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Abstract

Abstract

Persistent genital infection with oncogenic or high-risk human papillomavirus (HPV) is
causally associated with cervical cancer in women and some penile cancers in men. The role
of the complex genital microbiota in HPV infection has not been extensively addressed. This
study characterised the genital microbiotas of heterosexually-active Black South African
women and men, predominantly of the Xhosa ethnicity, recruited from a community in Cape
Town, South Africa. The association of the genital microbiotas with prevalent HPV, HIV,

demographic, behavioural, and clinical characteristics of the participants was examined.

In Chapter 2 the bacterial communities in cervicovaginal samples from 62 HIV-
seronegative South African women were profiled by lon Torrent PGM sequencing of the V4
hypervariable region of the bacterial 16S rRNA gene (IT-V4 method). The cervicovaginal
microbiotas (CVMs) were found to cluster into three distinct community state types (CSTs):
Lactobacillus iners-dominated CVMs (CST | (38.7%, 24/62)), unclassified Lactobacillus-
dominated CVMs (CST Il (4.8%, 3/62)), and diverse CVMs (CST Ill (56.5%, 35/62)) with an
array of heterogeneous bacteria, predominantly the bacterial vaginosis (BV)-associated
Gardnerella, Prevotella, Sneathia, and Shuttleworthia. The majority of the women had non-
Lactobacillus-dominated CVMs. Lactobacilli are recognised as protective against sexually
transmitted infections. Among the Lactobacillus species detected in the women, L. iners was
the most prevalent and abundant. This species is recognised as the least protective amongst
the vaginal lactobacilli. Women in CST | were more likely to be on hormonal contraception
compared to women in CST Il (relative risk (RR): 2.6 [95% CI 1.3-5.3]; p=0.005). Further

research is required to confirm this association and to determine the biological mechanism.

Microbiome research methodologies are constantly improving and in Chapter 3 the
performance of two bacterial 16S rRNA gene amplicon-based methodologies were
compared. The CVMs of 19 women were characterised using the IT-V4 method (Chapter 2)
and using the lllumina 16S rRNA metagenomics method (IM-V3/V4 method). The latter
method involves sequencing the V3 and V4 hypervariable regions of the 16S rRNA gene on
the lllumina MiSeq platform. The two methods showed a high degree of correlation (r=0.89,
p<0.0001) in the average relative abundance of shared bacterial taxa. Procrustes analyses of
the weighted UniFrac distances further showed a statistically consistent clustering between
the two methods (M?=0.3, p<0.0001). The IM-V3/V4 method proved to have a greater
throughput, longer read-length, and lower error rates than the IT-V4 method and was

therefore used in the subsequent chapters (4 and 5).

In Chapter 4, the CVMs of 87 HIV-seronegative women from the same cohort were
examined using the IM-V3/V4 method. The CVMs clustered into eight CSTs. Only 23 women
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(26.4%) had CVMs dominated by a single Lactobacillus species, this included two women
(2.3%) with L. crispatus (CST-1), two (2.3%) with L. jensenii (CST-2), and 19 (21.8%) with L.
iners (CST-3). The majority of the women (64.4% (56/87)), however, had diverse and
heterogeneous CVMs (CST-8) that were associated with BV (p<0.001). The remaining
women had CVMs dominated by Aerococcus (CST-4, 1.1% (1/87)), Streptococcus (CST-5,
4.6% (4/87)), Chlamydia (CST-6, 2.3% (2/87)), and Corynebacterium (CST-7, 1.1% (1/87)).
Thirty seven (42.5%) and 30 (34.5%) of the women were positive for HPV and high-risk HPV,
respectively, as detected by the Roche Linear Array HPV Genotyping assay. By using linear
discriminant analysis (LDA), LefSe, we noted that prevalent high-risk HPV infection was
associated with higher relative abundances of Gardnerella vaginalis, Sneathia, Atopobium

vaginae, Aerococcus and Pseudomonas veronii (LDA score>2, p<0.05).

In the final experimental chapter, the penile microbiotas of 238 Black South African men
were characterised. This is the first large-scale study of the penile microbiota of South
African men. Corynebacteriaceae (47.2%) and Prevotellaceae (6.6%) were found to be the
most abundant bacterial families. The penile bacterial communities clustered into six CSTs
(designated 1-6). A majority of the men (53.4% (127/238)) had Corynebacterium-dominated
microbiotas (CST-1). The remaining CSTs (2-6) had lower relative abundances of
Corynebacterium than CST-1 and were colonised with several vaginal bacteria. The
prevalences of these CSTs (2-6) in men together with their respective most abundant genera
(besides Corynebacterium) were as follows: CST-2 (9.2%; unclassified Clostridiales and
Porphyromonas), CST-3 (8.8%; Gardnerella), CST-4 (7.6%; Chryseobacterium and
Acinetobacter), CST-5 (18.5%; unclassified Clostridiales and Porphyromonas), and CST-6
(2.5%; Lactobacillus). One hundred and thirty (54.6%) and 102 (42.9%) of the men were
positive for HPV and high-risk HPV, respectively, as detected by the Roche Linear Array
HPV Genotyping assay. Of the 130 HPV-positive men, 37 (28.5%) and 93 (71.5%) had
single and multiple HPV types, respectively. Men in CST-1 were less likely to have high-risk
HPV and multiple HPV infections relative to men in CSTs 2-6 (RR: high-risk HPV: 0.8 [95%
Cl 0.6-1.0]; p=0.027 and multiple HPV: 0.8 [95% CI 0.6-1.0]; p=0.042). LefSe revealed that
prevalent HPV infection was strongly associated with higher relative abundances of
Sneathia, Porphyromonas, Prevotella, Dialister, and Campylobacter (LDA score >3, p<0.05).
The relative abundances of the latter three bacteria together with Peptoniphilus were strongly
associated with high-risk HPV infection (LDA score >3, p<0.05). In our cohort, 88 men
(37.0%) were positive for HIV. Of these, 71.6% and 60.2% were positive for HPV and high-
risk HPV infection, respectively. Among the HIV-negative men (n=150), 44.7% and 32.7%
were positive for HPV and high-risk HPV infection, respectively. Although HIV status did not

impact the overall composition of the penile microbiotas, HIV-infected men had higher
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relative abundances of Staphylococcus, Faecalibacterium, Strenotrophominas, Jonquetella,
Ruminococcus, Roseburia, and Lamia (LDA score >2, p<0.05). Men with BV-negative female
sexual partners (66.5% (157/236)) had higher relative abundances of Lactobacillus in their
penile microbiotas than men with BV-positive female partners (p=0.007). Atopobium,
Sneathia, and Saccharofermentans were significantly more prevalent in men with BV-positive

female partners than men with BV-negative partners (p<0.020).

The main limitations of our study include relatively small sample size of women,
insufficient participant information such as host genetics, other STIs (e.g., herpes simplex
virus) and abnormal vaginal flora (e.g., aerobic vaginitis), using a less sensitive method to
diagnose BV in women, and inherent biases evident in any retrospective study. Moreover,
we did not adjust for confounding factors in our analysis due to the small sample size.
Despite the underscored limitations, our findings provide insight into the baseline genital
microbiotas of the Black South African women and men. The associations identified in this
cross-sectional study between specific microbiota members and HPV infection, particularly
the association between Sneathia and HPV/high-risk HPV infection, identified in both women
and men, are hypothesis-generating and warrant further investigation. The study forms a
critical starting point for future longitudinal confirmatory association studies and studies

examining these bacteria as potential biomarkers or risk factors for HPV infection.
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1.1 Introduction

Human papillomavirus (HPV) is a small, double-stranded DNA, nonenveloped virus that
can infect mucosal squamous and cutaneous epithelia in humans [1,2]. To date, over 220
HPV genotypes have been characterised [3], with at least 40 of these infecting the mucosa of
the genital tract [2]. HPVs are classified as low- or high-risk depending on their oncogenicity,
with low-risk HPVs causing benign lesions and high-risk HPVs linked to premalignant and
malignant lesions [1,2,4,5]. Genital HPV infection is one of the most common sexually
transmitted infections (STls) in men and women [6,7]. Sexually transmitted HPV infections
are usually transient [8,9] and asymptomatic with more than 90% of the detected HPVs
cleared naturally within 1-2 years [9-11]. However, some HPV infections may persist, with
persistence being higher in women than men [7]. Persistent genital infection with high-risk
HPV may cause cervical, vaginal and vulval cancers in women [12,13] and penile cancers in
men [14,15].

The incidence of HPV and associated genital cancers is higher in less developed
countries compared to developed countries [16,17]. South Africa has a high burden of HPV
and HPV-related cancers — particularly cervical cancer [6,16]. HPV infection is also
compounded by the high burden of human immunodeficiency virus (HIV) infection in the
region [6,18], with an estimated 19% of adults aged 15-49 years being infected [18]. HIV has
been associated with increased incidence and reduced clearance of HPV infection [19]. HPV
prevalence in a Black South African cohort was found to be at least 1.5-fold higher among
HIV-infected men (76.6%) and women (74.0%) than HIV-uninfected men (50.8%) and
women (36.7%) [20]. HIV-infected individuals were also more likely to have multiple HPV

infections compared to HIV-uninfected individuals [20].

Several factors may contribute to the high burden of HPV and HIV in South Africa
including host behaviour [21,22], host biological/immunological factors [21-25], host genetic
factors, [26,27] viral factors [28,29], and other STls [30-32]. It is also now emerging that the
genital bacterial communities or microbiome may have a potential role in infection and
persistence of HPV, as well as susceptibility to HIV [33-36]. Recent studies have also
revealed that ethnicity influences the microbiome and may differently affect STI burden in
different population groups [37-40]. Currently, information on the cervicovaginal microbiome
of South African women remains scarce and there is no published literature on the penile
microbiome of South African men. Therefore, the focus of this study was the characterisation
of the genital microbiotas in South African women and men with the aim of investigating
associations with HPV and HIV infection in this population. This review summarises the latest

research findings on the cervicovaginal and penile microbiome, highlighting the need for
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investigation of the genital microbiome in different ethnic groups. The review also focusses
on previous studies examining associations of the genital microbiome with HPV and HIV

infection.
1.2 Human microbiome

The human body is inhabited by a remarkably vast array of microorganisms [37]. These
microorganisms (bacteria, archaea, viruses, and fungi) together with their genomes and host
environment have collectively been referred to as the microbiome. “Microbiota”, a term
coined by the late Joshua Lederberg, an American molecular biologist and Nobel laureate in
Physiology/Medicine, refers to a collection microorganisms that colonise a defined habitat
[41]. Such habitats in the human body with a microbiome include the gut, skin, vagina, penis,
ear, oral cavity, etc. These microbiomes are site-specific and vary in diversity from one

individual to another [37].

In the past, information on microorganisms colonising the human body were primarily
characterised by classical approaches including microscopy and culture [42-44]. These
methods are costly, laborious and time-consuming, requiring skilled personnel, and
specialised nutrient requirements for some bacteria [43,44]. An estimated 99% of
microorganisms discovered to date cannot yet be cultured [45,46]. The characterisation of
bacterial communities has however improved significantly since the emergence of culture-
independent molecular-based approaches that have helped overcome the challenges
associated with classical approaches. Molecular approaches such as phylogenetic
microarray and deep sequencing of amplicons rely on specific bacterial genetic markers,
such as the chaperonin-60 (cpn60) housekeeping gene and, the more widely adopted, 16S
ribosomal RNA (rRNA) gene [47,48].

The 16S rRNA gene consists of nine hypervariable regions (designated V1-V9) that are
flanked by highly conserved sequences (Fig. 1.1) that enable taxonomic profiling to be
conducted [47,48]. The resolution of bacterial community composition in a specified
environment is dependent on which hypervariable region is chosen [49]. The 16S rRNA
sequencing has the ability to detect low-abundant species in a given environment [50] and
novel bacterial taxa, thereby providing a comprehensive characterisation of the microbiome
[51]. Further, the 16S rRNA gene reference databases, such as Greengenes and SILVA, are
comprehensive and well-curated [52,53]. For these reasons, the 16S rRNA gene has been

widely adopted, allowing cross-study comparisons [54].
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Fig. 1.1. Secondary structure of the bacterial 16S ribosomal RNA (rRNA). The figure is based on
the secondary structure of the Escherichia coli 16S rRNA. The 16S rRNA gene is made up nine
hypervariable regions (V1-V9) that form the loops of the structure separated by highly conserved
sequences that form the stem structures. Figure is taken from Yarza and co-workers (2014) [47].

The cpn60 gene generally has a better discriminatory power and is more phylogenetically
informative than 16S rRNA [55]. However, it is not widely used for a number of reasons,
including the use of inosine-containing degenerate primers for amplification of the cpn60

gene that can affect base-pairing and introduce sequence-based primer annealing bias,
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under-representation of organisms with high G+C content (258%) (e.g., organisms in genus
Bifidobacterium) and the need to amplify high G+C templates with a mixture of primers at a

range of annealing temperatures [56].

In the context of the current study, the term “microbiota” will be used to refer to total

bacteria characterised by sequencing portions of the bacterial 16S rRNA gene.
1.3 Female genital tract and its microbiome

The cervicovaginal environment is metabolically and microbiologically complex. The
female genital tract is covered by epithelial cells [57-59], with columnar epithelial cell
covering the endocervical mucosa and stratified squamous epithelial cells covering the
ectocervix and vagina [59]. The structure of the female genital tract provides a unique
microenvironment that is involved in immune defense and maintenance of cervicovaginal
health by supporting the growth of endogenous Lactobacillus spp. [57]. Colonisation of the
female genital tract with Lactobacillus spp. is thought to be due to the presence of glycogen
that acts as the main carbon source for these communities [60-62]. It has been established
that the cervicovaginal epithelia of reproductive-age women are covered by a layer of

glycogen [57,58]. Glycogen is also present in vaginal secretions [61,63].

In humans, glycogen is usually synthesised from extracellular glucose through a series of
coordinated enzymatic reactions, including elongation and branching of the glycogen chain
as catalysed by glycogen synthase and glycogen branching enzymes [64]. Alternatively, it
can be synthesised through an indirect pathway, the gluconeogenesis route, by utilising
gluconeogenic precursors such as alanine [64]. There is evidence that levels of glycogen are
hormonally regulated [58], with possibly oestrogen and/or progesterone driving the
accumulation of glycogen on the surface of the cervicovaginal mucosa [63,65,66]. In order to
be efficiently utilised as an energy source, glycogen is usually hydrolysed by a-amylase in

the vaginal epithelium and secretions to maltose, maltotriose, and maltotetraose [60].

By utilising the products of hydrolysed glycogen, lactobacilli are known to produce lactic
acid [60,67,68]. Lactic acid is thought to be responsible for low vaginal pH [63,68],
colonisation persistence (maintenance of dominance) of Lactobacillus spp. [68], and to
provide protection against opportunistic and pathogenic infections [65,68-71]. In addition to
low pH due to lactic acid production, lactobacilli employ other mechanisms to protect against
opportunistic and pathogenic bacteria. These include the production of hydrogen peroxide
(H.O,), bacteriocins, bacteriocin-like substances and biosurfactants as well as self-
aggregation and adherence to cervicovaginal receptors [69]. In vitro assays have suggested
that the aggregation-promoting factors of the lactobacilli are protein and/or lipoprotein in

nature while adherence factors are glycoproteins and carbohydrates [72]. Interference
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assays have shown that these factors inhibit growth of genitourinary pathogens, e.g.,
Gardnerella vaginalis, due to steric hindrance and displacement of adherent bacterial cells

from vaginal cells [72].

Apart from the high abundance of Lactobacillus spp., other key features of the female
genital tract in healthy women have long been recognised [58]. These include low vaginal pH
(<4.5) [38,63,70,73] as well as a distinct lack of Gram-negative facultative and obligatory
anaerobic bacteria based on classical microbiological analyses [74,75]. Much of our early
understanding of the vaginal bacteria has come from studies of bacterial vaginosis (BV), the
most common vaginal bacterial disorder in sexually active women [76] (refer to subsection
1.3.1). New molecular-based approaches have also recently greatly increased our

understanding of the cervicovaginal microbiome (refer to subsection 1.3.3).
1.3.1 Bacterial vaginosis

BV arises from gross perturbations in the cervicovaginal milieu. It is characterised by a
substantial depletion and/or displacement of Lactobacillus spp., which are supplanted by an
overgrowth of facultative anaerobic and/or anaerobic bacteria that often include Gardnerella,

Prevotella, Mobiluncus, Mycoplasma, and Porphyromonas [74,77,78].

BV is mainly diagnosed by the “gold standard” Nugent score [44,79,80] or the Amsel's
criteria [79]. Nugent score is the most accurate method that identifies vaginal bacteria based
on morphological characteristics [43,44]. It involves assessing shifts in vaginal morphotypes
(Gram-positive rods/Lactobacillus, Gram-negative bacteria, and Gram-variable rods) under a
microscope [43,81]. In the Nugent scoring system, a score of 0-3 indicates a Lactobacillus-
dominated, vaginal environment, hence normal CVM (absence of BV). The presence of
intermediate morphotypes (a mixture of Lactobacillus, and Gram-negative bacteria/Gram-
variable rods is scored 4-6, while the absence of Lactobacillus and presence of Gram-
negative bacterium/Gram-variable rods is assigned a score of 7-10 and is indicative of BV
[43,81]. In Amsel's criteria, BV is diagnosed by the presence of at least three of the following
four characteristics: 1) homogenous white-grey sticky vaginal discharge, 2) elevated vaginal
pH, 3), positive Whiff test (fishy or amine odour upon additional of 10% potassium hydroxide
to vaginal fluid), and 4) clue cells on wet smear [81]. BV has also been defined by a modified
Amsel’s criteria method that relies on the identification of any two of the four characteristics,
e.g., positive Whiff test and the presence of clue cells on wet mount [81]. The presence of BV
has also been defined by the presence of clue cells and >20% of clue cells on Papanicolaou
(Pap) smear [81]. Other studies have also augmented BV diagnosis with quantitative real-

time PCR (gPCR) that measures the load of specific bacterial species [79,82].
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A systematic review of the global epidemiology of BV [76] revealed that BV is the most
common vaginal disorder among reproductive-age women. Sub-Saharan Africa has the
greatest burden of BV [6,76,83]. A third to two-thirds of South African women have BV [76]. A
cross-sectional study of 435 adult women in Durban (South Africa) found that the prevalence
of BV as assessed by Amsel’'s criteria was 31.0% [84]. A subsequent study on 227 HIV-
negative adult women in Durban reported a higher prevalence of BV (53%) as diagnosed by
Nugent score [85]. A surveillance study assessing incidental BV and other cervicovaginal
infections among South African females aged 17-21 years found the overall BV prevalence
on Pap smears to be 54.9% [86]. The study also reported that BV prevalence among HIV-
uninfected and HIV-infected was 50.0% and 62.5%, respectively [86]. In Cape Town and
Johannesburg (both in South Africa), the prevalence of BV among HIV-uninfected females
aged 16-22 years as determined by Nugent score has been found to be 51.1% and 35.9%,
respectively [87]. There is a probability that the prevalence of BV prevalence may be
overestimated. This could be as a result of misdiagnosis of other vaginal disorders as BV
sharing similar features with BV, e.g., aerobic vaginosis (AV) [88] as discussed in subsection
1.3.2. Furthermore, the prevalence of BV could be inflated as most of the studies on BV do
not take in account the likelihood that some women could be having transitory dysbiosis
(caused by recent unprotected sexual contact and/or menses) that will usually resolve on
their own (without BV therapy). That could elucidate why placebo could achieve high cure
rates (22%—25% after 1 week) as reported [89]. Therefore, the definition of BV might need i)
some measure of severity and persistence and ii) elimination of misdiagnosis of other vaginal

disorders related to BV.

The recommended first-line therapy for BV treatment is metronidazole (gel or oral tablets)
or clindamycin cream [90]. The current antibiotic guidelines by the Centers for Disease
Control and Prevention (CDC) are for treatment of women with symptomatic BV [90]. The
principal goal of these guidelines is not to eliminate a known pathogen, but to relieve vaginal
symptoms and signs of infections and possibly restore normal microbiota [90]. BV therapies
are effective, with some tremendously achieving cure rates of 100% 1 week posttreatment
[89]. In spite of the efficacy of BV therapy, some women with BV fail to respond to therapy.
This could be as a result of the type of medication (clindamycin or metronidazole), mode of
regimen delivery (oral or intravaginal) used [89,91], timing and duration of treatment, and
type of population (high-risk or low-risk) [89]. BV recurrence rates of up to 50% 1 month
posttreatment have been reported [89]. One study reported 23% and 58% recurrence rates
at 1 and 12 month(s), respectively, after treatment of BV with oral metronidazole [92].
Through a study characterising the daily temporal dynamics of CVMs of 25 women with and

without BV over a 10-week period [93], Ravel and colleagues (2013) showed that treatment
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of symptomatic BV using recommended therapy reduced the abundances of facultative and
strict anaerobes and increased the abundances of Lactobacillus, particularly L. iners. They
observed that the beneficial effect of BV treatment was transient as most of the bacterial
communities reverted to their respective pre-treatment BV states within 2-4 weeks [93]. The
recurrence of BV following treatment may be partly attributed to differences in capacity to
eliminate BV-associated bacteria, specifically anaerobic Gram-negative rods by clindamycin
and metronidazole. A longitudinal study examining the bacterial changes of 119 women aged
18-45 years following treatment of BV with either topical clindamycin or metronidazole
observed that while both therapies resulted in a similar loss of G. vaginalis and Mycoplasma
hominis, colonisation with U. urealyticum was significantly reduced with metronidazole (94%
to 79%, p<0.001) but not clindamycin (73% to 65%, p=0.3) [91]. Nevertheless, clindamycin-
resistant subpopulations of Prevotella bivia and black-pigmented Prevotella spp. reemerged
and persisted 7 to 12 and 70 to 90 days, respectively, following therapy even among women
colonised with clindamycin-susceptible strains [91]. Moreover, the current recommended
therapy for BV does not prevent its recurrence since there are factors that directly impact the
pathogenesis of recurrent BV. These include past history of BV and sociobehavioural factors

such as sexual contact with partner having BV-associated bacteria [92].

Routine treatment of BV is not recommended in asymptomatic women [90,94]. While
there may be a group of BV-asymptomatic women who may benefit from effective antibiotic
therapy. A randomised, double-blind, placebo-controlled trial for BV therapy on 75
asymptomatic women found no significant differences in clinical response between treatment
(metronidazole intravaginal gel) and placebo groups [94]. This could be because of the short-
lived effect of BV treatment [89,92,93].

There are several risk factors for BV, including genetics [39,95], STls [95,96], AV [97],
physiological [39,93], and sociobehavioural factors [39,84,92,95,98-100] among other factors
such as high glycaemic diet [101] and lack of H,O.-producing lactobacilli in the vagina and/or
rectum [95,102]. Recent sexual behaviour has also been associated with BV. A large
Australian community-based study, which sought to assess the influence of behaviour and
sexual relationships on BV in 458 adult women who have sex with women (WSW) found that
prevalent BV was associated with frequent cigarette use and multiple female sexual partners
[98]. Of all the risk factors for BV, recent and frequent sexual contact has been identified as
the strongest risk factor [39,98-100].

Two major models were initially proposed for establishment of BV: the Lactobacillus
depletion model and the primary pathogen model (Fig. 1.2) [74]. In the Lactobacillus
depletion model, it is suggested that a decrease in H,O,-producing lactobacilli creates an

avenue for colonisation by facultative anaerobic bacteria responsible for BV [74]. The

Page 11 of 241



Literature Review and Problem Statement

decrease in H,O,-producing lactobacilli may be due to a variety of factors. It has also been
demonstrated that higher glycogen levels are associated with higher levels of protective
lactobacilli and low pH [61]. Changes in glycogen and vaginal pH levels have been
demonstrated to concomitantly occur with changes in hormonal levels, with high levels of
progesterone causing a reduction in intracellular glycogen content through thinning of the
glycogen vaginal epithelial layer [63,66]. High levels of progesterone has been associated
with loss of H,O,-producing lactobacilli [66]. Loss of lactobacilli and presence of less acidic
vaginal pH may then be followed by entry of the BV-associated bacteria [68]. G. vaginalis, P.
bivia, and Peptostreptococcus anaerobius, which are BV-associated bacteria, have been
shown to less acidify their environment (pH 4.7-6.0) compared to common vaginal
Lactobacillus spp. (pH 3.2-4.8) [68]. Compared to healthy women, women with intermediate
flora and BV have significantly reduced abundances and increased heterogeneity of
Lactobacillus spp. [103] and, higher abundances of non-Lactobacillus species such as

Prevotella spp. [82].

Healthy cervicovaginal microbiota

/ \

Lactobacillus depletion model Primary pathogen model
Decrease in hydrogen peroxide- Overgrowth of facultative anaerobic
producing Lactobacillus, e.g., L. and anaerobic opportunistic bacteria,

crispatus e.g., Gardnerella
Entry of facultative anaerobic Displacement of Lactobacillus
bacteria, e.g., Gardnerella from the cervicovaginal receptors

Biofilm formation

l

Development of BV

Fig. 1.2. Proposed models for establishment of BV. Under Lactobacillus-depletion model, BV
ensues when a decrease of H,O,-producing Lactobacillus provide entry of BV-associated bacteria,
e.g., G. vaginalis. The primary pathogen model proposes that perturbations in the cervicovaginal
microenvironment causes an overgrowth of virulent BV-associated bacteria that displace Lactobacillus
attached to the cervicovaginal receptors. In these models BV can then develop through biofilm
formation. The figure is adapted from Srinivasan and Fredricks (2008) [74].
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The second model is called primary pathogen model and assumes that there is an
overgrowth of facultative and anaerobic bacteria that subsequently displace the lactobacilli
from the cervicovaginal epithelia [74]. The mechanism of displacement may be through
competition with, inhibition of and displacement of resident lactobacilli by BV-associated
bacteria such as G. vaginalis [74,77,104-106].

These models for establishment of BV could be attributed mostly to sexual transmission
of BV-associated bacteria [107-110], or the transfer of BV-associated bacteria from
extravaginal reservoirs [109], or absence of H,O,-producing bacteria in the vagina and/or
rectum [102]. BV-associated bacteria, predominantly strains of G. vaginalis, have been
shown to be uncommon among sexually inexperienced women and colonise the genital tract
of sexually active women following penile-vaginal sexual intercourse [107,108]. Increased
episodes of receptive vulvovaginal, oral and anal sex have been found to increase the risk
for BV acquisition [109]. Additionally, colonisation of extravaginal reservoirs (oral cavity and
anus) of BV-negative women with BV-associated bacteria such as G. vaginalis and
Leptotrichia/Sneathia spp. has been associated with BV acquisition [109]. The mechanistic

principles behind each of the models for BV development are depicted in Fig. 1.2 [111].

BV, a polymicrobial infection, then develops through the formation of a vaginal biofilm
[112]. A biofilm is an aggregate of microorganisms that is attached to a surface and
embedded in a protective matrix of extracellular polymeric substances that these
microorganism produce [113]. A biofilm often provides a habitat for other microorganisms to
occupy and survive in, by increasing their social cooperation as well as their tolerance and
resistance to antimicrobial compounds [113]. Hence, mucosal biofilm may be responsible for
recurrent BV. In the female genital tract, G. vaginalis has been demonstrated to be the key
player in biofilm formation and establishment of BV [114-117]. There are other bacteria found
in women with BV (e.g., Aerococcus christensenii and A. vaginalis) that can form biofilms
[114,116]. Detectability of biofilm has been associated with high bacterial loads of G.
vaginalis and Atopobium vaginae [116]. G. vaginalis is known to adhere to the vaginal
epithelia and form a scaffold for other bacterial species, such as A. vaginae, to adhere to
[112,116,117]. Some of the BV-associated bacteria enhance the growth of G. vaginalis [117].
G. vaginalis has been shown to outcompete other BV-associated bacteria and some
members of lactobacilli for adhering to the cervicovaginal epithelium [77,104,114]. Moreover,
G. vaginalis isolates have been identified to vary in virulence, with cohesive form being highly
prevalent, sexually transmitted, and responsible for biofilm formation and pathogenesis of BV
when compared with the dispersed (planktonic) form [112,115,118]. An in vitro biofilm model
[104] confirmed that G. vaginalis isolates from women with BV were more virulent than those

from women without BV, and were able to displace L. crispatus pre-adhered to a monolayer
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of human cervical HeLa cells. The authors of this in vitro study [104] reasoned that
colonisation of the vaginal epithelia by particular strains of G. vaginalis is essential for BV
development. In addition, when the virulent G. vaginalis displaces the protective lactobacilli
from the vaginal epithelial cells, it starts forming a biofilm that initiates further colonisation by
other BV-associated bacteria [104], including P. bivia and Fusobacterium nucleatum [117].
This hypothesis supports the primary pathogen model of BV development [74]. Nelson and
colleagues (2015) [119] suggested that the biogenic amines (e.g., putrescine, cadaverine
and tyramine) produced by BV-associated bacteria reduce the competitive advantage of
Lactobacillus, thereby increasing vaginal pH and enhancing predisposition to BV. A temporal
study examining the changes of vaginal bacterial communities before, during, and after
episodes of BV noted that prior to symptomatic BV, the genital tract is characterised mainly

by the presence of strict and facultative anaerobes and elevated vaginal pH (>4.5) [93].

Emerging data suggests that the establishment of BV could be more complex than
previously thought [74]. van de Wijgert (2017) [120] recapitulates that there are overlapping
interrelationships between BV, vulvovaginal candidiasis (VVC, a yeast infection), STls, and
vaginal pathobiont carriage (vaginal dysbiosis with high relative abundance of bacteria with
intermediate pathogenicity index, e.g., streptococci, staphylococci, or Enterobacteriaceae).
Many of these interrelationships are bidirectional and dictated by behavioural and biological
factors, including sexual transmission [120]. Therefore, BV could be caused by some of

these conditions such as STls.

Bacterial changes from normal (Lactobacillus predominance) to BV have been correlated
with disrupted metabolic pathways [121]. A metabolomics study assessing the metabolites
associated with BV identified 173 (62%) biochemicals whose levels were substantially
different in women with BV [121]. Of these metabolites, 55 were present at higher levels in
women with BV, e.g., inflammation-associated eicosanoid 12-hydroxyeicosatetraenoate. The
rest of the metabolites (n=118), e.g., amino acids and dipeptides, occurred at lower levels
[121]. BV-associated bacteria have been associated with metabolic signatures such as
cadaverine, putrescine, succinate, tyramine, and deoxycarnitine that contribute to elevated
vaginal pH, amine odour, vaginal discharge, and presence of clue cells [119,121]. Apart from
the metabolic changes, BV and BV-associated bacteria can also alter host protein
composition and levels in the cervicovaginal fluid [122,123] and interfere with the
cervicovaginal epithelial architecture [122]. Such proteins, for example neutrophil elastase,
neutrophil defensin-1, and kaliocin-1, either modulate host immune responses or defence
against pathogens [123]. Furthermore, BV causes reversible immunological alterations that
affect cervicovaginal inflammatory cytokines and immune cells, e.g., increased levels of
CD4" T-cells [124], interleukin 1-beta (IL-1B) [85,103], IL-8, IL-18, and RANTES (regulated
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upon activation normal T-cell expressed and secreted) [103] and reduced levels of interferon
gamma-induced protein 10 (IP-10) [85] and neutrophils [124]. Treatment of BV with oral
metronidazole has been found to decrease levels of IL-1B, IL-8, RANTES, and CD4" T-cells
[125].

With the unclear aetiology of BV and recommendation not to treat asymptomatic BV, the
adverse consequences of BV will remain to be imminent. Numerous studies have implicated
BV in negative reproductive health outcomes including acquisition of STls such as HIV [126]

and HPV that causes cervical cancer [12], as will be outlined (subsections 1.3.5 and 1.3.6).
1.3.2 Aerobic vaginitis

Over the last decades it became clear that alterations in the cervicovaginal milieu are not
always an indication of BV or presence of communities that predispose woman to BV, but an
indication of aerobic vaginitis (AV). AV is a state of abnormal CVM often mistaken for BV that
was first described by Donders and colleagues in 2002 [127]. It is usually diagnosed using
fresh wet mount microscopy, preferably using phase contrast technique (at 400x
magnification) [75,88,127,128]. Diagnostic tests that are currently emerging are nucleic acid-
based [88] and enzymatic tests [88,129]. These tests are often used in combination with the
wet mount microscopy [88,129]. When using the wet mount microscopy, the AV score is
usually computed using the presence of lactobacilli (designated “lactobacillary grade”, LBG:
I-111), presence of inflammation, proportion of toxic leucocytes, characteristics of the
microflora, and presence of immature epithelial cells [88,127]. LGB | has predominantly
lactobacilli (hence, normal microflora), LGB Il is devoid of lactobacillary morphotypes (with
LGB lla and LGB lIb being measure of fairly and abnormally disturbed cervicovaginal milieus,
respectively), LGB Il lacks lactobacilli and the cervicovaginal milieu is colonised with several
coccoid aerobic bacteria that include Escherichia coli, Staphylococcus aureus, Streptococcus
agalactiae (group B Streptococcus, GBS), and Enterococcus faecalis [88,127]. Interpretation
of the AV score is as follows: 0-2 (no signs of AV, therefore AV is absent), 3-4 (mild AV), 5-6
(moderate AV), and 6-10 (severe AV) [88]. The severe and chronic form of AV is called
desquamative inflammatory vaginitis (DIV) [88,130,131] and has been reported exclusively in
White women [131]. By definition, AV score of 8-10 corresponds to DIV [75]. Clinical features
of AV include vaginal epithelial inflammation, high vaginal pH (>4.5; at times as high as 6-8
[130]), parabasal cells (small round epithelial cells with a high nuclear to cytoplasmic ratio),
yellowish to greenish vaginal discharge (that is thick and mucoid), and greater imbalance in

local immune modulation compared to BV (increased levels of IL-13, IL-6, and IL-8) [88,127].

Studies have reported that the prevalence of AV ranges 2-51% (non-pregnant women: 2-
51% and pregnant women: 3-11%) [83,88,97,129,132,133]. AV is often detected in sexually
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active women [129], including African women. For example, a study that used wet mount
microscopy to diagnose AV among 338 women aged 18-50 years in Kampala (Uganda)
found that the prevalence of AV was 11% [83]. AV has also been found to co-occur with BV,
candidiasis, and Trichomonas vaginalis [83,88,97,129,130]. It remains unknown if AV can
transition to BV, and vice versa [127]. Due to its poor appreciation, AV was often
undiagnosed in routine gynaecological examination, even in symptomatic women [88,129].
Furthermore, at times it was misdiagnosed as BV due to its shared characteristics with BV
[88]. It has been acknowledged that AV was rarely diagnosed and at times misdiagnosed.
Thus, these might have resulted in underestimation of the prevalence of AV and imprecise

treatment of vaginal disorders [88,128].

Although not well and fully characterised, some of the risk factors for development of AV
frequent douching, use of intrauterine devices, long-term use of antibiotics [88], and

menopausal stage [132] to mention a few.

Investigations are now revealing that AV is implicated in adverse outcomes, such as
pelvic inflammatory disease (PID), infertility, preterm birth [128], chorioamnionitis [75], foetal
infections [88,128], cervical dysplasia, dyspareunia (painful sexual intercourse), STls such as
HPV, HIV, Chlamydia trachomatis, and T. vaginalis [88].

The clinical management of AV is not yet well established since like BV, its
etiopathogenesis remains unclear [88,130]. Thus, treatment of AV largely depends on
microscopic findings [88,130,134]. For example, hydrocortisone is used when there is an
increased inflammation, oestrogen therapy in case of low maturation indexes (deficient
vaginal epithelium maturation), and antimicrobials (e.g., kanamycin) when there is
predominance of coccoid bacteria [88,130,134]. Antibiotics, mainly consisting of
suppositories of aminoglycosides, are effective against AV and have negligible adverse
effects on the women treated [133]. Antibiotics, including those for treatment of BV have
varying effect on AV [128,130,131,134]. Metronidazole, for instance, is not effective against
AV since it mostly targets anaerobic bacteria (mostly observed in women with BV), yet
bacteria responsible for AV are aerobic enteric bacteria [130]. In contrast, clindamycin has a
broad spectrum activity and therefore be effective against AV [130,131]. However, some
women with chronic AV (DIV) have been reported to experience recurrent AV following
treatment with topical 2% clindamycin [131]. It has been suggested that long-term therapy
may be required to treat certain types of treat AV [131]. At the moment, additional research is
still necessary to define the etiopathogenesis, diagnostic criteria, and optimal therapy
guidelines for AV [128].
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1.3.3 Cervicovaginal microbiome and community state types of healthy women

An extensive study by the Human Microbiome Project (HMP) Consortium on the ecology
of human-associated microbiome has shown that the female genital tract is the least diverse

microbiome habitat in the human body [37], often colonised by a single Lactobacillus sp. [38].

One of the first large-scale studies of the CVM using high-throughput sequencing [38]
established that the CVMs of reproductive-age women can be grouped into five community
state types (CSTs), even though the type and precise number of clinically/biologically
relevant CSTs is still a matter of debate. The study examined the CVMs of 396 reproductive-
age asymptomatic North American women of White, Black, Hispanic, and Asian ethnicity.
Four of the five CSTs that were established were dominated by a single Lactobacillus
species, namely L. crispatus (CST 1), L. gasseri (CST Il), L. iners (CST Ill), and L. jensenii
(CST V), and were found in 72.6% of the women. The remaining CST (CST IV) was a
diverse group with diminished abundances of lactobacilli and high abundances of strictly
anaerobic bacteria, including Sneathia, Atopobium, Gardnerella, and Prevotella [38]. A
subsequent retrospective case-control study further sub-divided CST IV into two groups,
CST IV-A and CST IV-B [135]. CST IV-A is defined by an even composition of
Peptoniphilus, Corynebacterium, Finegoldia, Anaerococcus, and Prevotella while CST V-
B is characterised mostly by high abundances of Atopobium and low abundances such as
Prevotella, Sneathia, Gardnerella, Parvimonas, and Mobiluncus [135]. More recent studies
[33,34,39,40,135-144] have confirmed these findings. The microbiological, genetic and/or
biochemical, characteristics of these CSTs have been underlined in the next subsections
(1.3.3.1 and 1.3.3.2). For ease of reference, the CST numbering system used by Ravel and
colleagues (2011) [38] is used in the following subsections of the literature review. Here, for
example, CST | refers to any CSTs dominated by L. crispatus. It is important to note however
that CST | may be used by other authors to represent a different CST not dominated by L.
crispatus. Several limitations to the use of CSTs include: i) they are a derived classification
that focusses on the most dominant taxon or lack thereof, (ii) minority species are often not
taken into account during the classification, and (iii)) the abundance of many taxa is a
continuous gradient and the cut-off points for separation or clustering into the various CSTs
are not well defined and differ between studies. The limitations of a CST based approach are

well recognised in the gut microbiome field [145].
1.3.3.1 Lactobacillus-dominated cervicovaginal microbiomes: CSTs I-lll and V

The distinct compositions of the CSTs and their associated properties are shown in Fig.
1.3. CSTs dominated by L. crispatus, L. gasseri, and L. jensenii (Groups I, Il and V,

respectively Fig. 1.3) are regarded as healthy states and associated with low to relatively low
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vaginal pH (4.0-4.7) [38]. Vaginal microbiota dominated by L. iners (Group lll, Fig. 1.3) are,
however, seen as either healthy or transitional between healthy and BV states. L. iners-

dominated communities tend to occur in acidic vaginal pH (pH 4.4+0.6) [38].

The Lactobacillus spp. can produce lactic acid [146,147] and H,O, [102,148-150]. Lactic
acid exists as either D- or L-isoform, with D-lactic acid having more potent antiviral activity
than L-lactic acid [146]. Lactobacillus-dominated CVMs produce slightly higher L-lactic acid
than non-Lactobacillus-dominated CVMs [147]. L. crispatus-dominated CVMs produce higher
levels of both isoforms than other communities, including L. gasseri, L. iners, and L. jensenii
[146,147]. Moreover, they produce higher levels of D- than L-lactic acid [146,147]. L. gasseri-
dominated CVMs produce high amounts of both isoforms, with L- being higher than D-lactic
acid [147]. L. iners-dominated CVMs produce very low levels of D-lactic acid and high levels
of L-lactic acid [146,147]. The converse is true for L. jensenii-dominated CVMs [147]. D-lactic
acid is thought to have more beneficial effect in protecting the genital tract against infections
than L-lactic acid [147].

