serotype-specific Escherichia coli Detection. Pathogens. 2022;11(2).

Lehtinen S, Chewapreecha C, Lees J, Hanage WP, Lipsitch M, Croucher NJ, et al. Horizontal gene transfer
rate is not the primary determinant of observed antibiotic resistance frequencies in Streptococcus
pneumoniae. Sci Adv. 2020;6(21):eaaz6137.

Hoang DM, Levy El, Vandenplas Y. The impact of Caesarean section on the infant gut microbiome. Acta
Paediatrica. 2021;110(1):60-7.

Branche T, Pouppirt N, Nelson LD, Khan JY. Potential Implications of Emerging Non-Traditional Childbirth
Practices on Neonatal Health. The Journal of Pediatrics. 2023.

Dominguez-Bello MG, De Jesus-Laboy KM, Shen N, Cox LM, Amir A, Gonzalez A, et al. Partial restoration
of the microbiota of cesarean-born infants via vaginal microbial transfer. Nature medicine.
2016;22(3):250-3.

Mueller NT, Dominguez-Bello MG, Appel LJ, Hourigan SK. 'Vaginal seeding' after a caesarean section
provides benefits to newborn children: FOR: Does exposing caesarean-delivered newborns to the
vaginal microbiome affect their chronic disease risk? The critical need for trials of 'vaginal seeding'
during caesarean section. Bjog. 2020;127(2):301.

Chen YY, Zhao X, Moeder W, Tun HM, Simons E, Mandhane PJ, et al. Impact of Maternal Intrapartum
Antibiotics, and Caesarean Section with and without Labour on Bifidobacterium and Other Infant Gut
Microbiota. Microorganisms. 2021;9(9):1847.

Gronlund MM, Lehtonen OP, Eerola E, Kero P. Fecal microflora in healthy infants born by different
methods of delivery: permanent changes in intestinal flora after cesarean delivery. J Pediatr
Gastroenterol Nutr. 1999;28(1):19-25.

Valles-Colomer M, Blanco-Miguez A, Manghi P, Asnicar F, Dubois L, Golzato D, et al. The person-to-
person transmission landscape of the gut and oral microbiomes. Nature. 2023.

Brito IL, Gurry T, Zhao S, Huang K, Young SK, Shea TP, et al. Transmission of human-associated microbiota
along family and social networks. Nature microbiology. 2019;4(6):964-71.

Song SJ, Lauber C, Costello EK, Lozupone CA, Humphrey G, Berg-Lyons D, et al. Cohabiting family
members share microbiota with one another and with their dogs. Elife. 2013;2:e00458.

Hassler HB, Probert B, Moore C, Lawson E, Jackson RW, Russell BT, et al. Phylogenies of the 16S rRNA
gene and its hypervariable regions lack concordance with core genome phylogenies. Microbiome.
2022;10(1):104.

Priya S, Blekhman R. Population dynamics of the human gut microbiome: change is the only constant.
Genome Biol. 2019;20(1):150.

University of Antwerp

Faculty of Pharmaceutical, Biomedical Master thesis | Margo Hiel | 60
and Veterinary Sciences



Supplementary Material

Appendix A: Analysis of alpha-diversity and vaginal pH throughout pregnancy

Table 1: Mean inverse Simpson diversity indices (D-values). Table shows the mean D-values per visit for participants who
delivered at term (N= 86), preterm (N = 5) and the total population (N = 92).

Visit Mean value at term Mean value preterm Mean value (total population)
1 1.40 1.48 1.40
2 1.47 1.61 1.47
3 1.54 1.97 1.56

Table 2: Overview of the performed statistical tests and p-values to compare the inverse Simpson diversity indices (D-
values). Table shows the performed statistical tests and p-values to compare D-values between participants who delivered at
term (N = 86) and participants who delivered preterm (N = 5) for each visit, and to compare the inverse Simpson diversity
indices between all visits in the total population (N = 92).

Compared Statistical test p-value
Visit 1 preterm — Visit 1 at term Wilcoxon rank sum test 0.7872
Visit 2 preterm — Visit 2 at term Wilcoxon rank sum test 0.3886
Visit 3 preterm - Visit 3 at term Wilcoxon rank sum test 0.5137
Visit 1-Visit 2 (whole population) Wilcoxon signed rank test + >1.0

Bonferroni correction

Visit 2-Visit 3 (whole population) Wilcoxon signed rank test + 0.3764
Bonferroni correction

Visit 1 — Visit 3 (whole population) Wilcoxon signed rank test + 0.3457
Bonferroni correction

Table 3: Mean vaginal pH values per visit. Table shows the mean pH values for participants who delivered at term and
preterm, and the whole population. The number of participants (N) differs per group as specified between brackets.