Vaginal microbiota
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l l l
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Fig. 1.3. Microbiological characteristics of vaginal bacterial communities. Community state types
(CSTs) I-1ll and V are mainly dominated by Lactobacillus species and are regarded as biomarkers for
vaginal health. However, CST lll may also be a transitioning microbiota between healthy and dysbiotic
states. CST IV-A has low abundance of Lactobacillus and is evenly colonised with strict anaerobic
bacteria. CST IV-B has high abundance of Atopobium and low abundances such as Prevotella,
Sneathia, Gardnerella, Parvimonas, and Mobiluncus. The figure is adapted from Petrova and
colleagues (2017) [151].
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Additionally, Lactobacillus species vary in their ability to produce H,O,. L. iners and L.
gasseri are typically very low H,O,-producing Lactobacillus species compared to L. crispatus
and L. jensenii [102,148,150]. In the microaerobic (hypoxic) cervicovaginal environment,
H,O,-producing vaginal Lactobacillus spp. produce little or no H,O, [152]. Although there is
no in vivo evidence demonstrating that H,O, produced by vaginal Lactobacillus spp. have
antimicrobial properties at physiological conditions or in the hypoxic cervicovaginal
environment [71,152,153], studies that have incorporated in vitro studies indicate that H,O, is
protective against BV [95,102,148]. This protective role could be credited to other factors that
favour H,O, production [152,153]. Alternatively, H,O,-producing vaginal Lactobacillus spp.
could be more susceptible to inhibitory factors expressed by BV-associated bacteria, which
could explain their inverse association with BV [152]. It is plausible that Lactobacillus such as
L. iners with low to very low production of D-lactic acid and H,O, may not be as beneficial in

maintenance of a healthy CVM and protection against vaginal disorders and STIs.

It has been reported that L. iners is genetically and biochemically distinct from other
common Lactobacillus species [151]. Among the lactobacilli, L. iners has the smallest
genome (1.3 Mbp) and can encode specialised proteins e.g., iron-sulfur protein involved in
resistance to oxidative stress, that enables it to adapt dysbiotic microenvironments [154]. It is
able to differentially express over 10% of its genome in BV versus healthy state [155]. These
include elevated expression of cholesterol-dependent cytolysin, mucin and glycerol transport
and related metabolic enzymes such as glycerol-3-phosphate dehydrogenase and butyrate

kinase among others when in the BV state [151,155].

Additional studies suggest that the CVMs may exhibit other differences. For example,
Mirmonsef and colleagues (2014) [61] found that high glycogen levels in cervicovaginal fluid
were associated with low vaginal pH (<4.5) and higher relative abundance of L. crispatus and
L. jensenii, but not L. iners [61]. Generally low vaginal pH has been associated with
lactobacilli dominance, including L. iners, and the opposite is also true [38,139]. Women with
low vaginal pH have higher abundances of Lactobacillus than women with high vaginal pH
[61,62]. The lack of association between glycogen levels and relative abundance of L. iners
in the study by Mirmonsef and colleagues (2014) [61] is not surprising since L. iners can
utilise non-glycogen carbon sources and possibly regulate vaginal pH by other metabolites
besides lactate. Under dysbiotic conditions, L. iners can utilise glycerol, producing succinate,
butyrate, and acetate; which elevate the vaginal pH thereby favouring vaginal colonisation by
opportunistic and pathogenic bacteria [155]. Proteome analysis has also revealed proteins
unique to specific Lactobacillus spp. that could be involved in their optimal survival in eubiotic
and dysbiotic vaginal environments [156]. Some of these proteins, e.g., L. iners glycolytic

enzymes glucose-6-phosphate isomerase and glyceraldehyde-3-phosphate dehydrogenase
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have been negatively associated with dysbiosis independent of vaginal pH and relative
abundance of L. iners [156]. Such outlined genetic and biochemical differences make each

CST functionally distinct and associated with different vaginal pH.

The CSTs, including the lactobacilli-dominated CSTs, are known to vary in their
protection against colonisation by pathogens and cervical disease [33,34,140,157-159] due
to their different ecological stability and resilience to perturbations [38]. Among the
lactobacilli, L. crispatus and L. iners appear to be the most stable and least protective,
respectively [33,42,82,140,146,149,159-161]. Furthermore, compared to other common
Lactobacillus-dominated CVMs (CST | and CST Il), L .iners-dominated CVMs are also more
likely to transition to high Nugent score-associated Lactobacillus-deficient CVMs, specifically
CST IV-B [162]. A cross-sectional study in a Rwandan cohort found that women with L.
crispatus-dominated CVMs have lower prevalence of STls, including HIV and high-risk HPV,
compared to women with L. iners-dominated CVMs [33]. Cervical mucus with L. crispatus-
dominated CVMs and high concentrations of D-lactic acid have been demonstrated to trap
HIV-1 virions, while mucus with L. iners dominance and low D-lactic is considerably
permissive to rapid diffusion of HIV-1 virions [146]. Furthermore, prospective observational
studies have shown that L. iners and/or L. gasseri, unlike L. crispatus, may predispose
women to abnormal CVMs [163], HIV [164], and C. trachomatis infection [159,165]. In vitro
experiments have shown that strains of L. crispatus from healthy premenopausal women
have considerably better inhibitory effect on C. trachomatis elementary bodies than strains of

L. gasseri and L. vaginalis [158].

1.3.3.2 Non-Lactobacillus-dominated cervicovaginal microbiomes: CST IV and
dysbiotic CVMs

Culture-independent studies have found that 20-33% of healthy reproductive-age women
lack appreciable numbers of Lactobacillus spp. [38,40,144,166]. Ravel and colleagues
(2011) found that such women (27.4%) had diverse CVMs (CST IV) colonised with a mixture
of strict anaerobes [38] such as Gardnerella, Sneathia, Streptococcus, Atopobium,
Prevotella, Aerococcus, Leptotrichia, Escherichia, Megasphaera and BV-associated bacteria
(BVAB)-1/2/3 [38,40,82,166-168]. Most of these bacteria have been positively correlated with
high Nugent scores, an indication of BV [38]. These diverse CVMs were more common in

asymptomatic Black and Hispanic women compared to White and Asian women [38].

Diverse CVMs may be seen as healthy or transitional, in the absence of symptomatic BV.
A 16-week longitudinal study describing the temporal dynamics of the five CSTs (I, II, lll, V-
A, and IV-B) in 32 reproductive-age women [162] observed that most transitions between
CSTs occurred between CST Il (L. iners-dominated CVMs) and CST IV (diverse
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communities). Some diverse communities, such as Group IV-A (Fig. 1.3), are associated with
low vaginal pH (4.0-5.0) [151]. Other CSTs, such as Group IV-B have been found to occur in
high vaginal pH environment [151]. Diverse CSTs such as Group IV-A are able to maintain
lower vaginal pH due to functional redundancy that compensates for the depletion of
lactobacilli [162]. Streptococcus, Aerococcus, and Atopobium can produce lactic acid
[162,169], which results in low pH [63,68] thereby precluding colonisation by opportunistic
and pathogenic bacteria [38,162,167,169]. Thus, the observations that women without BV
can be colonised with non-Lactobacillus spp. [82,170,171], challenge the common
understanding of a healthy Lactobacillus-dominated CVM. To some extent, it can be
acknowledged that these non-Lactobacillus bacterial communities may be less harmful than
currently documented and constitute healthy CVMs in BV-asymptomatic women. However,
this view should be considered with caution as there have been reports of healthy women
non-Lactobacillus-dominated CVMs having asymptomatic BV [166]. Cervicovaginal milieus
with CST IV-B have a high pH due to production of succinate, acetate [162], and biogenic
compounds that have a less acidic pH [119]. The elevated pH has been suggested to be due
to lower bacterial loads of lactic acid bacteria, including non-Lactobacillus species [169]. CST
IV, especially CST IV-B, has been associated with BV [38,141,162,172].

Diagnosed BV (Fig. 1.3, Dysbiosis-BV state) is characterised by an overgrowth of
facultative or strict anaerobes and high pH, as previously discussed (subsection 1.3.1). Many
of the bacteria in diverse CVMs have been associated with BV [51,82,173,174], thus,
suggesting that CST IV may be a transitional state to BV.

1.3.3.3 Uncommonly characterised cervicovaginal community state types

Less commonly reported CSTs have been defined in both healthy and diseased women.
These include those dominated by an uncultivated BV-associated bacterium-1 (BVAB-1)
[39,40], Streptococcus [40,142,143,147], Gardnerella [39,142,144,147,166,175], those with
L. crispatus/L. jensenii codominance [40], Sneathia [142], Bifidobacteriaceae, Mobiluncus
curtisii, Staphylococcus, Lactobacillus delbrueckii, E. faecalis, E. coli [143], A. vaginae [176],
and Bifidobacterium breve [107,143] among others. Gardnerella and Streptococcus spp., for
example, have been identified in sexually-inexperienced women, at times dominating their
CVMs [169]. This suggests that Gardnerella and other non-Lactobacillus bacteria may also
be part of a healthy CVM. On the other hand, CVMs dominated by Fusobacterium spp. has
been associated with cervical cancer [142]. In spite of these evidences, the temporal stability
and role of such non-Lactobacillus-dominated CSTs in genital infections and genital

symptoms and cervicovaginal infections still remain underappreciated.
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1.3.4 Factors affecting cervicovaginal microbiome composition

The composition of cervicovaginal microbiome is known to be influenced by multiple intrinsic
and extrinsic factors, ranging from host genetics to sexual behaviours. These factors are

described in detail in the subsequent subsections (1.3.4.1 and 1.3.4.2)
1.3.4.1 Ethnicity/race and cervicovaginal microbiome composition

Several studies have demonstrated that CVMs differ by ethnicity/race
[38,40,95,107,123,143,144,168,177]. Compared with Caucasian women, up to about two-
thirds of reproductive-age HIV-negative Black women have been observed to have
Lactobacillus-deficient CVMs that have evidence of dysbiosis as associated with BV [33,38-
40,136,138,177]. In a cross-sectional study profiling the CVMs of 396 asymptomatic
reproductive-age North America women from four different ethnicities [38], it was observed
that a greater majority of White (90.0%) and Asian (80.2%) women had Lactobacillus-
dominated CVMs compared to Black (59.6%) and Hispanic (61.9%) women (Fig. 1.4) [38].

V1%

V 4.1%

Asian (96) White (97) Black (104) Hispanic (97)

Fig. 1.4. Distribution of vaginal bacterial communities of reproductive-age women according to
ethnicity. The number of women in each ethnic group (Asian, White, Black, and Hispanic) is shown in
the parenthesis. The five community state types (CSTs) are numbered I-V. CST |, II, lll, and V are
dominated by L. crispatus, L. gasseri, L. iners, and L. jensenii, respectively. CST IV has lower
abundances of lactobacilli and higher abundances of strictly anaerobic bacteria. The figure is taken
from Ravel and co-workers (2011) [38].

L. crispatus-dominated CVMs (CST |) were significantly more prevalent in White women
(41.9%) than in other women (Asian: 22.9%, Black: 21.9%, and Hispanic: 13.3%) [38]. L.
jensenii-dominated CVMs (CST V) were the least frequent Lactobacillus-dominated CVMs
and were very uncommon among Black women [38]. L. iners-dominated CVMs (CST IlI)
were almost equally distributed among the four ethnic groups; White (19.3%), Asian (30.4%),
Hispanic (25.9%), and Black (21.9%) [38]. The distribution of the women with diverse non-
Lactobacillus-dominated communities CVMs (CST IV, n=108) was different among the ethnic
groups. These communities were more frequent in Black (38.9%) and Hispanic (34.3%)
women than White (9.3%) and Asian (17.6%) women [38]. Vaginal pH was also found to vary
by ethnicity; with Black (pH 4.7+1.04) and Hispanic (pH 5.0+0.59) women having higher
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vaginal pH relative to White (pH 4.2+0.30) and Asian (pH 4.410.59) women [38]. This
corroborated a previous study in North America [73] that detailed that Black women had a
significantly more alkaline vaginal pH (5.3t0.7) compared to non-Black women (4.7+0.6)
mostly of White and Hispanic races. Another study from the same region reported that the
vaginal pH of African American women was about 0.2 higher than that of Mexican American
women [177]. Thus, vaginal pH is greatly impacted by ethnicity/race [73], which is associated
with the genital tract bacteria [177]. It has been identified that diverse non-Lactobacillus-
dominated CVMs are common in cervicovaginal microenvironment that are less acidic (pH
4.7-6.2) [38,70,177], such as those of women of African and Hispanic heritage [38].

A preceding study by Zhou and colleagues (2007) [40] observed the incidence of non-
Lactobacillus-dominated CVMs was 4.7 times higher among healthy Black women (33%)
compared with Caucasian women (7%). The CVMs of Black women were mostly dominated
by strict anaerobes, including Atopobium and phylotypes in the order Clostridiales [40]. The
authors speculated that the different CVMs may have different community resilience; with
non-Lactobacillus-dominated CVMs that are common among Black women, exhibiting the
lowest resilience [40]. They further postulated that this could explain why Black women are
more susceptible to BV and STls than Caucasian women [40]. This reasoning can be
extended to account for the high burden of STls among African women [6], including those
with asymptomatic non-ulcerative STls and BV. It has been demonstrated that Black women
are more likely to acquire BV than White, Hispanic, Asian, Native American, and multi-ethnic
women [95]. Newton and colleagues (2001) [177] strongly associated African American race
with incident STIs and BV compared with Mexican American race. A large community-based
study performed on African women in rural Uganda [178] reported a very high prevalence of
ulcerative STls and BV, with majority being asymptomatic. For example, of the 6,356 adult
women that were enrolled, 50.6% and 23.8% had BV and trichomonas, respectively [178].
About 81.1% of the women with BV (n=2,462) and 80.1% of the women trichomonas
(n=1,472) were asymptomatic [178].

Several other studies [107,143,168,170,177] have confirmed that ethnicity/race
influences the composition of CVMs, with White and Asian women more likely have CVMs
dominated by a single or multiple lactobacilli, especially L. crispatus than Black women. A
study describing the CVMs of 416 European and 1,268 African American women of
reproductive-age group strongly correlated African American ethnicity with higher relative
abundance of BV-associated bacteria [39]. Healthy women of the European ancestry had
higher relative abundances of Lactobacillus spp. while African American women had

heterogeneous non-Lactobacillus-dominated communities [39].
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Studies solely conducted on African cohorts have reported high prevalence of diverse
and heterogeneous non-Lactobacillus-dominated CVMs [33,87,136-138]. A study conducted
among 146 young Black Durban (South Africa) HIV-negative women aged 18-23 years found
that 63% of the women had non-Lactobacillus-dominated CVMs [136]. Nonetheless, G.
vaginalis-dominated CVMs accounted for 45% of the two non-Lactobacillus-dominated CSTs
that were identified [136]. The other non-Lactobacillus-dominated CST consisted of CVMs
heterogeneously dominated by Gardnerella, Prevotella, Megasphaera Shuttleworthia, and
Sneathia [136]. The prevalences of the two Lactobacillus-dominated CSTs detected were as
follows: L. iners (29%) and Lactobacillus other than L. iners (most likely L. crispatus) (9%)
[136]. A recent study conducted among 168 young women aged 16-22 from Cape Town and
Johannesburg (South Africa) [87] found the prevalence of non-Lactobacillus-dominated
CVMs to be 47% [87]. These CVMs were strong predictors of genital inflammation [87]. The
prevalence of L. crispatus-dominated CVM (22%) was 2.5-fold higher than previously
reported among young Black women in South Africa [136]. The prevalence of L. iners-

dominated CVM (32%) was similar to published report on young South African cohort [136].

The literatures underscored herein regarding ethnic/racial variations in CVMs highlight
that CVMs are strongly affected by host genetics [179,180]. A Korean cohort study
comparing the CVMs of monozygotic (MZ) twins and their families (mothers and sisters) and
unrelated individuals [179] showed that the CVMs of MZ twins had greater resemblance to
each other than to those of unrelated individuals. The CVMs were greatly similar between
MZ twins (13 pairs), followed by MZ twins versus their sisters (n=8), then MZ twins versus
their mothers (n=8), and finally between the MZ twins and unrelated individuals [179]. In a
more recent study investigating the heritability of CVMs and its relationship with obesity
among 542 Korean females, including 222 MZ and 56 dizygotic (DZ) twins together with their
families and non-relatives [180], it was identified that the majority of the heritable genital tract
bacteria had significantly greater positive correlations in MZ twins than in DZ twins. In this
Korean twin-family cohort, Prevotella had the highest heritable component (72.2%) whereas
Bifidobacterium and Planococcaceae had the weakest heritability [180]. Lactobacillus was
found to have a high heritability, at 41.2% for L. iners and 36.9% for L. crispatus [180]. Single
nucleotide polymorphism association tests to associate specific human genes with vaginal
bacteria in this cohort, identified the rs2069812 allele in the IL-5 gene as being associated

with higher abundances of cervicovaginal Prevotella melaninogenica [180].
1.3.4.2 Other factors affecting cervicovaginal microbiome compaosition

Besides ethnicity/race, other factors affecting cervicovaginal composition include
physiological [39,162,179], environmental [74,162], sociodemographic, and behavioural
factors [39,74,98,99,181,182].
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In terms of physiological changes, longitudinal studies on reproductive-age women have
shown that CVMs are hormonally regulated and dynamic during life stages [58,169], and
menses [93,162]. The human female genital tract continues to undergo significant changes
as the woman ages. These include changes in vaginal cytology, pH, and vaginal secretions
that affect the CVMs [58]. Fig. 1.5 summarises the biological changes in the female genital

tract from pre-puberty stage to postmenopausal stage.

Pre-Puberty Pre-Menopausal Post-Menopausal

Symptomatic ' Asymptomatic
i HRT Therapy
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Fig. 1.5. Oestrogen-driven changes in vaginal epithelia and microbiota. In pre-pubertal stage, the
low oestrogen level is associated with vaginal thinning, low glycogen content, low abundance of
lactobacilli, and high vaginal pH (left panel). In premenopausal women, high oestrogen levels promote
vaginal epithelial thickening, availability of glycogen, colonisation with Lactobacillus spp., and low
vaginal pH (middle panel). As reproductive-age women enter menopausal stage, the oestrogen levels
drop, which eventually results in loss of Lactobacillus and increased microbial diversity (right panel).
These changes in microbiotas have been associated with vaginal symptoms such as vaginal dryness,
atrophy, and dyspareunia in symptomatic women (left side of right-hand panel, postmenopausal).
However, the CVMs of asymptomatic women are likely to be colonised by Lactobacillus spp. (right
side of right-hand panel, postmenopausal). Systematic or topical hormonal therapy replacement (HRT)
can be used to restore dominance of Lactobacillus spp. by moderately increasing oestrogen and
glycogen levels. The figure is taken from Muhleisen and Herbst-Kralovetz (2016) [183].

Prior to puberty, oestrogen levels are low, (left panel, Fig. 1.5) and the female vaginal
mucosa consists of a thin, stratified squamous epithelia (anucleated on the apex) covered
with a thin glycogen layer. Usually, there is low abundance of Lactobacillus spp., hence high

pH and microbial diversity. In reproductive-age women (middle panel, Fig. 1.5), oestrogen
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levels increase and the vaginal epithelium becomes thicker with a thicker layer of mucus.
This thickening promotes the availability of glycogen necessary for Lactobacillus spp.
colonisation, hence low vaginal pH. There are significantly greater abundances of
Lactobacillus in premenopausal women than in pre-puberty and postmenopausal women.
Most women experience menses between early adolescence and late premenopausal period
[68,93,169,173].

There is also a strong relationship between the host’'s menopausal status and the
composition of the CVMs [183-185]. This is because as women enter menopausal stage, the
oestrogen levels reduce [58,183]. This is accompanied by thinning of vaginal epithelial and
mucus layer, akin to that of females in puberty stage, and diminished glycogen content [183];
hence, loss of Lactobacillus and increased vaginal pH and bacterial diversity (Fig. 1.5, right
panel) [58,179,184,185], but largely depends of vaginal conditions such as atrophies and
dryness [58,184,186]. There are also greater abundances of Streptococcus, Finegoldia,
Gardnerella, and Prevotella, among other non-Lactobacillus bacteria in postmenopausal
women [179,180,187]. In a study examining the association between the CVM, menopausal
status, and signs of vulvovaginal atrophy (VVA) in 87 women aged 35-60 years [184], CVMs
with low abundances Lactobacillus and higher proportions of anaerobes (CST IV-A) were
associated with VVA. VVA has two main effects: 1) downregulating the genes such as
suprabasin and desmoglein 1 that maintain the epithelial and barrier integrity, and 2)
upregulating the genes associated with inflammation e.g., complement factor B and H [186].
These changes alter Lactobacillus-dominated CVMs [186], hence the low predominance of

Lactobacillus as menopause advances.

Following hormonal replacement therapy (HRT), the abundances of Lactobacillus greatly
increased (up to 96.8%) in postmenopausal women [180]. This increase is due an increase
in the glycogen content as a function of oestrogen [183]. Preliminary results by Lee and co-
workers (2013) [179] suggested that the CVMs of postmenopausal women receiving HRT
resemble those of premenopausal women. A review by Muhleisen and Herbst-Kralovetz
[183] underscored that oestrogen-based HRT restores Lactobacillus-dominated CVMs in

postmenopausal women and may resolve vaginal symptoms.

A longitudinal study describing the changes in the composition of CVMs in 32
reproductive-age North American women over a 16-week period showed that the stability
and resilience of CVMs vary during menses, with Lactobacillus-dominated CVMs being more
stable and resilient than diverse and heterogeneous CVMs [162]. Each CST may transiently
transition to another CST but revert to initial CST at the end of menses [162]. Furthermore,
the study observed that in one subject, L. crispatus-dominated CVM (CST 1) changed to L.
iners-dominated CVM (CST |IIl) during menses, but reverted to CST | after menses [162].
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Despite the decreased and increased abundance of L. crispatus and L. iners, respectively,
the metabolome of the bacterial community in this subject remained constant during menses,
with high levels of lactate being maintained during even the CST [162]. Menses may
transiently lead to an elevated pH, hence development of BV [93]. Irregular vaginal bleeding

has been associated with non-Lactobacillus bacteria, specifically E. coli [177].

It has also been shown that CVMs are affected by the pregnancy status [135,188].
Pregnant women have a more stable CVM with higher relative abundances of Lactobacillus
spp., including L. vaginalis, compared to non-pregnant women [135,188]. Stability of the
CVMs in pregnant women is perhaps due to the absence of menses, hence shifts in
hormonal-associated changes in CVMs as observed in non-pregnant women [93,162,169]. A
retrospective case-control prospective study on non-pregnant and pregnant women [135]
further observed that communities with lower relative abundances of Lactobacillus (CST IV-A
and CST IV-B) were less frequent in women with normal pregnancy. Pregnant women have
a low prevalence of bacteria associated with BV and preterm delivery [39,135]. Increased
dominance and diversity of Lactobacillus spp., but not L. iners-dominance, has been
associated with term delivery [189]. The composition of CVMs during normal pregnancy is
dictated by the gestational age. As pregnancy progresses, there is a concomitant increase in
the relative abundances of Lactobacillus spp. and a decrease in relative abundances of
anaerobic and strict anaerobic bacteria, namely Gardnerella, Atopobium, Sneathia, Dialister,

Ureaplasma, Parvimonas, Eggerthella, Gemella, and BVAB-1 [190].

Diet may also affect the CVM. A large cohort study assessing the association of vaginal
bacteria and specific dietary indices of 1,735 reproductive-age North American women [101],
predominantly Black (86%), observed that high glycaemic load was associated with
prevalence, progression, and persistence of BV. In a study examining the relationship
between obesity and cervical Lactobacillus composition [187], L. iners-dominated bacterial
communities were associated with obesity (BMI = 25 kg/m?), particularly among young

women of reproductive-age without cervical dysplasia.

In terms of sociobehavioural factors, cigarette use, alcohol consumption, new and
multiple sexual partners, lack of or use of specific hormonal contraceptives, and inconsistent
condom use have been correlated with BV-associated bacteria and BV [39,98-100,191,192].
There is evidence that genital bacteria may be heterosexually transmitted [107,110,193,194]
and that the male urogenital tract and semen microbiome may shape CVMs [105,106], as will
be detailed in section 1.5. Women who engage in heterosexual sexual contact have been
found to be more likely to have CVMs dominated by L. iners and G. vaginalis than other
Lactobacillus-deficient CVMs [107]. Moreover, some vaginal products are known to have

detrimental effects on CVMs. An in vitro study showed that Vagisil, a feminine moisturiser,
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inhibited the growth of L. crispatus at 2 hours and killed all of this bacterial isolate at 24 hours
[182]. Hormonal contraception has been observed to have protective effect against BV-
associated bacteria and BV [92,132,192,195,196]. For example, combined oral contraception
(progestin and oestrogen combination) has been associated with increased H,O,-producing
lactobacilli dominance and reduced BV-associated bacteria [191] whereas intrauterine
devices have been found to have negative or no association with BV or BV-associated
bacteria [191,192]. Unlike oestrogen-based contraceptives, progestin-based contraceptives
are may lead to loss of H,O,-producing lactobacilli [191,192] by causing a hypoestrogenic

effect in the vagina epithelia, thus thinning of the glycogen vaginal epithelial layer [66].

There are other factors, e.g., exogenous aetiological agents of STI, which influence the
resident bacterial communities in the genital tract [177]. Preceding herpes simplex virus type

2 (HSV-2) infection has been independently associated with establishment of BV [95].
1.3.5 Role of cervicovaginal microbiome in health and disease

The resident cervicovaginal bacterial communities are responsible for maintaining a
stable environment which could impact on woman'’s reproductive health. These bacteria are
thought to form the first line of defence against infections [78,197]. Thus, imbalances of these

communities may result in reproductive disease in both pregnant and non-pregnant women.
1.3.5.1 Impact on infant delivery

Pregnant women with CVMs that have reduced dominance and diversity of protective
Lactobacillus spp. and increased dominance of L. iners may be at risk of preterm delivery
[189]. A study associating early changes in CVMs and pregnancy outcome [198] observed
that women reporting a prior preterm delivery and high concentrations of BV-associated
bacteria, namely Sneathia, Mobiluncus, and BVAB-1 prior to 16 weeks gestation had greater
odds of having a spontaneous preterm delivery. The study also noted that this adverse
obstetrical outcome occurred in women with a previous preterm delivery and increasing
concentrations of Sneathia, Megasphaera, and BVAB-1 through 22-24 weeks of gestation
[198]. BV and most of these BV-associated bacteria have been associated with spontaneous
abortion [199,200]. Abundances of Lactobacillus spp. are often high in pregnant women
[135], especially those with term delivery [189]. Additionally, women with term delivery often
have decreased abundances of anaerobes and/or strictly anaerobes such as G. vaginalis
and A. vaginae [190]. Compared to Caucasian women, Black women are more likely to be
colonised by BV-associated bacteria that have been associated with preterm delivery [39].
Thus, the proportion of adverse reproductive and gestational outcomes may be higher in

Black women than in non-Black women, e.g., women of Hispanic and mixed race [201].
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1.3.5.2 Impact on neonates

The maternal CVM may also be beneficial to neonates. The gut microbiome of neonates
is initially acquired at birth and resembles those of the maternal genital tract [150,202]. A
study utilising a DNA hybridisation technique observed that L. gasseri and L. crispatus were
predominant in neonates’ intestines and in their mother’s vaginas [150]. The mode (vaginal
or caesarean-section) and age (preterm or term/full term) of delivery are some of the factors
that affect post-natal development of the infants’ gastrointestinal microbiome. One study
observed that the body sites, including the intestines (examined using meconium), of
vaginally delivered neonates were colonised with their maternal vaginal Lactobacillus
whereas the body sites of caesarean-section delivered neonates were colonised with
maternal skin bacteria, comprising Corynebacterium, Staphylococcus, and Propionibacterium
spp. [202]. A literature review on intestinal bacterial colonisation in preterm infants [203]
outlined that intestines of preterm infants had abnormal bacterial colonisation. The preterm
infants had low numbers of beneficial bacteria (lactobacilli and bifidobacteria), and high
numbers of potentially pathogenic (enterococci and E. coli) and pathogenic (Staphylococcus
and Klebsiella) bacteria [203]. There is an intricate interplay between the indigenous gut
microbiome and host immune system, which is crucial in regulation of gastrointestinal
homeostasis [204]. An altered relationship between the gut microbiome (colonisation with
enteropathogenic bacteria) and immunity has been associated with diseases such as
infectious colitis and inflammatory bowel disease [204]. Thus, the initial colonisation of the
neonate’s gut with maternal vaginal bacteria may contribute to gastrointestinal health and

disease.
1.3.5.3 Impact on pelvic inflammatory disease

Dysbiotic CVMs may have a role in pelvic inflammatory disease (PID) [205]. A review
examining the association between BV and PID based on 19 studies observed a relationship
between BV and salpingitis, cervicitis, and endometritis. Although BV has found to be
common in women with PID, its causality in PID has not been proven. Nevertheless, studies
independently associating BV-associated bacteria and PID are scarce. Even with the limited
information, particular BV-associated bacteria such as Gardnerella, Ureaplasma, and

Mobiluncus have been associated with PID [205].
1.3.5.4 Impact on reproductive fertility

It may be acknowledged that the composition and diversity of CVM has an impact on
reproductive fertility. In a recent study comparing the cervicovaginal bacterial pattern of
women with infectious fertility (STl-related, n=26) versus women with non-infectious fertility

(n=26), healthy (fertile) women (n=89), and female sex workers (n=54) [175], notable
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variations in CVMs were found. In particular, the relative abundance of Gardnerella was
higher in female sex workers (10.8%), women with infectious (10.1%), and non-infectious
(5.6%) infertility, than in fertle women (5.4%) [175]. Besides, the CVMs of women with
infectious infertility had a higher microbial diversity and were also colonised with non-
Lactobacillus bacteria, including BV associated bacteria such as Prevotella, Atopobium and
Sneathia, and BVAB-1/2/3 compared to the CVMs of fertile women [175]. Furthermore, there
was a higher prevalence of Gardnerella- and Lactobacillus-dominated CVMs in women with

infectious infertility and healthy women, correspondingly [175].

The importance of Lactobacillus in reproductive fertility has been detailed in additional
studies [185,206,207]. A study examining the prevalence and quantity of vaginal
Lactobacillus spp. in 92 fertile and 22 postmenopausal healthy women observed that the
number and diversity of Lactobacillus spp. was greater in fertle women than in
postmenopausal women [185]. Only 3% of the fertle women and 91% of the
postmenopausal women were colonised by a single Lactobacillus sp. [185]. A majority of the
fertile women (97%) were colonised by at least two Lactobacillus species: 15% with 2, 70%
with 3-4, 11% with 5, and 1% with 6 detectable Lactobacillus spp. [185]. Only 9% of the
postmenopausal women were colonised by 2 Lactobacillus spp. [185]. Fertile women had
higher abundances and prevalences of Lactobacillus spp. in comparison with
postmenopausal women [185]. L. iners (82.6%), L. crispatus (70.7%), and L. gasseri (67.4%)
were the most prevalent Lactobacillus spp. in fertile women whereas L. gasseri (22.7%), L.
jensenii (22.7%), and L. crispatus (18.2%) were the most prevalent in postmenopausal
women [185]. The study also observed an association between Lactobacillus species,
particularly L. iners as well as L. gasseri, with other Lactobacillus spp. in fertile women [185].
This association was not computed in postmenopausal women because most of them were
colonised by a single Lactobacillus sp. [185]. A longitudinal study using a murine model to
investigate the effect of probiotic Lactobacillus (L. plantarum 2621) on infertility due to sperm-
agglutinating E. coli [206] suggests that displacement of sperm-agglutinating E. coli by
lactobacilli may restore fertility, as manifested successful fertilisation (upon mating),
consistent pregnancy-related changes, and delivery of pups at the end of gestation period. In
vitro studies have shown that vaginal probiotic with multiple lactobacilli (L. plantarum, L.
brevis, and L. salivarius) inhibits sperm lipid peroxidation induced by reactive oxygen

species, thereby maintaining sperm motility and viability [207].

Dysbiotic CVMs, manifested by Nugent scores of between 4-10, have also been found in
a large proportion of infertile women (39%) [200]. A longitudinal study on infertile Danes
women undergoing in vitro fertilisation treatment [208] noted that the rate of clinical

pregnancy (as measured by ultrasound of foetal heartbeat at 7 weeks of gestation) was 3.5-
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fold lower in women with abnormal vaginal flora (as depicted by elevated concentrations of
G. vaginalis and/or A. vaginae) (9.1%) than in women with normal vaginal flora (32.1%). In a
study of the urogenital microbiotas of infertile couples, Borovkova and colleageus (2011)
[105] found that the prevalence of Ureaplasma parvum was higher in women whose male
sexual partner had inflammatory prostatitis (80% versus 50%). In addition, their study
observed that after sexual intercourse, shifts in CVMs (acquisition of bacteria such as
streptococci, Prevotella, Clostridium, and E. coli) were more common in women with
dysbiotic CVMs (24 Nugent score) and those with male partners having inflammatory
prostatitis [105]. Borovkova and colleagues (2011) [105] hypothesised that these changes

could affect fertilisation.
1.3.5.5 Impact on sexually transmitted infections

There is substantial evidence that CVMs can affect the natural history of STIs such as
HIV [33,36,126,161,164,197,209], HPV [33,34,81,139,179,209,210], cytomegalovirus,
gonorrhoea [209], trichomoniasis, chlamydia [84,172,209], and HSV-2 [33,209] among others
[33]. A survey associating CVMs with STls among high-risk women in Rwanda observed that
women with Lactobacillus-deficient CVMs had a higher prevalence of HSV-2 (82.9-87.5%)
than Lactobacillus-dominated CVMs [33]. A recent nested case-control study found that
women with L. iners-dominated CVMs had increased risk of C. trachomatis infection [159].
The study also found that high abundances of L. crispatus in the CVM was associated with
lower susceptibility to C. trachomatis infection [159]. Incident trichomoniasis and chlamydia
have been associated with preceding BV status [84]. The impact of CVMs on HIV and HPV

will be outlined separately in the next subsection (1.3.6), as this was the topic of this study.
1.3.6 Cervicovaginal microbiome and sexually transmitted infections
1.3.6.1 Cervicovaginal microbiome and HIV infection

Most studies agree that altered CVMs increase the risk of HIV acquisition
[33,126,146,164,197,209] and transmission [146,211]. A meta-analysis based on 23 articles
with a total of 30,739 women observed that BV was associated with 60% increased risk of
HIV acquisition in HIV incidence studies [126]. Specific BV-associated bacteria such as A.
vaginae, P. bivia, P. melaninogenica, Veillonella montpellierensis, Mycoplasma, Aerococcus,
Megasphaera, Parvimonas, and Sneathia/Leptotrichia have been associated with increased
risk for HIV [36,164]. Altered CVMs with high abundances of G. vaginalis has been
associated with antepartum HIV-1 transmission [211]. The protective role of BV-negative
microbiomes against HIV is likely due to lactobacilli. The mechanism of protection by
Lactobacillus against HIV is postulated to be mainly due to acidification of the vaginal pH,

production of lactic acid and adsorptive properties of lactobacilli [212].
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HIV acquisition in women with altered and Lactobacillus-deficient CVMs is also enhanced
by genital inflammation [24,25,136,164]. Elevated multiple proinflammatory responses have
been associated with disrupted CVMs and HIV-1 replication [161]. An in vitro study testing
the effect of cervicovaginal inflammation on HIV infectivity using cell-free HIV isolates and
preinfection cervicovaginal lavage samples from 27 Black South African women aged 18-40
years [25] found that preinfection genital inflammation was associated with acquisition of low-
infectivity HIV variants. High levels of genital inflammatory chemotactic cytokines e.g., IL-8,
IP-10, macrophage inflammatory protein-1-alpha (MIP-1a), and MIP-13 have been shown to
contribute to HIV acquisition [24]. Persistent genital inflammation, which may be due to
asymptomatic STls, increases the risk of HIV infection [24]. Proinflammatory cytokine IL-1j3,
for example, has been found to occur at higher concentrations in women with asymptomatic
STls and BV [85]. Genital inflammation is also perhaps due to disruption of the mucosal
epithelial integrity and impaired wound healing by dysbiotic CVMs [122]. In vitro and in vivo
models have demonstrated that genital inflammation is caused by proinflammatory-
associated bacteria, such as Sneathia and Atopobium that trigger cytokine and chemokine
production, including IL-1, IL-8, tumour necrosis factor-alpha (TNF-a), interferon-alpha (INF-
a), INF-y, and IL-12p70 [164]. High levels of MIP-1a and MIP-18 that attract CCR5-
expressing cells have been associated with increased bacterial diversity [164]. CCR5-
expressing cells are involved in HIV transmission [197]. BV has been associated with high
CD4" T-cells [124].

CVMs have also been investigated in women who are already HIV-infected. A cross-
sectional study evaluating the CVMs of 278 Nigerian women [137] revealed that HIV-infected
women more likely to have Lactobacillus-deficient CVMs (CST IV-B and CST VI, a
Proteobacteria-dominated CVM) relative to HIV-uninfected women. Another study conducted
on a Rwandan cohort observed that women with Lactobacillus-dominated CVMs, especially
L. crispatus, had the lowest prevalence of HIV (9.1%) compared to Lactobacillus-deficient
CVMs (34.3-56.3% prevalence) [33]. The study further reported that the composition of the
CVM affects HIV shedding [33]. HIV-infected women with L. crispatus-dominated CVMs were
found to have significantly reduced genital HIV-1 RNA shedding [33]. Experiments have
demonstrated that diverse CVMs and at times L. iners-dominated CVMs cannot trap and
suppress HIV replication whereas other lactobacilli, including L. crispatus and L. gasseri can
significantly suppress HIV-1 replication [146,161,212]. Bacteria such as A. vaginae, Sneathia
sanguinegens, Aerococcus spp., and Ruminococcaceae spp. have been found to enhance

HIV replication even in Lactobacillus-dominated CVMs, specifically of L. iners type [161].

Information on the impact of HIV on CVMs and BV is relatively scarce and still

inconclusive. A recent longitudinal study on 22 HIV-uninfected women and 42 HIV-infected
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women (22 with stable infection and 20 with progressive disease) observed no association
between HIV status and CVMs at baseline and follow-up over an 8-10 year period [213]. In a
cohort of 82 young South African girls, Puran and co-workers (2014) [86] observed a non-
significant trend towards an increased BV prevalence among HIV-infected females (62.5% in
HIV-infected versus 50.0% in HIV-uninfected). Spear and colleagues (2008) [174]
investigated whether HIV-status had any influence on the CVMs of 21 women in the U.S.
with and without BV. Although they observed that HIV status had minimal effect on the
overall bacterial diversity, they reported a trend towards increased diversity in HIV-infected
women with BV relative to HIV-uninfected women with BV [174]. Furthermore, they observed
that three taxa, Propionibacterineae, Citrobacter, and Anaerococcus were present only in
HIV-infected women [174]. The differences in study population and small sample size in
these studies may explain the lack of consistency in these studies and appropriately

designed longitudinal studies are needed.
1.3.6.2 Cervicovaginal microbiome and genital HPV infections

Several studies, mostly on Westerners and Eurasian cohorts, have outlined an
association of BV as well as cervicovaginal bacterial communities with HPV infection and
HPV natural history. The findings of these studies are underscored below (1.3.6.2.1-
1.3.6.2.3).

1.3.6.2.1 BV, vaginal pH and genital HPV infections

A meta-analysis of 12 published articles on 6,372 women aged 13-69 years associated
prevalent BV with uterine cervical HPV infection [81]. A subsequent 6-year follow-up study on
329 Finnish women [214] associated asymptomatic BV with persistent cervical HPV
infections [214]. Another temporal study was conducted in the U.S. to evaluate the
association between common vaginal infections/disorders (including BV) and the natural
history of HPV among women aged 15-56 years that included 756 HIV-positive women and
380 women at high risk for acquiring HIV infection [210]. The study found that preceding or
current BV status was associated with prevalent HPV, incident HPV, and delayed HPV
clearance, whereas no association was observed between preceding HPV infection and BV
[210]. Additionally, the effect of BV on incident and prevalent HPV was not affected by HIV
status. However, in a model adjusted for a combined HIV status and CD4 group, BV was

significantly associated with increased risk of incident and prevalent HPV [210].