Visit Mean value at term Mean value preterm Mean value (whole population)
1 3.97 (N =304) 3.98 (N = 25) 3.973 (N =413)
2 4.03 (N = 258) 4.05 (N =21) 4.026 (N =310)
3 4.10 (N = 224) 4.04 (N=9) 4.099 (N =247)
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Table 4: Overview of the performed statistical tests and p-values to compare the vaginal pH. Table shows the performed
statistical tests and p-values to compare vaginal pH between participants who delivered at term and participants who
delivered preterm for each visit, and to compare the vaginal pH between all visits in the total population.

Compared Statistical test p-value
Visit 1 preterm — visit 1 at term Wilcoxon rank sum test 0.859
Visit 2 preterm — visit 2 at term Wilcoxon rank sum test 0.590
Visit 3 preterm — visit 3 at term Wilcoxon rank sum test 0.5137
Visit 1-Visit 2 Wilcoxon signed rank test + 3.4891E-3

Bonferroni correction

Visit 1-Visit 3 Wilcoxon signed rank test + 6.5080E-8****
Bonferroni correction

Visit 2— Visit 3 Wilcoxon signed rank test + 00.0531%*
Bonferroni correction
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Appendix B: Overview of the obtained lactobacilli

Table 1: Overview of all vaginal lactobacilli (N = 258). Table gives an overview of all vaginal lactobacillus isolates obtained
from selected mothers and daughters, their pair code, medium from which they were isolated and their species identity and
completeness. In total, 258 isolates were obtained from all pairs and groups. The species names of the vaginal isolates are
shown, identified based on their 16s rRNA gene sequences (via https.//www.ezbiocloud.net/) unless mentioned otherwise in

comments column. Abbreviations: P = pair, G = group, GM = grandmother, M = mother, D= daughter.

AMBV2310

P1M MRS Lactobacillus crispatus 100 31.3
AMBV2311 P1D MRS pH 4.6 Lactobacillus jensenii 93.08 37
AMBV2317 P1D MRS Lactobacillus jensenii 100 36.9
AMBV2318 P1D MRS Lactobacillus jensenii 100 34.7
AMBV2325 P1D MRS Lactobacillus jensenii 100 33.5
AMBV2326 P1D MRS Lactobacillus jensenii 100 36.4
AMBV2327 P1D MRS Lactobacillus jensenii 100 37.2
AMBV2328 P1D MRS Lactobacillus fornicalis 83.97 70.9
AMBV2329 P1D MRS Lactobacillus jensenii 100 16
AMBV2330 P1D MRS Lactobacillus jensenii 100 33.9
AMBV2331 P1D MRS Lactobacillus jensenii 78.12 68.1
AMBV2332 P1D MRS Lactobacillus crispatus 75.96 48.4
AMBV2334 P1D MRS Lactobacillus jensenii 100 36.3
AMBV2335 P1D MRS Lactobacillus jensenii 78.51 69.4
AMBV2336 P1D MRS Lactobacillus jensenii 100 37.6
AMBV2337 P1D MRS Lactobacillus fornicalis 77.33 61
AMBV2383 P3M MRS Lactobacillus jensenii 100 18.9
AMBV2384 P3M MRS Lactobacillus jensenii 100 41.7
AMBV2386 PSM MRS Limosilactobacillus reuteri 99.63 36.3
AMBV2387 P5M MRS Limosilactobacillus agrestis 98.92 39.6
AMBV2388 P5M MRS Lactobacillus crispatus 100 28.8

Limosilactobacillus reuteri
AMBV2389 P5M MRS subsp. reuteri 78.37 55.2
AMBV2390 P5D MRS Levilactobacilus fuyuanensis 77.11 67.7
AMBV2391 P5D MRS Limosilactobacillus vaginalis 100 100|ldentified with NCBI nucleotide BLAST
AMBV2392 P5D MRS Limosilactobacillus reuteri 100 100|Identified with NCBI nucleotide BLAST
AMBV2394 P5D MRS Lactobacillus reuteri 100 29.8
AMBV2395 P7M MRS Lactobacillus crispatus 100 42.2
AMBV2396 P2M MRS Lactobacillus jensenii 77.7 34
AMBV2397 P2M MRS Lactobacillus jensenii 100 7.5
AMBV2398 P2M MRS Lactobacillus jensenii 100 38.9
AMBV2399 P2M MRS Lactobacillus psittaci 76.44 55
AMBV2400 P6M MRS Lactobacillus crispatus 99.82 29.3
AMBV2401 P6M MRS Lactobacillus crispatus 99.48 39.8
AMBV2402 P6D MRS Lactobacillus crispatus 100 38.1|Duplicate of AMBV2415
AMBV2403 P7D MRS Lactobacillus crispatus 100 18.3
AMBV2404 P7D MRS Lactobacillus crispatus 100 18.3|Duplicate of AMBV2403
AMBV2405 P7D MRS Lactobacillus crispatus 100 39.9
AMBV2406 P7D MRS Lactobacillus crispatus 100 39.9|Duplicate of AMBV2405
AMBV2407 P7D MRS Lactobacillus crispatus 100 20.8
AMBV2408 P7D MRS Lactobacillus crispatus 100 20.8|Duplicate of AMBV2407
AMBV2409 P6D MRS Lactobacillus crispatus 100 34.9
AMBV2410 P6D MRS Lactobacillus crispatus 100 34.9|Duplicate of AMBV2409
AMBV2411 P2D MRS Lactobacillus crispatus 100 18.9
AMBV2412 P2D MRS Lactobacillus crispatus 100 18.9|Duplicate of AMBV2411
AMBV2413 P6D MRS Lactobacillus crispatus 100 43.5
AMBV2414 P6D MRS Lactobacillus crispatus 100 43.5|Duplicate of AMBV2413
AMBV2415 P6D MRS Lactobacillus crispatus 100 38.1
AMBV2416 P6D MRS Lactobacillus crispatus 100 38.1|Duplicate of AMBV2415
Lactobacillus kefiranofaciens

AMBV2417 P2D MRS subsp. kefirgranum 80.35 71.1
AMBV2418 P7D MRS Lactobacillus crispatus 100 39.1
AMBV2419 P2M MRS Lactobacillus psittaci 76.44 55
AMBV2420 P2M MRS Lactobacillus jensenii 98.18 42
AMBV2421 P6D MRS Lactobacillus crispatus 100 28.8
AMBV2422 P6D MRS Lactobacillus crispatus 100 20.9
AMBV2423 P7D MRS Lactobacillus crispatus 100 42.6
AMBV2424 P7D MRS Lactobacillus crispatus 100 21.7
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AMBV2429 P1D MRS pH 4.6 Lactobacillus jensenii 99.01 43.9
AMBV2430 P3M MRS pH 4.6 Lactobacillus jensenii 99.77 29.3
AMBV2431 P3M MRS pH 4.6 Lactobacillus jensenii 76.6 59.5
AMBV2432 P3M MRS pH 4.6 Lactobacillus jensenii 100 15.4
AMBV2433 P3M MRS pH 4.6 Lactobacillus jensenii 100 100(ldentified with NCBI nucleotide BLAST
AMBV2434 P3M MRS pH 4.6 Lactobacillus jensenii 100 32.7
AMBV2436 P2M MRS pH 4.6 Lactobacillus jensenii 99.84 42.4
AMBV2437 P2M MRS pH 4.6 Lactobacillus jensenii 100 49.6
AMBV2439 P2M MRS pH 4.6 Lactobacillus jensenii 100 26.9
AMBV2440 P2M MRS pH 4.6 Lactobacillus psittaci 76.6 59.5
AMBV2441 P2M MRS pH 4.6 Lactobacillus jensenii 100 25.5
AMBV2442 P2M MRS pH 4.6 Lactobacillus jensenii 100 33
AMBV2443 P2D MRS pH 4.6 Lactobacillus jensenii 100 22
AMBV2444 P2D MRS pH 4.6 Lactobacillus jensenii 100 24.6
AMBV2445 P6M MRS pH 4.6 Limosilactobacillus reuteri 99.78 30.6
AMBV2446 P6M MRS pH 4.6 Lactobacillus crispatus 100 20.4
AMBV2447 P6M MRS pH 4.6 Lactobacillus crispatus 100 31.1
AMBV2448 P6M MRS pH 4.6 Lactobacillus crispatus 99.45 26.5
Limosilactobacillus reuteri