The vaginal pH is believed to be a modifier of the natural history of HPV infection. This is
based on the observation that decreased vaginal acidity (pH=5.0) has been associated with

increased risk of infection with high-risk and multiple HPV infections [70].
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1.3.6.2.2 Cervicovaginal bacteria, community state types and genital HPV

infections

The association of cervicovaginal bacteria and CSTs with the prevalence and natural
history of genital HPV infection is summarised in Table 1.1. Published evidences
[137,157,179,215], mostly based on cross-sectional studies, have reported higher
frequencies and abundances of particular bacterial taxa in CVMs are possible biomarkers for
HPV infection, including high-risk genotypes types. A cross-sectional study assessing the
microbial diversity of 32 HPV-negative and 38 HPV-positive Chinese women with normal
cervical cytology [215] found that L. gasseri and G. vaginalis were more frequently detected
in HPV-positive women than in HIV-negative women. Furthermore, HPV-positive women had
significantly higher microbial diversity than HPV-negative women [215]. Frequencies of L.
iners and L. gallinarum did not vary between the two HPV groups [215]. Compared to HPV-
negative women, the CVMs of women with prevalent HPV infection have been found to have
higher relative abundances of bacteria such as Prevotella [137,179], Megasphaera, Sneathia
[137,157,179], Fusobacterium, Dialister [179], Pseudomonas, Brevibacterium [157],
Anaerococcus, and Arcanobacterium [137]. In a Korean twin cohort cross-sectional study
linking CVMs with host genetics [180], women infected with HPV had different microbial
profiles that varied according to their menopausal status. Lactobacillus and Sneathia were
dominant in premenopausal women infected with HPV (55.4% and 11.6%, respectively),
while non-heritable Prevotella (22.7%) was the most abundant in postmenopausal women
infected with HPV [180]. On the other hand, Alkanindiges, Anaerococcus tetradius,
Corynebacterium accolens, Finegoldia magna, F. nucleatum, Raoultella planticola,
Halorubrum, and Vampirovibrio have been found to be highly enriched in women without
prevalent HPV infection [137,141,157].

In spite of a few conflicting reports [34,139,141], most CVMs results
[33,34,139,141,142,179] have associated higher abundances of Lactobacillus and/or
Lactobacillus-dominated CSTs with lower prevalent HPV infection. A Nigerian cohort cross-
sectional study that characterised bacteria associated with prevalent high-risk HPV infection
found that HPV-negative women had higher relative abundances of L. iners than HPV-
positive women [137]. A study on North American cohort prospectively assessing the
relationship between CVMs and HPV while controlling for immune status [139] found that
among the Lactobacillus spp. (L. crispatus, L. gasseri, L. iners, and L. jensenii), only the
relative abundance of L. crispatus was significantly associated with decreased HPV or
oncogenic HPV detection. There was no association of relative abundance of genus
Lactobacillus with prevalent HPV [139]. A Korean twin cohort cross-sectional study [179] had

previously found significantly higher relative abundances of Lactobacillus in HPV-negative
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women relative to HPV-positive. Recently, a prospective study by Shannon and colleagues

(2017) [141] assessing the impact of natural history of HPV on CVM and genital immune

responses in 59 African/Caribbean women in Canada associated both low bacterial load and

abundances of L. gasseri with prevalent HPV.

Table 1.1. Community state type and classified bacterial genus/species in cervicovaginal
microbiota associated with HPV infection, clearance and persistence.

Cervicovaginal bacteria/CST

Association with

prevalent HPV infection

Association with
acquisition of HPV
infection

Association with
HPV clearance or
persistence

Lactobacillus crispatus
Lactobacillus gasseri

Lactobacillus iners
Lactobacillus jensenii
Lactobacillus gallinarum
Lactobacillus

Lactobacillus spp.
Actinomyces

Albidiferax

Alkanindiges

Anaerococcus
Anaerococcus tetradius
Arcanobacterium

Atopobium vaginae
Brevibacterium
Corynebacterium accolens
Dialister

Gardnerella vaginalis
Faecalibacterium

Finegoldia magna
Fusobacterium
Fusobacterium nucleatum
Halorubrum

Megasphaera

Pediococcus

Peptoniphilus asaccharolyticus
Peptoniphilus harei
Peptostreptococcus anaerobius
Prevotella

Pseudomonas
Pseudoxanthomonas
Raoultella planticola
Sneathia

Vampirovibrio

CST | (L. crispatus dominated)
CST Il (L. gasseri dominated)

CST Ill (L. iners dominated)

CST IV*/Diverse CVMs

CST IV-A
CST IV-B
CST IV-BV

Negative [139,142]
Positive [215]

Negative [141]

No [139]

Negative [137,139,215]
No [139]

No [215]

No [139]

Negative [179]
Negative [157]

Negative [157]
Positive [137]
Negative [141]
Positive [137]

Positive [157]
Negative [141]
Positive [137,179]
Positive [215]

Negative [141]
Positive [179]
Negative [141]
Negative [137]
Positive [137,157,179]
Positive [157]

Positive [137]
Negative [141]
Positive [137]

Positive [137,179]
Positive [157]
Negative [157]
Negative [141]
Positive [137,157,179]
Negative [157]
Negative [33,139]

Positive [34]
Negative [33]
Positive
[33,34,141,214,215]

Positive [34]

Positive [157]

Positive [157]

Positive [157]

Positive [34]

Negative [34]

Positive [34]
Positive [157]

Abbreviations: HPV — human papillomavirus, CST — community state type.

*CST IV — Lactobacillus-deficient cervicovaginal microbiotas that are usually dominated by a mixture of strict or facultative
anaerobic bacteria [38]. Some authors have subdivided this BV-like CVM depending on the array of bacteria colonising the
cervicovaginal milieu: CST IV-A and CST IV-B [34] or CST IV-BV and CST IV-AB [157].
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Compared to diverse CVMs (CST 1V) Lactobacillus-dominated CVMs (CST I: L.
crispatus-dominated, CST II: L. gasseri-dominated, and at times CST Ill: L. iners-dominated)
have been associated with reduced prevalent HPV and high-risk HPV infection
[33,34,139,179]. The study by Shannon and colleagues (2017) [141] found that CST IV was
more prevalent among women with HPV infection relative to CST | and CST Il. In another
longitudinal study [34], women with CVMs in CST IV and CST Il had higher frequencies of
HPV (71% and 72%, respectively) compared with CST | (45%) and CST Il (12%). Further,
there was a trend towards HPV positivity in samples from women in CST IV-B and CST llI
relative to CST Il [34]. Other published literatures [33,139] have observed an inverse
relationship between CST | and prevalent of any HPV and/or high-risk HPV. Cross-sectional
studies have associated increasing microbial diversity with an increasing prevalence of HPV
and high-risk HPV among Rwandan [33] and Korean [179] women. There is dearth of studies
on the association of cervicovaginal bacterial communities with acquisition of HPV infection
(Table 1.1). A CVM/HPV interplay temporal study by Brotman and colleagues (2014) [34] on
32 African American women showed that there was a trend of an increased risk to transition
to HPV positivity in women with CST IV-A (low Lactobacillus CVMs with several anaerobes,

including Prevotella, Atopobium, Anaerococcus, and Streptococcus) compared to CST | [34].

In terms of rates of HPV remission, Brotman and colleagues (2014) [34] showed that
Lactobacillus-dominated CVMs, CST Il in particular, was associated with more rapid
remission of HPV compared to CST Ill and non-Lactobacillus CVMs, specifically CST IV-B
(highly colonised with Atopobium, Prevotella, and Gardnerella) [34]. Their study
demonstrated that, of all the CSTs (CSTs I-lll, IV-A, and IV-B), CST IV-B had the lowest
clearance rates of HPV [34]. A prospective study characterising CVMs of Italian women with
cleared and persistent high-risk HPV infection [157] found that lower relative abundances of
Albidiferax and higher relative abundances of Atopobium and Faecalibacterium were strongly

associated with HPV persistence.

The effect of CVMs against HPV infection seems to be due to the mechanisms employed
by Lactobacillus spp., including low acidic milieu that is thought to be contributed by
production lactic acid [63,68]. Vaginal pH may also be important in HPV pathogenesis. A
large Costa Rican cohort prospective study associated reduced risk of HPV detection with a
vaginal pH of <5.0 [70]. The relative abundance of genus Lactobacillus has been more
significantly associated with acidic pH than the relative abundance of the individual
Lactobacillus species [139]. Among the individual Lactobacillus species, the relative
abundance of L. crispatus has been found to exhibit the highest correlation with acidic pH,
followed by L. jensenii, L. gasseri, and L. iners [139]. Differences in Lactobacillus spp. may

therefore explain the different effects observed on the natural history of HPV infections
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among women with Lactobacillus-dominated CVMs [34]. Apart from the low vaginal pH, other
biological mechanisms such as the isoform of lactic acid have been posited as important
factors utilised by Lactobacillus such as L. crispatus to foil detection of HPV infection [139].
D- and L-isoforms of lactic acid can have antiviral activity [146,212]. However, high ratio of L-
to D-lactic acid as evident in L. iners-dominated CVMs [146,147] may predispose women to
BV and alter cause loss cervical integrity [147] that can allow HPV particles to enter and
infect the basal cells [4]. Differences in prevalence and remission of HPV may further be
pointed to the immunological responses [141], temporal changes of the cervicovaginal
milieus and stability of the CSTs [34]. A study assessing the impact of natural history of HPV
on CVM and genital immune responses noted that prevalent HPV was associated with
elevated levels of IP-10 and monokine induced by gamma interferon (MIG) while HPV
clearance was associated with increased cervical Langerhans cells that also play a role in
HIV acquisition [141].

1.3.6.2.3 Cervicovaginal bacteria, community state types and HPV-associated

cervical precancer and cancer

Several studies [140,142,160,176,179,216-219], albeit relying on cross-sectional data,
have examined the cervicovaginal microbiota during the various stages of HPV-associated
cervical precancer and cancer (Table 1.2, ranked by the recency of the publication). Cervical
precancer has been categorised according to the extent of neoplasms
(dysplasias/dyskaryosis — abnormal growth of cells on the surface of the uterine cervix) [4,5]
while cervical cancer according to increasing invasiveness of the malignancy (Stages I-1V)
[5]. The categories of neoplastic phenotypes are cervical intraepithelial neoplasia (CIN) 1-3
[4,5]. CIN 1, CIN 2, and CIN 3 are mild, moderate, and severe dysplasia, respectively [5].
The corresponding cytology of CIN 1 is low-grade intraepithelial lesion (LSIL) while for CIN 2
and CIN 3 is high-grade intraepithelial lesion (HSIL) [5]. It is worth noting that atypical cells of
undetermined significance (ASCUS) is a very mild grade of cervical abnormality as
manifested by the presence of slightly abnormal squamous abnormal cells that are of

uncertain precancerous nature [5].

There is rapidly evolving evidence that dysbiotic CVMs and certain taxa in the CVMs are
associated with precancerous cervical lesions [140,142,160,176,179,219,220] (Table 1.2). A
culture-independent case-control study assessing the association between CIN and uterine
cervical microbiota of Korean HPV cohort aged 18-65 years [160] found that women with
predominance of G. vaginalis and A. vaginae in tandem with a high proportion of L. iners/L.
crispatus ratio had a high likelihood of having CIN. The study also showed that a synergistic
effect between BV-associated bacteria, particularly A. vaginae, and high-risk HPV, was

associated with increased risk of CIN [160]. Cervical microbiotas of women with HSIL have
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been observed to have lower relative abundances of L. jensenii and L. coleohominis and
higher relative abundances of S. sanguinegens, A. tetradius, and Peptostreptococcus
anaerobius relative to women with LSIL [140]. Women with normal cervical cytology have
been found to have higher relative abundances of L. crispatus and L. iners than women with
SIL and cervical cancer respectively [142]. However, a study examining the association
between CVM and CIN [219] observed that relative abundances of Lactobacillaceae,
Lactobacillus, L. reuteri, and several Lactobacillus operational taxonomic units (OTUs) were
higher in women with CIN 2+ (CIN 2 and CIN 3) relative to women with CIN 1. These
inconsistencies could be due to differences in study design and lack of adjustment for other

confounding factors.
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Table 1.2. Community state type and classified bacterial genus/species in cervicovaginal microbiota associated cervical precancer and cancer.

Study description/aim Number of participants Summary of the main findings Reference
= Women with a semi-Western diet in the high-scoring group (with a
— ; 137 South Korean women aged 18-65 highly unbalanced dietary pattern) had a higher CIN risk than women
To assess the association of dietary . . . ; : 2 4 :
pattern with CIN and the combined years who included 65 with CIN (50 with with a semi-Western diet in the low- or medium-scoring group. Seo et al.

effect of dietary pattern and cervical
microbiome on the risk of CIN

To examine the association between
CVMs and high-grade CIN (CIN 2+) and
to evaluate whether the CVMs are
associated with oxidative damage

To evaluate the profile of CVMs at
different stages of the natural history
of cervical cancer

To investigate whether increasing
microbiome diversity is associated
with increasing CIN severity

To evaluate the association of uterine
cervical microbiota with CIN

CIN 1 and 15 with CIN 2 or CIN 3) and
72 controls (with normal or ASCUS in
Pap smear results)

430 high-risk HPV-positive North
American women aged 19-50 years who
included 79.1% with CIN 2+ (208 CIN 2
and 132 CIN 3 diagnosed cases) and the
rest (n=90) with CIN 1 (non-cases)

32 Mexican women aged 22-61 years
who included 20 women without cervical
lesions (50% HPV-positive), 4 with SIL
(all HPV-positive), and 8 with cervical
cancer (all HPV-positive)

169 women aged 18-45 years from the
UK who included 20 with normal cervical
cytology, 52 with LSIL, 92 with HSIL, and
5 with invasive cervical cancer

120 Korean women aged 18-65 years
who included 70 women with CIN and 50
control women

CVMs dominated by L. iners and A. vaginae had a higher risk of CIN
compared to L. crispatus-dominated CVMs.

There was a synergistic effect between semi-Western diet and A.
vaginae-dominated CVM, which increased the CIN risk.

CVM dominated by L. iners and unclassified Lactobacillus was
positively associated CIN 2+.

Relative abundances of Lactobacillaceae, Lactobacillus, L. reuteri,
and several Lactobacillus OTUs were higher in women with CIN 2+
than with CIN 1.

DNA oxidative damage did not correlate with CVM structure.
Women with SIL and cervical cancer had a significantly higher
microbial diversity compared to HPV-negative women without
cervical lesions.

Women with normal cervical cytology had higher abundances of L.
crispatus and L. iners, whilst Sneathia spp. and Fusobacterium spp.
dominated the CVMs of women with SIL and cervical cancer,
respectively.

Cervical expression levels of TGF-$1 and IL-4 mRNA were higher in
women with Fusobacterium-dominated CVMs.

Severity of CIN was associated with increasing CVM diversity and
CST IV.

Compared with disease-free healthy controls, the prevalence of CST
IV was about 2-fold, 3-fold, and 4-fold greater in women with LSIL

(21%), HSIL (27%), and invasive cervical cancer (40%), respectively.

Association between CVM diversity and disease severity was
observed irrespective of the HPV status.

Prevalence of CST | (L. crispatus-dominated CVMs) was lower with
increasing disease severity (CST | prevalence: 50% in normal, 42%
in LSIL, 40% in HSIL, and 20% in invasive cervical cancer).

CVMs of women with HSIL had higher relative abundances of
Sneathia sanguinegens, Anaerococcus tetradius, and
Peptostreptococcus anaerobius relative to women with LSIL.
Women with LSIL had higher relative abundances of L. jensenii and
L. coleohominis than women HSIL.

Women with predominance of G. vaginalis and A. vaginae in tandem
with a high proportion of L. iners/L. crispatus ratio had a high
likelihood of having CIN.

(2016) [176]

Piyathilake et
al. (2016)
[219]

Audirac-
Chalifour et
al. (2016)
[142]

Mitra el al.
(2015) [140]

Oh et al.
(2015) [160]
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To assess the association between
CVM and HPV infection

To clarify the association between
these two conditions using a
systematic review and meta-analysis

To determine the prevalence, risk
factors, and impact on histologic
changes of BV in women with
cytological abnormalities of the
uterine cervix

50 Korean women age 31-73 years who
included 23 HPV-positive (4 with CIN)
and 27 HPV-negative (1 with CIN)
premenopausal women

Over 20,500 women aged 13-78 years
from different countries (South Africa,
Costa Rica, Brazil, Canada, USA, UK,
Italy, Netherlands, Sweden, Finland, and
South Korea) representing different
races/ethnicities

280 Dutch women aged 20-66 years who
included 68 with minor lesions (no
lesions or CIN 1) and 212 with more
severe lesions (CIN 2 and CIN 3)

= The highest synergistic effect was between A. vaginae and high-risk

HPV was associated with increased risk of CIN.

= Average relative abundance of Lactobacillus spp. was significantly

lower in groups infected with HPV or with CIN than in the
premenopausal control group.

= Lachnospiraceae and Veillonella spp. included bacterial taxa that
were in higher relative abundances in women with CIN.

= Women with BV were significantly more likely to have CIN/SIL than

women without BV.

= The prevalence of BV was 56%.
= Of all the factors (age of sexual debut, current Chlamydia

trachomatis infection, number of cigarettes currently smoked per day,
and lifetime number of sexual partners) significantly associated with
BV, only the latter two were identified as independent significant risk

factors for BV.
= BV did not influence the severity of CIN or mitotic index.

Lee et al.
(2013)

Gillet et al.
(2012) [220]

Peters et al.
(1995) [221]

Abbreviations: CVM — cervicovaginal microbiota, OTU — operational taxonomic unit, CIN — cervical intraepithelial lesion, ASCUS — atypical squamous cells of undetermined significance, SIL —
squamous intraepithelial lesion, LSIL — low-grade SIL, HSIL — high-grade SIL, HPV — human papillomavirus, TGF — transforming growth factor, IL — interleukin, MRNA — messenger RNA (ribonucleic
acid), BV — bacterial vaginosis, CST — community state type.
*CST IV - Lactobacillus-deficient cervicovaginal microbiotas that are usually dominated by a mixture of strict or facultative anaerobic bacteria [38].
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Based on the available literature, Kyrgiou and colleagues (2016) have suggested that the
interplay between specific CSTs such as BV-associated CST IV and HPV infection may be
correlated with the development of cervical disease, e.g., SIL [216]. CST IV is a high
diversity CVM [38] that has been positively associated with severity of CIN irrespective of
HPV status [140]. A cross-sectional cohort study characterising the CVMs in CIN disease
progression [140] found that, compared with disease-free healthy controls, the prevalence of
CST IV was about 2-fold, 3-fold, and 4-fold greater in women with LSIL (21%), HSIL (27%),
and invasive cervical cancer (40%), respectively. In contrast, the prevalence of communities
with L. crispatus predominance (CST |) was decreased with increasing disease severity
(CST | prevalence: 50% in normal, 42% in LSIL, 40% in HSIL, and 20% in invasive cervical
cancer) [140]. In a large study on a cohort of high-risk HPV-positive women [219], there was
the positive association of a cervical mucosal community dominated by L. iners and
unclassified Lactobacillus with CIN 2+. A small cross-sectional pilot study evaluating the
profile of cervical microbiotas and cytokines at different stages of the natural history of
cervical cancer in 32 Mexican women [142] found that Fusobacterium spp. was predominant
in CVMs of women with cervical cancer. Such women had elevated levels of transforming
growth factor (TGF)-1 and IL-4 mRNA [142]. Moreover, the study confirmed that high
microbial diversity (in non-Lactobacillus CVMs) is associated with cervical precancer and
cancer [140]. There is also a connection between BV and precancerous cervical lesions. A
systematic review and meta-analysis of the association of BV and precancerous cervical
lesions (mostly from cross-sectional studies) [220] observed that women with BV were

significantly more likely to have CIN/SIL than women without BV.

The observed interrelationship between cervicovaginal bacteria communities, HPV, and
cervical precancer/cancer has led some investigators [142,218] to suggest possible
mechanisms by which cervicovaginal bacterial communities may promote the development
of cervical cancer. Audirac-Chalifour and co-workers (2016) [142] proposed a mechanism in
which specific bacteria in the CVMs mediate changes in cytokine expression levels to
promote the development of SIL and cervical cancer (Fig. 1.6). They speculate that infection
of the cervicovaginal epithelia with high-risk HPV causes the CVM to shift from L. crispatus
to L. iners predominance. As the HPV-infected cells continue to transform to SIL, CVM
diversity increases with the presence of pathobionts, mainly Sneathia and Fusobacterium
spp. Fusobacterium necrophorum is present when cervical cancer finally ensues. The shift in
CVM composition and diversity is due to the immunosuppressive microenvironment evoked
by HPV infection, which continues to mediate the cross-talk between cytokines and CVM
[142].
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Fig. 1.6. Proposed mechanism of cervicovaginal microbiome changes during the cervical
cancer development. Changes occurring to the normal cervicovaginal epithelia from the onset of
infection with high-risk HPV until the development of cervical cancer through SIL are shown.
Microbiome structure in each stage is denoted by the predominant bacteria. HPV infection results in
loss of Lactobacillus and increased diversity of the CVM, with Pseudomonas spp. predominance.
Early proteins (E2, E6, and E7) of HPV facilitate the expression of IL-10 and the occurrence of
macrophages type 2. The latter is also promoted by TGF-31, which is subsequently triggered by the
CVM present. As HPV infection persists and SIL progresses to cervical cancer, the diversity of the
CVM increases, with the predominance of Sneathia, Fusobacterium, Enterococcus, and
Streptococcus. The diversity of the CVM increases through its toxins, particularly FadA, a virulent
bacterial cell surface adhesion factor from Fusobacterium spp. FadA then disrupts the tight junctions
and enhance a metastasis akin to colon carcinoma. The figure is taken from Audirac-Chalifour and
co-workers (2016) [142].

Although all the studies associating specific CVMs and bacterial taxa with precancerous
cervical lesions are cross-sectional-based and therefore do not provide evidence for
causality, a review by Mitra and co-workers (2016) [218] founded on observational studies of
CVM, HPV, and CIN proposed possible mechanisms through which CVMs may use to
mediate cervical heath and disease, including cervical disease (Fig. 1.7). Most of these
mechanisms have already been mentioned earlier in this chapter and include: 1) vaginal pH,
lactic acid, and H,O,, 2) production of bacteriocins and biosurfactants, 3) disruption of

cervicovaginal mucus and epithelial barrier, 4) induction of oxidative stress, and 5)
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participation of specific bacterial species and manipulation of cellular targets, e.g., survivin,

tumour protein p53, etc. [218].
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Fig. 1.7. Possible mechanisms linking cervicovaginal microbiotas with the evolution of cervical
disease. a) Lactobacillus-deficient CVMs (CST IV, BV-like CVMs) and occasionally L. iners-
dominated CVMs (CST lll) are associated with incident and persistent HPV infection. Lactobacillus-
dominated CVM (mostly CST II, with L. gasseri predominance) is associated with the fastest
remission of acute HPV infection. HPV persistence may cause koilocytic dysplasia, mild lesions of the
uterine cervix (CIN 1). b) Dysbiosis may evoke robust proinflammatory changes in the cervicovaginal
milieu that enhance HPV-induced carcinogenesis. HPV-induced carcinogenesis is facilitated through
expression of E6 and E7, host genome instability, viral integration, and telomerase activation. c)
Higher bacterial diversity with Lactobacillus deficiency has been associated with increasing disease
severity. Specific bacteria frequently found in BV-like CVMs (Sneathia, Gardnerella, and Atopobium)
may produce sialidases that cause mucus breakdown. This may lead to loss of the epithelial integrity
and production of biogenic amines (putrescines and nitrosamines) associated with oxidative stress-
induced DNA damage, which is a crucial step in carcinogenesis. Specific Lactobacillus spp. can
dampen the expression of these biogenic amines; hence reducing the risk of oxidative damage. L
iners is known to be the least protective among the common Lactobacillus spp. and has a
bidirectional role in health and disease, and perhaps cervical disease. The figure is taken from Mitra
and co-workers (2016) [218].
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The observation of diminished abundance of Lactobacillus in women with CIN
[140,142,179,220] is growing to be a common finding in microbiome studies. It could be that
cervicovaginal communities without appreciable numbers of protective Lactobacillus promote

the persistence of HPV [34] and thereby increase the risk of HPV-induced malignancy.

The protective nature of Lactobacillus against HPV-induced precancerous lesions was
demonstrated in a small 6-month longitudinal controlled pilot study examining the effect of
the oral probiotic Lactobacillus casei on the clearance of HPV-induced lesions [222].
Probiotic users (n=24) had 60.0% chance of clearing HPV-related cervical abnormalities
relative to the control group (n=27) who had a 30.7% chance at 6 months, although this
difference was not statistically significant. After 3 months, 25.0% of the probiotic users and
7.7% of the control participants had cleared HPV infections (p=0.13). After 6 months, the
proportions were 29.2% and 19.2%, correspondingly (p=0.41) [222]. Lactic acid from
lactobacilli is known to exhibit some antiviral activity [223]. It can inhibit the virus by direct
virus-probiotic interaction aided by adsorption or trapping mechanism. Alternatively, lactic
acid bacteria can evoke host's immune antiviral responses and/or produce
nonproteinaceous metabolites with inhibitory capabilities [223]. Lactic acid also acidifies the
cervicovaginal environment, hence resulting in low pH [63,68] which is a key mechanism for
controlling the composition of CVMs and preventing colonisation of the microenvironment
with pathogens [68,69]. Elevated vaginal pH of 25.0 has been associated with detection of
high-risk HPV and LSIL in women [70]. Lactobacilli appear to have other mechanisms used
to curtail viral infections. Motevaseli and colleagues (2013) [224] showed using culture and
bioassay experiments that L. crispatus and L. gasseri have cytotoxic activity on tumour cells

and that this activity is independent of pH and lactic acid.
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1.4 The human penis and its microbiome

The human penis mainly consists of the glans, corona, urethra, corpora cavernosa penis,
corpus spongiosum and prepuce or foreskin (in uncircumcised men) (Fig. 1.8) [225-227].
The various surfaces of the penis represent different microenvironments, which differ in
properties such as oxygen availability, keratinisation and wetness, which would provide

suitable niches for different bacterial communities.
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Fig. 1.8. Anatomy of the human penis. The figure is taken from Wasco and Shah (2009) [227].

The external surface of a relaxed penis is covered with “dry” keratinised squamous
epithelial layer that is relatively impermeable to STIs in the absence of epithelial trauma
and/or lesions [225,226]. In majority of uncircumcised men, the prepuce often covers the
glans, corona (junction between the glans and penile shaft), and the tip of the penis (meatus)
[225]. The subpreputial epithelium that covers the glans, corona, and inner surface of the
prepuce is made up of mucosal (“wet”) epithelial cells [225,226,228]. The subpreputial space
is an anoxic microenvironment [229]. The length of the prepuce of uncircumcised men has
been associated with subpreputial wetness [230]. This subpreputial penile wetness of glans
and coronal sulcus increases vulnerability to STls, especially HIV [231]. Circumcision
removes at least most of the mucosal preputial epithelium but leaves the dry keratinised
epithelial surface [225]. Circumcision results in keratinisation of the glans penis [226]. At the
penile urethral orifice, the meatus consists of keratinised squamous epithelium, which
transitions into non-keratinised form in the fossa navicularis. The non-keratinised squamous
epithelium further transitions into pseudostratified columnar epithelium through the urethral
inner lining [225,227]. The meatus, urethral orifice, and the penile skin, including the inner
surface of the foreskin, are suitable niches for microbes [110,225,226] and at times
pathogens [232]. The mucosal epithelial of the penis has immunological cells that act against

infections by pathogens [228].

Removal of the prepuce by medical male circumcision significantly reduces the risk of
STIs, including HSV-2, syphilis, HPV, and HIV [233-239]. Three randomised clinical trials
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(RCTs), conducted in South Africa [233], Kenya [237], and Uganda [238] indicated that
medical circumcision reduced the rate of heterosexual HIV transmission by about 60%. Two
recent systematic reviews and meta-analyses [240,241] have found that male circumcision
reduces prevalent HPV by between 32-43%. The foreskin has a high prevalence of HPV
compared to other penile sites in uncircumcised men [241]. The protective effect of male
circumcision against HPV infection has been reported to be enhanced in glans/corona and
urethra relative to sites more distal sites to the prepuce such as the penile shaft and scrotum
[241]. Following the observed considerable protective effects of medical male circumcision
against HIV/STIs [240-242], male circumcision has been cited as an essential and effective
element of HIV/STIs prevention strategies not only in Africa, but the rest of the world too
[243].

In many settings within sub-Saharan Africa, including South Africa, traditional male
circumcision is common [244-249]. A systematic review by Wilcken and colleagues (2010)
[244] reported that in eastern and southern Africa, traditional male circumcision is performed
as a ritual to initiate the males into manhood. It is also been reported that it is preferred over
voluntary medical male circumcision because it is deemed affordable and the cost is
negotiable at times [246]. It is usually performed by a medically untrained provider in a non-
clinical setting, with either the foreskin partially or fully (sufficiently) removed [244,245,249].
Traditional male circumcision may offer some level of protection against HIV infection. A 2-
year follow-up study among low-risk men in rural Kenya [248] observed a 3-fold lower HIV
incidence rate in predominantly traditionally circumcised men than uncircumcised men. A
cross-sectional comparative study based on 18 demographic and health surveys conducted
in sub-Saharan Africa [250], where traditional male circumcision is predominant, strongly
associated circumcised with reduced risk HIV infection. However, a population-based survey
of predominantly traditionally circumcised South African men found no association between
circumcision and HIV infection [245]. A more recent study investigating the association
between type of male circumcision (medical versus traditional) and HIV status on a Basotho
cohort [247] noted that traditionally circumcised men were more likely to be HIV-infected

than medically circumcised men.

The differences in the protective effect of traditional circumcision on HIV infection are
likely due to variations in the age of circumcision, age of sexual debut and amount of
foreskin removed during traditional circumcision [235,244-247]. These are known to vary
regionally [244-246]. A study in Cape Town, which separated traditionally circumcised men
by partial and full removal of the foreskin, showed that partially circumcised and
uncircumcised men had the same risk for HIV infection, which was significantly greater than

that of fully circumcised men [251]. Differences in HIV risk in medically and traditionally
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circumcised men may also be attributable to lack of HIV risk reduction counselling or formal
counselling received in traditionally circumcised men [252,253] and inaccurate self-reporting
of male circumcision status [249]. A cross-sectional study on a Basotho cohort comparing
concordance of circumcision status by self-report with physical examination [249] found that
of the men self-reporting being circumcised only half had their foreskins completely
removed, while the rest were found to be either uncircumcised (23.4%) or partially
circumcised (26.6%) [249]. The partial removal of the foreskin could still maintain the
subpreputial penile wetness of glans and coronal sulcus akin to that of uncircumcised men.
This subpreputial penile wetness has been associated with HIV infection [231]. Moreover,
traditional male circumcision has been found to be more likely to have complications such as
infections and delayed wound healing [244,246], which may impact the risk of STls. In
contrast, the incidences of such complications were found to be low in RCTs of medical
circumcision for HIV reduction [233,237,238,242].

The penile microbiota remains largely understudied. To date, there are less than ten
published papers that have used deep sequencing to examine this topic. The findings of
these publications are summarised in Table 1.3, ranked by the recency of the publication. Of
these studies, five have been on a Ugandan cohort [35,194,229,254,255] while the rest were
on U.S. [110] and Australian [256] cohorts. The studies have focussed on changes to
microbiotas following medical male circumcision [229,254] or on microbiotas of men who are
circumcised and/or uncircumcised [35,110,194,256,257]. These studies have characterised
the penile microbiotas using swabs from either coronal sulcus alone [35,194,229,254],
coronal sulcus and glans [256], or glans, coronal sulcus, and penile shaft (hereafter referred
as penile skin) [110]. Microbiotas in these studies have been targeted using the
hypervariable V1-V3, V3-V5 [257], V3-V4 [35,229,256], V3-V6 [194,254], V4-V6 [110], and
V6-V9 [257] of the 16S rRNA gene.
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negative or
positive for BV
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uncircumcised
HIV-negative
men who were
enrolled in a
randomised trial
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= Penile skin diversities of males with BV-positive
partners were significantly higher than that of

males with partners without BV.

= Coronal sulci microbiotas clustered into 7 CSTs

(designated 1-7 according to increasing

penile skin microbiotas.
Corynebacterium, Staphylococcus, and
Gardnerella were highly abundant in
circumcised men.

Prevotella, Porphyromonas,
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abundances of Corynebacterium, L.
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determine the baseline Atopobium, Mobiluncus, Megasphaera, and . . .
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months

To assess the
impact of
circumcision on
the penile
microbiota

intervals over a
three-month
period

12 HIV-negative
men were
randomised to
either immediate
circumcision
(intervention) or
to circumcision
delayed for 24
months
(controls) and
were followed at
6, 12 and 24
months

= Coronal sulcus

= V3-V4
hypervariable
region

Uganda

microbiota was less abundant than previously
reported [229].

= Streptococcus, Lactobacillus, and
Staphylococcus were the most abundant
bacteria in urine.

= Anaerobic families, Clostridiales Family XI and
Prevotellaceae, were (p=0.006) were
significantly abundant in pre-circumcision
coronal sulci samples.

= Coronal sulci microbiotas were less
heterogeneous after circumcision.

= After circumcision bacterial families consisting of
predominantly anaerobic genera were
significantly decreased whereas predominantly
facultative anaerobic genera increased.

= Aerobic/facultative anaerobic family
Corynebacteriaceae and a facultative anaerobic
Staphylococcaceae were significantly abundant
in post-circumcision coronal sulci samples.

= Pseudomonadaceae and Oxalobacteraceae
were positively correlated, but negatively
correlated with Clostridiales Family XI,
Prevotellaceae, Corynebacteriaceae, and
Staphylococcaceae.

= Of the 42 bacterial families identified,
Pseudomonadaceae and
Oxalobacteraceae were the most
abundant, regardless of the
circumcision status.

Price et al.
(2010)
[229]

Abbreviations: BV — bacterial vaginosis, HIV — human immunodeficiency virus, IL — interleukin, CVM — cervicovaginal microbiota, CST — community state type.
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In most of these studies [110,194,229,254,256,257], Corynebacterium has been
identified as a key bacterium in the penile microbiota. For example, two studies that
examined the coronal sulcus microbiotas on a U.S. [257] and Ugandan [254] cohort found
that Corynebacterium was the most and third most abundant taxa, respectively. This finding
on Corynebacterium dominance has recently been mirrored in studies that utilised coronal
sulcus/glans [256] and penile skin samples [110]. Corynebacterium is a Gram-negative
bacterium that has been identified as a predominant skin colonizer [258]. It is known to
prefer high-humidity (moist) and high-temperature niches, e.g., inguinal crease (side of the
groin), although dry sites such as the buttocks have also been shown to be enriched with
Gram-negative bacteria [258]. The role of Corynebacterium remains underappreciated since
it is a fastidious bacterium that is difficult to culture [258]. Other predominant taxa identified
in the penile microbiota included Staphylococcus, Lactobacillus, and BV-associated bacteria
such as Prevotella, Finegoldia, Peptoniphilus, Porphyromonas, and Gardnerella
[35,110,194,229,254,256,257]. The prevalence and abundance of all these aforementioned
taxa appear to vary by the penile site sampled and/or circumcision status. For example,
Prevotella was more abundant in pre-circumcised/uncircumcised men than in post-
circumcised/circumcised men whereas Staphylococcus was more abundant in post-
circumcised/circumcised men than in pre-circumcised/uncircumcised men
[35,110,229,254,257]. Staphylococcus, an aerobic bacterium, is a predominant and stable

skin commensal [258].

As previously outlined, the human penis has several microenvironments with different
epithelia [225,228]. Each microenvironment supports different microbiotas, likely due to the
differences in the availability of oxygen and moisture [35,110,194,229,232,254,255,257]. For
example, a longitudinal study by Nelson and colleagues (2012) [257] characterising the
coronal sulcus and distal urethra microbiotas of young adolescent men found that the two
penile sites had different profiles of bacterial communities. Corynebacterium and
Staphylococcus were the most abundant bacteria in coronal sulcus microbiota while
Streptococcus and Lactobacillus were the most abundant bacteria in distal urethra (Fig. 1.9)
[257]. Coronal sulci microbiota and Staphylococcus, Mobiluncus, Prevotella, Dialister, and
Anaerococcus were relatively stable over time [257]. Nelson and colleagues (2012) [257]
also further found that Lactobacillus, Gardnerella, Aerococcus, Mycoplasma, Ureaplasma,
and Veillonella were specific for distal urethra and that the urethra microbiotas were less

stable over time compared to coronal sulcus microbiotas.
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Fig. 1.9. Proportion of major bacterial taxa in a) coronal sulcus and b) urine samples. The figure is taken from Nelson and colleagues (2012) [257].
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In uncircumcised men, the subpreputial space has depleted oxygen levels, and therefore
tends to be occupied by anaerobic bacteria; while circumcised men have an aerobic niche
that is predominantly occupied by aerobic/facultative anaerobic bacteria [110,229,254].
Circumcision has been associated with a lower bacterial load, reduced microbial diversity
[254] and a decrease in anaerobic families including Clostridiales Family XI and
Prevotellaceae [229]. Kocuria spp. (an aerobe) and Facklamia spp. (a facultative anaerobe)
were found to be the only bacteria that were exclusively more prevalent in the coronal sulci
post-circumcision [254]. Nelson and colleagues (2012) [257] further compared the
composition of coronal sulci of young circumcised and uncircumcised adolescent men and
found differentially abundant bacteria. They found that the coronal sulci of uncircumcised
men had higher proportions of Porphyromonas and Prevotella and lower proportions of
Staphylococcus than coronal sulci of circumcised men. The study also detected BV-
associated bacteria in coronal sulci of sexually-experienced and inexperienced men [257].
Corynebacterium and Staphylococcus have been observed to be highly abundant in
circumcised men [110,229]. Pathogenic bacteria have also been independently associated
with uncircumcised status [232]. A study assessing the bacteria in the coronal sulci and
urethra of 315 circumcised and uncircumcised South Indian men [232] observed that
pathogenic bacteria such as Klebsiella and Enterococcus spp. were more likely to occur in

coronal sulci and urethra of uncircumcised men than of their counterparts.

It has been postulated that changes on penile microbiotas following circumcision play a
mechanistic role in decreased HIV acquisition. This is thought to be due to removal of anoxic
environments following circumcision, which results in reduction of anaerobic bacterial
families [229] and pathogenic bacteria, e.g., Klebsiella sp., E. coli, and P. aeruginosa [232].
The prepuce, glans, and coronal sulci of uncircumcised men are inhabited mainly by
anaerobic bacteria that include Prevotella, Finegoldia, Porphyromonas, Peptoniphilus, and
Anaerococcus [35,110,194,229,254-257]. The predominance of most of these bacteria
appears to be enhanced by penile anaerobiosis. A study comparing the subpreputial
microbiota of 2 men 7 days after PrePex circumcision device placement to that of 145
uncircumcised men in Uganda observed that the PrePex device facilitated anaerobic
bacteria overgrowth, possibly by causing low oxygen tension in the subpreputial space [255].
Compared to uncircumcised men, PrePex users were found to have 6.5-fold higher absolute
abundance of the total penile anaerobes, among which comprised Porphyromonas,
Anaerococcus, Peptoniphilus, Campylobacter ureolyticus [255]. In uncircumcised men, the
higher loads of anaerobic bacteria create proinflammatory milieus that activate Langerhans
cells to present the HIV to macrophages, dendritic cells, and T-cells immune cells [229,259].

A 2-year case-control study on 182 uncircumcised heterosexual Ugandan men [35] found
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that 10-fold increased abundances of Finegoldia, Peptoniphilus, Prevotella, and Dialister on
coronal sulci were associated with 54-63% risk of HIV seroconversion. The study also
demonstrated a correlation between abundances of these anaerobes and elevated levels of
chemokines, e.g., IL-8 [35]. Levels of IL-8 gradually decline following male circumcision
[259]. By reducing the diversity and density of anaerobic bacteria, and proinflammatory

responses, male circumcision reduces susceptibility to STls, notably HIV.

Male circumcision has been strongly associated with reduced prevalent HPV infection
[234,236,240,241], including oncogenic and multiple HPV infections [239]. Unlike in HIV, the
role of male circumcision in the natural history of HPV infection is certainly not clear, as
systematic reviews and meta-analyses [240,241] have found the relationship of male
circumcision with genital HPV incidence and remission to be inconsistent. Although a
systematic review and meta-analysis by Larke and colleagues (2011) [241] found that male
circumcision was weakly associated with both reduced acquisition and increased clearance
of genital HPV, a recent systematic review and meta-analysis by Zhu and colleagues (2017)
[240] found no association. Currently, there are no published reports on the association
between penile microbiota and HPV. Information on penile microbiotas of South African men

is unavailable.
1.5 Genital microbiome sharing between heterosexual couples

Lately, there has been considerable discussion regarding the genital microbiome of
couples [106,110,256] and recognition that BV-associated bacteria may be sexually
transmitted between partners [106,108,109,193,194,256]. Emerging culture-independent
studies are revealing that the human penis, particularly of uncircumcised men, can be a
reservoir of BV-associated bacteria [35,110,229,254,256] and other bacterial pathogens
[232], which are often reduced by male circumcision [110,229,254]. Medical male
circumcision has also been shown to drastically reduce the risk of genital ulceration,
trichomoniasis [234], cervical cancer, [236], and BV in female sexual partners [234,260]. The
penile bacteria may perhaps influence BV status in the female partner [256]. Furthermore,
several studies [99,100,108] suggest that persistent or recurrent BV in women could be
primarily due to heterosexual exposure to BV-associated bacteria. Although many studies
have been published on the human genital microbiome, molecular and microbiological
evidence that definitively demonstrates the sexual exchange of BV-associated bacteria is

limited.

Evidence of shared microbiome between partner pairs has been observed in urogenital
microbiome [106,110,193,194,256]. Studies on this topic together with the role of male
partner in shaping the CVMs are scarce [105,106,193]. The few available studies have
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documented heterosexual transmission of BV-associated bacteria [110,193,194]. Eren and
colleagues (2011) [193] demonstrated that monogamous sexual partners have a higher
likelihood of harbouring the same oligotypes of the important BV-associated G. vaginalis.
Zozaya and colleagues (2016) [110] observed that the penile and urethral microbiotas of
males, whose partners were positive for BV, were more similar to the CVMs of their female
partners than to the CVMs of non-partner women with BV, regardless of the circumcision
status of the male partner. This observation was absent in males whose female sexual
partners were BV-negative [110]. BV-associated bacteria, mainly Gardnerella, Aerococcus,
Anaerococcus, Sneathia, Leptotrichia, Eggerthella, Dialister, and M. hominis were
concordant between BV-positive women and their male partners [110]. In a Ugandan cohort,
Liu and colleagues (2015) [194] observed that uncircumcised men with penile microbiotas
dominated by BV-associated bacteria were more likely to have BV-positive female sexual
partners. Moreover, having multiple female sexual partners was associated with penile
microbiotas that had diversity associated with BV [194]. This suggested that sexual
intercourse directly influences the genital microbiome. One study of the genital tract
microbiotas of 17 infertile couples showed significant shifts in vaginal microbiotas after
sexual intercourse with male partner. Importantly, these changes included bacterial species
known to be associated with BV [105]. Mandar and co-workers (2015) showed that the
microbiome of semen and the vagina are in association and that a single episode of penile-
vaginal intercourse without condom use resulted in a significant reduction of vaginal
lactobacilli [106], although this was contradictory to a previous study that showed that only
the densities of E. coli were significantly increased [181]. Hence, more studies are still

needed to characterise genital microbiome of couples.

Recent and high frequency of unprotected receptive vaginal sex has a very strong
influence on the female genital tract health and may increase the risk for BV acquisition and
recurrence [39,99,100,109]. This is because of the direct impact of male penile, urethral, and
semen microbiome on the female CVMs [106,110] following heterosexual transmission of
bacteria, including BV-associated bacteria [115,194] and depletion of Lactobacillus [105].
One study observed that immediately after unprotected vaginal-penile sexual intercourse,
there was significant reduction of L. crispatus [105] while a previous study [181] had
indicated that the bacterial densities for most bacteria (including lactobacilli) were similar
except for E. coli whose concentration was significantly increased. A study on the effect of
sexual debut on vaginal microbiota of young North American women [108] found that women
who engaged in sexual activity were more likely to have increased numbers of G. vaginalis
than virgins. Furthermore, the study observed that there was neither loss of colonisation with

Lactobacillus spp. nor gain in colonisation with other BV-associated bacteria [108]. A current
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longitudinal study [107] showed that although sexual intercourse did not affect the stability of
CVMs, it was associated with increased diversity of G. vaginalis. A longitudinal study
assessing the risk factors of BV among North American women aged 18-30 years
associated incidental BV with sexual intercourse with uncircumcised men and receptive anal
sex prior to penile-vaginal sexual intercourse [95]. Although there is epidemiological
evidence that sexual exposure increases the risk of BV [98,99] including its recurrence [100],
BV is not considered as an STI [99,261]. A systematic review and meta-analysis [99]
reported that having new and multiple male sexual partners increased the risk of BV by 1.6-
fold while history of female sexual partners increased the risk in treated female partner by 2-
fold. It was further observed that consistent condom use is associated with reduced incident
and recurrent BV [99].

Currently, BV remains a microbiological enigma in the human reproductive health and
presents a treatment challenge due to its complex polymicrobial nature. According to an
observational evidence based on five out of six RCTs with different methodologies [261],
male partner treatment of BV with antibiotics does not have a beneficial effect in reducing
the risk of BV in the female sexual partner. However, findings of a pilot study on the effect of
dual partner treatment on BV (i.e., treatment of BV-positive female and her sexual male
partner) in 21 Australian couples [256] points to a possible beneficial effect of treatment of
the male sexual partner in preventing recurrence of BV in the female partner. This study
observed an immediate and prolonged decrease in predominance of BV-associated
bacteria, reduction in bacterial diversity, and increased predominance of L. iners in the
CVMs three weeks posttreatment [256]. This study also showed that antibiotics for treatment
of BV had a short-term effect on the cutaneous penile microbiota since BV-associated
bacteria re-emerge shortly after treatment [256]. Most of the cutaneous penile microbiotas
were recolonised with BV-associated bacteria three weeks posttreatment [256]. The lack of
beneficial effect in reducing the risk of BV in the female sexual partner after male partner
treatment (as observed in several RCTs) coupled with its short-term beneficial effect in the
treated male partner, is one of the primary reasons why BV is not regarded as an STI,
despite its similar epidemiology to STIs [99]. Moreover, there is no single bacterial pathogen
that has been acknowledged to be responsible for its aetiology [99]. A critical review of the
available literature on mechanisms and epidemiology of BV with regards to sexual behaviour
suggested that BV should be considered a sexually enhanced disease (SED) [111]. This is
based on two pathogenetic mechanisms that are ultimately dependent on sexual
intercourse: 1) unprotected sexual intercourse alkalinises the vaginal microenvironment
consequently promoting a decline of lactobacilli and emergence of BV-like communities, and

2) unprotected and protected sexual intercourse may cause mechanical transfer of perineal
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enteric BV-associated bacteria to the vaginal [111]. The aetiology of BV is poorly understood
and therefore studies evaluating the genital microbiome sharing between couples would

enhance our understanding of the pathogenesis of BV acquisition and recurrence.
1.6 Problem statement

The main goal of this research study was to characterise the genital microbiotas of Black
South African women and men and explore their associations with HPV and HIV infections.
In particular, the CVMs of reproductive-age women were profiled and associated with
demographic, sociobehavioural, and clinical information. Possible biomarkers for HPV were
evaluated. The study also predicted the metagenome functions of the CVMs. With regards to
men, the study provided an overview of the penile microbiotas and potential biomarkers for
HPV and HIV infections. BV-associated bacteria were also assessed in the penile

microbiotas. The motivation for this genital microbiota study included the following:

There is scarcity of data on CVMs of reproductive-age Black African women. Until
recently, majority of the CVM studies were being performed on Western populations and
those of European ancestry. These studies [33,34,39,40,135-141,143] have identified
between 3-8 CSTs, some of which have not reported in other cohorts. This is an indication
that the CVMs are population-specific and may not yet be completely characterised. It is
unclear why BV, HPV, and HIV are endemic among reproductive-age Black South African
women. The reasons for this, including biological factors, remain largely unexplored and
unexplained yet it is known that the composition and function of the CVMs have a profound
effect on women’s reproductive health [122]. Lactobacillus-deficient CVMs, which are highly
prevalent among Black women, have been associated with BV, which may play a role in the
natural history of HPV. Thus, this study sought to examine the CVM composition and
function, and associations of the CVMs with prevalent HPV among the Black South African

cohort.

The interest in penile microbiome is still new and understudied. To date, there are very
few publications on the human penile microbiome. Research continues to demonstrate that
bacteria in the human penile microbiome can be sexually transmitted to the female genital
tract [110,193,194,256]. Owing to the to the fact that unprotected sexual intercourse
influences the CVMs [99,100,107] and may cause transition to communities that are
associated with BV [105], the present study also sought to characterise the penile
microbiotas in relation to CVMs. Whether the risk of infection of STls is affected by male
circumcision or penile microbiotas has not been adequately examined. Thus, the penile
microbiota and its associations with STls present an interesting area of research. In South

Africa, information on the penile microbiotas of men is unavailable. Traditional male
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circumcision is common in South Africa and may not offer the same level of protection
against STls as medical circumcision [233,234,245,247,251,262], probably due to
differences in penile bacterial communities and immune responses [35,232,259]. Information
of how penile microbiotas of traditionally circumcised men compares to those of medically
circumcised men remains unknown. Specific members of microbiotas, e.g., Sneathia in the
female genital tract, are known to predict certain phenotypes of disorders and diseases, e.g.,
high-risk HPV infection and SIL in women. Such information on potential biomarkers for

infections, specifically HPV and HIV, is entirely unknown for penile microbiotas.

To address the objectives of this study, the genital bacterial communities of Black South
African women and men were profiled by deep sequencing of the partial 16S rRNA gene and
analysed by bioinformatics and statistical tools. Deep sequencing technology was used
because of its unmatched potential to allow rapid and novel characterisation of CVMs at an
unprecedented detail [38,54,136,162]. Knowledge gained from this study could be used to
develop new diagnostics and therapeutics, and provide approaches aimed at improving STI

and BV management not only in South Africa, but in the world.
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2.1 Introduction

In this chapter, the CVMs of 62 reproductive-age South African women, with and without
HPV infections, were characterised and associated with demographic, sociobehavioural, and

clinical factors.

The female genital tract is regarded as a milieu for microbiota that impacts health and
disease [78]. A CVM dominated by Lactobacillus spp. is considered to be a “healthy” state
[38]. These lactobacilli are thought to have a protective role in preventing genital disease by
restricting the growth of non-indigenous organisms, including STls [33,77,146,147,263].
Gross disruption of the resident CVM causes BV [74,78], the most common vaginal disorder
among reproductive-age women [76]. BV has been independently associated with adverse
reproductive health outcomes [138,189,205,210,264-266], including increased acquisition of
HPV [209,267] that is associated with cervical cancer [12,268]. With the exception of L. iners,
CVMs colonised with Lactobacillus such as L. crispatus and L. gasseri have been shown to
be protective against HPV infection [34,139] while those with BV-associated bacteria and

Lactobacillus deficiency have been associated with HPV infection [34,215].

It is currently known that differences exist in CVM between healthy women of different
ethnic/racial background [38,40]. For instance, a study characterising the CVMs of
reproductive-age North American women found different prevalence of Lactobacillus-
dominated CVMs among Asian (80.2%), White (89.7%), Hispanic (61.9%), and Black
(59.6%) women [38]. Most studies have reported that 23-63% of reproductive-age Black
women lack appreciable numbers of Lactobacillus that are credited for sustaining health
[33,38-40,87,136-138]. Among women of non-Black ethnicity, this prevalence seldom
reaches 40% [38-40]. However, most CVM studies have focussed on women of Caucasian,
Asian, and Hispanic background [37,38,163,179,189]. The precise definition of these CVMs,
apart from lacking or having low abundances of Lactobacillus [33,38,135,143] remains an
interesting subject of discussion. Among the Black South African women with Lactobacillus-
dominated CVMs, 59-77% of them have L. iners-dominated CVMs [87,136]. Of the known
common Lactobacillus spp. colonising the female genital tract [38], L. iners is the least stable

[162] and protective against adverse reproductive health outcomes [34,159,163,165].

There is paucity of knowledge on the CVM of Black South African women [136,138].
Differences in the CVM in different ethnic groups provided a justification for studying the
CVMs of Black South African women. Further, South African women have a high prevalence
of both BV [76,84-87] and STIs [6], including HPV [16] and HIV [18].

Here, we assessed the CVMs by deep sequencing the V4 hypervariable region of the

16S rRNA bacterial marker gene using the lon Torrent Personal Genome Machine (PGM).
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The lon Torrent platform was selected for this study as it represented a potentially more cost
effective and rapid technology than the other next generation sequencing platforms such as
lllumina [269], particularly due to the lower initial purchase costs of the platform. The
availability of an lon Torrent PGM at the Central Analytical Facility (CAF) at the Stellenbosch
University in South Africa presented a unique opportunity to evaluate this technology that

had not been extensively investigated for microbiome analysis.
2.1.1 Aim and objectives

The aim of this chapter was to investigate the baseline structure of CVMs in HIV-
seronegative Black South African women aged 18-44 years and determine their associations

with the participants’ metadata. Specific objectives included:

i. To characterise the CVMs of sexually active HIV-negative Black South African
women by lon Torrent sequencing of barcoded V4 16S rRNA amplicons,

i. To assess the association of the established CSTs with demographic,
sociobehavioural, and clinical data of these Black South African women, and

iii. To determine co-occurrence and co-exclusion bacterial patterns in the CVMs.
2.2 Materials and Methods

2.2.1 Ethics statement

This study was approved by the Human Research Ethics Committee (HREC) of the
University of Cape Town (HREC references 258/2006 and 580/2014).

2.2.2 Study samples, study design and study population characteristics

This was a retrospective, cross-sectional study based on data and baseline cervical DNA
samples from a study examining the natural history of genital HPV among Black
heterosexual couples in Gugulethu, Cape Town, South Africa [270]. Details of enrolment and
recruitment for the HPV natural history study have been described previously [270]. In brief,
participants in the HPV Couples Cohort Study were recruited at the Manyanani Clinic in
Empilisweni Center in Gugulethu and followed at 6-monthly interval for 24 months [270]. All
study participants had provided written informed consent. The concordance of genital HPV
infection in these couples together with the impact of HIV coinfection on prevalent HPV and

HPV genotype-specific concordance were assessed [270].

Cervical samples were collected using Digene cervical samplers and stored in Digene
specimen transport medium (STM, Qiagen, USA) at -80°C. Nucleic acids were extracted
from cervical samples as previously described by Mbulawa and co-workers (2009) [270]
using the MagNA Pure Compact System and the MagNA Pure Compact Nucleic Acid

Isolation kit (Roche Molecular Diagnostics, Mannheim, Germany). HPV genotypes were
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detected by Mbulawa and Co-workers (2009) [270] using the Roche Linear Array HPV
genotyping test (Roche Molecular Diagnostics, Mannheim, Germany). This test detects 37
HPV genotypes, including the oncogenic high-risk HPV types HPV-16, -18, -31, -33, -35,
-39, -45, -51, -52, -56, —58 and —59; probable oncogenic high-risk HPV types HPV-26,
-53, -66, -67, -68, -70, =73 and —-82; and non-oncogenic low-risk HPV types HPV-6, -11,
-40, 42, -54, -55, -61, -62, —-64, -69, -71, -72, -81, -83, -84, -89 (HPV-CP6108) and —
IS39. Only samples with positive human (3-globin results were included in this study. BV was
incidentally identified on Pap smears by any shift in bacterial flora suggestive of BV and/or

the presence of Gardnerella.

To be eligible for the present study, only cervical specimens from HIV-seronegative
women aged 18-44 years were considered. These samples had to have information on the
HPV status and sufficient volume for microbiota analysis (=15.0 ul of the extracted DNA).
Exclusion criteria included self-reported menstruation at the time of sampling, and HIV-
seropositivity. Demographic, sociobehavioural and medical information were abstracted from
the HPV Couples Cohort Study [270].

The demographic, sexual and smoking, behavioural and clinical information of the 62
heterosexual Black South African women included in this study are summarised in Table 2.1.
All the women were sexually active, with the majority (18/25 (72%)) of hormonal
contraceptives users being on Depo-Provera. Five women (20%) were on norethisterone
enanthate. Both norethisterone enanthate and Depo-Provera are injectable progestin
contraceptives. Very few women (2/25 (8%)) were on oral contraceptives and the identity

(oestrogen or progestin or combination) was unknown.

Of the HPV-infected women (37.1% (23/62)), the majority (65.2% (15/23)) were infected
with a single HPV genotype. When stratified by HPV oncogenicity, 34.8% (8/23) and 78.3%
(18/23) of the HPV-infected women were infected with low-risk and high-risk types,
respectively. Only 13% (3/23) were infected with both low-risk and high-risk HPV types.

Thirteen of the women (22.0%) had abnormal cervical cytology: 6.8% with ASCUS,
11.9% with LSILs, and 3.4% with HSILs. A few women had experienced vaginal discharge
and genital ulceration in the last six months, 16.1% and 3.2% respectively. Twenty two
women (35.5%) were positive for BV. A majority of the women (79.0%) had never smoked

cigarettes.
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Table 2.1. Baseline demographic, sociobehavioural and clinical information of the 62
heterosexual Black South African women.

o All participants
Characteristic

(N =62)

Age (years) 34.5 (25.8-39.0)
Age at sexual debut (years)" 18.0 (17.0-18.8)
Lifetime number of sexual partners” 2.0 (2.0-4.0)
Number of sex acts with study partner in last month” 2.0 (2.0-4.0)
Current use of hormonal contraceptives* (% (n/N))

No 55.4 (31/56)

Yes 44.6 (25/56)
HPV (% (n/N))

Negative 62.9 (39/62)

Positive 37.1 (23/62)
High-risk (% (n/N))

Negative 71.0 (44/62)

Positive 29.0 (18/62)
Cervical cytology (% (n/N))

Normal 78.0 (46/59)

ASCUS 6.8 (4/59)

LSIL 11.9 (7/59)

HSIL 3.4 (2/59)
Experienced vaginal discharge in last 6 months (% (n/N))

No 83.9 (52/62)

Yes 16.1 (10/62)
Experienced genital ulceration in last 6 months (% (n/N))

No 96.8 (60/62)

Yes 3.2 (2/62)
Incidental BV on Papanicolaou smear (% (n/N))

No 64.5 (40 /62)

Yes 35.5 (22/62)
Cigarette use (% (n/N))

Never smoked 79.0 (49/62)

Ex-smoker 1.6 (1/62)

Current smoker 19.4 (12/62)

Abbreviations: HPV — human papillomavirus, ASCUS — atypical cells of undetermined significance, LSIL — low-grade squamous
intraepithelial lesion, HSIL — high-grade squamous intraepithelial lesion, BV — bacterial vaginosis.

Continuous variables are expressed as medians with interquartile ranges (IQRs, at 25" and 75" percentiles).

"Data was not available on the age at sexual debut for two women, lifetime number of sexual partners of two women and
number of sexual acts with study partner in the last month of six women.

*The hormonal contraceptives included oral pill, norethisterone enanthate and Depo-Provera.

2.2.3 Bacterial V4 16S rRNA library preparation and sequencing

The hypervariable V4 region of the 16S rRNA gene was amplified using the universal
PCR primers 515f (5-GTGCCAGCMGCCGCGGTAA-3) and 806r (5-
GGACTACHVGGGTWTCTAAT-3’) [271]. Each PCR contained 1x Ex Taq buffer (Takara Bio
Inc., Shiga, Japan), 0.025 U Ex Taq polymerase, 0.8 mM dNTP mixture, 0.56 mg/ml BSA,
400 nM each primer and 100 ng cervical DNA. Each sample was amplified in 3 replicate
reactions. PCR conditions were 98°C for 2 minutes, followed by 30 cycles of 98°C for 20
seconds, 50°C for 30 seconds and 72°C for 45 seconds, and a final elongation step at 72°C
for 10 minutes. The triplicate samples were pooled and purified using the Agencourt AMPure
XP system (Beckman Coulter, Beverly, MA, USA) according to the manufacturer's
instructions. Amplicon sizes were confirmed by electrophoresis on 1.5% TBE agarose gels

and imaging with the UVT GelDoc-It™ system. The amplicons were quantified using the
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Quant-iT® PicoGreen dsDNA assay (Thermo Fisher Scientific, Waltham, MA, USA) with
FLUOstar OPTIMA Multi-Mode Micro Plate Reader (BMG Labtech, Ortenberg, Baden-
Wirttemberg, Germany). Sequencing libraries were prepared using the KAPA Library
Preparation kit and barcoded Adaptor kits for lon Torrent™ platforms (KAPA Biosystems,
Wilmington, MA, USA). Barcoded amplicons were pooled (24 samples per pool) in equimolar
amounts and the final library sizes and concentrations assessed on a Bioanalyzer High
Sensitivity Chip (Agilent Technologies, Santa Clara, CA, USA). Sequencing was performed
on the lon Torrent Personal Genome Machine (PGM) (Life Technologies, Beverly, MA, USA)
at the CAF at Stellenbosch University (Stellenbosch, South Africa).

2.2.4 V4 16S rRNA gene amplicon sequence data analyses

The qualities of the raw sequenced reads were visually inspected using FastQC v0.11.2
[272]. QIIME v1.8.0 [273] with imported UPARSE (usearch7.0.1090) [274], was used to
analyse and interpret the nucleotide sequence data from the CVMs. In the initial sequence
pass, reads were quality-filtered and demultiplexed in QIIME using the user-defined
parameters in Supplemental Table 2.1. Briefly, reads with lengths outside the 200-400-bp
range, with a quality score of less than 25 (sliding window 50) and without barcodes or any
mismatches in the barcode sequences were discarded. A second quality filter was performed
in UPARSE with user-defined parameters (Supplemental Table 2.1). Sequences were
dereplicated followed by abundance sorting and discarding singletons. OTU clustering was
performed by UPARSE-OTU method that uses a greedy clustering algorithm, with binning of
reads with 97% pairwise identity. This step is performed simultaneously with representative
sequence picking and de novo chimera filtering. Representative sequences from each
unique OTU cluster were picked using abundance algorithm. Additional chimeras were
removed by UCHIME algorithm [275]. This was done against the Greengenes database
(9g13_8 Release) [563]. Taxonomy was assigned using the Ribosomal Database Project
(RDP) Naive Bayesian Classifier [276], with the Greengenes database (gg13_8 Release)
[53]. Phylogeny was inferred by aligning representative sequences to Greengenes core set
using PyNAST [277]. A phylogenetic tree was built using FastTree. Further analyses were

done as defined in Supplemental Table 2.1.

Diversity, rarefaction, and sample ordinations were computed in QIIME. Multiple
rarefactions at different sequencing depths were performed, and rarefactions (collector’s)
curves plotted to evaluate the completeness of the sampling efforts. Alpha diversity was
computed by chao1, observed_species, Shannon, Simpson, and PD_whole_tree metrics.
Beta diversity was estimated using weighted and unweighted UniFrac distances, and Bray-
Curtis dissimilarity metric. Reads from each sample were rarefied to 5,000 reads based on

rarefaction curves prior to calculating beta diversity. Other biodiversity metrics including
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Dominance and Shannon equitability indices were calculated using an in house script in R
v3.2.2 (R Core Team 2016). An all-by-all pairwise distance matrix of UniFrac distances were
generated and used to hierarchically cluster and ordinate samples. The ordinations were

performed using Principal Coordinate Analysis (PCoA).
2.2.5 lIdentification and comparison of community state types

Hierarchical clustering and heatmap generation were performed in R v3.2.2 (R Core
Team 2016). Hierarchical clustering on Bray-Curtis dissimilarity (Vegan package [278]) was

done using the average neighbour algorithm.

Further analyses to detect differentially abundant bacterial taxa between the CSTs were
performed by Statistical Analyses of Metagenomic (and other) Profiles (STAMP) v2.1.3 [279].
The White’s non-parametric t-test (two-sided type) was used for computation. The
confidence interval method used was the difference between mean proportions (DP):
bootstrap. The thresholds for p-value and effect size were 0.05 and 1.0, respectively. The p-
values were corrected to false discovery rate (FDR) g-values (with 0.05 as the threshold for

significance) using the Benjamini-Hochberg procedure.
2.2.6 Correlational analyses of 60 cervicovaginal OTUs

To assess bacterial positive and negative relationships, Spearman’s correlation of log,-
transfomed counts of all OTU pairs were tested on metagenomeSeq v1.12.1 [280,281] in R

v3.2.2, and the OTUs (n=60, 28.0%) with the greatest variance displayed on a correlogram.
2.2.7 Statistical methods

Statistical analyses were carried out using GraphPad Prism v6.01 (San Diego, USA).
Mann-Whitney unpaired nonparametric and Chi-square/Fisher’s exact tests (with two-tailed
p-value) were used to examine the association of continuous and categorical variables with
CSTs, as appropriate. The alpha diversity metrics of the three CSTs were compared by
Kruskal-Wallis test. Two-group comparison between the alpha diversity of CST, HPV, and

BV groups was computed by Mann-Whitney unpaired nonparametric test.
2.3 Results

2.3.1 Data analysis and output

lon Torrent reads were processed and classified as described in the methods subsection
2.2.4. A total of 1,392,562 high-quality sequencing reads from 62 samples were included in
the final analysis with a median of 16,453 reads per sample (range 5,343-235,897 per
sample). During the quality-filtering processes more than 70% of the reads were discarded

due to low quality (results not shown). Reads discarded included those with a Phred score
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less than 25 (sliding window 50 bases) and expected errors greater than 0.5. Chimeras,

singletons, and reads that failed during sequence alignment were also discarded.
2.3.2 Taxonomic composition of the cervicovaginal microbiotas

Twelve phyla were identified in the CVMs, of which the most abundant were Firmicutes
(54.7%), Actinobacteria (16.6%), Bacteriodetes (13.3%), and Fusobacteria (13.0%)
(Supplemental Fig. 2.1). Of the 221 OTUs, 152 (68.8%) belonged to these four phyla. The
other phyla, in decreasing relative abundances, included Terenicutes (1.2%), Proteobacteria
(0.8%), Chlamydiae (0.2%), an unclassified phylum (0.1%), Cyanobacteria (0.1%),
Verrucomicrobia (0.1%), Spirochaetes (<0.1%), and SR1 (0.1%).

A heatmap of the relative abundances of the predominant genera (>0.5% relative
abundance) and their respective phyla identified in the CVMs of the 62 women is shown in
Fig. 2.1. Above the 0.5% threshold, only 9 phyla with 43 genera were observed.
Lactobacillus (mean relative abundance: 46.0%), Gardnerella (19.5%), Prevotella (9.7%),
and Sneathia (9.5%) were the most prevalent and abundant genera in the phyla Firmicutes,
Actinobacteria, Bacteriodetes, and Fusobacteria, respectively. Fifty eight (93.5%), 59
(95.2%), and 54 (87.1%) of all the women had Gardnerella, Prevotella, and Sneathia,
respectively. Other bacteria such as Shuttleworthia (6.7%), Dialister (1.2%), Atopobium

(0.5%), and Clostridium (0.1%) commonly found in women with BV [51] were not abundant.
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Fig. 2.1. Relative abundances of genera in the 62 women. Only bacteria that occurred at >0.5% relative abundances are shown. Each dot on the x-axis
represents a participant. The vertical (dashed) line stratifies the heatmap according to HPV status (left — HPV-negative and right — HPV-positive. The
horizontal (solid) lines separate the different phyla, as indicated on the right.
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Analysis of the relative abundances of top 11 bacterial genera is shown in Fig. 2.2. There
was a trend of an inverse relationship between Lactobacillus and the other bacteria, mostly
BV-associated bacteria. Twenty seven women (43.5%) had CVMs with 250.0% relative
abundances of Lactobacillus, which were associated with CVM reduced diversity (p<0.0001).
As the relative abundance of Lactobacillus reduced to 230.0% across the women (29/62,
46.8%), the diversity of the CVMs increased (p=0.019).

Page 68 of 241



Hormonal Contraception, Cervicovaginal Microbiota, and Human Papillomavirus Infection

2 sag

% Relative abundance per sample

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

EEFREE
KL R e
223, I —
[ I e
ELERE
kRBEREE e

R e e
BRERE

- o= -
g © ['+]
FRF A

g g S22 8 $$83° 5395835085830 55855858 :3388°R5588588¢
m Firmicutes: Lactobacillus = Actinobacteria: Gardnerella = Bacteroidetes: Prevotella

= Firmicutes: Shuttleworthia = Firmicutes: Unclassified Clostridiales = Firmicutes: Dialister

m Actinobacteria: Unclassified Bifidobacteriaceae  m Actinobacteria: Atopobium m Tenericutes: Ureaplasma

= Firmicutes: Aerococcus m Proteobacteria: Campylobacter

Fig. 2.2. Relative abundances of Lactobacillus and top 10 genera in cervicovaginal microbiotas. The samples have been ordered according to
reducing relative abundances of Lactobacillus. Both the phyla and genera names are stated.
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A total of 221 unique OTUs were identified in the 62 CVMs and ranged from 16-104
OTUs per sample. The 30 most abundant OTUs represented 97% of all the reads. The most
abundant OTU was classified as L. iners, representing 40.6% of all the reads. This OTU was
also the most prevalent OTU (100%), with a mean relative abundance of 37.6%. The next
most abundant OTUs were classified as Gardnerella (9.8% mean relative abundance and
87.1% (54/62) prevalence), Shuttleworthia (6.3% mean relative abundance, 46.8% (29/62)

prevalence) and Sneathia (5.3% mean relative abundance, 80.6% (50/62) prevalence).

A total of 26 different OTUs were classified as Prevotella, making this the most diverse
genus. Six and eight different potential species or OTUs belonging to the genera Gardnerella
and Lactobacillus, respectively, were detected. Members of lactobacilli were L. iners, L.
coleohominis, L. mucosae, L. ruminis, and four unclassified Lactobacillus spp. It was
impossible to assign species name to these Lactobacillus spp. due to insufficient taxonomic
discrimination by the V4 16S rRNA gene. All the women harboured at least one of the eight
Lactobacillus spp., with L. iners existing in all the CVMs at different relative abundances. L.
iners accounted for 88.2% of all the lactobacilli reads. Forty seven (75.8%) of CVMs had at

least two Lactobacillus spp., but at unequal relative abundances.
2.3.3 Cervicovaginal community state types

Hierarchical clustering of the CVMs based on the type and abundances of the bacterial
taxa identified three distinct community state types, CSTs I-lll (Fig. 2.3). CST | was
dominated by L. iners and found in 24 women (38.7%). CST Il was dominated by an
unclassified Lactobacillus (Lactobacillus.4) and present in only three women (4.8%). Each of
the specified bacteria constituted more of the bacterial relative abundance (cut-off of at least
55.3%) in the CVMs. CST Ill was the most common CST occurring in 35 women (56.5%).
This CST was characterised by a diverse and complex array of facultative and strictly
anaerobic bacteria (Gardnerella, Prevotella, Sneathia, Shuttleworthia, Clostridium,
Streptococcus, Atopobium, Mycoplasma, Dialister, Ureaplasma, and a consortium of low-
abundant bacteria) and very low numbers of Lactobacillus, including L. iners and three
unclassified Lactobacillus (Lactobacillus.1, Lactobacillus.3, and Lactobacillus.4). While there
was a continuum of relative abundances of the bacterial taxa in CST IIl, four sub-clusters
were evident (Fig. 2.3), three sub-clusters were dominated by Shuttleworthia (n=4 women,
11.4%), Gardnerella (n=8, 22.9%), and Sneathia (n=5, 14.3%), and one with mixed taxa
(n=18, 51.4%).
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Fig. 2.3. Heatmap of the relative abundances of bacterial taxa in the cervicovaginal microbiotas
(CVMS) of 62 Black South African women. Rows represent the bacterial taxa and columns the
samples. The 23 most abundant taxa are displayed, with less abundant taxa grouped as “Other”. The
dendrogram depicts the average linkage hierarchical clustering of the CVMs based on Bray-Curtis
dissimilarity. The CVM community state types (CSTs), human papillomavirus (HPV) and high-risk
human papillomavirus (HR-HPV) infection status, bacterial vaginosis (BV) findings and contraceptive
usage of the women are indicated.

Next, the bacterial features that were differentially abundant between the CSTs were
identified using the statistical tool STAMP [279]. Significant differences in the percentage
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mean proportions (at 0.95 CI) of specific bacterial taxa in the three CSTs (I-1ll) were found as
shown in the STAMP error bar plots in Supplemental Fig. 2.2. L. iners and the unclassified
Lactobacillus sp. were differentially enriched in CST | and CST Il, correspondingly
(Supplemental Fig. 2.2a). Comparison between CST | and CST Ill showed that L. iners
(together with an unclassified Lactobacillus sp.) and BV-associated bacteria (Atopobium,
unclassified Clostridiales, Dialister, Gardnerella, Prevotella, Shuttleworthia, and Sneathia)
were enriched in CST | and CST IllI, correspondingly (Supplemental Fig. 2.2b). Comparison
of CST Il versus CST Ill showed that an unclassified Lactobacillus sp. and BV-associated
bacteria (unclassified Clostridiales, Dialister, Gardnerella, Prevotella, and Sneathia) were
enriched in CST Il and CST I, correspondingly (Supplemental Fig. 2.2c). Next, the metadata

for the women in each CST were compared.
2.3.4 Comparison of the community state types by participants’ metadata

The demographic, sexual, smoking, and clinical characteristics of the women assigned to
each of the three CSTs are shown in Table 2.2. The metadata for women in CST | and CST
Il were compared, while CST Il was excluded from statistical comparisons due to the small
sample size. The median age, age at sexual debut, number of sex acts with study partner in
last month, cervical cytology, vaginal discharge, genital ulceration, and cigarette use were
not significantly different between the women in CST | and lll. A significantly greater number
of women with a CVM from CST | reported hormonal contraceptive use compared to women
with CST Il (15/22 (68.2%) versus 9/31 (29%), p=0.005). The distribution of the
contraceptives in each CST was as follows: Depo-Provera (CST | (50.0%), CST 1l (33.3%),
CST Il (19.4%)), norethisterone enanthate (CST | (18.2%), CST Il (0.0%), CST 1l (3.2%)),
and oral pill (CST I (0.0%), CST 1l (0.0%), CST Il (6.5%)). Specifically, more women with
CST | reported Depo-Provera use compared to women with CST Il (11/22 (50.0%) versus
6/31 (19.4%), p=0.035). Oral pill and norethisterone enanthate contraceptive use did not
differ between CST | and CST Ill. Incidental findings of BV on Pap smears was significantly
more frequent (p=0.001) in women with CST Il than CST I.

There was no significant difference in HPV infection between women in CST | and CST
[ll. Follow-up HPV genotyping data at the 6-month visit was available for 41 (66.1%) women
(Supplemental Fig. 2.3). At follow-up, 20 women remained HPV-negative, with six of these
women having CST | and 14 diverse (CST Ill) baseline microbiotas. A total of four women
acquired infection with a new HPV genotype and all had diverse baseline microbiotas (CST
[l). Six women (one CST I, one CST Il and four CST IIl) cleared HPV infection. Infection with
the same HPV genotype (persistent HPV infection) was observed in 6 women (3 CST |, 1
CST Il and 4 CST Ill). The remaining 5 women (4 CST | and 1 CST Ill) had complex HPV
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infection patterns that could neither be classified as cleared, acquired nor persistent as they

had a combination of these categories.

Table 2.2. Clinical, demographic, sociobehavioural, and microbiological characteristics of the
women by cervicovaginal community state type.

CSTI

CSTI

CSsT

Characteristic p-value”
(N=24, 38.7%) (N=3, 4.8%) (N=35, 56.5%)
Age (years) 30.5 (22.3-37.8)  31.0(30.0-32.0) 35.0 (28.0-40.0) 0.203
HPV infection (% (n/N))
Any HPV type 45.8 (11/24) 66.7 (2/3) 28.6 (10/35) 0.174
Any high-risk HPV type 33.3 (8/24) 66.7 (2/3) 22.9 (8/35) 0.374
Single HPV infection 25.0 (6/24) 66.7 (2/3) 20.0 (7/35) 0.649
Multiple HPV infection 20.8 (5/24) 0.0 (0/3) 8.6 (3/35) 0.251
HPV status at 6 month visit™ (% (n/N))
Negative 42.9 (6/14) 0.0 (0/2) 56.0 (14/25) 0.431
Acquired 0.0 (0/14) 0.0 (0/2) 16.0 (4/25) 0.277
Cleared 7.1 (114) 50.0 (1/2) 16.0 (4/25) 0.637
Persisted X 21.4 (3/14) 50.0 (1/2) 8.0 (2/25) 0.329
Age at sexual debut (years) 17.0 (16.0-18.0)  18.0 (18.0-19.0) 18.0 (17.0-19.0) 0.289
Lifetime number of sexual partners 2.0 (2.0-3.0) 2.0 (2.0-6.0) 2.0 (2.0-4.0) 0.711
Number of sex acts with study partner
in last month’ 2.0 (2.0-4.0) 2.0 (2.0-4.0) 2.0 (2.0-4.0) 0.445
Current use of hormonal
contraceptives* (% (n/N)) 68.2 (15/22) 33.3 (1/3) 29.0 (9/31) 0.005
Cervical cytology (% (n/N))
Normal 75.0 (18/24) 33.3 (1/3) 84.4 (27/32) 0.382
ASCUS 4.2 (1/24) 33.3 (1/3) 6.3 (2/32) 1.000
LSIL 16.7 (4/24) 0.0 (0/3) 9.4 (3/32) 0.447
HSIL 4.2 (1/24) 33.3 (1/3) 0.0 (0/32) 0.429
Experienced vaginal discharge in last
6 months (% (n/N)) 20.8 (5/24) 0.0 (0/3) 14.3 (5/35) 0.726
Experienced genital ulceration in last
6 months (% (n/N)) 4.2 (1/24) 0.0 (0/3) 29(1) 1.000
'(%'(?1‘7,{1‘)‘)6" BV on Papanicolaou smear 4, g 3154 0.0 (0/3) 54.3 (19/35) 0.001
Cigarette use (% (n/N))
Never smoked 87.5 (21/24) 100.0 (3/3) 71.4 (25/35) 0.143
Ex-smoker 4.2 (1/24) 0.0 (0/3) 0.0 (0/35) 0.407
Current smoker 8.3 (2/24) 0.0 (0/3) 28.6 (10/35) 0.098

Abbreviations: HPV — human papillomavirus, ASCUS — atypical cells of undetermined significance, LSIL — low-grade squamous
intraepithelial lesion, HSIL — high-grade squamous intraepithelial lesion, BV — bacterial vaginosis, CST — community state type,
CST | — L. iners-dominated cervicovaginal microbiotas, CST Il — an unclassified Lactobacillus sp.-dominated cervicovaginal
microbiotas, CST Ill — diverse cervicovaginal microbiotas.

#*o-values are shown for comparison of each variable between CST | and CST Ill. Associations of continuous variables
(expressed as medians with interquartile ranges (IQRs, at 25" and 75" percentiles)) and categorical variables were computed
by Mann-Whitney unpaired and Chi-square/Fisher’s exact tests, respectively. CST Il was excluded from the statistical analyses
due to the low sample number (n=3; 4.8%). Significant p-values (<0.05) are shown in bold.

AData was not available on the age at sexual debut for two women (one CST | and one CST Ill) and number of sexual acts with
study partner in the last month for two women (one CST | and one CST IlI).

“Data was available for 41 women only. Five of these women (4 CST | and 1 CST Ill) had “complex” HPV infection patterns.
*The hormonal contraceptives included oral pill, norethisterone enanthate and Depo-Provera.

2.3.5 Comparison of alpha diversity across CSTs, BV, HPV, and hormonal

contraceptive use

Alpha diversity in the CVMs was estimated using a variety of indices, including Simpson,

Dominance, Shannon Diversity and Shannon Equitability (Fig. 2.4). A higher Dominance,
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Shannon, and Shannon Equitability index value, and lower Simpson index value

designates a higher alpha diversity.
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Fig. 2.4. Alpha diversity measures of cervicovaginal microbiotas (CVMs). Comparison of the
alpha diversity of the CVMs grouped by a) community state type (CST), b) bacterial vaginosis (BV)
status, c) human papillomavirus (HPV) infection status, and d) hormonal contraceptive usage. Each
box plot is colour-coded according to the type of CST, HPV, BV, and hormonal contraception. In each
plot, the box ranges from the first to the third quartile, with the median represented by the
horizontal line. The whiskers extend to the smallest and largest non-outliers and outliers
represented by the dots.

When grouped by CST (Fig. 2.4a), CST | (L. iners-dominated) and CST Il (diverse
group) were significantly different for all the alpha diversity indices — Simpson: 0.9 (0.8-1.0)
versus 0.2 (0.1-0.2), p<0.0001, Dominance: 0.1 (0.0-0.2) versus 0.8 (0.8-0.9), p<0.0001,
Shannon: 0.2 (0.1-0.5) versus 2.2 (1.9-2.4), p<0.0001, and Shannon equitability: 0.1 (0.0-0.1)
versus 0.6 (0.5-0.6), p<0.0001, respectively. Thus, bacterial diversity in CST Il was
significantly higher than CST I. Although not compared with the others, the alpha diversity

indices for CST Il (with predominance of an unclassified Lactobacillus) were as follows —
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Simpson: 0.8 (0.6-0.9), Dominance: 0.2 (0.1-0.4), Shannon: 0.6 (0.2-1.0), and Shannon
equitability: 0.1 (0.1-0.3).

The alpha diversity of the CVMs of women in the BV-negative and BV-positive groups
(Fig. 2.4b) differed significantly, with greater diversity in the BV-positive group (Shannon
index 0.5 (0.2-1.9) versus 2.1 (1.8-2.4), p<0.0001, respectively).