AMBV2449 P5D MRS pH 4.6 subsp. reuteri 80.66 64.1
AMBV2450 P5D MRS pH 4.6 Limosilactobacillus reuteri 100 26.2
AMBV2451 P5D MRS pH 4.6 Limosilactobacillus agrestis 100 38.4
AMBV2452 P5D MRS pH 4.6 Limosilactobacillus reuteri 100 53
AMBV2453 P5D MRS pH 4.6 Limosilactobacillus reuteri 100 35.9
AMBV2454 P5D MRS pH 4.6 Limosilactobacillus reuteri 100 19.3
AMBV2455 P5SM MRS pH 4.6 Limosilactobacillus agrestis 97.52 42.6
AMBV2456 P5M MRS pH 4.6 Lactobacillus gasseri 100 37.3
AMBV2459 P2D MRS pH 4.6 Lactobacillus jensenii 99.29 39.6
AMBV2460 P6M MRS pH 4.6 Limosilactobacillus vaginalis 100 17.1
AMBV2461 P6M MRS pH 4.6 Lactobacillus reuteri 99.81 34.4
AMBV2462 P5D MRS pH 4.6 Limosilactobacillus reuteri 94.85 96
AMBV2463 P1M MRS pH 4.6 Lactobacillus crispatus 97.82 28.7
AMBV2464 P1M MRS pH 4.6 Lactobacillus crispatus 100 30.6
AMBV2465 P1M MRS pH 4.6 Lactobacillus crispatus 100 32.8
AMBV2466 P3D MRS pH 4.6 Lactobacillus crispatus 100 29.5
AMBV2468 P7M MRS pH 4.6 Lactobacillus jensenii 100 21.5
AMBV2469 P7M MRS pH 4.6 Lactobacillus jensenii 100 20.6
AMBV2470 P7M MRS pH 4.6 Lactobacillus jensenii 100 22.7
AMBV2471 P7M MRS pH 4.6 Lactobacillus jensenii 100 18.5
AMBV2472 P7M MRS pH 4.6 Lactobacillus jensenii 100 25.6
AMBV2473 P7M MRS pH 4.6 Lactobacillus jensenii 100 14.1
AMBV2474 P1M MRS pH 4.6 Lactobacillus crispatus 100 35.9
AMBV2475 P1IM MRS pH 4.6 Lactobacillus crispatus 100 30.6|Duplicate of AMBV2464
AMBV2476 P2D MRS pH 4.6 Lactobacillus jensenii 100 35.3
AMBV2477 P2D MRS pH 4.6 Companilactobacillus insicii 99.17 8.5
AMBV2478 P2D MRS pH 4.6 Lactobacillus jensenii 100 15.9
AMBV2479 P2D MRS pH 4.6 Lactobacillus crispatus 100 29.9
AMBV2480 P2D MRS Lactobacillus crispatus 100 25.1
AMBV2481 P2D MRS Lactobacillus crispatus 100 30.9
AMBV2482 P3D MRS pH 4.6 Lactobacillus jensenii 100 324
AMBV2483 P3D MRS pH 4.6 Lactobacillus jensenii 100 30.8
AMBV2484 P3D MRS Lactobacillus jensenii 100 25.6
AMBV2485 P3D MRS Lactobacillus jensenii 100 14.9
AMBV2486 P3D MRS Lactobacillus jensenii 100 36.8
AMBV2487 P3D MRS Lactobacillus jensenii 99.37 33.5
AMBV2488 P3D MRS Lactobacillus jensenii 92.01 45.9
AMBV2489 P3D MRS Lactobacillus jensenii 100 36.4
AMBV2490 P6D MRS Lactobacillus crispatus 95.6 21.4
AMBV2491 P1IM MRS pH 4.6 Lactobacillus crispatus 100 27
AMBV2492 P1M MRS pH 4.6 Lactobacillus crispatus 100 22.3
AMBV2493 P2D MRS Lactobacillus crispatus 100 30.9
AMBV2494 P2D MRS Lactobacillus helveticus 100 8.7
AMBV2495 P8M MRS pH 4.6 Lactobacillus gasseri 99.73 27.5
AMBV2496 P8M MRS pH 4.6 Lactobacillus rodentium 85.49 70.4
AMBV2497 P8M MRS pH 4.6 Lactobacillus taiwanensis 90.12 83.6
AMBV2498 P8M MRS pH 4.6 Lactobacillus gasseri 96.24 98|Identified with NCBI nucleotide BLAST
AMBV2499 P8M MRS pH 4.6 Lactobacillus paragasseri 99.1 69.4
AMBV2500 P8M MRS pH 4.6 Lactobacillus paragasseri 96.26 67
AMBV2501 P8M MRS pH 4.6 Lactobacillus hominis 99.7 66.6
AMBV2502 P8M MRS pH 4.6 Lactobacillus paragasseri 96.31 68.8
AMBV2503 P8M MRS pH 4.6 Lactobacillus paragasseri 97.1 68.6
AMBV2504 P8M MRS pH 4.6 Lactobacillus paragasseri 94.29 68.3