When grouped by HPV status (Fig. 2.4c), no significant difference in alpha diversity was
observed between the HPV-negative and HPV-positive groups, with Shannon index: 1.9 (0.3-
2.2)and 1.0 (0.3-2.2), p=0.483, respectively.

Alpha diversity also varied between hormonal contraceptive users and non-users, with
hormonal contraceptive users having a lower microbial diversity than non-users. The
Shannon index was 0.9 (0.2-1.9) versus 2.3 (0.6-2.3), p=0.025, respectively (Fig. 2.4d).

When stratified by the type of contraceptive used, the diversities based on Shannon
index were statistically different (p=0.022): 0.7 (0.2-1.7), 0.5 (0.2-1.4), 2.3 (2.3-2.4), and 2.0
(0.6-2.3) for Depo-Provera, norethisterone enanthate, oral pill, and non-users, respectively
(Supplemental Fig. 2.1). Women on injectable hormonal contraceptives had CVMs with
significantly lower microbial diversity than women on oral pills and hormonal contraceptive

non-users.

2.3.6 Comparison of beta diversity across CSTs, BV, HPV, and hormonal

contraceptive use

The PCoA of weighted UniFrac distances of the 62 CVMs is shown in Fig. 2.5. The CVMs
are coloured by CST, BV, HPV and hormonal contraception status of the women. Principal
coordinate (PC)-1 accounted for 64% of the variance between samples, PC2 for 10% and
PC3 8%.

Beta diversity analysis of the 62 samples showed that each of the established CST (I-Il)
represented a highly distinct bacterial community (Fig. 2.5a). There was a clear separation of
the samples according to the different CSTs. Most of the bacterial communities (37/62,
59.7%) were broadly segregated in the 3-dimensional space due to considerable differences
in bacterial composition and relative abundance. All of these communities belonged to CST
lll. This clustering and separation was supported by the Jackknife replicates that were used
to estimate the uncertainty in PCoA plots and hierarchical clustering of the CVM. The
majority of the samples with Lactobacillus-dominated CVMs (CST | and CST II, n=25, 92.6%)
exclusively clustered together in the upper right quadrant (Fig. 2.5a). Two samples from CST

| did not cluster with this group likely due to presence of other bacterial taxa, e.g.,
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Gardnerella, Prevotella, and Aerococcus, in these CVMs. These samples were from women
with BV.

Comparison of the beta diversity estimates of BV-negative and BV-positive samples is
shown in Fig. 2.5b. The 25 samples that clustered together in the upper right quadrant
consisted mostly of BV-negative samples (22/25, 88.0%). Samples from BV-positive women
were spread over a greater area in the plot due to their high and varying bacterial diversity.
The majority of women with BV (19/22, 86.4%) were in CST III.

a pca%10%) csTI b 'Pcﬁ?%) BV-negative
i CSTIl ° BV-positive
g M3 CSTII o e
L ] L ] L @ [} o (9
: b '... . © ‘s Vo‘_,o e o ¢
° - & o g™
.o'. o°%
Y L]
° L ] ° 1°]
L J (%)
o
.o C o ©
*% °e%
© T
PC1 (64%) PC1 (64%)
“pca (8%) /pca (8%)
C Pcsﬁ.o%’ HPV-negative d [ "Czﬂ"%‘ None
° HPV-positive Hormonal contraceptive
° e © ° O o Missing
bg & ° ° ce o ® . o
o Lo o ° ® o0 ® ®
o o™ . ¢ £
o
°
.o.. g
©
° L J * ° e
° (]
°
.. ° . ©
o
L ] ° .. 0@
© .
/ 4 PC1 (64%) PC1 (64%)
PC3 (8%) “pC3 (8%)

Fig. 2.5. Beta diversity of the cervicovaginal microbiotas (CVMs). Principal Coordinates Analysis
(PCoA) plots of the weighted UniFrac distances of the CVMs coloured according to a) community state
type (CST), b) bacterial vaginosis (BV) status, ¢) human papillomavirus (HPV) infection status, and
d) hormonal contraception usage. The first three principal coordinate (PC) axes and the percentage
variation explained by each (PC1: 64%, PC2: 10%, and PC3: 8%) are shown. Each solid point
represents a bacterial community.

Clustering of the samples was independent of the HPV status (Fig. 2.5c). Of the samples
that clustered together, 48% (12/25) were HPV-positive. Thus, the weighted UniFrac

distances of the CVMs showed that there was no apparent influence of HPV infection.

The majority of the samples from women on hormonal contraception (16/25, 64.0%),
mostly Depo-Provera (12/18, 75.0%), clustered together in the upper right quadrant (Fig.
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2.5d). These samples had bacterial communities dominated by lactobacilli, the majority of

which were L. iners-dominated.
2.3.7 Co-occurrence and co-exclusion patterns of cervicovaginal bacterial OTUs

Pairwise correlations were calculated for all pairs of OTUs identified in the CVMs. A
correlation matrix of the pairwise correlations between the 60 most abundant cervicovaginal

bacterial OTUs is shown in Fig. 2.6.

-1-05 0 05 1

Corynebacterium.5
Corynebacterium. 1
Staphylococcus
Finegoldia.1
Lactobacillus.3
Lactobacillus.2

P. veronii
Acinetobacter
Methyloversatilis
Pseudomonadaceae
Sphingomonadaceae
Lactobacillus.1

L. iners
Streptococcus
8. anginosus
S. agalactiae
Phyllobacterium
Lactobacillus.4
Streptophyta
Prevotella.5
Anaerococcus.6
Prevotella.15

P. anaerobius
Peptoniphilus.7
Moryella
Prevotella.8
Clostridium
Mycoplasma
Prevotella.3
Shuttleworthia.3
Shuttleworthia.1
Shuttleworthia.4
Peptoniphilus.3
S24-7.

A2

Prevotella.10
Prevotella.9
Prevotella.12
Prevotella.13
Gardnerella.3
Gardnerella.6
Aerococcus
Gemella
Bifidobacteriaceae
Gardnerella.5
Gardnerella.1
Dialister.1
Dialister.2
Sneathia.1
Sneathia.2
Parvimenas. 1

A. vaginae.3
Sneathia.4
Sneathia.3
Coriobacteriaceae. 1

B2

Bacteria.1
Clostridiales.2
Prevotella. 16
A. vaginae.2
A. vaginae.1
Gardnerella.2

i

1
3
4
3
1
1
2

L. iners

Streptococcus
Moryella

Prevotella.8
Gemella

524-7.2
Bifidobacteriaceae

P. veronii
Acinetobacter
Methyloversatilis
Pseudomonadaceae
Prevotella, 10

Sphingomonadaceae
A. vaginae.1

Finegoldia.1
Clostridium
Mycoplasma
Prevotella.3
Prevotella.9
Prevotella.12
Prevotella.13
Gardnerella.3
Aerococcus
Sneathia
Sneathia
Coriobacteriaceae.
Bacteria.
Clostridiales.
Prevotella. 16
A. vaginae.2
Gardnerella.2

Lactobacillus.3
S. agalactiae

Phyllobacterium
Prevotella.5

Staphylococcus
Lactobacillus.2
Lactobacillus.1

S. anginosus
Lactobacillus.4
Streptophyta
Anaerococcus.6
Prevotella. 15
P. anaerobius
Peptoniphilus.7
Shuttleworthia.4
Peptoniphilus.3
Gardnerella.6
Gardnerella.5

A vaginae.

Corynebacterium.5
Corynebacterium.1

Fig. 2.6. Correlogram of 60 cervicovaginal bacterial OTUs showing co-occurrence and co-
exclusion patterns. Spearman’s rank correlations between OTU counts were calculated in
metagenomeSeq and the samples clustered. The correlation coefficients range from -1 (red;
incompatibilities, co-exclusions, or oppositional interactions) to +1 (blue; symbiotic, mutualistic, or co-
occurrence interactions.

From the dendrogram, two major bacterial correlation clusters, Cluster-A (mostly with

OTUs classified as Lactobacillus and Streptococcus), and Cluster-B (mostly with BV-
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associated bacteria), each with two sub-clusters (Cluster-A1 and Cluster-A2; and Cluster-B1
and Cluster-B2) that had different competitive interactions were observed. Cluster-A1 had L.
iners together with three unclassified Lactobacillus OTUs (Lactobacillus.1, Lactobacillus.2,
and Lactobacillus.3) and other anaerobic/facultative anaerobic bacteria, e.g., Staphylococcus
and Pseudomonas; while Cluster-A2 had an unclassified Lactobacillus (Lactobacillus.4)

mostly with Staphylococcus, Streptococcus and two unclassified Prevotella species.

Cluster-B had the vast majority of bacteria (n=36, 60.0%), most of which are either strictly
anaerobic or facultative anaerobic bacteria. Anaerobes do not require oxygen for growth
whereas facultative anaerobes can respire and grow in the presence or absence of oxygen
[282]. Cluster-B1 mostly included Prevotella (six OTUs), and Shuttleworthia (3 OTUs), while
Cluster-B2 constituted Gardnerella (5 OTUs), Sneathia (4 OTUs), Atopobium (3 OTUs),

Dialister (2 OTUs), and an unclassified bacteria among other BV-associated bacteria.

Even though slight negative correlations existed between Cluster-A1 and Cluster A2,
majority of the bacterial OTUs in these clusters had positive correlations. A significant
majority of bacteria in these clusters, e.g., Lactobacillus, had negative correlations with the
bacteria, e.g., Gardnerella and Prevotella, in Cluster-B. There was some overlap in the
interaction of bacteria in Cluster-A2 and Cluster-B1; interactions between these clusters
appeared minimally low, i.e., very little to moderate. Regardless of the correlation cluster,
strong positive correlations were very common between phylogenetically related bacterial

OTUs, e.g., Lactobacillus spp., but the extent of these interactions varied.
2.4 Discussion

2.4.1 Cervicovaginal microbiotas and community state types in Black South

African women

The present study identified three core CSTs in the 62 reproductive-age Black South
African women analysed. These included L. iners-dominated CVMs (CST 1), unclassified
Lactobacillus-dominated CVMs (CST II), and heterogeneous CVMs (CST llI). In the present
study the dominant Lactobacillus in CST Il could not be classified to species level because
the V4 16S rRNA region did not allow deeper taxonomic discrimination. Thus, we could not
determine if the CST Il in our cohort is any of the other common vaginal CSTs dominated by
Lactobacillus species (L. crispatus, L. gasseri, and L. jensenii), as established by Ravel and
colleagues (2011) [38]. Similar results are reported by Roesch and co-workers (2011) [283]
who report classification of Lactobacillus OTUs up to the genus level only using lon Torrent
PGM sequencing of the V4 region of the 16S rRNA gene to characterise the vaginal

microbiome of Brazilian women.
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In the present study, L. iners was the most prevalent Lactobacillus (89%) among the
Lactobacillus-dominated CVMs. L. iners is a key member of the CVM and has been reported
in many cultivation independent studies of the CVMs of White, Hispanic, Asian, and Black
women [34,38,40,82,87,135,162]. It has also been shown that among the African women
colonised by lactobacill, L. iners is the most predominant Lactobacillus sp.
[33,39,40,136,137,143]. Recently, these findings have been reported in Rwanda [33,138],
South Africa [87,136,138], Kenya, Tanzania [138], and Nigeria [137]. The observed
predominance of L. iners (89%) among the Lactobacillus spp. in the current study is up to
30% more than that published from other African cohort studies [33,87,136-138]. These
published reports found that among HIV-negative non-pregnant women, L. iners accounted
for 59-88% of all the Lactobacillus-dominated CVMs. The variations in L. iners predominance
could be attributed to the differences in behaviour and genetics within the Black population
[143,284]. In contrast to these findings, L. crispatus was found to be the most predominant

Lactobacillus spp. among White women in North America [38].

This study detected eight Lactobacillus spp. (L. iners, L. coleohominis, L. mucosae, L.
ruminis, and four unclassified Lactobacillus spp.) in total. Many of these have been detected
in two independent culture-dependent studies of premenopausal South African women with
and without BV carried out by Damelin and colleagues (2011) [42] and Pendharkar and
colleagues (2013) [148]. These cultivation studies found, however, that L. crispatus and L.
jensenii were the most frequently occurring vaginal lactobacilli [42,148], whereas our study
found L. iners to be the most prevalent, occurring in all the women (100%). This greatly
contrasts with the cultivation studies where the prevalence of L. iners was 36% [42] and 75%
[148]. This dissimilarity could be due to difficulty in culturing L. iners [265] and/or the higher
sensitivity of deep sequencing technology [285]. An additional disparity with the cultivation
studies was that all the women analysed in this study were colonised by at least one
Lactobacillus spp. The presence of at least one Lactobacillus spp. in virtually all the CVMs,
irrespective of the type of CSTs, is in line with published literature [33,38]. Ravel and co-
workers (2011) [38] reasoned that this attests that the production of lactic acid is conceivably
conserved in all CVMs, thus pinpointing it as the core acidifier. In line with previous literature
[40], the present study also confirmed that CVMs with approximately equal dominance of two

or more Lactobacillus spp. are absent or underrepresented in Black women.

Congruent with previous studies [33,138], the heterogeneous group (CST Ill) was more
diverse, as reflected in the measures of community diversity: richness (number of potential
species) and evenness (equality of the distribution of relative abundance of the potential
species), than CST | and CST Il. CST Ill had increased richness and evenness of the

bacterial communities. The diversity was characterised by multiple bacteria that occurred at
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low abundance. These results are in agreement with previous findings that found most non-
Lactobacillus-dominated CVMs are more diverse than Lactobacillus-dominated CVMs
[33,34,38,135-137]. For example, in a study examining the CVMs of 174 Rwandan female
sex workers [33], Lactobacillus-deficient CVMs were consistently observed to have higher
community richness (a median of 14-18 genera per sample) compared with two
Lactobacillus-dominated CVMs (with a median of 5 and 6 per sample). Lactobacillus-
deficient CVMs were also shown to be significantly more even than their counterparts [33]. In
our study, we also observed that CST Il exhibited intracluster variation and could be further
classified into four sub-clusters, depending on bacterial dominance: CST IlI-Shuttleworthia,
CST llI-Gardnerella, CST IlI-Sneathia, and CST Ill-mixed, which lacked a clear dominance.
The interpretation of Shuttleworthia should however be considered with caution since it has
been noted that Shuttleworthia is likely a misclassification and is probably BVAB-1 [286].
Since sequences for BVAB-1 may not be included in Greengenes database, this would result
in its misclassification. Gardnerella-dominated CVMs have previously been reported among
Black South African women [136] and other sub-Saharan Africa women, e.g., African
Surinamese and Ghanaian women [143]. The prevalence of CST Il was high (57%) in this
population that we studied. This is comparable to the prevalence (63%) reported by Anahtar
and colleagues (2015) [136] in a culture-independent study among South African women.
Compared with White women, a majority of women of African ancestry are known to have
diverse and heterogeneous CVMs [38-40,143] that have bacteria usually associated with BV
[51,82]. In our study, all BV-positive women were in CST Ill. The overall prevalence of BV in
our cohort was high (36%) and within the range (31-63%) that has been reported among
HIV-negative South African women that has been reported among South African women
[76,84,87].

L. iners was present in low abundance in all CST Ill CVMs. Unlike many Lactobacillus
spp., L. iners can occur with BV-associated bacteria [51,138,287] and at times uninterrupted
by Gardnerella [77]. The detection of L. iners in diverse CVMs is not unusual [143]. L. iners
has been consistently isolated in women with and without vaginal syndromes, and those with
intermediate flora [42,82,148] or CSTs transitioning to healthy or dysbiotic states [162]. Some
authors have suggested that CVMs vary in resilience and that some lactobacilli, including L.
iners, have inefficient colonisation resistance to opportunistic and pathogenic bacteria
[40,148] or have better tolerant and survival phenotypes even in perturbed milieus [82,148].
There is compelling omics evidence supporting the second explanation. Genomics have
shown that the genome of L. iners emerged as a result of rapid evolutionary events that
endowed it with specialised adaptation capabilities even in dysbiotic milieu [154]. Meta-

transcriptomics have strengthened these facts, e.g., L. iners is able to differentially express
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over 10% of its genome in dysbiotic state, which is characterised by elevated expression of
cholesterol-dependent cytolysin, mucin and glycerol transport and related metabolic
enzymes such as glycerol-3-phosphate dehydrogenase [155]. Moreover, it can utilise
glycerol as a carbon source under dysbiotic conditions, producing acids like succinate, which
elevate the vaginal pH thereby favouring vaginal colonisation by BV-associated bacteria
[155]. In the current study, L. iners could either be playing a protective or non-protective role.
L. iners can predispose women to an aberrant CVM or BV [163] and has been associated
with C. trachomatis infection [159,165]. Temporal dynamics have demonstrated that L. iners-
dominated CVM is more likely to transition to non-Lactobacillus-dominated CVM than to
Lactobacillus-dominated CVM [162]. There is a possibility that some of the women with CST
Il were transitioning to either a healthy or dysbiotic state. L. iners can disrupt G. vaginalis
biofilms [149], thereby restoring a healthy CVM. Alternatively, the diverse CVMs (CST IlI)

could be a variant of healthy CVM that is unreported or very uncommon in other populations.

Among the BV-associated bacteria, Gardnerella and Prevotella were the most
predominant, occurring in at least 94% of the CVMs. Gardnerella and Prevotella are known
to be ubiquitous and mostly predominant in CVMs with BV [33,51,82]. All women in CST I
and CST Il had Prevotella. Gardnerella occurred in 85.2% of Lactobacillus-dominated CVMs
(CST I and CST Il) and in all the CVMs in CST Illl. There was sequence heterogeneity of
Gardnerella in the CVMs with six OTUs classified as Gardnerella. G. vaginalis has been
observed have different sequence variants [193]. Our study could not assess whether the
Gardnerella detected were the virulent or non-virulent forms [104,115,118]. These
Gardnerella OTUs may be sexually transmitted [107,115,193] or from extravaginal reservoirs

of vaginal bacteria [109].

2.4.2 Association of hormonal contraception with cervicovaginal Lactobacillus

predominance

This study observed that hormonal contraception use was associated with Lactobacillus-
dominated cervicovaginal microbiotas in reproductive-age black South African women. This
extends previous observations. Observational studies have shown that hormonal
contraception has a protective effect against BV [92,129,192,195,196]. A meta-analysis of
the association of hormonal contraception with BV [195] found that women using hormonal
contraceptives had a significantly reduced risk of incident, prevalent and recurrent BV
compared to non-users. Hormonal contraception reduces the risk of BV by 10-30% [196]. A
culture-independent study documenting the relationship between ethnicity and CVMs of
women in Netherlands [143] also found that a significant number of women not using
hormonal contraceptives had G. vaginalis-containing CVMs that are deficient in Lactobacillus

and harbour an array of other anaerobic BV-associated bacteria, including Atopobium,
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Sneathia, Leptotrichia, Prevotella, Megasphaera, Mobiluncus, and BVAB-1. In contrast to
this, a study by Anahtar and colleagues (2015) [136] found no association between CVMs
and hormonal contraception (mostly progestin) among asymptomatic young South African
women. A study by Lennard and colleagues (2018) [87] found that hormonal contraception
was independently associated with CST, especially the one with diverse bacterial community
which was highly predictive of genital inflammation among young South African women. A
recent study by Ferreira and colleagues (2018) [123] on Brazilian cohort found that, although
not statistically significant, women on hormonal contraception 12 months prior to the study
were more likely to have normal microbiota compared to those without history of hormonal
contraception. A large cohort study by Brooks and colleagues (2017) [191] on predominantly
African American and Caucasian women found that women on combined oral contraceptives
(combination of an oestrogen and a progestin) had significantly higher abundances of H,O,-
producing Lactobacillus, specifically L. crispatus and L. jensenii, and lower abundances of
BV-associated bacteria compared to women who used condoms, depot
medroxyprogesterone acetate, or levonorgestrel-releasing intrauterine system. These
observations are in line with a previous study on predominantly reproductive-age South

African women that inversely associated combined oral contraception with BV [84].

The benefits of hormonal contraception are also seen in women with HPV infections. In a
population-based, 5-year longitudinal study to assess the determinants of HPV clearance in
227 HPV-positive Colombian women aged 13-85 years with normal cytology [8], 23% and
7% of HPV infections still persisted after 1 year and 5 years, respectively. Women who had
ever used oral contraceptives had faster clearance rates than their counterparts [8]. A non-
Lactobacillus-dominated CVM colonised with BV-associated bacteria such as Gardnerella,
Prevotella, Megasphaera, and Atopobium has been identified as risk factor for persistence of
HPV infection [157]. Therefore, HPV remission and reduced risk of BV due to contraceptives
may be attributable to the impact of hormonal contraceptives on CVMs [195,196]. Although it
is known that the type of hormonal contraception may differentially impact the CVM [191], our
study grouped all hormonal contraceptive methods together due to the small number of
women on contraception (45% (25/56)). In our study, this may not have a pronounced impact
on the results since most of the women in our study on hormonal contraception (at least 92%
(23/25)) used known progestin contraceptives (Depo-Provera and norethisterone enanthate)
while the rest were on either oestrogen or combined (oestrogen and progestin)

contraceptives.

A number of possible mechanisms may underlie the reduced BV risk seen in women
using hormonal contraceptives. It has been hypothesised that oestrogen may reduce BV risk

by increasing the amount of free glycogen available in epithelial cells for conversion by
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Lactobacillus into lactic acid [61]. The production of lactic acid by Lactobacillus is known to
be protective against colonisation by opportunistic and pathogenic bacteria, including BV-
associated bacteria [71]. Progestin, on the other hand, has a different biological mechanism
for reducing BV risk. Progesterone contraceptives create a systemic hypoestrogenic
environment [66], reducing menstruation. G. vaginalis is known to sequester iron for growth
from compounds such as haemoglobin [288]. Levels of G. vaginalis have been observed to
increase during menses [173]. Therefore, the reduction of menstruation by progestin reduces
the availability of iron-rich haemoglobin thereby preventing establishment of G. vaginalis and
dysbiotic CVMs. Further, Gajer and co-workers (2012) [162] have observed that during
menses the microbiotas lose their stability and may transition to BV-associated microbiotas
such as CST Il reported herein. Among the common Lactobacillus spp. colonising the
female genital tract, the relative abundance of L. iners has been found not to differ
considerably with different amounts of glycogen, even in low glycogen concentrations [61].
This is due to its ability to also source for energy from non-glycogen saccharides [155]. L.
iners can disrupt G. vaginalis biofilms [149]. Progestin-induced amenorrhea neither increases
lactobacilli abundance nor affects the abundance of L. iners (CST I), but has been
associated with significant reduction of total bacterial load and proinflammatory responses

[289]. All the progestin-based effects may reduce the transition to disturbed CSTs, hence BV.
2.4.3 Co-occurrence and co-exclusion profiles of bacterial OTUs

The correlational analyses provided evidence for synergism (co-occurrence) and
antagonism (co-exclusion) of the cervicovaginal bacterial communities. These ecological
patterns have been elucidated to act concurrently to structure the microbiota compositions
[290]. Positive correlations suggest niche sharing, similar nutrient requirements and or
metabolic co-dependencies. In contrast, negative correlations are indications for niche

filtering and or competition for growth nutrients [51,290,291].

In the present study, most BV-associated bacteria in Cluster-B tended to ecologically co-
occur and appeared to have negative relationships with bacteria in the other Cluster-A,
mostly Lactobacillus. The relative abundances of Lactobacillus and Gardnerella and BV-
associated bacteria revealed the inverse relationship of Lactobacillus with these bacteria, as
observed in other studies [51,77,173]. Co-occurrence of Gardnerella with Prevotella and
other BV-associated bacteria parallels previous findings [38,169]. Moreover, phylogenetically
related bacterial phylotypes, e.g., Prevotella spp., had strong positive correlations, which can
be assumed to be due to the high-level of resource overlap [290]. Variations in positive
correlations of more closely phylogenetically-related bacterial species, e.g., the different

Atopobium spp., or Gardnerella spp., illuminates the existence of diverse bacterial genetic
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profiles at species level [193,292] plausibly with different virulent competencies; these strains

have dissimilar phenotypic behaviours in cervicovaginal health and disease [115,292].

The co-occurrence and co-exclusion profiles show that it is implausible that a genital
bacterium can ecologically exist and function in isolation [51]. As stated by Ravel and co-
workers (2011) [38], the precise relevance of these bacterial interactions remains undefined;

therefore, subject to further investigations.
2.4.4 Summary

The CVMs of a majority of reproductive-age HIV-seronegative Black South African
women (57%) are not dominated by Lactobacillus, the bacteria assumed to constitute a
healthy CVM. These women had diverse and heterogeneous bacterial communities that
were positively associated with BV. BV in turn has been associated with HIV infection [126].
Several studies have shown that Lactobacillus-deficient CVMs are associated with higher
HIV and STI acquisition [33,164,165]. Vaginal microbiome may then be a contributing factor
to the high burden of HIV and HPV in the Black South African women population. Zhou and
colleagues (2007) [40] speculated that differences in the CVMs of Caucasian and Black
women might partly explain the racial differences in the risk of BV and STIs, with Black
women being more susceptible to BV and STls than Caucasian women since they have non-
Lactobacillus-dominated CVMs. Although it is known that genetic factors have influence on
CVMs [179,180], we did not examine the genetic background of the women in our cohort to
ascertain whether they were truly of African descent and did not have genes from other

races.

Hormonal contraception, and in particular progestin-based contraception, was associated
with L. iners-dominated CVMs. Other researchers [143] have also shown that polybacterial
G. vaginalis-containing CVMs are associated with non-hormonal contraception. This
suggests that hormonal contraception merits further investigation as an intervention, e.g.,

probiotic to maintain or replenish the dominance of Lactobacillus and to protect against BV.

In contrast to other studies [33,34,141,179], we did not find any association of CST, alpha
diversity or beta diversity with HPV in this chapter. There may be no association or, more
likely, this was due to shortcomings of the methodology used in this chapter. This is not

limited to the absence of negative and positive controls to optimise our analyses.

The high prevalence of BV in our cohort might not be accurate since BV in the parent
study (HPV Couples Cohort Study) was not diagnosed using the “gold standard” Nugent
score [44,79,80] or the Amsel’'s critera [44,79], but using Pap smear that inspected the
presence of Gardnerella and/or bacterial shifts indicative of BV. Although the Pap smear

method has a high specificity (93-94%) for BV diagnosis and may be an accurate test when
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positive, the sensitivity of the method (43-49%) is significantly lower than that of the Gram
stain method [80,293]. We also did not take into account the possibility of these women

having AV, which at times is misdiagnosed for BV [88].

It is worth specifying that potential confounders such as age, sexual behaviour, and
smoking may be present in our study and that there was no adjustment for these in the
comparisons presented herein (specifically the association between hormonal contraception
and Lactobacillus dominance) due to the small sample size. This represents a limitation of
the analyses. In addition, several limitations associated with the V4 16S rRNA lon Torrent
methodology were identified in this chapter. These include: i) the loss of high number of
reads (>70%) during quality-filtering, and ii) the relatively short V4 16S rRNA region, which
resulted in lack of classification of several bacterial taxa, including four of the eight detected
Lactobacillus OTUs. Failure to confidently assign species name to some bacteria was a
major limitation since it impeded accurate comparison of our results to other published
studies. Because of the limitations associated with the V4 16S rRNA lon Torrent
methodology, we therefore decided to recharacterise the CVMs of 19 randomly selected
samples included in this chapter with a different method. The new method involved
sequencing of a longer region of the 16S rRNA gene (V3 and V4 hypervariable regions), and
the use of a higher throughput next generation sequencing platform, lllumina MiSeq. The

comparison of the CVM profiles for the 19 samples is presented in the next chapter.
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Comparison of lon Torrent V4 versus lllumina V3-V4 Datasets

3.1 Introduction

Most microbiome studies rely on next generation sequencing of the partial 16S rRNA
gene. The bacterial profiles generated by these studies may however be biased by a number
of experimental and computational factors. These potentially include the DNA extraction
method [294], the primers and 16S rRNA region targeted [49,257,295], the sequencing
platform [49,295], the sequencing quality [49,296], and data analysis tools [296,297]. This
chapter sought to compare the performances of two 16S rRNA metagenomics methods that
differed in primer choice and sequencing technology used. This allowed for an examination

of the impact of these factors on the cervicovaginal microbiota profiles generated.

The 16S rRNA gene is made up of nine hypervariable regions (designated V1-V9) [48].
The choice of which region of the 16S rRNA gene to target for microbiome studies is
complex as the phylogenetic resolution achieved with each region will differ for the different
taxa within the community. There may also be mismatches to the bacterial universal 16S
rRNA primers in certain taxa. In silico analyses using databases of available 16S rRNA
sequences have suggested optimal primers and variable region for capturing as many taxa
as possible at genera level [49,298,299]. The optimal choice will, however, also be
influenced by the specific microbial community being profiled. In the cervicovaginal
microbiota, for example, species level classification of lactobacilli may be of greater priority
than capturing all the less abundant taxa present. Regions of the 16S rRNA gene previously
used in examining the CVM include the V1-V2 [162], V1-V3 [169], V2-V3 [179], V3-V4 [51],
V4 [51,136], V4-V6 [110], V6, and V6-V9 [54] regions. There is no agreement on the optimal
variable region for cervicovaginal microbiome studies [300]. It is however known that the
universal primer 27F, used in studies examining the V1-V2 and V1-V3 regions, has
mismatches to members of the family Bifidobacteriaceae which includes G. vaginalis [74], a
common member of the CVM [38,39,51,54,135].

The different hypervariable regions are known to provide different taxonomic resolution
and different estimates of taxa abundance due to differences in amplification performance of
the primers. For example, experimental studies have found that pyrosequenced V6-V9 and
V1-V3 datasets underestimate Prevotella and fail to detect Gardnerella, respectively, while
pyrosequenced V1-V3 and V3-V5 datasets overestimate Corynebacterium [257]. Additional
studies have found that the relative abundances of taxa estimated using V4 datasets are
comparable to V4-V5 datasets but different from V3-V4 and V7-V8 datasets [49]. In addition
to hypervariable V2 region, some studies have suggested that the hypervariable V4 region
gives the lowest error rates when assigning taxonomy than regions like V6 [276,301].

Srinivasan and co-workers (2012) [51] described and validated a classification approach for
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pyrosequenced V4 sequences from vaginal bacteria, which achieved species-level
classification of 99% of their sequence reads. Longer regions such as V2 and V3-V4 may
however have more phylogenetic information, hence may be more reliable than shorter
regions such as V6 [49,276]. However, there are certain scenarios where shorter regions
perform comparable to longer sequences. For example, a study comparing the composition
and structure of CVMs by different targeted metagenomics method and using the
cervicovaginal microbiome 16S rRNA database found that phylogenetic read placement of
454 V6 and V6-V9 16S rRNA datasets were very similar [54]. Apart from using combined
primer regions, for instance, V3-V4, longer reads with greater quality can be generated via

paired-end sequencing that increases the accuracy of taxonomic classification [49,302-304].

Next generation sequencing platforms, such as lon Torrent and lllumina, differ in output,
read-length, read-quality and error rates that may impact microbiome profiling [269,304,305].
A single run on the lon Torrent PGM with the latest chemistry is expected to yield up to 5.5
million reads of up to 400-bp in length. The Illlumina MiSeq yields significantly greater output
and length, with 44-50 million reads in a single run with v3 reagents and paired-end reads of
300-bp each. The platforms further differ in the type of sequencing errors and biases
expected [269,304,305], with the lon Torrent datasets having higher error rates than
equivalent datasets from the lllumina platform [304]. For example, the average error rate in
the reads from the lon Torrent PGM platform is 1.5 and 1.4 errors per 100 bases for reads in
the forward and reverse orientation, respectively, while those from the lllumina MiSeq

platform is 0.9 errors per 100 bases [305].

In Chapter 2, the CVMs were profiled using the V4 region (~250-bp) sequenced on the
lon Torrent PGM platform (hereafter abbreviated as the IT-V4 method). Classification
assignment for some bacteria could not be achieved to lower taxonomic levels possibly due
to short read-lengths. Furthermore, the quality of the IT-V4 reads was relatively low with the
result that many reads were discarded during quality-filtering. To address these
shortcomings, 19 cervical samples, previously sequenced with the IT-V4 method, were
profiled using the V3-V4 16S rRNA region (~460-bp) sequenced on lllumina MiSeq platform
with paired-end 300-bp read-lengths (hereafter abbreviated as the IM-V3/V4 method). The
microbial community profiles generated using the two methods were then compared. The IM-
V3/V4 method was expected to increase throughput and produce longer high-quality reads to

enable efficient taxonomic classification.
3.1.1 Aim and objectives

The aim of this chapter was to evaluate the complementarity of the taxonomic profiles of

a subset of 19 specimens characterised by lon Torrent sequencing of the V4 16S rRNA
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region (IT-V4) and lllumina sequencing of the V3-V4 16S rRNA regions (IM-V3/V4). Specific

objectives included:

i. To compare the proportion of IT-V4 and IM-V3/V4 read sequences confidently
assigned taxonomy at the different classification ranks (i.e., from phylum to genus),

ii. To compare diversity of the IT-V4 versus IM-V3/V4 datasets using Shannon index
and UniFrac distances,

ii. To assess if there are differentially abundant taxa in IT-V4 versus IM-V3/V4 16S
rRNA datasets, and

iv.  To evaluate the extent of concordance between CVMs profiled by IT-V4 versus IM-
V3/V4 datasets.

3.2 Materials and Methods

3.2.1 16S rRNA metagenomics library preparation, sequencing, and data analysis
for the IT-V4 method

In order to compare the performance of the two 16S rRNA metagenomics methods, we
randomly selected 19 (30.6%) samples from the 62 cervical samples that were sequenced
on the lon Torrent PGM platform (Life Technologies, Beverly, MA, USA) as described in
Chapter 2. All the 19 samples were nucleic acids that had previously been extracted [270]
using the MagNA Pure Compact System and the MagNA Pure Compact Nucleic Acid
Isolation kit (Roche Molecular Diagnostics, Mannheim, Germany), thus, no new DNA
extraction was performed for the IT-V4 and IM-V3/V4 methods. These 19 samples included
47.4% (n=9) and 57.9% (n=11) that were positive for HPV and BV, respectively. Only 21.1%
(n=4) of the samples were positive for both HPV and BV. Details of the amplification and
sequencing of the bacterial 16S rRNA gene (V4) are described in subsection 2.2.3. The V4
16S rRNA dataset from the 19 samples was analysed using bioinformatics pipelines as

previously described (subsection 2.2.4).

3.2.2 16S rRNA metagenomic library preparation and sequencing for the IM-V3/V4
method

The hypervariable V3-V4 16S rRNA region of the bacterial gene was targeted by
universal bacterial primer 319F (5-CCTACGGGNGGCWGCAG-3') and 806R (5'-
GACTACHVGGGTATCTAATCC-3’) as previously described [306]. The primers were fused
with [llumina overhang adapter sequences (forward overhang: 5
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3* and reverse overhang: 5
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3’). The 16S rRNA amplicons for

sequencing were prepared according to the 16S rRNA metagenomics protocol for MiSeq
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System (lllumina, San Diego, CA, USA) [307], with minor modifications. The amplicon PCR
step was different from the 16S rRNA metagenomics protocol for MiSeq System (lllumina,
San Diego, CA, USA) that uses 2x KAPA HiFi HotStart ReadyMix (KAPA Biosystems,
Wilmington, MA, USA). Here, amplicon PCR was performed using TaKaRa Ex Tag® Hot
Start Version (Takara Bio Inc., Shiga, Japan) and identical thermocycling conditions as
described in Chapter 2 (subsection 2.2.3). The Takara Ex Tag DNA polymerase has a 3’-to-
5’ proofreading exonuclease, thereby providing high sensitivity, high efficiency, and high yield
[308]. The presence of amplicon (~560-bp) was confirmed by agarose gel electrophoresis.
Pooled triplicate samples (amplicons) were run alongside 100-bp DNA ladder (50.0 pg/ml) on
1.5% ethidium bromide-stained agarose gel in Tris borate EDTA buffer at 100V for 2 hrs. The
bands were visualized on the BioRad Molecular Imager® Gel Doc™ XR+ Imaging System
and imaged using the Image Lab™ Software v5.21 (Bio Laboratories Inc., Hercules, CA,
USA). The amplicons were purified using Agencourt AMPure XP System (Beckman Coulter,
Beverly, MA, USA) and their concentrations estimated as previously described in subsection
2.2.3.

Next, Index PCR of the purified products was performed using KAPA HiFi HotStart
ReadyMix PCR Kit (KAPA Biosystems, Wilmington, MA, USA) according to the 16S rRNA
metagenomics protocol for MiSeq System (lllumina, San Diego, CA, USA) [307]. Each PCR
reaction consisted of Nextera XT Index Primer 1 (N7xx), Nextera XT Index Primer 2 (S5xx),
1x KAPA HiFi HotStart Ready Mix, nuclease free water, and 100 ng DNA template. PCR
conditions included: an initial denaturation at 95°C for 3 min followed by 8 cycles of
denaturation at 95°C for 30 sec, annealing at 55°C for 30 sec, and extension at 72°C for 30
sec. A final extension was performed at 72°C for 5 min. Each sample library was analysed by
gel electrophoresis. The libraries were then purified, eluted in low Tris-EDTA buffer, and
quantified as previously described (subsection 2.2.3). All the libraries were pooled in
equimolar concentrations and the resultant library quantified using a Bioanalyzer High
Sensitivity Chip (Agilent Technologies, Santa Clara, CA, USA). The library was sequenced
on the lllumina MiSeq using a paired-end 300-bp protocol and v3 reagents by Macrogen Inc.
(Seoul, South Korea).

3.2.3 V3-V4 16S rRNA gene amplicon sequence data analyses

The qualities of the lllumina raw sequenced reads were visually inspected using FastQC
v0.11.2 [272]. The data was processed and analysed using QIIME v1.8.0 [273] and UPARSE
(usearch8.0.1616) [274] as described in Chapter 2, but with specific modifications as
summarised in Supplemental Table 3.1. Raw forward and reverse reads were merged,
quality-filtered, globally-trimmed to 400-bp length, and dereplicated in UPARSE. Specifically,

the usearch merge_fastq command was used to merged and filter the reads. A maximum
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expected error (fastq_maxee, E) of 1.0 was used to filter the forward and reverse reads
followed by merging the reads using a minimum overlap (min_overlap) of 32 bases. The first
30 nucleotides which were of relatively poor quality and partly included the oligonucleotide
primers (17 bases) were stripped from the reads using the stripleft parameter. All the merged
reads were truncated to 400 bases (using trunclen) to exclude regions with deteriorating
quality. The usearch command, fastg_filter, using the minlen and fastg_maxee (1.0)
parameters, were used to discard poor quality merged reads and those that were shorter
than 400 bases. Reads were further processed using the parameters shown in Supplemental
Table 3.1 for clustering into OTUs, picking representative sequences, assigning taxonomy
using the RDP Naive Bayesian Classifier [276] (with the Greengenes database (gg13 8
Release) [53]), and creating a phylogenetic tree and OTU table.

Alpha and beta diversities were measured using metrics implemented in QIIME as
outlined in Chapter 2 (subsection 2.2.4). A rarefaction curve for each sample was generated
at multiple sequence depths in order to determine a sufficient subsampling depth necessary
to estimate microbial diversity. Based on these curves, a subsampling of 12,161 reads per
sample was used for beta diversity analysis. PCoA of the beta diversity measures were used
to visualize the variations in microbial community composition according to participants’
metadata. EMPeror v0.9.60 [309] was used to visualize the PCoA plots.

3.2.4 Comparison of bacterial communities by lon Torrent V4 and lllumina V3-V4

16S rRNA sequenced amplicons

The OTU richness, relative abundances and distributions of the bacterial taxa in 1T-V4
and IM-V3/V4 datasets were computed. The fractions of reads classified at five taxonomic
ranks (phylum to genus) and unique taxa to each method were assessed. Concordance
between the two 16S rRNA metagenomics methods was evaluated at the genus level. Here,
all species were collapsed to their respective genera. The genera that were shared between
the two methods were then identified and their relative abundances in each sample
calculated. The relative abundances of shared genera were then averaged for each method

and their linear relationships computed using Pearson’s correlation.