AMBV2505 P8GM MRS pH 4.6 Lactobacillus paragasseri 99.9 64.7
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AMBV2507 P8GM MRS pH 4.6 Lactobacillus gasseri 98.88 37.1
AMBV2508 P8GM MRS pH 4.6 Lactobacillus paragasseri 100 65.9
AMBV2509 P8GM MRS pH 4.6 Lactobacillus paragasseri 99.29 68.2
AMBV2510 P8GM MRS pH 4.6 Lactobacillus paragasseri 98.58 67.8
AMBV2511 P8GM MRS pH 4.6 Lactobacillus gasseri 96.89 70.8
AMBV2512 P8GM MRS pH 4.6 Lactobacillus paragasseri 100 68.6
AMBV2513 P8GM MRS pH 4.6 Lactobacillus gasseri 100 33.4
AMBV2514 P8GM MRS pH 4.6 Lactobacillus gasseri 100 52.6
AMBV2515 P8M MRS pH 4.6 Lactobacillus paragasseri 100 37.8
AMBV2516 P8M MRS pH 4.6 Lactobacillus gasseri 99.93 43.5
AMBV2517 P8M MRS pH 4.6 Lactobacillus gasseri 100 32.6
AMBV2518 P8GM MRS pH 4.6 Lactobacillus gasseri 100 32.5
AMBV2519 P8GM MRS pH 4.6 Lactobacillus gasseri 100 34.8
AMBV2521 P8M MRS pH 4.6 Lactobacillus crispatus 100 10.2
AMBV2522 P8M MRS pH 4.6 Lactobacillus gasseri 100 23.2
AMBV2523 P8M MRS pH 4.6 Lactobacillus gasseri 100 42.1
AMBV2524 P8M MRS pH 4.6 Lactobacillus gasseri 100 29.4
AMBV2525 P8M MRS pH 4.6 Lactobacillus gasseri 99.13 42.5
AMBV2526 P8M MRS pH 4.6 Lactobacillus gasseri 100 37.2
AMBV2527 P8GM MRS pH 4.6 Lactobacillus gasseri 100 31.8
AMBV2528 P8GM MRS pH 4.6 Lactobacillus gasseri 100 31.9
AMBV2529 P8GM MRS pH 4.6 Lactobacillus paragasseri 100 37.1
AMBV2530 P8GM MRS pH 4.6 Lactobacillus gasseri 100 32
AMBV2531 P8GM MRS pH 4.6 Lactobacillus gasseri 100 33.3
AMBV2532 P8GM MRS pH 4.6 Lactobacillus gasseri 100 34.3
AMBV2533 P8GM MRS pH 4.6 Lactobacillus paragasseri 100 39.3
AMBV2534 P8GM MRS pH 4.6 Lactobacillus gasseri 100 36.3
AMBV2535 P8D MRS pH 4.6 Lactobacillus paragasseri 96.2 46.1
AMBV2536 P8D MRS pH 4.6 Lactobacillus paragasseri 99.81 69.6
AMBV2537 P8D MRS pH 4.6 Lactobacillus paragasseri 95.29 51.4
AMBV2538 P8D MRS pH 4.6 Lactobacillus paragasseri 99.8 68.1
AMBV2539 P8D MRS pH 4.6 Lactobacillus paragasseri 99.9 66.4
AMBV2540 P8D MRS pH 4.6 Lactobacillus paragasseri 100 67.3
AMBV2541 P8D MRS pH 4.6 Lactobacillus gasseri 100 28.3
AMBV2542 P8D MRS pH 4.6 Lactobacillus paragasseri 99.9 69.0
AMBV2543 P8D MRS pH 4.6 Lactobacillus paragasseri 99.9 65.8
AMBV2544 P8D MRS pH 4.6 Lactobacillus paragasseri 100 65.7
AMBV2545 P8D MRS pH 4.6 Lactobacillus gasseri 98.75 29.8
AMBV2546 P8D MRS pH 4.6 Lactobacillus paragasseri 99.9 64.3
AMBV2547 P4D MRS Lactobacillus crispatus 100 67.4
AMBV2548 P4D MRS Lactobacillus crispatus 99.9 69.7
AMBV2549 P4D MRS Lactobacillus crispatus 100 65.1
AMBV2550 P4D MRS Lactobacillus crispatus 100 62.2
AMBV2551 P4D MRS Lactobacillus crispatus 99.9 66.6
AMBV2552 P8D MRS pH 4.6 Lactobacillus paragasseri 99.7 69.4
AMBV2553 P8D MRS pH 4.6 Lactobacillus paragasseri 99.9 65.8
AMBV2554 P4AD MRS Lactobacillus crispatus 100 29.9
AMBV2555 P4D MRS Lactobacillus crispatus 99.47 65
AMBV2556 P4D MRS Lactobacillus crispatus 100 70.3
AMBV2557 P4D MRS Lactobacillus crispatus 100 67.3
AMBV2558 PAD MRS Lactobacillus crispatus 99.81 70.4
AMBV2559 P4D MRS Lactobacillus crispatus 100 68