Procrustes analysis [310] was done on UniFrac distance matrices with 1,000 random
samplings using the Monte Carlo algorithm to compute goodness (closeness) of fit (M?) and
p-values. The analysis was visualized using PCoA. For the calculation of UniFrac distance,
the number of reads per sample was rarefied to 5,000 for IT-V4 method and 12,161 for IM-
V3/V4 method. The transformed Procrustes matrices were visualized using EMPeror v0.9.60
[309]. The goodness of fit between the two sets of coordinate being superimposed was

measured as M? by summing over the residuals. The M? value ranges from 0 for identical
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matrices to 1 for completely dissimilar matrices. A value less than 0.3 is considered a good fit
(Jenva Kopylov, Personal Communication). The extent of significance of the Procrustes
matrix correlations were measured by 1,000 Monte Carlo permutations. The number of times
a random permutation resulted in a better clustering of the points than the actual data was

also assessed by the Count_Better function in QIIME.
3.3 Results

3.3.1 Data analysis and output

A total of 440,122 270-bp and 1,046,720 400-bp reads from IT-V4 and IM-V3/V4 method,
respectively, were analysed after filtering. These clustered into 172 and 108 OTUs for IT-V4
and IM-V3/V4 method, respectively. The alpha diversity as measured by the Shannon index
was statistically different (p=0.0003) between the two methods, with a median of 1.6 (0.3-2.2)
for IT-V4 and 2.1 (1.3-2.5) for IM-V3/V4.

3.3.2 Taxonomic classification of the reads and relative abundances of the
bacterial taxa in lon Torrent V4 and lllumina V3-V4 16S rRNA libraries

The fractions of the reads assigned at five taxonomic ranks (phylum to genus) were
calculated in order to assess if longer reads (V3-V4) were better classified to deeper
taxonomic levels than shorter reads (V4). At phylum, class, and order level, 99.95% reads
were assigned for lon Torrent V4 16S rRNA sequenced amplicons versus 100.00% for
lllumina V3-V4 16S sequenced amplicons (Fig. 3.1). At family and genus level, 96.09% and
92.19% of the lon Torrent V4 reads were classified versus 99.79% and 95.85% for Illlumina
V3-V4 16S rRNA reads, respectively. At the genus level, the majority of the unclassified
reads from the IT-V4 (41.5%) and IM-V3/V4 (41.0%) datasets were from order Clostridiales

and family Flavobacteriaceae, respectively.
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Fig. 3.1. Proportion of classified lon Torrent V4 and Illumina V3-V4 16S rRNA sequenced reads
at different taxonomic ranks. For better visualization, the y-axis (% relative abundance) scale starts
at 88%.

These analyses were followed by identifying taxa shared between and unique to each of
these targeted metagenomics methods. At the phylum level, the IT-V4 method detected 11
phyla namely Firmicutes (relative abundance: 39.1%), Actinobacteria (22.3%), Bacteriodetes
(19.0%), Fusobacteria (16.5%), Terenicutes (2.3%), Chlamydiae (0.7%), Proteobacteria
(0.1%), and four low-abundant (<0.1%) phyla (unclassified bacteria.1, unclassified bacteria.2,
Cyanobacteria, and Verrucomicrobia). The IM-V3/V4 method detected 8 phyla namely
Firmicutes (44.9%), Bacteriodetes (23.2%), Fusobacteria (16.5%), Actinobacteria (9.8%),
Chlamydiae (1.9%), Terenicutes (1.6%), TM7 (1.2%), and Proteobacteria (0.9%). The most
abundant phyla (Firmicutes, Actinobacteria, Bacteriodetes and Fusobacteria) were shared by
both methods.

At the genera level, a total of 95.2% of the reads in the IT-V4 dataset and 87.2% of the
reads in the IM-V3/V4 dataset were classified to the same genera (Fig. 3.2). Ninety eight and
55 genera were detected by the IT-V4 and IM-V3/V4 methods, respectively. Thirty six genera
were found to occur in both IT-V4 and IM-V3/V4 methods, with Lactobacillus, Gardnerella,
Prevotella, Sneathia, and Shuttleworthia being the most abundant shared genera.
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Fig. 3.2. Average relative abundance of genera shared between and unique to lon Torrent V4
and Illlumina V3-V4 16S rRNA amplicon sequencing methods. V4 and V3-V4 16S rRNA amplicons
were used in lon Torrent PGM and lllumina MiSeq, respectively. The relative abundances of the
genera across the samples were averaged to get the respective per-method relative abundances. For
each 16S rRNA metagenomics method, all unique genera were pooled together (as “Pooled unique”).

The IT-V4 method generated 43 more unique genera (n=62) than the IM-V3/V4 method
(n=19). These unique genera represented only 4.8% of the total reads in the IT-V4 dataset.
This proportion was 8.0% fewer than the proportion of the reads unique to the IM-V3/V4
method (12.8%) (Fig. 3.2, Pooled unique). The genera detected by IT-V4 and IM-V3/V4 in
each of the 19 paired samples are shown in Fig. 3.3. There was a high sample-to-sample
agreement between the IT-V4 and IM-V3/V4 method, but Clostridium and Gardnerella were
differentially abundant taxa that were highly enriched in IM-V3/V4 and IT-V4 datasets,
respectively. Moreover, there was a high variability in the pooled unique genera. Generally,
the pooled unique taxa were more predominant with IM-V3/V4 datasets compared to IT-V4

datasets.
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Fig. 3.3. Relative abundances (%) of bacterial taxa at genus-level in 19 matched samples
sequenced by lon Torrent and lllumina MiSeq methods. V4 and V3-V4 16S rRNA amplicons were
sequenced on lon Torrent PGM and Illlumina MiSeq, respectively. All unique genera to each 16S rRNA
metagenomics method were pooled together (as “Pooled unique”). Numbers in the x-axis represent
the sample IDs and different amplification and sequencing methods; IT: lon Torrent V4 16S rRNA
dataset and IM: lllumina V3-V4 16S rRNA dataset.

Due to the observed intra-sample variability in certain genera between IT-V4 and IM-
V3/V4 methods, the average relative abundances of the 36 genera that were found to occur
in both methods were then compared and correlated using Pearson’s correlations. The
relative abundances of these genera in the two methods were plotted against another (Fig.

3.4a). The correlation was high between IT-V4 and IM-V3/V4 datasets (r=0.89, p<0.0001).

From the scatterplot (Fig. 3.4a), genera such as Gardnerella and Clostridium were the
most extreme outliers with genera Lactobacillus, Sneathia, Prevotella, Atopobium being
lesser outliers. The relative abundances of each of these bacteria across the 19 samples in
the two 16S rRNA metagenomics methods were plotted and the correlations computed.
Although the average relative abundance of each of the bacteria with the IT-V4 and IM-

V3/V4 datasets had a positive correlation, some of the bacteria, e.g., Gardnerella, were more
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abundant in one dataset compared to the other, thereby supporting previous findings (Figs.
3.2 and 3.3).
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Fig. 3.4. Comparison of the relative abundances of genera as detected by lon Torrent V4 and
Illumina V3-V4 16S rRNA amplicon sequencing methods. a) Thirty six shared genera. Taxa that
had noticeable variations between the two 16S rRNA metagenomics methods are highlighted with red
dots and labelled, b) Gardnerella, c) Clostridium, and d) Lactobacillus. The results of the other bacteria
(Sneathia, Atopobium, and Prevotella) are shown in Supplemental Fig. 3.1. The dashed line (trendline)
is the line of identity (1=1). The relative abundance of each of the six highlighted genera from each
method was compared across the 19 samples. Pearson’s correlation (r) values are shown on the
trendline.

Correlation was low for Gardnerella (r=0.35, p=0.147; Fig. 3.4b) and Clostridium (r=0.15,
p=0.531; Fig. 3.4c). Gardnerella was identified in 18 samples (94.7%) by the IT-V4 method
and in all the 19 (100.0%) samples by the IM-V3/V4 method. The median relative abundance

was higher (16.4% (range: 0.0-67.2%)) in the IT-V4 dataset than in the IM-V3/V4 dataset
(7.4% (range: 0.0-29.0%)), p=0.004. Clostridium was identified in 11 samples (57.9%) by the
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IT-V4 method and in all the samples (100.0%) by the IM-V3/V4 method. The median relative
abundance was 0.1% (range: 0.0-3.4%) in the IT-V4 dataset and 3.1% (range: 0.0-23.9) for
IM-V3/V4, p<0.0001.

The correlation in the relative abundances for Sneathia (r=0.96, p<0.0001), Atopobium
(r=0.91, p<0.0001), and Prevotella (r=0.90, p<0.0001) was high (Supplemental Fig. 3.1). The
correlation for Lactobacillus was also high (r=0.99, p<0.0001; Fig. 3.4d). Among the
Lactobacillus members, L. iners was the most abundant species. L. iners was classified to
species level with both methods. L. coleohominis, L. ruminis, and L. mucosae were
taxonomically identified only in the IT-V4 dataset while L. reuteri was only identified in IM-
V3/V4 dataset. Because lactobacilli are thought to be keystone cervicovaginal bacteria, we
sought to identify the species of the unclassified Lactobacillus members in the IT-V4 and IM-
V3/V4 datasets using the web-based BLASTn (https://blast.ncbi.nim.nih.gov/Blast.cgi). The
IT-V4 dataset had three unclassified Lactobacillus OTUs (that we named Lactobacillus.1,
Lactobacillus.2, and Lactobacillus.3) that could not be identified using BLASTn. On the other
hand, the IM-V3/V4 dataset had four unclassified Lactobacillus OTUs (that we named
Lactobacillus.1, Lactobacillus.2, Lactobacillus.3, and Lactobacillus.4). BLASTn identified
Lactobacillus.1, Lactobacillus.2, and Lactobacillus.4 in the IM-V3/V4 dataset as L. jensenii, L.

crispatus, and L. gasseri, respectively.

3.3.3 Hierarchical clustering and beta diversity analyses of lon Torrent V4 and
lllumina V3-V4 16S rRNA datasets

To further test the level of concordance between the two methods, hierarchical clustering
was performed using Bray-Curtis dissimilarity matrix and average linkage method. The
heatmap of the relative abundances of the major bacterial taxa (30 for IT-V4 dataset and 31
for IM-V3/V4 dataset) in the 19 women are shown in Fig. 3.5. Two identical community
groups were detected by both 16S rRNA metagenomics methods. These included L. iners-
dominated CVMs (21.1%, 4/19) and diverse CVMs (78.9%, 15/19). In the L. iners-dominated
CVMs, L. iners constituted a considerable proportion of the bacterial relative abundance
(271.1% and 241.9% for IT-V4 and IM-V3/V4 dataset, respectively, in the heatmap). Samples
in each of these clusters were concordant between the two 16S rRNA metagenomics
methods. Supporting our previous results highlighted in this chapter, a quick inspection
shows that some taxa, such as Gardnerella and Clostridium, were differentially represented
by the two 16S rRNA metagenomics methods. The clustering of samples within the diverse

bacterial communities varied slightly between the two datasets.
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Fig. 3.5. Heatmap of the relative abundances of bacterial taxa in 19 cervicovaginal microbiotas characterised by lon Torrent V4 and lllumina V3-V4
16S rRNA amplicon sequencing methods. Except for the Lactobacillus OTUs, only bacterial taxa with 20.05% and 20.16% relative abundances are shown
for the IT-V4 and IM-V3/V4 datasets, respectively. Whereas the unclassified Lactobacillus OTUs (Lactobacillus.1, Lactobacillus.2, and Lactobacillus.3) in the
lon Torrent V4 16S rRNA could not be identified by BLASTn, three of the four unclassified Lactobacillus OTUs in the lllumina V3-V4 16S rRNA dataset were
identified: as L. jensenii (Lactobacillus.1), L. crispatus (Lactobacillus.2), and L. gasseri (Lactobacillus.4). Each column represents a study participant with a
specific ID (designated 1-19 along the x-axis). The dendrogram is based on average linkage hierarchical clustering of the Bray-Curtis dissimilarity matrix.
Stronger intensity of red in the heatmap indicates a higher proportion of each taxon in each community while lower intensity towards light blue indicates a
lower proportion. The community state type (CST), human papillomavirus (HPV) infection and bacterial vaginosis (BV) status of the women are indicated.
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To test whether the beta diversities generated from the IT-V4 and IM-V3/V4 datasets are
similar, Procrustes analysis of the weighted UniFrac distances was performed. This was
done by aligning the first three principal coordinates from the two 16S rRNA metagenomics

analyses (Fig. 3.6).

lon Torrent V4 16S
Illumina V3-V4 16S

PC2(16 %

M?=0.3
p<0.0001
Count_Better=0

Fig. 3.6. Procrustes analysis of weighted UniFrac distances of lon Torrent V4 and Illumina V3-
V4 16S rRNA amplicon sequencing methods. V4 and V3-V4 16S rRNA amplicons from 19 samples
were sequenced on lon Torrent PGM and lllumina MiSeq platform. The first three principal coordinate
axes and the percentage variation explained by each indicated are shown (PC1: 58%, PC2: 16%, and
PC3: 8%). Samples are indicated by coloured circles with bars connecting the corresponding sample
characterised by the lon Torrent V4 method (blue) and lllumina V3-V4 method ( ).

Variations in the dataset are explained by the principal coordinate axes (PC1: 58%, PC2:
16%, and PC3: 8%). Each paired sample was connected by a bar, with a lower distance
indicating a greater concordance. The goodness of fit between the two datasets was
statistically significant (M?=0.3, p<0.0001 based on 1000 Monte Carlo iterations), indicating
that the sample clustering patterns overlapped very well between the two methods.
Moreover, the Count_Better value was 0, indicating that none of the random permutations
returned better clustering and that the observed fit of the data points was significant and not

by chance.
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3.4 Discussion

3.4.1 Comparison of throughput, taxonomic classification of reads, and bacterial
taxa from lon Torrent V4 and Illlumina V3-V4 16S rRNA libraries

The aim of this chapter was to assess the complementarity of lon Torrent V4 and lllumina
V3-V4 16S rRNA datasets for profiling bacterial cervicovaginal communities. We had
previously sequenced the V4 16S rRNA libraries on an lon Torrent PGM platform since the
technical specifications of this sequencing technology included low-cost, high-speed (2
hours), and high throughput capability (sequence yield per run of up to 1Gb on 318 chip)
[269]. In our current study, the IM-V3/V4 method yielded 2.4-fold more quality-filtered reads
than the IT-V4 method. The majority of the reads in the IT-V4 dataset (>70%) were discarded
due to poor quality. Several studies [49,297,305,311] that have used lon Torrent, 454 and
lllumina technologies have noted that stringent quality-filtering may sometimes discard >50%
of the raw reads. For example, a study by Salipante and colleagues (2014) [305], that was
carried out subsequent to the study presented in Chapter 2, compared the performance of
lllumina MiSeq and lon Torrent PGM platform for 16S rRNA-based bacterial community
profiling using mock community and human-derived microbial specimens found that >64.4%
of the lon Torrent-generated reads were discarded after data-filtering. In the case of Illlumina,
only 5.6% of the total dataset was discarded [305]. The authors suggested that lon Torrent
datasets may require less stringent data-filtering parameters, such as during trimming,
although this may affect the bacterial community profiles [305] as substitution errors and
indels are common in untrimmed bases [312]. Such error-prone reads may lead to an
overestimation of microbial diversity [296]. lon Torrent PGM is more prone to errors
compared to lllumina MiSeq [269,304,305,312]. This could also have resulted from the
amplifying enzymes: the Takara Ex Tag DNA polymerase used in IM-V3/V4 method is known
to have a higher fidelity than the typical Taq polymerase used in IT-V4 method [308]. The
high rate of indels [269,312], substitution errors [312], and premature read truncation (hence,
shorter reads with variable lengths) [304] associated with the lon Torrent platform may
explain the low number of quality-filtered reads generated by the IT-V4 method [305]. It has
been shown that, compared to lllumina MiSeq dataset, less reads may be retained from the
lon Torrent PGM dataset after quality-filtering and chimera checking due to poor quality of
the reads [295]. Further, lllumina has a superior throughput to most deep sequencing
technologies, including lon Torrent [54,269,303,304]. Merging the lllumina MiSeq paired-end

reads into contigs not only increases read-length, but also quality [49,302-304].

In terms of OTUs, the IT-V4 method identified a greater number of OTUs (172 OTUSs) in
the 19 samples compared to the IM-V3/V4 method (108 OTUs). A previous study

Page 100 of 241



Comparison of lon Torrent V4 versus lllumina V3-V4 Datasets

demonstrated that shorter regions (V4 16S rRNA amplicons) produced lower numbers of
OTUs compared to longer regions (e.g., V4-V5 16S rRNA amplicons) when the same
sequencing platform was used to compare [303]. The authors argue that shorter reads have
less sequence information and are, thus, less likely to be discriminated as distinct OTUs
[303]. The reads generated by the IT-V4 method were about 1.5 times shorter than the V3-
V4 16S rRNA reads generated by IM-V3/V4 method. The observed high number of OTUs
with the shorter region (IT-V4 method) is likely due to sequence errors resulting in spurious
OTUs [269,304,305]. This is substantiated by the low relative abundance of many of the
OTUs in the IT-V4 dataset. There is also a possibility that some of these OTUs were
chimeras that missed detection. It has been shown that chimeras present in short
sequences, especially from closely related bacteria, pose a more difficult challenge to detect

and remove than in longer sequences using the typical chimera detection algorithms [303].

More IM-V3/V4 reads were unambiguously assigned taxonomy than IT-V4 reads. The
difference in classification was more evident at lower taxonomic ranks. While about 100% of
IM-V3/V4 reads were assigned taxonomy at family level, only 96% of the IT-V4 reads were
assigned at this level. At genus level, the same trend was noted (96% versus 92%).
Taxonomic assignment is more dependent on the choice of primers and 16S rRNA region
than on the sequencing technology [302]. Error rates in taxonomic classification have been
associated with the choice and length of 16S rRNA sub-region, with the hypervariable V3
and/or V4 sub-region(s) having the most robust performance than other sub-regions and
configurations [313]. Interestingly, a study by Claesson and co-workers (2010) [49] that
compared 454 and lllumina technologies for profiling the gut microbiota using different
configurations in the 16S rRNA gene showed that the V3-V4 region performed the worst
compared to single regions such as V4 and tandem regions such as V4-V5. Nonetheless, in
silico predictions had posited that the V3-V4 configuration had the best taxonomic
classification accuracies regardless of the sequencing technology, Illlumina paired-end and
454 sequencing [49]. In accordance with this and previous studies [49,301,302], longer reads
(V3-V4 from paired-end sequencing) were better for taxonomy assignments than shorter
reads (V4 single-end sequencing). Higher sequencing error rates in lon Torrent PGM
[304,305] could have also contributed to the low classification rates. Erroneous reads are
less likely to have high confidence hits in the Greengenes database. It is important to note
that variation in the detectability of the different Lactobacillus spp. could potentially be due to
amplification bias and/or misclassification of Lactobacillus spp. Regardless of the 16S rRNA
metagenomics method, unclassified taxa could represent PCR/sequencing errors (including

taxa-specific bias) [54,269,303,305], inability of the Greengenes database to discriminate the
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sequence from others [303], or even novel bacterial candidates. The CVM has been shown

to include many novel bacteria of the order Clostridiales [51].

Overall, the present study showed that there was significant correlation (r=0.89,
p<0.0001) between the relative abundances of the bacterial taxa as determined by the two
methods. The relative abundances of most of the shared genera were strongly correlated
between the two 16S rRNA metagenomics methods, e.g., the correlation value for
Lactobacillus and Sneathia was 0.99 and 0.96, respectively. For other community members,
the relative abundances were different. For example, Gardnerella and Clostridium were
significantly more enriched in IT-V4 and IM-V3/V4 datasets, respectively. The lack of
classification of order Clostridiales sequences (in the IT-V4 datasets) to genus level could
have resulted in the disparate relative abundance estimates of Clostridium in the two
methods. Disparate relative abundance estimates were also evident in individual samples
and therefore underscore the existence of bias for some organisms with different 16S rRNA
metagenomics methods [49,269,302,305]. For example, a previous 16S rRNA
metagenomics validation study on synthetic mock community found Propionibacterium was
nearly absent with lllumina V4 16S rRNA amplicon sequencing method but at 1.5% and 2.4-
2.9% relative abundance with 454 and lllumina V4-V5 16S rRNA amplicon sequencing
methods [303]. Brooks and co-workers (2015) [314] observed bias in certain bacteria when
they assessed mock vaginal samples using 454 V1-V3 16S rRNA datasets. L. iners and S.
amnii were overestimated whereas G. vaginalis and S. agalactiae were underestimated by
their method [314]. As the actual microbiota compositions in the 19 samples were unknown
and no internal controls were run, it is not possible to say which method overrepresented or
underrepresented the bacterial relative abundances. Further evaluation using mock
communities, matched primers, and sequencing platform would be needed to delineate the

direction of the revealed bias.

3.4.2 Community state types and beta diversity analyses of lon Torrent V4 and
lllumina V3-V4 16S rRNA datasets

The cervicovaginal microbiotas of the 19 women included in this comparison clustered

into two CSTs (L. iners-dominated and diverse communities) regardless of the method used.

None of the cervicovaginal microbiotas of the 19 women were dominated by L. crispatus
or L. jensenii. However, the clustering within the diverse communities from the IT-V4 dataset
was slightly different from the IM-V3/V4 dataset. The method used for hierarchical clustering
is dependent on the bacterial composition and abundance. The variation in clustering for
some samples could have resulted from amplification and sequencing bias as well as

differences in the classification of 16S rRNA reads. This is not the first study observing some
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variations in the CSTs of samples sequenced with different methodologies. A study
comparing the composition and structure of CVMs assessed using 454 V6 and V6-V9 16S
rRNA datasets found that different CSTs were established for some samples [54]. These
results, together with ours, are reflective of the existence of amplification and sequencing
bias. Fouhy and colleagues (2016) [295] assessed the effect of DNA extraction (repeat bead
beating versus modified Qiagen DNA extraction method), primer choice (V4-V5, V1-V2, and
V1-V2 degenerate primers), and sequencing platform (lon Torrent PGM versus lllumina
MiSeq) using mock communities. The authors found that the different regions of the 16S
rRNA gene yielded different microbial composition and abundance; with the V4-V5 lon
Torrent PGM combination being the only approach that detected all of the 20 expected mock
community species [295]. Furthermore, the samples clustered according to the sequencing
platform used, with the exception of V4-V5 primer that was less affected by the sequencing
technology [295]. In another study comparing the effect of hypervariable region(s) (V4, V6—
V8, and V7-V8) and sequencing platform (454 versus lllumina MiSeq) choice [302],
Tremblay and colleagues (2015) found that the V4 lllumina MiSeq combination produced the
highest similarity with the expected taxonomic results. In the present study, different 16S
rRNA regions (of different lengths) and sequencing platforms were used, which could have

resulted in different classification efficiencies.

Finally, to determine whether the beta diversity derived from the IT-V4 dataset was
consistent with IM-V3/V4 dataset, Procrustes analyses of weighted UniFrac distances were
performed. Procrustes analyses demonstrated a reproducible statistically significant
correlation between the beta diversity estimations of the IT-V4 and IM-V3/V4 methods. This
could be ascribed to the fact that beta diversity estimates were performed at sufficient and
even sampling depth across the samples in each amplicon sequencing method. Congruent
with this, Caporaso and co-workers (2012) [311] demonstrated that such beta diversity
estimations are less dependent on subsampling effort. However, sufficient sequencing depth
may be necessary for comprehensive analyses [311]. Sample-to-sample deviation in
clustering on the PCoA plot may also be attributed to differences in read-length and quality of
sequencing platforms [315]. Nelson and colleagues (2014) [303], however, observed that the
choice of the 16S rRNA region had a greater influence on the beta diversity estimates than
the type of sequencing technology utilised [303]. While each of these two factors can
independently impact on beta diversity, the present study design could not evaluate them

independently.
3.4.3 Summary

Overall, this small comparative study of two targeted metagenomics methodologies

showed reasonable complementarity between IT-V4 and IM-V3/V4 libraries. The lllumina-
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based method, however, had longer read-length (due to the 300-bp paired-end sequencing),
higher throughput, and lower error rates (hence, less spurious OTUs and higher percentage
of reads retained after data-filtering) than the lon Torrent PGM method. Moreover, the IM-
V3/V4 method had more reads that were classified at the various taxonomic levels (phylum
to genus). The advantages provided by IM-V3/V4 method supported its utility in the
subsequent experiments described in chapters 4 and 5. Given the demonstrated impact of
the primer choice and sequencing platform on the outcome of microbiome diversity, there is
need to include internal controls, such as mock communities, in order to optimise and

validate the microbiome analyses, thereby mitigating any potential bias.
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Cervicovaginal Microbiotas and Potential HPV Biomarkers

4.1 Introduction

In this chapter, the CVMs of 91 reproductive-age South African women with and without
HPV infections were characterised and associated with demographic, sociobehavioural, and
clinical factors. The metagenome functions of the CVMs were also predicted. This study was
an expansion of the cohort from Chapter 2 but using a high-throughput Illlumina sequencing
approach which was more reliable as demonstrated in Chapter 3. The sample size was
increased from 62 to 91 with a view to achieve enough statistical power that allows

association between CVMs and participants’ variables to be confidently deduced.

Black South African women have a high burden of BV [76,84-86] and HPV, including
high-risk HPV [16] that cause cervical cancer [12]. Even though it is emerging that BV and
Lactobacillus-deficient CVMs are associated with higher HPV prevalence
[33,34,81,141,157,215], there are no published studies that have examined the association
between the CVMs and HPV infection in South African women. Literature is also rapidly
expanding to show that specific taxa in the CVM may be potential biomarkers in HPV
infection and natural history [137,157,179]. While common Lactobacillus spp. such as L.
crispatus and L. gasseri are inversely associated with HPV infection [34,139], Sneathia, and
G. vaginalis have been positively associated with HPV infection [179,215] as well as
precancerous cervical lesions [140,142,160,176]. None of these studies were conducted on
the high HPV-burden population in South Africa.

Evidence from large cohort studies demonstrates that ethnicity/race influences CVMs
[38-40,143,177]. The majority of the CVM studies have been performed on Western
populations and those of European ancestry [38,39,143,144]. A few studies have shown that
many African women have CVMs that are deficient in Lactobacillus species and
characterised by diverse and heterogeneous populations of mainly BV-associated bacteria
[33,39,87,136,143]. This diversity remains largely unexplored and unexplained especially
among Black South African women. Black women have also been shown to have less acidic
vaginal pH (>4.5) than White, Asian and/or Hispanic women [38,70,73]. Less acidic vaginal
pH is associated with Lactobacillus-deficient CVMs [38,61,62,68]. Less acidic vaginal pH
may not be protective against vaginal infections. Elevated vaginal pH (25), for example, was
associated with a 10-20% increased risk of HPV infection in a large population-based study
of premenopausal Costa Rican women [70]. Mitra and co-workers (2016) [218] proposed that

this may be related to the susceptibility of the HPV E5 oncoprotein to acidic pH [316].

Knowledge on the role of all the cervicovaginal bacterial taxa is not yet comprehensive.
Only a few studies have examined the functions of the CVMs [87,122,155,175,219,317].

Cervicovaginal metagenome composition and function may have a profound effect on the
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cervicovaginal milieu, such as maintaining the vaginal epithelial integrity [122]. Soluble
compounds from G. vaginalis culture, for example, have been found to impair wound-healing
capacity in the female genital tract [122]. Mucosal and epithelial impairment caused by
particular CVMs has been suggested as a possible mechanism through which CVMs

mediate cervical disease, including HPV-related precancerous cervical lesions [218].

Overall, the motivation for this study was due to the scarcity of data on CVMs of
reproductive-age Black African women and the lack of consistent association between CVMs
and HPV infection [34,81,139-141,210,215,221,267].

4.1.1 Aim and objectives

The aim of this chapter was to investigate the composition of CVMs of reproductive-age
Black South African women (aged 18-44 years) and the associations with HPV infections and

other demographic, sociobehavioural, and clinical factors. Specific objectives included:

i.  To characterise the CVMs of reproductive-age HIV-seronegative Black South African
women by sequencing the V3-V4 16S rRNA amplicons on the lllumina MiSeq
platform,

i. To assess the association of the established CSTs with demographic,
sociobehavioural, and clinical information of reproductive-age Black South African
women,

iii. To detect potential bacterial markers for prevalent HPV and high-risk HPV in the
women, and

iv.  To predict the functional capabilities of the bacterial communities in the CVMs using
the V3-V4 16S rRNA dataset.

4.2 Materials and Method

4.2.1 Ethics statement

This information has been provided in the Materials and Methods section (subsection
2.2.1) in Chapter 2.

4.2.2 Study samples, study design and study population characteristics

The study samples, study design including inclusion and exclusion criteria, as well as
nucleic acid isolation and HPV genotyping were as previously outlined (subsection 2.2.2).
Here, cervical specimens from 91 HIV-seronegative Black South African women aged 18-44

years were considered for microbiota and HPV investigation.

Eighty seven women (95.6%) were finally included in the study. Participants excluded

(4.4%, 4/91) were those whose samples had <12,161 reads for 16S rRNA metagenomics
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analyses. The cohort baseline characteristics of the 87 sexually active women are

summarised in Table 4.1.

Table 4.1. Baseline demographic, sexual and smoking, behavioural, and clinical information of
the 87 heterosexually-active Black South African women.

o All participants
Characteristic

(N =87)
Age (years) . 32.0 (25.0-39.0)
Age at sexual debut (years) 18.0 (16.0-19.0)
Number of lifetime sexual partners . 3.0 (2.0-4.0)
Number of sex acts with study partner in last month 4.0 (2.0-8.0)

Current use of hormonal contraceptives* (% (n/N))
No
Yes
HPV (% (n/N))
Negative
Positive
High-risk (% (n/N))
Negative
Positive
Cervical cytology (% (n/N))
Normal
ASCUS
LSIL
Experienced vaginal discharge in last 6 months (% (n/N))
No
Yes
Experienced genital ulceration in last 6 months (% (n/N))
No
Yes
Incidental BV on Papanicolaou smear (% (n/N))
No
Yes
Cigarette use (% (n/N))
Never smoked
Ex-smoker

57.5 (42/73)
42.5 (31/73)

57.5 (50/87)
425 (37/87)

65.5 (57/87)
34.5 (30/87)

75.6 (62/82)
13.4 (11/82)
11.0 (9/82)

84.6 (66/78)
15.4 (12/78)

97.7 (85/87)
2.3 (2/87)

56.3 (49/87)
43.7 (38/87)

64.4 (56/87)
3.4 (3/87)

Current smoker 32.2 (28/87)

Abbreviations: HPV — human papillomavirus, ASCUS - atypical cells of undetermined significance, LSIL — low-grade squamous
intraepithelial lesion, BV — bacterial vaginosis.

Continuous variables are expressed as medians with interquartile ranges (IQRs, at 25" and 75" percentiles).

AData was not available on the age at sexual debut for one woman, lifetime number of sexual partners of one woman, and
number of sexual acts with study partner in the last month of two women.

*The hormonal contraceptives included oral pills, norethisterone enanthate, Depo-Provera, and steroids.

Of the 87 women, 37 (42.5%) were positive for HPV infection. Among the HPV-positive
women, 51.4% (19/37) had single HPV infections. A total of 45.9% (17/37) and 81.1%
(30/37) of the women were infected with low- and high-risk types, respectively. Of these, 10
women (27.0% (10/37)) were infected with both low- and high-risk HPVs, respectively. When
stratified according to high-risk HPV status, 30 women (34.5%) were high-risk HPV-positive.
The median age of high-risk HPV-negative and high-risk HPV-positive group was 35 years
(IQR 27.0-40.3) and 28.0 years (IQR 23.5-35.5), respectively. High-risk HPV-positive women
were significantly more likely to be younger (p=0.007) and have LSIL cervical cytology
(p=0.053) compared with high-risk HPV-negative women. More high-risk HPV-negative

women had normal cervical cytology as compared to high-risk HPV-positive women (83.6%
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(46/55) versus 59.3% (16/27), p=0.016). None of the other selected variables (age at sexual
debut, number of lifetime sexual partners, number of sexual acts with study partner in the last
month, hormonal contraception, ASCUS cervical cytology, vaginal discharge and genital
ulceration in the last 6 months, BV status, and cigarette use) differed statistically between the
two high-risk HPV groups. These results were found to be consistent when the women were
stratified into HPV-negative and HPV-positive groups (results not shown), with LSIL cervical

cytology being more prevalent in HPV-positive than HPV-negative women (p=0.003).

Follow-up HPV genotyping data at the 6-month visit was available for 63.2% (55/87) of
the women. The HPV data at the 6-month visit is shown in Supplemental Fig. 4.1. Twenty six
women (26/87 (78.8%)) remained HPV-negative at the 6-month follow-up. A total of 7 women
acquired a new HPV genotype infection. Specific HPV genotypes were cleared in 4 women.
Two women had persistent infection with the same HPV genotype. Sixteen women had
complex HPV genotyping results. In this study, this category included the following
definitions: i) women who had cleared certain HPV genotype infections but had other
persistent genotypes, ii) women that had cleared certain HPV genotype infections but had

acquired new genotypes, and iii) a combination of i and ii.

4.2.3 Illumina MiSeq V3-V4 16S rRNA metagenomics library preparation and

sequencing

The amplification, amplicon purification and quantification, and library sequencing

protocol used is described in Chapter 2 (subsection 2.2.3) and 3 (subsection 3.2.2).
4.2.4 PCR and sequencing controls

Positive and negative controls were also run concomitantly with the experimental
samples. Two mock bacterial communities, HM-782D and HM-783D (BEl Resources,
Manassas, VA, USA), comprising of genomic DNA from 20 bacterial strains, were used as
positive controls (Supplemental Table 4.1). HM-782D contained equimolar concentrations
(100,000 rRNA operons per organism per ul) of each of the 20 bacteria. In HM-783D, the
concentrations of these bacteria were staggered (ranging from 1,000-1,000,000 rRNA
operons per organism per ul). Nuclease free water was used as a negative control. Digene
STM was included as an extraction control to check for possible contaminants. This was a
mock DNA extraction from Digene STM. The nuclease free water and Digene STM controls

were sequenced despite no visible amplicons on agarose gels.
4.2.5 V3-V4 16S rRNA gene amplicon sequence data analyses

The raw sequenced data were processed and analysed using QIIME v1.8.0 [273] and
UPARSE (usearch8.0.1616) [274] as previously described (Chapter 3 — subsection 3.2.3)
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and according to the criteria summarised in Supplemental Table 3.1. The relative abundance
of the most abundant non-mock bacteria (0.0222%) in the even mock community (HM-782D)
was used as the filtering threshold for the whole OTU table. All controls (two mock
communities, two nuclease free water, and Digene STM) and sequences of samples that

failed alignment were excluded from the final OTU table.

Alpha diversity was measured using the observed_species, chao1, Shannon, Shannon
equitability, Simpson, Dominance, and PD_whole_tree metrics and compared as described
previously (subsection 2.2.4). Read count per sample was rarefied to 12,161 reads prior to

calculation of beta diversity as described in subsection 3.2.3.

4.2.6 Hierarchical clustering of cervicovaginal microbiota and identification of
bacterial ecological interactions

To identify the CSTs, hierarchical clustering (average neighbour linkage) was performed
based on Bray-Curtis dissimilarity indexes calculated using the Vegan R package [278]. Only
taxa with relative abundances greater than or equal to 0.33% were included in the heatmap
together with multiple variables (BV, HPV, and high-risk HPV statuses).

Differentially abundant bacteria between the established CSTs were identified using a
two-sided White's nonparametric statistical t-test [318] on the STAMP software v2.1.3 [279]

using the parameters underlined in Chapter 2 (subsection 2.2.5).

Positive and negative correlations between the counts of all OTUs in the CVMs were
assessed by metagenomeSeq v1.12.1 [280,281] as described in subsection 2.2.6. Only the
correlations of the OTUs with the greatest variance (n=40, 33.3%) were plotted on a

correlogram.
4.2.7 Identification of potential biomarkers for HPV infection and BV

Differentially abundant bacterial taxa in women with and without HPV and BV were
assessed using the Linear Discriminant Analysis (LDA) effect size (LefSe) algorithm v1.0
[319]. The significance level (p-value) for Kruskal-Wallis and pairwise the Wilcoxon signed-
rank tests was set at 0.05. Discriminant features were identified at a logarithmic LDA score

threshold of 2.0 unless indicated.
4.2.8 Prediction of metagenome function

The metagenome function was predicted using Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States (PICRUSt) v1.1.0 [317] and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) module abundances analysed and visualized
using LefSe v1.0 [319] and STAMP v2.1.3 [279].
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4.2.9 Statistical analyses

Statistical analyses were done with STATA v13.0 (StataCorp, College Station, TX, USA)
and R v3.2.2 (R Core Team 2016). Associations between the established CSTs and
participants’ metadata were calculated using Fisher's exact/Chi-square tests for categorical
variables and Mann-Whitney unpaired nonparametric test for continuous variables, with

statistical significance at p<0.05 (two-tailed).

The alpha diversity between the CSTs was compared using Mann-Whitney unpaired
nonparametric test, with p<0.05 showing significance. More than two-group comparison of

the alpha diversity measures of the CSTs was computed by Kruskal-Wallis test.

4.3 Results

4.3.1 Validation and optimisation of microbial analyses using PCR and

sequencing controls

This subsection summarises the procedure that was used to ensure an accurate
representation of microbial diversity and relative abundance. Cross-contamination between
specimens and contaminants from other sources was assessed by use of two negative
controls (Digene STM extraction control and a nuclease free water control). These controls
allow for identification of contaminants in the kits used during library preparation and
sequencing (DNA extraction, amplification, and sequencing kits) and any contaminations that
may arise during processing of the samples. The impact of PCR and sequencing artefacts

was additionally assessed by the inclusion of two mock bacterial communities as controls.

Overall, the total number of quality-filtered sequencing reads from the library of 95
samples (91 cervicovaginal samples and four controls samples) was 5,940,510. The average
number of quality-filtered reads per cervicovaginal sample was 63,558. For the nuclease free
water and STM extraction controls, the total number of quality-filtered reads was only 103
and 533, respectively. The predominant taxa in nuclease free water control were L. iners (28
of 103 reads (27.2%)) and Sneathia (14/103 (13.6%)). In the Digene STM extraction control
Flavobacteriaceae (232/533 (43.5%)) and P. veronii (109/533 (20.5%)) were the most
abundant taxa. The total number of reads (level of contaminants) in the nuclease free water
and extraction control differed from the average reads per cervicovaginal sample by at least
99%. This indicated that contaminants were nearly absent in the sequenced library and

unlikely to affect our analysis.

The bacteria in the two mock communities (even HM-782D and staggered HM-783D)
were also assessed in order to evaluate the extent to which the observed community

composition deviated from the expected composition. Both mock communities contained 20
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bacterial species (the composition of the two mock communities is shown in Supplemental
Table 4.1). The number of quality-filtered reads in the HM-782D and HM-783D mock controls
was 90,071 and 66,062, respectively. Nineteen of the 20 mock bacteria were successfully
amplified and sequenced (Fig. 4.1). One mock bacterial species, S. aureus, was not detected
as a separate species. S. aureus is very closely related to another mock species,
Staphylococcus epidermidis [320,321] and, it is likely that the 16S V3-V4 reads from both
species were classified as S. epidermis. Taxonomic assignment for some species, such as
those that were misclassified (i.e., Clostridium beijerinckii, Listeria monocytogenes, and
Neisseria meningitidis) had to be manually curated. Here, the representative sequences of
such bacteria were aligned against the bacterial sequences in the 16S rRNA database using
the web-based BLASTnN (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Misclassification of certain
species and failure to assign others a species name (e.g., Streptococcus mutans and
Streptococcus pneumoniae) has been demonstrated to be a limitation of the Greengenes
16S database [303,322].

HM-782D contained equimolar concentrations (100,000 operons per organism per pl) of
each of the 20 bacteria. In HM-783D, the concentrations of the bacteria were staggered
(ranging from 1,000-1,000,000 operons per organism per ul). Fig. 4.1 shows the observed
distributions of the mock bacteria in the sequence data from HM-782D and HM-783D. As

expected, the bacterial species distributions in were more even HM-782D than in HM-783D.

a HM782D b

u Acinetobacter baumannii
u Actinomyces odontolyticus

HM783D

u Acinetobacter baumannii

u Actinomyces odontolyticus
u Bacillus cereus = Bacillus cereus
w Bacteroides vulgatus w Bacteroides vulgatus
u Clostridium beijerinckii u Clostridium beijerinckii
w Deinococcus radiudurans = Deinococcus radiudurans
w Enterococcus faecalis = Enterococcus faecalis
u Escherichia coli

» Lactobacillus gasser

Helicobacter pylori

w Escherichia coli

= Lactobacillus gasseri
Helicobacter pylori

u Listeria monocytogenes 7—' u Listeria monocytogenes

u Neisseria meningitidis \ = Neisseria meningitidis
Propionibacterium acnes Propionibacterium acnes
Pseudomonas aeruginosa Pseudomonas aeruginosa
Rhodobacter sphaeroides Rhodobacter sphaeroides
Staphylococcus epidermidis Staphylococcus epidermidis

w Streptococcus agalactiae w Streptococcus agalactiae
Streptococcus sp. Streptococcus sp.
Streptococcus sp. Streptococcus sp.