AMBV2560 P4D MRS Lactobacillus crispatus 100 68.2
AMBV2561 P4D MRS Lactobacillus crispatus 99.9 67.8
AMBV2562 P4D MRS Lactobacillus crispatus 100 70.1
Lactobacillus delbruecki
AMBV2563 P9D2 MRS subsp. delbrueckii 100 33.8
Lactobacillus delbruecki
AMBV2564 P9D2 MRS subsp. delbrueckii 100 31.6
Lactobacillus delbruecki
AMBV2565 P9D2 MRS subsp. Lactis 100 37.4
AMBV2567 P9D2 MRS Limosilactobacillus fermentum 100 30.7
AMBV2568 P9D2 MRS Limosilactobacillus fermentum 100 35.1
AMBV2569 P9D2 MRS Limosilactobacillus fermentum 100 32.8
Lactobacillus delbrueckii
AMBV2570 P9D2 MRS subsp. delbrueckii 100 32.7
AMBV2571 P9D2 MRS Limosilactobacillus fermentum 99.85 44.6
AMBV2572 P9D2 MRS Limosilactobacillus fermentum 100 55.6
AMBV2573 P9D2 MRS Limosilactobacillus fermentum 100 32.6
AMBV2574 P9D2 MRS Limosilactobacillus fermentum 100 32.5
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AMBV2575 P9D2 MRS Limosilactobacillus fermentum 100 32.6
AMBV2576 P9D2 MRS Limosilactobacillus fermentum 100 30
AMBV2577 P9D2 MRS Limosilactobacillus fermentum 100 33.3
AMBV2578 P9D3 MRS Lactobacillus jensenii 99.3 41
AMBV2580 P9D3 MRS Lactobacillus jensenii 100 33.2
AMBV2581 P9D3 MRS Lactobacillus jensenii 100 32.2
AMBV2583 P9D3 MRS Lactobacillus jensenii 100 39.7
AMBV2584 P9D3 MRS Lactobacillus jensenii 100 25.1
AMBV2586 P9D3 MRS Lactobacillus jensenii 100 25.6
AMBV2587 P9D3 MRS Lactobacillus jensenii 98.81 47.9
AMBV2588 P9D3 MRS Lactobacillus jensenii 95.87 47.1
AMBV2589 P9D3 MRS Lactobacillus jensenii 100 39
AMBV2591 P9D4 MRS pH 4.6 Limosilactobacillus reuteri 99.87 30.7
AMBV2592 P9D4 MRS pH 4.6 Limosilactobacillus vaginalis 99.58 16.5
AMBV2593 P9D4 MRS pH 4.6 Limosilactobacillus reuteri 99.78 30.1
AMBV2594 P9D4 MRS pH 4.6 Limosilactobacillus reuteri 99.8 32.6
AMBV2595 P9D4 MRS pH 4.6 Limosilactobacillus reuteri 100 22.9
AMBV2596 P9D4 MRS pH 4.6 Limosilactobacillus vaginalis 99.66 40.3
AMBV2597 P9D4 MRS pH 4.6 Limosilactobacillus reuteri 99.73 24.6
AMBV2598 P9D4 MRS pH 4.6 Limosilactobacillus portuensis 99.81 34.8
AMBV2599 P9D4 MRS pH 4.6 Limosilactobacillus reuteri 99.79 32
AMBV2600 P9D4 MRS pH 4.6 Limosilactobacillus reuteri 99.79 32.4
AMBV2601 P9D4 MRS pH 4.6 Limosilactobacillus reuteri 99.8 33.3
AMBV2603 P9D4 MRS pH 4.6 Limosilactobacillus reuteri 99.8 33.7
AMBV2606 P9D1 MRS Lactobacillus jensenii 98.87 31.2
AMBV2607 P9D1 MRS Lactobacillus gasseri 100 33.1
AMBV2608 P9D1 MRS Lactobacillus jensenii 99.77 29.2
AMBV2610 P9D1 MRS Lactobacillus jensenii 100 36.2
AMBV2611 P9D1 MRS Lactobacillus jensenii 99.8 33.8
AMBV2612 P9D1 MRS Lactobacillus jensenii 99.77 30.8
AMBV2613 P9D1 MRS Lactobacillus jensenii 97.11 41.1
AMBV2615 P9D1 MRS Lactobacillus jensenii 100 29
Limosilactobacillus
AMBV2621 PoD4 MRS pH 4.6 urineamulieris 99.73 48.8
AMBV2622 P9D4 MRS pH 4.6 Limosilactobacillus fastidiosus 99.21 26.4
AMBV2623 P9D4 MRS pH 4.6 Limosilactobacillus reuteri 100 20.3
AMBV2624 P9D4 MRS pH 4.6 Limosilactobacillus portuensis 99.83 38.4
AMBV2625 P9D4 MRS pH 4.6 Lactobacillus paragasseri 99.86 46.8
AMBV2626 P9D4 MRS Lactobacillus paragasseri 100 39.7