Fig. 4.1. Observed distribution of bacteria in even (HM-782D) and staggered (HM-783D) mock
bacterial communities.

The relative abundance of the bacteria was then evaluated to assess the extent of
contamination. The mock bacteria in HM-782D and HM-783D accounted for 99.89% and

99.84% of the total reads in each sample, respectively. Non-mock bacteria (false positive)
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were present at very low levels (0.11% of reads in HM-782D and 0.16% in HM-783D). A total
of 26 and 34 non-mock bacteria (OTUs) were detected in HM-782D and HM-783D, with most
of these represented by a single read only (50% (13/26) and 62% (21/34), respectively). The
most abundant non-mock bacteria in HM-782D and HM-783D were L. iners (0.02%) and
Sneathia (0.03%), respectively. The relative abundance of L. iners in HM-782D was
assumed to represent the level of cross-contamination and was used as a threshold to
control for spurious OTUs in the cervicovaginal samples as described by Narrowe and co-
workers (2015) [323]. Filtering of the data for the cervicovaginal samples included removal of
any OTUs with less than 0.02% relative abundance and removal of singletons. Discarding
low-abundant OTUs is recommended as they are likely to represent false positives (Robert

C. Edgar, Personal Communication).

To compare the observed relative abundances to the expected (theoretical) relative
abundances, all the detected mock species were collapsed to their respective genus. This
resulted in 17 genera. A total of 12 genera (Propionibacterium, Deinococcus, Enterococcus,
Acinetobacter, Clostridium, Neisseria, Streptococcus, Lactobacillus, Staphylococcus,
Listeria, Escherichia, and Bacillus) did not have pronounced differences (of 240%) between
the theoretical and observed relative abundances (Fig. 4.2). The genera, Bacteroides and
Helicobacter were however considerably overrepresented (by =40%) while Actinomyces,

Pseudomonas, and Rhodobacter were underrepresented (by at least 40%) (Fig. 4.2).

Acinetobacter
Actinomyces
Bacillus
Bacteroides
Clostridium
Deinococcus
Enterococcus
Escherichia

Helicobacter .
%Theoretical

% Observed

Lactobacillus
Listeria

Neisseria
Propionibacterium
Pseudomonas
Rhodobacter
Staphylococcus

F FPPAPFFPPFDEFB|FAP

Streptococcus

0 2 4 6 8 10 12 14 16
Relative abundance (%)

Fig. 4.2. Relative abundances of the mock genera in even mock community (HM-782D). The
phyla are indicated on the left, with A representing Actinobacteria, B - Bacteroidetes, D - Deinococcus-
Thermus, F - Firmicutes and P - Proteobacteria.
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Similar results were obtained with the staggered community HM-783D (Fig. 4.3),
although with slight variations. The mock bacterial genera Actinomyces, Pseudomonas,
Staphylococcus,  Streptococcus, Enterococcus, Deinococcus, Escherichia, and
Propionibacterium did not have pronounced differences between the theoretical and
observed relative abundances. Genera Bacteroides, Helicobacter, Acinetobacter, Neisseria,
Lactobacillus, Clostridium, Listeria, and Bacillus, however, were considerably

overrepresented (by 240%) and Rhodobacter was underrepresented by at least 40%.

o Acinetobacts
<« Actinomyces r cinetobacter
o Helicobacter
JILTITTY  S— L Lactobacilus
" %Theoretical w Listeria = %Theoretical
@ Deinococeus . # %Observed = %Observed
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w Clostridium
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= %Observed U Staphylococcus = %Observed

o Pseudomonas - W Streptococcus

0 1 2 3 4 0 10 20 30 40
c Relative abundance (%) d Relative abundance (%)

Fig. 4.3. Relative abundances of the mock genera in staggered mock community (HM-783D).
The bacteria have been separated by the operon count in the mock community: a) 1,000 operons, b)
10,000 operons, c) 100,000 operons, and d) 1,000,000 operons. The phyla are indicated on the left,
with A representing Actinobacteria, B - Bacteroidetes, D - Deinococcus-Thermus, F - Firmicutes and P
- Proteobacteria.

To evaluate the number of false positives and negatives, abundance thresholds of 1%,
0.022%, and 0.01% were tested (Julia Ponomarenko, Personal Communication). Filtering of
OTUs at a relative abundance of 1% resulted in the absence of false positives and negatives
in both HM-782D and HM-783D, at the genus level. At 0.022% threshold, no false positive or
negatives were detected in HM-782D; however, for HM-783D, one false negative
(Actinomyces) was detected. Three genera (Sneathia, Prevotella, and Shuttleworthia) were
false positives in HM-783D at the 0.01% abundance threshold. The minimal to absent false
positives and negatives (in terms of reads) and the fact that OTU filtering at 0.02% relative

abundance was performed, shows that our microbiota results are reliable.
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4.3.2 Data analysis and output

A total of 5,694,432 high-quality 400-bp reads were finally analysed (212,161 reads
per sample) from 87 samples. Samples excluded (n=4) were those with less than 12,161
reads. This cut-off was selected based on rarefaction curves of alpha diversity that showed
that for each sample, 12,161 reads could provide a reasonable coverage (subsampling
depth) of microbial diversity (Supplemental Fig. 4.2). The rarefaction analysis of
observed_species and Shannon indices are shown in Supplemental Fig. 4.2a and
Supplemental Fig. 4.2b, respectively. The rarefaction curves of all the samples had
plateaued at 12,161 reads when using the Shannon and Simpson Index. The plots of
observed_species, chao1, and PD_whole_tree metrics for many samples did not however
plateau at the cut-off point. Metrics such as observed species and chao1 did not plateau
because they are sensitive to rare (low-abundant) species, which are usually incorporated in
their calculations [315,324].

4.3.3 Bacterial prevalence and relative abundance in the cervicovaginal

microbiotas

A total of 120 non-spurious OTUs were identified in the 87 samples (27-85 OTUs per
sample). OTUs with less than 0.02% relative abundance were excluded based on the
analysis of the controls in subsection 4.2.4. The OTUs were taxonomically classified by
comparison to the Greengenes 16S rRNA database (v13.8). Grouping of the classified
OTUs into their respective taxonomic ranks showed a total of eight bacterial phyla and 58
genera in the 87 CVM samples. Table 4.2 is a summary of the overall relative abundance
and prevalence of the eight phyla detected, the corresponding major genera in each

phylum and the most abundant OTUs (potential species) in these genera.

Firmicutes was the most abundant phylum, represented by 45 (37.5%) of the 120
OTUs. Lactobacillus was the major genus in this phylum, represented by six OTUs. The
most abundant OTU (classified as L. iners) was found in this genus and was present in all
the samples. Other Lactobacillus OTUs (L. jensenii, L. crispatus, L. gasseri, L. reuteri, and
an unclassified Lactobacillus sp.) were present at significantly lower relative abundance
and prevalence. Bacteroidetes was the second most abundant phylum, with Prevotella
being the major genus in this phylum. Prevotella was the most diverse of the 58 genera,
with a total of 21 OTUs. Among these, Prevotella.4 was the most abundant. Actinobacteria
and Fusobacteria were the next most abundant phyla, with Gardnerella and Sneathia,
respectively, being the most abundant genera. Three OTUs were detected in each of
these genera, with G. vaginalis.3 and Sneathia.3 being the most abundant. Surprisingly,

the G. vaginalis.3 and Sneathia.3 OTUs were present in all the samples (Table 4.2).
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Table 4.2. Relative abundance and prevalence of bacterial phyla, major genera in these phyla
and the most abundant OTUs in these genera.

Bacterial description Relative Prevalence
Phylum Genus oTU abundance (%) (% (n/N))
Firmicutes 49.7 100.0 (87/87)
Lactobacillus 245 100.0 (87/87)
L. iners 20.4 100.0 (87/87)
L. jensenii 1.9 44.8 (39/87)
L. crispatus 1.2 46.0 (40/87)
L. gasseri 0.1 19.5 (17/87)
L. reuteri 0.04 19.5 (17/87)
Lactobacillus 0.7 34.5 (30/87)
Bacteroidetes 18.3 100.0 (87/87)
Prevotella 16.2 100.0 (87/87)
Prevotella.4 5.1 94.3 (82/87)
Actinobacteria 13.1 100.0 (87/87)
Gardnerella 9.1 100.0 (87/87)
G. vaginalis.3 7.2 100.0 (87/87)
Fusobacteria 11.8 100.0 (87/87)
Sneathia 10.8 100.0 (87/87)
Sneathia.3 7.4 100.0 (87/87)
Terenicutes 25 96.6 (84/87)
Unclassified 11 42.5 (37/87)

Mycoplasmataceae
Unclassified
Mycoplasmataceae U1 <29 (ST
Chlamydiae 2.1 42.5 (37/87)
Chlamydia 2.1 42.5 (37/87)
C. trachomatis 2.1 42.5 (37/87)
2.0

Proteobacteria 100.0 (87/87)

Unclassified Rickettsiales 0:5 21.8 (19/87)
Unclassified
Rickettsiales Ui 21 (1)
T™7 0.5 41.4 (36/87)
Unclassified Rs-045 0.5 41.4 (36/87)
Unclassified Rs-045 0.5 41.4 (36/87)

Abbreviations: OTU — operational taxonomic unit.

The relative abundances of the top 21 genera across the 87 women are shown in Fig.
4.4. Women with higher relative abundances of Lactobacillus had lower relative abundances
of the other genera (mostly Prevotella, Sneathia, Shuttleworthia, and Gardnerella) (Fig. 4.4),
most of which have been associated with BV [51,74]. Women with lower relative abundances
of Lactobacillus had a higher microbial diversity, characterised by the presence of
polymicrobial non-Lactobacillus communities. The co-occurrence and co-exclusion patterns

of the bacterial OTUs were therefore compared in the next subsection.
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Fig. 4.4. Relative abundances of Lactobacillus and top 20 genera in cervicovaginal microbiotas.
The samples have been ordered from the top according to reducing relative abundances of
Lactobacillus. Both the phyla and genera names are stated.

4.3.4 Co-occurrence and co-exclusion patterns of bacterial OTUs

To gain deeper insight into the ecological relationships (oppositional and symbiotic)
responsible for community architecture, pairwise correlational analyses between the
abundances of all bacterial OTUs were computed. A correlogram of the pairwise correlations
between the top 40 bacterial OTUs with the greatest variance is shown in Fig. 4.5.

The dendrogram shows two major clusters, designated A and B. Cluster-A, comprising
40.0% of the bacterial OTUs, mostly included Lactobacillus spp. (25.0%, 4/16). OTUs in
Cluster-B included several bacteria associated with BV and several members in the genus
Prevotella (29.2%, 7/24). There was a tendency of bacterial OTUs from closely related taxa
having positive correlations. Each of the two major clusters could be divided into two sub-
clusters (A1 and A2, and B1 and B2).

Page 117 of 241



Cervicovaginal Microbiotas and Potential HPV Biomarkers

Color Key
A B
Ll fa A2 - B2
-1 0 1
Value
L. jensenii
_actobatt:lllus
L. crispatus

1 Streptococcus
L iners
Ureaplasma
P_veronii
Pedobacter.
Flavobacteriaceae
Finegoldia
P_anaerobjus
Prevotella. 14
Chlamydia )
P_melaninogenica.2
Mycoplasmataceae
Veillonella.1
30rph%/romonas.1
Prevofella.”
Prevotella.11
Prevotella 17
Mycoplasma

Rs-045 )
Shuttleworthia. 1
Megasphaera.1
Prevotella.8
Clostridium. 1
Prevotella. 16
Dialister.2
Prevotella.15
Prevotella.4
Megasphaera. 2
Sneathia.1
Aerococcus

A vaginae
Gemella
Sneathia.3

G. vaginalis.1
Coriobacteriaceae
Parvimonas
Clostridium.2

A1

A2

B1

B2

L.iners
Ureaplasma
Gemella
Sneathia.3
G.vaginalis .1

ococcus
Coriobacteriaceae

genica.2

Mycoplasmataceae
Dialister.2

L.jensenii

P. veronii
Pedobacter
Flavobacteriaceae
Finegoldia

P. anaerobius
Chlamydia
revotella.7
Prevotella.11
revotella.8
Clostridium.1
Prevotella. 15
Sneathia.1
Aerococcus
A vaginae

Lactobacillus
L. crispatus

Strept:
Mycoplasma
¥ Eis-045

Veillonella.1
Prevotella.17
Shuttleworthia.1
Prevotella. 16
Prevotella 4
Megasphaera.2
Parvimonas
Clostridium.2

Prevotella.14
Porph&romonasﬂ

Me%asphaera.‘l

P. melanino

Fig. 4.5. Correlogram of bacterial OTUs showing co-occurrence and co-exclusion patterns.
These were computed by Spearman’s rank correlation between OTUs. The correlation coefficients
range from -1 (red; co-exclusions relationships) to +1 (blue; co-occurrence relationships). High
negative and positive coefficient values indicate strong correlations. The blue diagonal line represents
correlations of +1. White shows absence of bacterial relationships. Only the top 40 bacterial OTUs
with the greatest variance are shown.

Sub-cluster A1 constituted lactobacilli (L. jensenii, L. crispatus, L. iners, and an
unclassified Lactobacillus), Streptococcus, Ureaplasma, P. veronii, Pedobacter, and
Flavobacteriaceae. There was a strong positive correlation among Lactobacillus spp., with
the greatest between L. crispatus and the unclassified Lactobacillus species. L. iners had the
lowest correlation with the other lactobacilli and high correlation with Ureaplasma. P. veronii,
Pedobacter, and Flavobacteriaceae had strong positive correlations among themselves.

Sub-cluster A2 comprised of 9 bacterial OTUs. Among these, Finegoldia, P. anaerobius, and
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Prevotella.14 had the strongest positive correlations among themselves. Inter-sub-cluster
correlations between A1 and A2 were generally weaker than their respective intra-sub-cluster
correlations. Interestingly, each Lactobacillus spp. (sub-cluster A1) had a positive correlation,

although very weak, with Prevotella.14 (sub-cluster A2).

Sub-cluster B1 comprised 10 bacteria OTUs, with Porphyromonas.l, Prevotella.7,
Prevotella.11, and Prevotella.17 having strong positive correlations among themselves. The
other OTUs (Mycoplasma, Rs-045, Shuttleworthia, Megasphaera, Prevotella.8, and
Clostridium.1) in this sub-cluster co-occurred together. Sub-cluster B2 had 14 bacterial
OTUs, all which exhibited strong positive correlations among themselves, than with members
in sub-cluster B1. These OTUs included Prevotella.16, Dialister.2, Prevotella.15,
Prevotella.4, Megasphaera.2, Sneathia.l, Aerococcus, A. vaginae, Gemella, Sneathia.3, G.
vaginalis.1, Coriobacteriaceae, Parvimonas, and Clostridium.2. The results also indicated a

slight interaction gradient between sub-cluster A2 and B1.
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4.3.5 Clustering of the cervicovaginal microbiotas into distinct community state
types
The CVMs were hierarchically clustered by their composition and relative abundances of

bacterial taxa. A heatmap of the relative abundances of the 32 major taxa in the 87 women

and clustering of the CVMs is shown in Fig. 4.6.

Relative abundance
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Fig. 4.6. Heatmap of the relative abundances of bacterial taxa found in cervicovaginal
microbiotas of 87 South African reproductive-age women. Rows represent the bacterial taxa
(sorted by classification) and columns the samples. The colour key for the relative abundances is
indicated in the upper right corner. The human papillomavirus (HPV) and high-risk human
papillomavirus (HR-HPV) infection status as well as bacterial vaginosis (BV) findings of the women are
indicated. The dendrogram based on average linkage hierarchical clustering of the Bray-Curtis
dissimilarity matrix is shown and was used to define the eight community state types (CSTs). Except
for L. gasseri and L. reuteri, each with 0.03% relative abundance, the other 30 bacterial taxa included
had 20.33% relative abundance.

Page 120 of 241



Cervicovaginal Microbiotas and Potential HPV Biomarkers

The CVMs were clustered into eight CSTs (designated CST 1-8) based on the Bray-
Curtis index. This is a beta diversity metric that takes into account the abundances of the
shared taxa in the samples. The percentage relative abundance of the most abundant OTUs
in each of the CSTs is provided in Table 4.3 (CSTs 1-7) and Table 4.4 (CST-8).

Table 4.3. Percentage relative abundance of the most predominant potential species (OTUs) in
CSTs 1-7.

CST 1 2 3 4 5 6 7

g/lk:)usrt] dant L. crispatus L. jensenii L iners Aerococcus  Streptococcus <. . Corynebacterium
Bacteria spp. spp. trachomatis spp.
Median 39.9 72.3 88.7 86.6 33.3 70.0 22.3

(IQR) (37.3-42.5) (48.7-95.9) (80.8-95.8) (86.6-86.6) (12.6-48.6) (60.8-78.8) (22.3-22.3)
Mean 2199 72.3 82.4 86.6 31.5 70.0 223
(Range) (37.3-42.5) (48.7-95.9) (33.9-98.5) (86.6-86.6) (9.1-50.3) (60.8-78.8) (22.3-22.3)

Abbreviations: CST — community state type, IQR — interquartile range.

Table 4.4. Percentage relative abundance of the most predominant potential species (OTUS) in
CST-8.

Shuttleworthia

Bacteria Sneathia sp. G. vaginalis Prevotella sp. Megasphaera sp. sp
Median 10.1 4.6 3.1 4.2 0.02
(IQR) (1.6-19.4) (1.9-9.3) (0.0-15.5) (0.0-12.6) (0.0-14.0)
Mean 11.4 9.7 7.9 7.3 6.9
(Range) (0.01-49.2) (0.1-49.9) (0.0-29.9) (0.0-37.2) (0.0-41.3)

Abbreviations: CST — community state type, IQR — interquartile range.

CSTs 1-3 were dominated by Lactobacillus spp. and included 26.4% (n=23) of the
women. In the heatmap, Lactobacillus spp. accounted for a high proportional abundance
(241.2%) in each of these CSTs compared to other bacteria: CST-1 was dominated by L.
crispatus (243.2% mean relative abundance), CST-2 by L. jensenii (= 49.2%), and CST-3 by
L. iners (241.2%). The largest Lactobacillus-dominated CST was CST-3 (L. iners), which was
found in 19 women (21.8%). CST-1 (L. crispatus) and CST-2 (L. jensenii) were each found in
only 2 (2.3%) women. There was no CST dominated by L. gasseri.

CSTs 4-8 were not dominated by Lactobacillus spp. CST-8 was the largest group
occurring in 64.4% (n=56) of the women. These women had diverse CVMs, mostly
comprising a continuum of facultative and obligate BV-associated anaerobes such as G.
vaginalis, Prevotella, Sneathia, Atopobium, Shuttleworthia, Clostridium, Megasphaera, and
Dialister. The remaining CSTs occurred at a low prevalence, with CST-4 (dominated by
Aerococcus), CST-5 (Streptococcus), CST-6 (Chlamydia), and CST-7 (Corynebacterium)

occurring in only one, four, two and one women, respectively.

The reduction of the complex compositional data by clustering of the CVMs into CSTs

allowed for statistical comparisons as discussed in the following subsection.
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4.3.6 Comparison of characteristics of the women with cervicovaginal microbiotas

in the community state types 3 and 8

The characteristics of the women with CVMs in CST-3 and CST-8 were statistically
compared and are shown in Table 4.5. Women with CVMs from the remaining CSTs (CST-1,
CST-2, and CST-4 to CST-7) were excluded from this comparison as these groups had low

numbers (<4 women).

Table 4.5. Comparison of the demographic, sociobehavioural, and clinical characteristics of the
women with cervicovaginal microbiotas belonging to community state type-3 (CST-3) (L. iners-

dominated) and CST-8 (diverse).

. CST-3 CST-8 4
Characteristic p-value
(N =19, 25.3%) (N =56, 74.7%)

Age (years) 29.0 (23.0-40.0) 32.5 (25.3-39.0) 0.531
HPV infection (% (n/N))

Any HPV type 42.1 (8/19) 50.0 (28/56) 0.552

Any high-risk HPV type 26.3 (5/19) 42.9 (24/56) 0.201

Single HPV infection 15.8 (3/19) 26.8 (15/56) 0.535

Multiple HPV infection 26.3 (5/19) 23.2 (13/56) 0.765
HPV status at 6 month visit (% (n/N))

Negative 56.3 (9/16) 38.2 (13/34) 0.231

Acquired 12.5 (2/16) 11.8 (4/34) 1.000

Cleared 0.0 (0/16) 11.8 (4/34) 0.292

Persisted 6.3 (1/16) 2.9 (1/34) 0.542

Complex” 25.0 (4/16) 35.3 (12/34) 0.467
Age at sexual debut (years)" 17.0 (15.0-19.0) 17.0 (16.0-18.0) 0.768
Lifetime number of sexual partners” 3.0 (2.0-5.0) 3.0 (2.0-4.0) 0.998
m%r:tt;?r of sex acts with study partner in last 4.0 (2.0-7.0) 4.0 (2.0-8.0) 0397
Current use of hormonal contraceptives* (% (n/N)) 44.4 (8/18) 32.6 (15/46) 0.375
Cervical cytology (% (n/N))

Normal 77.8 (14/18) 73.1 (38/52) 0.694

ASCUS 0.0 (0/18) 19.2 (10/52) 0.055

LSIL 22.2 (4/18) 7.7 (4/52) 0.190

HSIL 0.0 (0/18) 0.0 (0/52) 1.000
(If)zpzﬁ;;\%r)lced vaginal discharge in last 6 months 105 (2/19) 16.0 (8/50) 0.715
Incidental BV on Papanicolaou smear (% (n/N)) 0.0 (0/19) 62.5 (35/56) <0.0001
Sexually transmitted infections

Chlamydia® 42.1 (8/19) 41.1 (23/56) 0.937

Trichomoniasis® 10.5 (2/19) 5.4 (3/56) 0.596
Cigarette use (% (n/N))

Never smoked 63.2 (12/19) 64.3 (36/56) 0.930

Ex-smoker 5.3 (1/19) 3.6 (2/56) 1.000

Current smoker 31.6 (6/19) 32.1 (18/56) 0.964

Abbreviations: HPV — human papillomavirus, ASCUS — atypical cells of undetermined significance, LSIL — low-grade squamous
intraepithelial lesion, HSIL — high-grade squamous intraepithelial lesion, BV — bacterial vaginosis, CST-3 - L. iners-dominated
cervicovaginal microbiotas, CST-8 — diverse cervicovaginal microbiotas.

#*o-values are shown for comparison of each variable between CST-3 and CST-8. Associations of continuous variables
(expressed as medians with interquartile ranges (IQRs, at 25™ and 75™ percentiles)) and categorical variables were computed
by Mann-Whitney unpaired and Chi-square/Fisher’s exact tests, respectively. Significant p-values (<0.05) are shown in bold.
"Data was not available on the age at sexual debut for one woman (CST-8), number of lifetime sexual partner for one woman
(CST-8), and number of sexual acts with study partner in the last month for two women (CST-8).

“Women who had various combinations of acquired, cleared and/or persistent HPV infections at the 6-month follow-up.

*The hormonal contraceptives included oral pills, norethisterone enanthate, Depo-Provera, and steroids.

"The “complex” HPV status consisted of women that had cleared one HPV genotype but were infected with new genotypes
and/or had other genotypes that had persisted at the 6-month follow-up.

&Chlamydia was detected by deep sequencing while trichomoniasis screened by wet microscopy.
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None of the women with CVMs in CST-3 had BV (p<0.0001) or ASCUS (p=0.055). The
prevalence, clearance, and persistence of HPV infections did not statistically differ between
women with CVMs in CST-3 and CST-8. The other participants’ metadata were not
significantly different between CST-3 and CST-8.

Chlamydia trachomatis infection was the only bacterial STI that was detected in the
sequence data, though the women in our cohort could have had other bacterial STIs but
were at levels too low to detect by the targeted metagenomics method. About 42.5% of the
women (37/87) had C. trachomatis, with a mean relative abundance of C. trachomatis of
4.9% (range: 0.001-78.8%). Its prevalence did not vary between women in CST-3 and CST-
8. Trichomoniasis occurred at low prevalence in CST-3 and CST-8. One woman in each of

these two CSTs was coinfected with trichomoniasis and C. trachomatis.

4.3.7 Comparison of alpha diversity across CSTs, BV, HPV, and high-risk HPV
groups

Differences in community composition of the CSTs were assessed by comparing alpha
diversity (within-sample diversity) metrics (Fig. 4.7a). The median alpha diversity of the
two major CSTs (CST-3 and CST-8) was significantly different, with CST-8 having a
greater diversity than CST-3. The median indices for CSTs-3 versus CST-8 were —
Simpson: 0.8 (0.7-0.9) versus 0.1 (0.1-0.2), p<0.0001, Dominance: 0.2 (0.1-0.3) versus 0.9
(0.8-0.9), p<0.0001, Shannon: 0.5 (0.3-0.9) versus 2.3 (2.1-2.5), p<0.0001, and Shannon
equitability: 0.1 (0.1-0.2) versus 0.6 (0.5-0.6), p<0.0001, respectively. The alpha diversities
of the CSTs were also determined by rank abundance of the bacterial community
populations (Supplemental Fig. 4.3). Notably, the rank abundance plots showed that CST-
3 and CST-8 differed in their community compositions, with CST-8 being richer, more
even and having less bacterial dominance than CST-3. Additional analysis by STAMP
highlighted that 2 and 16 bacterial taxa were more enriched in CST-3 and CST-8,
respectively (Supplemental Fig. 4.4). In CST-3, L. iners and L. crispatus were in greater
relative abundance than in CST-8. In CST-8, BV-associated bacteria (Atopobium,
Gardnerella, Aerococcus, Clostridium, Dialister, Megasphaera, Prevotella, Shuttleworthia,

Sneathia, and Veillonella) were more abundant than in CST-3.

The alpha diversity of the CVMs also significantly varied with BV status (Fig. 4.7b), with
BV-positive women (Shannon index: 2.3 (2.1-2.5)) having a higher bacterial diversity than
BV-negative women (1.6 (0.6-2.2)), p<0.0001.

The alpha diversity of the CVMs of women with HPV (Fig. 4.7c) and high-risk HPV (Fig.
4.7d) infection did not differ significantly (p<0.05) to that in CVMS from uninfected women.
The median Shannon index of the CVMs was 2.2 (0.9-2.5) for HPV-negative and 2.1 (1.7-
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2.4) for HPV-positive women, p=0.747. The phylogenetic diversity, as measured by mean
PD_whole_tree in QIIME, was 5.9+1.1 for HPV-negative and 5.9+0.7 for HPV-positive,
p=0.808. The median Shannon index was 2.1 (0.9-2.4) for high-risk HPV-negative and 2.2
(1.8-2.5) for high-risk HPV-positive women, p=0.198. The phylogenetic diversity mean
values were 5.911.0 for high-risk HPV-negative women and 5.910.7 for high-risk HPV-
positive, p=0.982.

a b - - -
3 CST 3 BV 5 : :
& CST-1 ENegative | |
CST-2 EPositive |
CST-3 : : |
EBCST-4
2- BCST-5 : 2 :
csT-6 | ; ;
CST-7 { ! 5 5
ECST-8
' | | 1 ; ; |
- = BF [=lma
. 8 . T T
g _& | e —— i 5
0 i ; 5 b | s s
Simpson  Dominance  Shannon Shannon Equitability Simpson Dominance  Shannon Shannon Equitability
Cc ; ; i d z
s HPV | | | 3 HR-HPV |
Negative | Negative |
B Positive ! : : B Positive
2 2
1 : : 1- -
| B eal— i | : . FHES
0 —— T ==mT ] 7
Simpson Dominance Shannon  Shannon Equitability Simpson ' Dominance ' Shannon Sﬁannon 'Equitability

Fig. 4.7. Alpha diversity measures of cervicovaginal microbiotas (CVMs). Comparison of the
alpha diversity of CVMs grouped by a) community state type (CST), b) bacterial vaginosis (BV)
status, ¢) human papillomavirus (HPV) infection status and d) high-risk (HR)-HPV infection status.
In each plot, the box ranges from the first to the third quartile, with the median represented by the
horizontal line. The whiskers extend to the smallest and largest non-outliers and outliers are
represented by the dots.

4.3.8 Comparison of beta diversity across CSTs, BV, HPV, and high-risk HPV
groups

The between sample diversity (beta diversity) was computed using weighted UniFrac

distances and compared across the CSTs, BV status and HPV infection groups. The PCoA
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of the weighted UniFrac distance matrix of the 87 CVMs is shown in Fig. 4.8, with CVM

samples coloured by the various categories.
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Fig. 4.8. Beta diversity of the cervicovaginal microbiotas (CVMs). Principal Coordinates Analysis
(PCoA) plots of the weighted UniFrac distances of the CVMs coloured according to a) community state
type (CST), b) bacterial vaginosis (BV) status, ¢) human papillomavirus (HPV) infection status, and
d) high-risk (HR)-HPV infection status. The first three principal coordinate (PC) axes and the
percentage variation explained by each (PC1: 48%, PC2: 9%, and PC3: 8%) are shown. Each solid
point represents a bacterial community.

PCoA of UniFrac distances showed that the CSTs were spatially segregated and
therefore compositionally and phylogenetically distinct from each other. A few samples
(21.8%, 19/87) clustered tightly together ( -circled cluster in Fig. 4.8a). This cluster
consisted of lactobacilli-dominated communities: one CST-1, 2 CST-2, and 16 CST-3. The
remaining four Lactobacillus-dominated samples (1 CST-1 and 3 CST-3) were segregated
from this cluster. This is likely due to the presence of non-Lactobacillus bacteria at very low

relative abundances in these samples.

The majority of the CVM samples from BV-negative women were distinctively segregated
in the 3D space from CVM samples from BV-positive women (Fig. 4.8b). Samples from BV-

Page 125 of 241



Cervicovaginal Microbiotas and Potential HPV Biomarkers

negative women that were not segregated had phylogenetically diverse BV-associated

bacteria such as Gardnerella, Atopobium, Prevotella, Shuttleworthia and Clostridium.

There was no distinct segregation of the CVMs on the PCoA plot by HPV status (Fig.
4.8c) or high-risk HPV infection status (Fig. 4.8d). The majority of the Lactobacillus-
dominated samples (73.7%, 14/19) that clustered tightly together were HPV-negative.

4.3.9 Potential biomarkers for HPV and high-risk HPV infection

The comparison of the CVMs of HPV or high-risk HPV-infected women and -uninfected
women indicated that overall community composition (as measured by alpha and beta
diversity) did not differ significantly. Next, LefSe analysis was used to detect if specific
bacterial taxa were differentially abundant between CVMs from women with and without HPV
and high-risk HPV infection. Bacterial taxa identified as differentially abundant using LefSe
were termed potential or possible "biomarkers", using the definition of Segata and colleagues
(2011) [319]. High-risk HPV-positive group (34.5% (30/87) comprised of women with any of
the high-risk HPV genotypes regardless of infection with any of the low-risk HPV genotypes
whereas high-risk HPV-negative group (65.5% (57/87)) consisted of women that were

negative for HPV and those positive for low-risk HPV.

When comparing the CVMs of high-risk HPV-infected and -uninfected women, 30
bacterial taxa were detected as significant potential biomarkers for high-risk HPV. The LDA
scores and phylogenetic relationships of these taxa are shown in Fig. 4.9. At the genera level
the CVMs of high-risk HPV-infected women had significantly greater relative abundances
(LDA score <-2.0, p<0.05) of Gardnerella, Sneathia, Atopobium, Aerococcus, and
Pseudomonas than women without HPV infection. At species level, the strongest association
(LDA score <-4.0) with high-risk HPV infection was found with G. vaginalis. A. vaginae and P.
veronii (LDA score <-2.0, p<0.05) was also significantly enriched in high-risk HPV-infected

women.

Haemophilus and Phyllobacterium were the only genera enriched in women without high-
risk HPV infection. Lactobacillus was not detected as being differentially abundant between

women with and without HPV or high-risk HPV infections.
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Fig. 4.9. Potential biomarkers for high-risk HPV by LefSe. a) Histogram of differentially abundant
taxa in cervicovaginal microbiotas of women with and without high-risk (hr)-HPV infections, and b) A
six-level cladogram with a taxonomic hierarchical structure. Each coloured solid represents a taxon
and its diameter is proportional to the taxon’s relative abundance. Red and green solids represent
statistically significant taxon ranks in hrHPV-positive and hrHPV-negative group, respectively. Only
features with logarithmic LDA scores >2.0 or <-2.0 are shown.

A total of 28 bacterial taxa were found to be differentially abundant between the CVMs of
HPV-negative (57.5% (50/87)) and HPV-positive (42.5% (37/87)) women. The LDA scores
and phylogenetic relationships of these taxa of these are shown in Supplemental Fig. 4.5. At
the genera level HPV-positive women had higher relative abundances of Gardnerella,
Sneathia, and Aerococcus than HPV-negative women. Campylobacter, Haemophilus, and

Pseudomonas, were the strongest potential biomarkers for women without HPV infection.
4.3.10 Potential biomarkers for bacterial vaginosis

LefSe was also used to identify differentially abundant bacterial taxa in women with and
without BV. The specific taxa ranks that were differentially abundant (LDA score >2.0 or LDA
score <-2.0, p<0.05) in women with and without BV are shown in Fig. 4.10. L. iners and L.
reuteri were found to be highly enriched in women without BV. Women who were positive
for BV (43.7% (38/87)) had significantly higher relative abundances (LDA score <-4.0,

p<0.05) of genera Sneathia, Megasphaera, Clostridium, Atopobium, and Gardnerella than
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women without BV (56.3% (49/87)). Most of these bacteria have been associated with BV
[38,141]. Among the genera detected, Staphylococcus was the most abundant in the
CVMs of women without BV. We observed that L. iners was more abundant in women

without BV than in women with BV.
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Fig. 4.10. Potential biomarkers for bacterial vaginosis by LefSe. a) Histogram of differentially
abundant taxa in cervicovaginal microbiotas of women with and without bacterial vaginosis (BV), and
b) A six-level cladogram with a taxonomic hierarchical structure. Each coloured solid represents a
taxon and its diameter is proportional to the taxon’s relative abundance. Red and green solids
represent statistically significant taxon ranks in women with and without BV, respectively. For
purposes of better visualization, only features with logarithmic LDA scores >4.0 or <-4.0 are shown in
the histogram. For the cladogram, all features with logarithmic LDA scores >2.0 or <-2.0 are shown.

4.3.11 Predicted metagenome functions across CSTs, BV and high-risk HPV

Functional profiling of the bacterial communities was predicted using PICRUSt
(Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) [317]
as described in the Material and Methods (subsection 4.2.8). This software uses evolutionary
modelling to predict the potential functional composition of bacterial communities using
marker gene (such as 16S rRNA) sequence data and a reference database. The KEGG
(Kyoto Encyclopaedia of Genes and Genomes) Module database was used for functional

annotation. Metagenome functional profiles were generated for the CVMs (in CST-3 and
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CST-8), BV-positive and BV-negative women as well as women high-risk HPV-positive and
high-risk HPV-negative women.

The relative abundances of the predicted KEGG functional modules in CST-3 and CST-8
were compared with STAMP [279]. The KEGG modules found to be significantly enriched
are shown in Fig. 4.11. A significant enrichment of transport permeases, including ATP-
binding cassette (ABC) transporters, was found in CST-8 compared to CST-3.
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Fig. 4.11. Extended error bar plots depicting enriched KEGG functional modules in two
community state types. Only functional modules identified by PICRUSt with greater than zero
difference between their percentage proportions in CST-3 and CST-8 with an effect size 21.0 and g-
value <0.05 are shown. The statistical comparison was carried out in STAMP. The p-values (adjusted
by Benjamini Hochberg correction to account for False Discovery Rates), effect size and confidence
intervals (0.95, DP: bootstrap) computed by White’s non-parametric t-test (two-sided type) are shown.
The difference in mean proportions and 95% confidence intervals are shown on the bar plots.

The relative abundances of the KEGG functional modules in CTS-3 and CST-8 were also
compared with LefSe [319]. A total of 13 functional and metabolic modules were differentially
abundant (LDA scores >3.0 or <-3.0, p<0.05) as indicated in Fig. 4.12. The relative
abundances of transporters and ABC transporters were significantly higher in CST-8 than in
CST-3 (Fig. 4.12), as was found when using STAMP (Fig. 4.11). The relative abundances of
the transporters in CST-3 and CST-8 CVMs are shown in (Supplemental Fig. 4.6). Additional
modules identified by LefSe analysis to be more abundant in CST-8 than in CST-3 included
those involved in bacterial chemotaxis, bacterial motility, and flagella assembly (Fig. 4.12).
The modules for ribosome biogenesis and energy metabolism were less abundant in CST-8
compared to CST-3.
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Fig. 4.12. Histogram of the differentially enriched KEGG pathway and metabolic functional
modules in community state types (CSTs) CST-3 and CST-8. Only modules with a logarithmic LDA

score >3.0 or <-3.0 are shown.
KEGG functional contents in BV-positive versus BV-negative women were also

compared (Supplemental Fig. 4.7). CVMs from women with BV were enriched with modules

such as transporters, transcriptional factors, sporulation, fructose and mannose metabolism

porphyrin metabolism, and phosphotransferase system that were also found in CVMs of

women in CST-8.
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The CVMs of women with and without high-risk HPV were found to be enriched in 11 and
20 functional modules, respectively (Fig. 4.13). Sporulation and transcriptional factors were
the most significantly enriched functional modules in high-risk HPV-positive women.

Membrane and intracellular structural molecules were the most enriched modules in women

without HPV infection.
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Fig. 4.13. Histogram of the differentially enriched KEGG pathway and metabolic modules in the
cervicovaginal microbiotas (CVMs) of high-risk HPV-positive (hrHPV+) and high-risk HPV-

negative (hrHPV-) women. Only modules with logarithmic LDA scores >2.0 or <-2.0 are shown.
Several functional modules were found to be significantly differentially abundant in all
three comparisons (CST, BV and high-risk HPV). Sporulation and transcription factors were
enriched in the CVMs of CST-8, BV-positive and high-risk HPV-positive women. Membrane
and intracellular structural molecules, lipopolysaccharide (LPS) biosynthesis, amino acid
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metabolism, TCA cycle, and protein folding modules were enriched in CVMs of CST-3, BV-

negative and HPV-negative women.
4.4 Discussion

4.4.1 Benchmarking 16S rRNA metagenomics analyses

Most 16S rRNA metagenomics studies have overlooked the effects of reagent
contaminants, sample cross-contamination, PCR and sequencing artefacts on microbiome
analyses; yet it is known that such artefacts are inherent and can cause a significant
overestimation of diversity [274,315,325]. For this reason, inclusion of controls in each run is
strongly recommended [303,315,322]. In this study, nuclease free water and extraction
controls were concurrently run with the CVM samples throughout the experimental and
computational processes to assess the presence and level of contaminating bacteria. These
negative controls contained insignificant traces of bacterial contaminants and were in
agreement with the findings of Salter and co-workers (2014) [325]. This indicated that the

level of sample contamination was negligible.

Mock bacterial communities were additionally included in our study to estimate the levels
of contamination, rate of PCR and sequencing errors, and classification errors. The mock
communities included in this study performed similarly compared to previous surveys
[295,297,305]. For example, a marked overrepresentation and underrepresentation of certain
mock genera, such as the overrepresentation of Bacteriodetes, was observed and are
comparable to findings by Cozzuto and co-workers [297]. Variations between the theoretical
and observed relative abundances are expected [302,314] and could be due to primer bias
[49,295,301,302], amplification artefacts associated with multiple primer combinations [49],
and/or bias in sequencing technology [295,302,305]. Misclassification of certain species
(e.g., N. cinerea) and failure to assign others a species name (e.g., S. mutans) has been
demonstrated to be a limitation of the Greengenes database [303,322]. Of the 20 bacteria in
the mock communities, we were able to amplify, sequence, and detect nineteen. S. aureus
was the only mock bacteria not detected. This is likely due to the fact that S. epidermidis and
S. aureus share 99.4% identity in their 16S rRNA V3 and V4 nucleotide sequences, and their
reads were likely clustered together as a single OTU [320,321] and misclassified as S.
epidermidis. This might explain why the observed relative abundance of genus
Staphylococcus (even mock: 11.2%, staggered mock: 30.1%) was close to the expected
relative abundance (even mock: 10%, staggered mock: 24.096%), which solely relied on the

counts of S. epidermidis.