AMBV2627 P9D4 MRS Lactobacillus gasseri 100 38.4
AMBV2628 P9D4 MRS Lactobacillus paragasseri 100 38.4
AMBV2629 P9D4 MRS Lactobacillus gasseri 100 35.3
AMBV2630 P9D1 MRS pH 4.6 Lactobacillus helveticus 100 11.5
AMBV2631 P9D1 MRS pH 4.6 Lactobacillus gasseri 100 36.9
AMBV2632 P9D1 MRS pH 4.6 Lactobacillus gasseri 99.2 37.2
AMBV2633 PoD1 MRS pH 4.6 Lactobacillus gasseri 100 33.9
AMBV2634 P9D1 MRS pH 4.6 Lactobacillus gasseri 100 37.7
AMBV2635 P9D1 MRS pH 4.6 Lactobacillus gasseri 100 35.2
AMBV2636 P9D1 MRS pH 4.6 Lactobacillus paragasseri 95.8 51
AMBV2638 PAM MRS pH 4.6 Lactobacillus crispatus 100 30.6/Grown under anaerobic conditions
AMBV2640 PAM MRS pH 4.6 Lactobacillus crispatus 99.81 35.3|Grown under anaerobic conditions
AMBV2641 PAM MRS pH 4.6 Lactobacillus crispatus 98.29 34.7|Grown under anaerobic conditions
AMBV2642 PAM MRS pH 4.6 Lactobacillus crispatus 99.76 30.6|Grown under anaerobic conditions
AMBV2643 PAM MRS pH 4.6 Lactobacillus crispatus 95.57 26.6|Grown under anaerobic conditions
AMBV2644 PAM MRS pH 4.6 Lactobacillus crispatus 100 32.3|Grown under anaerobic conditions
AMBV2645 PAM MRS pH 4.6 Lactobacillus crispatus 100 36.7|Grown under anaerobic conditions
AMBV2646 PAM MRS pH 4.6 Lactobacillus crispatus 100 32|Grown under anaerobic conditions
AMBV2648 PAM MRS Lactobacillus crispatus 99.64 37.3|Grown under anaerobic conditions
AMBV2649 PAM MRS Lactobacillus crispatus 100 32.4|Grown under anaerobic conditions
AMBV2650 PAM MRS pH 4.6 Lactobacillus crispatus 100 30.4|Grown under anaerobic conditions
AMBV2651 PAM MRS pH 4.6 Lactobacillus crispatus 100 29.7|Grown under anaerobic conditions
AMBV2652 PAM MRS pH 4.6 Lactobacillus crispatus 99.42 35.1|Grown under anaerobic conditions
AMBV2653 PAM MRS pH 4.6 Lactobacillus crispatus 100 33.2|Grown under anaerobic conditions
AMBV2654 PAM MRS pH 4.6 Lactobacillus crispatus 99.85 44.4|Grown under anaerobic conditions
AMBV2655 P4AM MRS pH 4.6 Lactobacillus crispatus 99.84 44.5|Grown under anaerobic conditions
AMBV2656 PAM MRS pH 4.6 Lactobacillus crispatus 99.36 34.9|Grown under anaerobic conditions
AMBV2657 PAM MRS pH 4.6 Lactobacillus crispatus 99.81 35.1|Grown under anaerobic conditions
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AMBV2658 P4AM MRS pH 4.6 Lactobacillus crispatus 99.82 38.6/Grown under anaerobic conditions
AMBV2659 PAM MRS pH 4.6 Lactobacillus crispatus 100 36.3|Grown under anaerobic conditions
AMBV2660 PAM MRS pH 4.6 Lactobacillus crispatus 100 29.7|Grown under anaerobic conditions
AMBV2661 PAM MRS pH 4.6 Lactobacillus crispatus 100 30.8|Grown under anaerobic conditions
AMBV2662 PAM MRS pH 4.6 Lactobacillus crispatus 100 35.6|Grown under anaerobic conditions
AMBV2664 PAM MRS pH 4.6 Lactobacillus crispatus 100 32.4|Grown under anaerobic conditions
AMBV2665 PAM MRS pH 4.6 Lactobacillus crispatus 99.84 42.1|Grown under anaerobic conditions
AMBV2666 PAM MRS pH 4.6 Lactobacillus crispatus 99.82 37.6|Grown under anaerobic conditions
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Appendix C: Phylogenetic trees based on 16S rRNA gene sequences

Phylogenetic tree Lactobacillus jensenii

P3D AMBW2484

P2M AMBV2397

P2D AMBW2478

— P3M AMBW2431

P2M AMBV2439

P3M AMBWV2433

Lactobacillus jensenii type strain

P2D AMBW2443

P3M AMBV2434

P3M AMBV2384

P3M AMBV2432

P2D AMBV2444

P3M AMBV2383

P2M AMBV2442

_|

0.003

Figure 1: Phylogenetic tree of 16S rRNA gene sequences of L. jensenii isolates and the reference strain. This tree includes
eighteen isolates that were identified as L. jensenii. Isolates are coloured according to the pair or group to which they belong.
'AMBV’ strain designation is used by the host lab (LAMB) for bacteria isolated from vaginal (V) ESwabs. Tree was built with
Geneious Prime (version 2023.0.4). Abbreviations: P = pair, G = group, M = mother, D = daughter.
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Phylogenetic tree Lactobacillus gasseri/paragasseri

G8M AMBV2502
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0.006

Figure 2: Phylogenetic tree of 16S rRNA gene sequences of L. gasseri and L. paragasseri isolates and their reference strains.
This tree includes 49 isolates that were identified as L. gasseri or L. paragasseri. Isolates are coloured according to the pair
or group to which they belong. 'AMBV’ strain designation is used by the host lab (LAMB) for bacteria isolated from vaginal
(V) ESwabs. Tree was built with Geneious Prime (version 2023.0.4). Abbreviations: P = pair, G = group, GM = grandmother,
M = mother, D = daughter.

University of Antwerp
& | Faculty of Pharmaceutical, Biomedical Master thesis I Margo Hiel | -9-

and Veterinary Sciences



Phylogenetic tree Limosilactobacillus reuteri

Limosilactobacillus reuteri type strain

P5D AMBV2450

P5D AMBV2392
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Figure 3: Phylogenetic tree of 16S rRNA gene sequences of L. reuteri isolates and the reference strain. This tree includes
eight isolates that were identified as L. reuteri. Isolates are coloured according to the pair or group to which they belong.
'AMBV’ strain designation is used by the host lab (LAMB) for bacteria isolated from vaginal (V) ESwabs. Tree was built with
Geneious Prime (version 2023.0.4). Abbreviations: P = pair, M = mother, D = daughter.
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