Low levels of contaminants or non-mock bacteria were observed in the mock

communities, with L. iners, at a relative abundance 0.02%, being the most abundant in HM-
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782D. Low-level contamination in mock communities has been reported elsewhere
[274,297,314,323] and may be due to a variety of factors such as PCR cross-contamination
[303,323], reagent contaminants [325], carryover contamination amid sequencing (0.1% rate)
[303], unknown sequencing errors [305,315], and index misassignments (0.06% rate) [303].
Non-mock taxa in our study could have also emerged as chimeras from the most abundant
taxa [274,295,303]. Because such error rates and artefacts can impact the validity of the
perceived diversity, quality-filtering is as an essential step in metagenomics [302,303,315].
To date, there is no universal bioinformatics strategy for filtering background signals using
mock communities [303]. In this study, the approach described by Narrowe and co-workers
(2015) [323] was modified and included removal of singletons and filtering OTUs at a
threshold of 0.02% abundance. The 0.02% threshold was the relative abundance of the most
predominant non-mock bacteria (L. iners) detected in the even mock community in our study.
A caveat of filtering OTUs using relative abundance error is that it might cause low discovery
rates of rare OTUs [323]. In our study, false positives and negatives were absent at genus
level in HM-782D and very low in HM-783D, when filtering at 1%, 0.022% and 0.01%
abundances. This very low rate/absence of false positives and negatives coupled with the
other assessments of the bacteria in the controls ensured that the diversity and relative

abundance of the bacteria in the CVMs in our study are reliable.

4.4.2 Composition and community state types of Lactobacillus-dominated

cervicovaginal microbiotas of the Black South African women

In this chapter the CVMS of 87 women were characterised and eight CSTs identified
based on bacterial community composition. A total of three CSTs were found to be
dominated by Lactobacillus species. The prevalence of Lactobacillus-dominated CSTs in
the 87 women was relatively low (26%). Among the Lactobacillus-dominated CSTs, the L.
iners-dominated group (CST-3) was the most prevalent while L. crispatus (CST-1) and L.
jensenii (CST-2) were less common. Several studies have shown that among the
lactobacilli, L. iners is most likely to colonise the CVMs of reproductive-age HIV-negative
African women and African American women [33,38-40,51,87,137,138]. These studies,
and two recent studies in South Africa [87,136], have found the prevalence of L. iners-
dominated CVMs to range between 31-65% among HIV-negative African women. Of the
87 women in our study, 22% had L. iners-dominated CVMs. This prevalence is less than
what has been previosuly documented and what we reported in Chapter 2 (39%).
Compared to other lactobacilli, L. iners is known to be both less stable [77] and protective
[159,163], and capable of surviving in dysbiotic cervicovaginal environments [82,155]
because of its genomic plasticity [155]. Unlike the other common Lactobacillus spp., L.

iners colonisation is less dependent on glycogen (the main carbon source in the vagina)
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[61], whose breakdown leads to production of lactic acid that is responsible for low vaginal
pH [63,68,121]. Comparative meta-transcriptomics has shown that L. iners can also
metabolise non-glycogen carbon sources, producing short-chain fatty acids that are known to
increase vaginal pH [121,155]. Such acids include succinate, one of the biomarkers for BV
[121,155]. Additionally, the metabolite profile of L. iners has been shown to be intermediate
between that of L. crispatus/L. jensenii and BV-associated bacteria [121]. L. iners-dominated
CVMs have also been associated with STls, such as HIV, HPV, HSV-2, and C. trachomatis
[33,146,159,165]. A study, for example, that characterised the CVMs of 93 women in
Netherlands contact-traced by C. trachomatis-positive sexual partners [165] found that
women with C. trachomatis infection were more likely to have CVMs dominated by L. iners

(or diverse anaerobic bacteria) than by L. crispatus.

The present study observed a very low prevalence of CST-1 (L. crispatus) (2.3%). This is
much lower than reported in other studies of African women, including two South African
studies, where the prevalence of L. crispatus-dominated CVMs ranged between 7-22%
[33,38,40,87,136,138]. L. crispatus is thought to be the most protective Lactobacillus species
against BV [33,163,172] and STls such as HPV [33,34,139], HIV [33,146,161], HSV-2 [33],
chlamydia [158,159,165,172], and other bacterial and viral STls [33]. It is typically a H,0,-
producing Lactobacillus species [102,148] and produces high amounts of both isoforms of
lactic acid, especially D-lactic acid [146,147]. Cervicovaginal milieus colonised with L.

crispatus are known to have the lowest vaginal pH [38].

A low prevalence of CST-2 (L. jensenii) (2.3%) was observed. This was consistent with
other studies that have found its prevalence to be up to 1% among African cohorts
[33,38,40,136,138]. L. gasseri and L. reuteri were detected as low-abundant Lactobacillus
spp. in the CVMs, but not as distinct CSTs. L. gasseri-dominated CVMs are very uncommon
among African women (<5%) [38,40] and have not been reported among South African
women [87,136,138]. L. gasseri-dominated CVMs have been associated with more rapid
clearance of HPV than other CSTs, including L. crispatus-dominated [34]. In agreement with
previous studies in African women [40], the prevalence of CVMs with multiple lactobacilli
dominance at abundance ratios of at least one third to half was rare in our cohort (4.6%).
Genetic or behavioural differences in women may explain the paucity of certain

Lactobacillus spp. dominating the CVMs of African women [38-40,51,180].

4.4.3 Composition and community state types of non-Lactobacillus-dominated

cervicovaginal microbiotas of the Black South African women

A total of five non-Lactobacillus-dominated CSTs (CST 4-8) were detected in the

CVMs of the 87 women. CST-8 was the most prevalent among all the women (64%) and
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among the five non-Lactobacillus-dominated CSTs (88%). The CVMs in CST-8 were
diverse and heterogeneous communities with many BV-associated bacteria. The other low
prevalence non-Lactobacillus-dominated CSTs were dominated by Aerococcus (CST-4),
Streptococcus (CST-5), Chlamydia (CST-6), and Corynebacterium (CST-7). The

structures of each of these CSTs and their implications are discussed below:

4.4.3.1 Diverse and heterogeneous non-Lactobacillus-dominated cervicovaginal
microbiotas of the Black South African women

CST-8 was the most common CST (64%) among the 87 women. It consisted of diverse
and heterogeneous communities with low relative abundances of Lactobacillus spp. and
high relative abundances of many BV-associated taxa such as Gardnerella, Sneathia,
Prevotella, Megasphaera, Atopobium, Shuttleworthia, and Clostridium. This CST is similar
to CST IV as defined by Ravel and co-workers (2011) [38]. The predominance of CST-8
confirmed previous findings [38-40,136] that have reported a high prevalence (up to about
63%) of BV-associated diverse CVMs among African cohorts. The predominance of these
BV-associated bacteria (especially Gardnerella, Sneathia, Shuttleworthia, and Prevotella) in

the present study is similar to our previous observations (Chapter 2).

Analysis of the alpha diversity of CVMs in CST-8 indicated greater richness and
evenness, i.e., more diversity, than those in Lactobacillus-dominated CSTs. The high
richness and evenness of the diverse communities herein reinforces earlier findings
[38,40,135] that have observed low Lactobacillus-dominance and increased evenness and
richness of BV-associated bacteria in these CVMs. Increased community diversity has been
associated with BV [33,141,326]. Expectedly, a strong association between CST-8 and BV
was observed, although not all women (38%) in this CST had BV as detected by cytology. A
study by Gajer and co-workers (2012) [162] showed that diverse CVMs may persist without
manifestation of high Nugent scores indicative of BV [162]. The evidence that some women
with diverse CVMs were BV-negative provides more support to the perception that
lactobacilli may not be the only biomarkers for health [327]. It is apparent that each diverse
community is unique and that diverse CSTs, including CST-8, are clusters of CVMs with a
continuum of different community compositions [33,38-40,135]. It is increasingly being
documented that some diverse non-Lactobacillus-dominated communities may constitute
normal CVMs [38-40,51,173,326], particularly among Black women [38-40,51]. Such CVMs
do however tend to occur in less acidic milieus (pH 4.7-6.2) [38,177] and to vary in stability
and resilience [40,54,135,162,188]. Further, increased community diversity has been
correlated with altered metagenome functions [122], increased immune activation
[122,136,138], host proteome alterations [328], disruption of cervicovaginal epithelial

integrity, and impaired wound-healing capacity [122]. Adverse reproductive health outcomes
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associated with BV-associated diverse communities include heightened genital
proinflammatory responses [136,164,199], preterm delivery, abrupt and persistent
postpartum microbiota disturbance [188], detectability and delayed clearance of HPV
[33,34,137,141,157,179,214], intraepithelial lesions/neoplasms [140,160], and cervical
carcinogenesis [142], and increased susceptibility to HIV [36,164], HSV-2, and other STls
[33,165,172]. In this study, all women with ASCUS cytology were in CST-8. Diverse CVMs
have been found to be more common in women with ASCUS than in women with normal
cervical cytology [140]. No association of CST-8, however, with HPV and high-risk HPV

infection was observed as discussed later.

L. iners was present in all the CVMs of women in CST-8, with a mean relative abundance
of 2.6%. Studies have shown that other Lactobacillus spp. such as L. crispatus, are rarely or
never found in BV-associated diverse CVMs [33,39,40,110,138,139,162,163], such as CST-
8. The detectability of L. iners in all the diverse CVMs in our study offers a glimpse into its
role in these complex ecologies. Proteomics, metatranscriptomics, and epithelial adhesion
assays have shown that L. iners can survive in a non-Lactobacillus-dominated environment
[77,82,155,156]. Conceivably, some of these communities might have been transitioning

between a Lactobacillus-dominated state and diverse CVMs via L. iners [54,135,162,188].

4.4.3.2 Other non-Lactobacillus-dominated cervicovaginal microbiotas of the

Black South African women

The other CSTs (4-7) detected could not fit into any of the five CSTs (I-V) established
by Ravel and co-workers (2011) [38]. They were Lactobacillus-deficient, did not constitute
highly diverse and heterogeneous microbiotas, and were dominated by Aerococcus (CST-
4), Streptococcus (CST-5), Chlamydia (CST-6) or Corynebacterium (CST-7). These
bacteria are, however, usually not in such high abundances that they exclusively dominate
the CVMs [33,38,39,51,137,326]. Hence, the presence of CSTs 4-7 shows that the CVMs,
especially of African women, are still not yet completely characterised. Additional CSTs
have been reported in several studies [39,40,142] for example, Proteobacteria-dominated
CVMs were found in Nigerian women [137]. Streptococcus-dominated CVMs have been

reported in one study of White women [147].

In the current study, one woman had CST-4 (CST dominated by Aerococcus) and four
women had CST-5 (CST dominated by Streptococcus). The overall prevalence of
Aerococcus and Streptococcus in the 87 women was high (78.2% (n=68) and 71.3%
(n=62), respectively), but at a relatively low mean relative abundance (2.2%, and 1.6%,
respectively). Both Aerococcus and Streptococcus are lactic acid bacteria in the same

order (Lactobacillales) as Lactobacillus. Several lines of evidence indicate that these lactic
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acid producing bacteria, similar to L. iners, occur in both healthy and dysbiotic states and
may have a bidirectional roles in genital health and disease. Aerococcus has been found
in high relative abundances in healthy African women [39], but also as a predominant
bacteria in diverse CVMs and associated with BV [38,326]. Streptococcus is a
predominant cultivable non-Lactobacillus vaginal bacterium among South African women
[42] and common in women with depleted abundances of lactobacilli [38,157,162].
Streptococcus and Aerococcus have been reported as two of the bacteria populating the
cervicovaginal milieu following depletion of Lactobacillus in women who cleared HPV
infections [157]. A recent study in South Africa strongly associated Aerococcus with
genital inflammation in vivo, particularly in women with diverse CVMs [136]. Further, it has
been shown that during menses, L. gasseri-dominated CVMs can be transiently
supplanted by Streptococcus-dominated CVMs without a corresponding reduction in levels
of lactic acid [162]. It might be crucial to investigate the identity of the Streptococcus in our
cohort as Streptococcus agalactiae (GBS) has associated with AV [75,88,127,133].

Two women (2%) in our study had CVMs dominated by Chlamydia (CST-6). There is
no previous report in the literature of Chlamydia dominating the CVMs of women. The
species identified in the present study is C. trachomatis, which is a pathogenic bacterium,
frequently known to have infected women currently diagnosed with infectious infertility [175].
The Chlamydia-dominated CVMs in our study are likely to be full-blown C. trachomatis
infection and not a CST. In this study, chlamydia was the only bacterial STI detected by deep
sequencing. The prevalence and mean relative abundance of Chlamydia as determined by
sequencing of the V3-V4 regions of the 16S rRNA gene, was 42.5% (n=37) and 2.1%,
respectively. The detection of C. trachomatis using 16S rRNA sequencing is probably not an
accurate method for determining the prevalence of C. trachomatis as the broad range PCR
assay is not sensitive for C. trachomatis. An accepted diagnostic assay for C. trachomatis
would need to be performed in order to accurately assess its prevalence in the women and to
determine the concordance between these 16S rRNA sequencing results and the diagnostic
assay. Lennard and colleagues (2018) [87] recently identified C. trachomatis as one of the
most common STls among young Black South African women, with its prevalence (43%) in
young women (16-22 years) in Cape Town being 2.5-fold higher than in women of similar
age group in Johannesburg (17%). C. trachomatis has also been cited as the most prevalent
STl among young women (18-23 years) in Durban (13%) [136]. Several studies have
proposed that high C. trachomatis prevalence may be due to various behavioural and
physiologic factors [177], including elevated vaginal pH [70], lack of appreciable numbers of
protective Lactobacillus such as L. crispatus [158], and/or predominance of indole-producing

bacteria such as Porphyromonas asaccharolytica and Peptoniphilus harei that enhance

Page 137 of 241



Cervicovaginal Microbiotas and Potential HPV Biomarkers

chlamydial colonisation and survival during tryptophan starvation (orchestrated by host IFN-

y-mediated immune response) [172].

The study also detected a single CVM dominated by Corynebacterium (CST-7). The
prevalence and mean relative abundance of Corynebacterium in all 87 CVMs was 72.4%
(n=63) and 0.59%, respectively. Corynebacterium has been found in up to moderate
abundances in women with diverse CVMs [33,143,162], and BV-positive European women
[39]. One study found that it was highly prevalent (90%), with minimal effect on clustering
[33]. We observed that women without BV had higher relative abundances of
Corynebacterium than women with BV. In contrast to this, higher relative abundances of
Corynebacterium have been associated with BV in women of European ancestry [39]. A
study of HPV infection and CVMs of African and Caribbean women living in Canada [141]
observed higher relative abundances of Corynebacterium accolens in HPV-negative women.
No association with HPV or high-risk HPV infection was however observed in this study or in
the study by Di Paola and co-workers (2017) [157]. Further studies will be needed

characterise role of Corynebacterium in CVMs in African women.

4.4.4 Associations of predominant community state types with demographic,

sociobehavioural, and clinical characteristics of the women

CST-3 (with L. iners dominance) and diverse and heterogeneous CVMs (CST-8) were
the most common CSTs in our cohort. Among the participant characteristics examined, only
incidental BV was statistically different between CST-3 and CST-8. All the women with BV
were in CST-8. Similar to our finding on association between CST-8 and BV, Gautam and
colleagues (2015) [138] reported an association of BV with diverse and heterogeneous
CVMs among multi-ethnic African women from Kenya, Tanzania, Rwanda, and South Africa.
BV is often common in women with Lactobacillus-deficient and diverse and heterogeneous
CVMs [38,87]. In our study the overall prevalence of BV was 44% (among the Cape Town
women). The prevalence of BV has been shown to be higher among women from Cape
Town (51%) compared to women from Johannesburg (36%) [87]. In terms of cervical
cytology, we observed a trend towards an association of CST-8 with ASCUS. All the women
with ASCUS were in CST-8. There are very limited studies that have examined and found
associations of CVMs with ASCUS. A study by Mitra and co-workers (2015) investigating the
relationship between CIN disease progression and diversity of CVMs [140] observed that the
prevalence of diverse and heterogeneous CVMs was 2-fold more in women with ASCUS
(19%) than in women with normal cervical cytology (10%). The prevalence of L. iners-
dominated CVMs (CST Illl) was 2.7-fold less in women with normal cervical cytology
compared to women with ASCUS (15%) [140]. Despite the small numbers of women with
ASCUS (n=7, 15.2%) in the study by Mitra and co-workers (2015) [140], their results suggest
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that there may be a relationship between increased CVM diversity and abnormal cervical
cytology, with the severity being associated with Lactobacillus-dominated CVMs, particularly
L. crispatus-dominated CVMs (CST |) [140]. In our analyses, we had excluded other
Lactobacillus-dominated CVMs (with L. crispatus and L. jensenii dominance) due to low
numbers and only used the L. iners-dominated CVMs as the reference group. Thus, our

analyses are not comparable to those of Mitra and co-workers (2015) [140].

The other participant information such as hormonal contraception and sexual behaviour
did not vary between the two CSTs, findings that were both consistent and inconsistent with
previous studies [33,34,136,138,139,179,215]. For instance, we did not find any association
between the CVMs (CST-3 and CST-8) and cigarette smoking. This was in contrast to a pilot
study that found smokers were less likely to have Lactobacillus-dominated CVMs [329].
Additionally, there was no difference between the CSTs with history of vaginal discharge in
the last six months, unlike a previous study [138] that found that women with diverse CVMs
were more likely to report vaginal discharge than women with L. iners-dominated CVMs. The
absence of statistical difference between CST-3 and CST-8 in terms of abnormal cervical
cytology (LSIL and HSIL) is in agreement with Gautam and colleagues [138]. Similar to CVM
studies [179,215], including those on African or African American cohort [33,136,138,139],
we did not find any difference in prevalent HIV, HPV, high-risk HPV, and bacterial STls
between CST-3 and CST-8. There was also no association between alpha or beta diversity
of the CVMs with HPV infection. Women with HPV infection have been reported to have
increased bacterial diversity (manifested by the presence of diverse and heterogeneous
CVMs) than women without HPV infection [141,179,215]. However, other researchers [34]
have found no difference in prevalent HPV and high-risk HPV (including its clearance)
between L. iners-dominated CVMs and diverse CVMs. The lack of association and/or
conflicting results could be due to differences in study population including small number of

women with certain characteristics (e.g., SIL), study design, and study methodology.
4.4.5 Co-occurrence and co-exclusion patterns of bacterial OTUs

Spearman’s correlations between the 40 OTU pairs with the greatest variance revealed
both co-occurrence and co-exclusion relationships existed in the CVMs, similar to the
findings in Chapter 2, subsection 2.3.7. Such relationships are crucial for assembly of
bacterial communities including diverse ones such as those found in BV [51,290].
Phylogenetically and functionally related taxa tend to co-occur [330]. Both inter- and intra-
taxonomy relationships are known to occur in microbial communities [290]. In this study,
Lactobacillus and Streptococcus, all in order Lactobacillales, coexisted together Cluster-A1;
hence, an indication of high degree of metabolic resource overlap. The lactobacilli co-

occurrence patterns observed in this study were similar to that observed by Ravel and co-
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workers [38], Anahtar and co-workers (2015) [136], and McClelland and co-workers [36], with
L. iners having the least positive correlation and L. jensenii the greatest positive correlation
with other Lactobacillus members. Compared to L. jensenii, L. iners had lower negative
correlations with BV-associated bacteria that were mostly in Cluster-B. These findings have
been observed elsewhere [36,51] and underscore that L. iners is less resilient to
perturbations and more tolerant of dysbiotic states than other common Lactobacillus spp.
[110,162].

Positive correlations, such as those seen between Lactobacillus spp., may reveal
analogous ecological traits such as metabolic interdependencies [51,290]. The widespread
overlap of these positive relationships, especially in Cluster-B, provides evidence for
functional redundancy in CVMs [51]. As a result, such communities are less affected by
major perturbations since loss of one function is compensated by others. Metabolite
exchanges due to cross-feeding plasticity can support community survival amid scarcity of
resources [290]. Functional redundancy of BV-associated bacteria [51] may also be credited

for the recurrence and persistence of BV in some women.

Negative correlations reflect environmental filtering, similar resource competition, and
metabolic shifts [38,51,290,330]. Bacterial OTUs in Cluster-A, e.g., Lactobacillus spp., had a
strong negative correlation with OTUs in Cluster-B that mostly had BV-associated bacteria
such as Gardnerella, Sneathia and Shuttleworthia. A previous study on the temporal
variability of CVM and relationship with BV [173] similarly observed an inverse relationship
between higher quantities of Lactobacillus, L. jensenii and L. crispatus, and lower quantities
of BV-associated bacteria, mostly G. vaginalis. Other investigators [36,136] have confirmed
these observations. Lactobacilli are protective [33,34,77,146,160,187,224] and use a variety
of proposed mechanisms to prevent colonisation by BV-associated bacteria as well as by

opportunistic and pathogenic bacteria [38,54,77,158].

Bacterial interactions can be used to explain the onset of pathogenesis or recovery from
a disease or disorder [330]. Transition of bacterial communities from one community state
type to another requires that bacteria co-occur with one another, with minimal or without co-
exclusion properties. In our study, although clusters A and B exhibited co-exclusion patterns,
sub-clusters A2 and B1 appeared to harbour the transitional bacteria between clusters A and
B. There were minimal overlap of relationships, that is, low negative to low positive
correlations between bacterial OTUs in sub-cluster A2 and sub-cluster B1. Bacterial taxa in
sub-clusters A2 and B1, such as Finegoldia, Prevotella, Clostridium, Dialister, and
Mycoplasma among others, seemed to coexist. This insight suggests that it is possible for
communities with bacteria in sub-cluster A2 to transition to communities with bacteria in sub-

cluster B1, and vice versa.
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4.4.6 Associations of the bacterial taxa with HPV

Given the mounting importance of cervicovaginal bacterial taxa in HPV infection
[137,139,160,179,215] and the high burden of HPV in South Africa [16,20,270,331], the
present study sought to investigate the association of the relative abundances of bacterial
taxa with prevalent HPV among reproductive-age HIV-seronegative Black South African
women. This is the first study to assess the bacterial biomarkers for genital HPV and high-
risk HPV in South Africa. In this study, higher relative abundances of Sneathia, G. vaginalis,
Atopobium vaginae, P. veronii, and Aerococcus were strongly correlated with high-risk HPV
infections. Sneathia, G. vaginalis and Aerococcus were also associated with any HPV

infection.

Of all the published putative bacteriological markers for HPV/high-risk HPV infections,
Sneathia is the most widely detected potential biomarker and has been reported in Nigerian
[137], Italian [157] and Korean [179] cohort studies. Sneathia has also been associated with
SIL in HPV-positive women [140,142] and genital inflammation [87,136].

G. vaginalis and A. vaginae have been observed to populate the vaginal milieu following
depletion of protective Lactobacillus in women with persistent HPV infection [157]. It has
been reported that women with persistent HPV infection have higher relative abundances of
Atopobium than women who clear HPV infections [157]. Atopobium and Gardnerella have
been associated with BV-linked clue cells [51] and increased risk of CIN [160]. Gardnerella,
the likely key driver of biofilm formation in the vagina [114,115,117], has been associated
with preterm delivery [188] plus heightened immune activation, disruption of epithelial
integrity, and impaired wound-healing [122]. It would be of interest to investigate if this
activity of G. vaginalis is related to an increased risk for HPV infection. The presence of
microwounds in the female genital tract allows HPV to access the basal epithelial cells of the
cervical transformation zone [4]. The sialidase-encoding gene from G. vaginalis has been
identified as a potential biomarker for HPV persistence [157]. A. vaginae is thought to
augment the development of biofilm development since it is predominant in G. vaginalis-
dominated biofilm [116]. Moreover, high bacterial load of A. vaginae has been positively
associated with the occurrence of biofilm [116]. Sneathia, Atopobium, and Gardnerella,
potential biomarkers for high-risk HPV in the current study were found to co-occur in the
correlation analysis. Ravel and co-workers (2011) [38] also report co-occurrence of these

taxa, but the exact significance of this relationship remains to be unmasked.

The observation that genus Pseudomonas is a potential biomarker for prevalent high-risk
HPV infection in our cohort is in agreement with an Italian [157] cohort study. The identity of

the Pseudomonas spp. in the Italian cohort study [157] was not identified. The species P.
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veronii was identified as a potential biomarker of high-risk HPV in our study. Species in the
genus Pseudomonas are increasingly being identified as possible biomarkers for HPV/high-
risk HPV infection. A small pilot study observed higher abundances of Pseudomonas
oleovorans in HPV-positive women with normal cervical cytology [142]. Surprisingly, we
found that Pseudomonas was not a possible biomarker for prevalent HPV infection. Other
possible biomarkers for HPV/high-risk HPV such as Aerococcus and Gardnerella that we

detected have not been reported in cross-sectional studies elsewhere.

There were a number of possible biomarkers for HPV/high-risk HPV, e.g.,
Pseudoxanthomonas, Megasphaera, Anaerococcus, and Dialister, that have been published
[137,157,179] but were not identified as potential biomarkers in our study. A more recent
study on African/Caribbean women by Shannon and co-workers (2017) [141] also evaluated
the relative abundances of specific bacteria in the CVMs by HPV status. In contrast to our
findings, they detected neither Gardnerella, Sneathia nor Atopobium at greater relative
abundances in the CVMs of women with HPV infections. These differences could be due to

differences in the study design and population.

In high-risk HPV-negative women, greater relative abundances of Haemophilus and
Phyllobacterium were found. Of note, Lactobacillus and L. iners were not found to be
differentially abundant. Di Paola and colleagues (2017) [157], similarly found that
Lactobacillus was not differentially abundant in the CVMs of Italian women with and without
HPV/high-risk HPV infection. Several studies, however, have reported a greater relative
abundance of lactobacilli, including L. iners, in the CVMs of women without HPV/high-risk
HPV [137,141,179]. They observed greater relative abundances of L. gasseri, F. nucleatum,
and C. accolens in women without HPV infections [141]. Similarly, the Korean [179] and
Nigerian [137] studies found that women without HPV/high-risk HPV infections had greater
relative abundances of Lactobacillus spp., which included L. iners and an unclassified
Lactobacillus species. In our study, the relative abundance of lactobacilli was found not to be
significantly different in women with and without HPV infection. This may be due to the low

abundances of Lactobacillus spp., such as L. gasseri, in the study population.

Longitudinal data on the HPV infection outcomes at 6-month was available for 55 (63.2%)
of the women included in this study. These were categorised as negative, cleared, persistent,
acquired, or complex HPV infections (Supplemental Fig. 4.1). However, due to the
complexity of HPV infections and the small sample sizes in each of the multiple categories of
HPV infection, an analysis of the baseline bacterial taxa and longitudinal HPV infection

outcomes were not possible.
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4.4.7 Predicted functional cervicovaginal metagenome functions and their

implications

Metagenomic functional profiles of the CVMs were predicted from the V3-V4 16S rRNA
data using PICRUSt [317]. The relative abundances of the predicted metagenome functions
of the cervicovaginal bacterial communities in CST-3 and CST-8 (Fig. 4.11 and Fig. 4.12),
BV-negative and BV-positive women (Supplemental Fig. 4.7), as well as high-risk HPV-
negative and high-risk HPV-positive women (Fig. 4.13) were then compared. Several
differences in metagenome function or KEGG pathways were found in all three comparisons.
Only the most significant differences that were found in common between these groups are
discussed here. It is also important to note that the metagenome function abundances are
extrapolated from the abundances in the 16S rRNA data. The functions found to be
significantly enriched in each group, therefore, provides insight into the genomic capacities of

the predominant bacterial taxa within that group.

Several KEGG pathways were found to be enriched in CVMs belonging to both the CST-
8 and BV-positive groups; including transporters, fructose and mannose metabolism,
sporulation, and transcription factors. Among these transporters were the most significantly
enriched functional module, with ABC transporters, in particular, enriched in CST-8. ABC
transporters are membrane proteins that facilitate the transport of a variety of substrates
across the cell membrane, ranging from sugars, amino acids, xenobiotics and vitamins to
polysaccharides, peptides and proteins. The ability to facilitate the uptake and export of a
wide range of substrates enables their involvement in several cellular processes such as
nutrient uptake, secretion of cellular waste, osmotic stress, lipid transport and
macromolecular transport during biogenesis [332]. ABC transporters are also known to
contribute to antimicrobial drug resistance [333]. Genes encoding proteins involved in
transport, including ABC-type transporters, are abundant in the genomes of many G.
vaginalis and Sneathia strains [334,335], predominant bacteria in CST-8 and BV-positive
CVMs and the driver of community diversity and biofilm formation [114-116]. Interestingly,
several recent studies have indicated a potential importance for ABC transporters in strains
of G. vaginalis associated with BV and in G. vaginalis biofilms. Strains of G. vaginalis
associated with symptomatic BV were found in two studies to uniquely encode genes for
ABC transporters that are absent in the genomes of G. vaginalis strains not associated with
BV [336,337]. It has furthermore been found that transcripts encoding ABC transporters are
upregulated in G. vaginalis biofilm cells compared to planktonic cells [118]. Cells in biofilms
are likely to encounter restricted availability of nutrients and the elevated levels of ABC
transporter proteins may facilitate greater nutrient uptake and survival under these

conditions. It is also possible that ABC transporters are involved in the shuttling of non-
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glycogen polysaccharides for metabolism and export of cell-surface glycoconjugates for
biofilm and O-antigen formation [338,339].

Fructose and mannose metabolism was enriched in CST-8, BV-positive and high-risk
HPV-positive CVMs groups, with starch and sucrose metabolism additionally enriched in the
CVMs of BV-positive women. Fructose and starch are less abundant carbohydrate sources
in the vagina [335]. G. vaginalis, a predominant member of CVMs in CST-8, BV-positive and
HPV-positive women, has the ability to metabolise both fructose and starch [335]. L. iners,
the predominant member of CST-3 CVMs, in contrast, does not have the genetic capacity to
ferment fructose [335,340]. In a comparison of metabolites in cervicovaginal lavage fluid from
40 women with BV and 20 women without BV, fructose was found to be significantly lower in

BV-positive samples [121]. This may be due to its metabolism by G. vaginalis.

These findings are supported by a recent metaproteomic comparison of G. vaginalis-
dominated and L. iners-dominated CVMs carried out Zevin and co-workers 2016 [122].
Proteins involved in transport, catabolism, and membrane transport functions were more
abundant in communities dominated with G. vaginalis than L. iners. Examples of differentially
abundant proteins included MalE-type ABC sugar transport system periplasmic component,
and a-1,4-glucan phosphorylase, an enzyme that degrades starch and glycogen, and
fructose-1,6-bisphosphate aldolase. The authors [122] argued that these significant
enrichments possibly enable G. vaginalis to outmatch lactobacilli competency for the uptake

of extracellular saccharide.

Using PICRUSt analysis, our study showed that metagenome functions of CVMs of
women with CST-8, BV, and high-risk HPV distinctively differed from those without such
dysbiosis and disease. Several of these metagenomics functions were found to be enriched
or in low relative abundance in all three groups. Metagenome modules such as transcription
factors, sporulation and fructose and mannose metabolism were enriched, while LPS
biosynthesis, membrane and intracellular structural molecules, energy metabolism, and
citrate cycle were not abundant in all these three groups. These results show a functional
interconnection between the diverse community state types (CST-8) and BV and high-risk
HPV. These predicted metagenome functions have the capability to alter the host’s
biochemical and immune responses [122,136,138,141,142,328,341] and have a profound

effect on women’s reproductive health [122].
4.4.8 Summary

In this cross-sectional study, CVMs without Lactobacillus dominance (CSTs 4-8) were
found to be common (74% prevalence) among reproductive-age HIV-seronegative Black

South African women. CST-8, represented by diverse and heterogeneous bacterial
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communities with bacterial genera such as Sneathia, Gardnerella, Prevotella, Megasphaera,
and Shuttleworthia, was the most prevalent CST in the cohort (64%). Only a few women
(26% (23/87)) had Lactobacillus-dominated CVMs: CST-1 (L. crispatus), CST-2 (L. jensenii),
and CST-3 (L. iners). Among these, the L. iners-dominated CVMs (CST-3) were the most
predominant (83% (19/23)). L. gasseri-dominated CVMs were not present and remain
unreported among Black South African women [87,136,138]. L. iners and G. vaginalis were

ubiquitously present in all the CVMs.

CST-8 was found to have different metagenome functions compared to L. iners-
dominated CVMs (CST-3). Transporters (including ABC transporters), flagella-mediated
chemotaxis-directed motility, and bacterial motility proteins enriched in the diverse CVMs
(CST-8) may be used by these BV-associated communities to enhance their survival and/or
cause dysbiosis. Published literatures underscore that chemotaxis is important for directing
the flagellar motility to the site of pathogenesis [342] while flagellar-mediated motility is
crucial for expediting bacterial infection, invasion through self-induced phagocytosis,
bacterial penetration between cell-cell junctions, post-infection dispersal [342], and
differentiation of bacterial planktonic form into mature and robust biofilm architecture [342-
344]. ABC transporter genes are often highly expressed in G. vaginalis biofilm cells [118].
Our findings are based on predictive analysis. Thus, the biochemical and immunological
effects of non-Lactobacillus-dominated CVMs still requires a detailed study. To examine
these, the relationship between such CVMs with human genital tract metabolites, proteomes,

and cytokines should be examined using immunological and omics studies.

The CVMs of women with high-risk HPV infection were found to have higher relative
abundances of G. vaginalis, Sneathia, A. vaginae, Aerococcus and P. veronii. Several of
these have previously been reported as possible biomarkers for HPV or high-risk HPV
infection [137,157,179]. Investigations into the role these potential bacterial biomarkers play
in HPV/high-risk infection are warranted. The roles of these potential biomarkers can be
evaluated in longitudinal studies with a larger cohort and/or in murine model of genital
HPV/high-risk HPV infection.

Higher relative abundances of Sneathia, Atopobium and Gardnerella are more common
in African women than White women [39,40,51,345] and have been associated with BV [326]
and found in cases of recurrent BV [173]. In our Black South African cohort, women with BV
were found to have higher relative abundances of these bacteria. In summary, the study
suggests that there is a link between diverse CVMs, BV, and HPV, but longitudinal studies

will be needed to unravel the processes involved.
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The main limitations of this study include the relatively small sample size, use of
phenotypic trait (Black skin colour) to define women of African ancestry, AV may have been
overlooked and that the metagenomic method used may underestimate AV-associated
microorganisms, lack of a standard method to diagnose BV, and inadequate information on
female sexual behaviour. As a result, it was not possible to examine whether some of the
observed associations were confounded by the missing information. Our results on
metagenome functions as predicted using PICRUSt [317] were not devoid of other conditions
(genital tract infections and syndromes) that might have obscured the exact functions. For
example, when investigating the metagenome functions of CVMs of women with and without
HPV, we did not exclude women with BV despite the fact that this could have influenced the

results. Therefore, the aforementioned limitations should be addressed in future studies.

Page 146 of 241



Characterisation of Penile Microbiotas of Black
South African Men with and without Human
Papillomavirus and HIV Infections using
lllumina Sequencing of the V3-V4 Region of the
16S rRNA Gene



Associations of Penile Microbiotas with HPV and HIV Infections

5.1 Introduction

In this chapter, the penile microbiotas of 282 Black South African men with and without
HPV and HIV infections were profiled. Penile bacteria associated with BV in women were

also evaluated.

The best evidence to date for a potential role of the penile microbiome in STls and HIV
acquisition have come from studies examining circumcision [35,259]. Male circumcision is
protective against STls [234,235], such as HPV [240,241,262] and HIV [242] in men. Male
circumcision has been found to alter the penile microbiome by significantly reducing its
bacterial diversity and load [229,254]. It eliminates the anoxic microenvironment, thereby
leading to loss of oxygen-intolerant bacteria (anaerobes) and gain in bacteria that can thrive
in aerated penile microenvironment (facultative anaerobes and aerobes) [229,254]. Specific
penile anaerobic bacteria have been identified as independent risk factors for HIV infection in
men [35]. Thus, knowing the oxygen requirements of the penile bacteria is vital. Pathogenic
bacteria and dysbiosis in the penile microbiota, characterised by the presence of BV-
associated anaerobic bacteria such as Prevotella, have been identified as key risk factors for
HIV acquisition in uncircumcised men [35,232]. Several recent studies [346-353] have
showed that specific genital bacteria, which are more prevalent or abundant in uncircumcised
men, could stimulate local immune responses that enhance epithelial inflammation and HIV
target cell recruitment. This suggests that HIV acquisition could be linked to proinflammatory
anaerobic bacteria in the penile bacterial microbiota. No research has been published on

penile microbiotas and their relationship with HPV and HIV in South Africans.

Not only is this study the first to characterise the penile microbiota of Black South African
men, but also the first study to ever examine the penile microbiotas using a cohort of
predominantly traditionally circumcised men. In many southern African cultures, male
circumcision is often performed by a medically untrained, traditional provider in a non-clinical
setting; with the foreskin either partially or fully removed [244-246,249,251]. This type of
circumcision may not be as protective as medical circumcision [234,242,260,262] as
suggested by its inconsistent protective effect against HIV [245,247,248,250,251]. Men with
uncircumcised and partially circumcised penises have been observed to have greater risk of

acquiring STIs compared to fully circumcised men [251].

The beneficial effect of circumcision has also been observed in the female sexual
partners of circumcised men [236,260], where it has been associated with reduced risk of
vaginal infections, genital symptoms like BV [260], and cervical cancer in women whose
male partner has a history multiple female sexual partners [236]. Consistent with the findings

in chapters 2 and 4, it is increasingly becoming apparent that Black South African women
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have diverse CVMs that are strongly associated with BV [136,138]. Observational studies
[105,107,181] have suggested that there is a relationship between unprotected sexual
intercourse and imbalanced CVMs. The human penis, especially of an uncircumcised male,
is a potential vector for sexual transmission of BV [194]. Thus, unprotected sexual
intercourse may considerably alter CVMs [105,106] by transferring BV-associated bacteria
from the penis to the female genital tract [106,193,229,257]. A small study assessing the
effect of sexual activity on the CVMs of young women noted that women who engaged in
unprotected penile-vaginal sex were more likely to have CVMs dominated with L. iners or G.
vaginalis compared to women who reported no sex [107]. Moreover, the study associated
sexual activity with multiple clades of G. vaginalis (GV1, GV2, G3, and GV4) [107]. Sexually
transmitted penile bacteria may cause the resident bacteria in the female genital tract to shift
to those associated with BV [105]. Sexually-linked GV4, for example, has been positively
associated with incident and prevalent BV [107]. Because of the highly prevalent diverse and
dysbiotic CVMs among Black South African women, the present study also assessed the

prevalence and relative abundance of BV-associated bacteria in penile microbiotas.
5.1.1 Aim and objectives

The aim of this study was to characterise the penile microbiotas of Black South African
men aged 20-67 years using V3-V4 16S rRNA lllumina MiSeq libraries and assess their

relationship with HPV and HIV infection. Specific objectives included:

i. To compare the penile microbiotas of Black South African men, most of whom were
traditionally circumcised, to those reported in published studies,
ii. To assess the association, if any, between the penile microbiotas and prevalent HPV
infection,
iii. To assess the impact of HIV status on the penile microbiotas,
iv.  To assess the predominance of BV-associated bacteria in penile microbiotas, and
V. To detect potential biomarkers in the penile microbiotas for HPV, high-risk HPV, HIV,

and BV (in female sexual partners).
5.2 Materials and Methods
5.2.1 Ethics statement

This information has been provided in the Materials and Methods section (subsection
2.2.1) in Chapter 2.

5.2.2 Study samples, study design and study population characteristics

The parent study, HPV Couples Cohort Study, has been described in detail elsewhere

[270]. The penile specimens from heterosexually-active Xhosa-speaking adult men aged 19-
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67 years were previously collected by swabbing of the penile shaft, foreskin (if
uncircumcised), and glans using dry Digene swabs. These were placed in Digene Specimen
Transport Medium (STM, Qiagen, Gaithersburg, Inc., USA) and frozen at -80°C until DNA
extraction. The present study relied on a total of 282 stored baseline specimens and their
abstracted information from the parent study. These were randomly selected samples with
baseline information on HPV and HIV and sufficient volume (215.0 pl) for microbiota
investigation. Nucleic acid isolation and HPV genotyping were performed as previously

described (subsection 2.2.2).

Two hundred and thirty eight men (84.4%) were finally included in the study. Participants
excluded (15.6%, 44/282) were those whose samples had <13,014 reads for 16S rRNA
metagenomics analyses. The baseline characteristics of the 238 men are summarised in
Table 5.1.

Table 5.1. Baseline demographic, sexual and smoking, behavioural, and clinical information of
the 238 heterosexually-active Black South African men.

Characteristic

Participants

(N = 238)

Age (years)
Age at sexual debut (years)™
Number of lifetime sexual partners
Number of sexual acts with study partner in last month™
Current use of condom (% (n/N))

No

Yes
HPV (% (n/N))

Negative

Positive
High-risk HPV (% (n/N))

Negative

Positive
HIV (% (n/N))

Negative

Positive
HIV-positive men on antiretroviral therapy
CD4" T-cell count if HIV-positive (cells/ul)*
HIV viral load if high-risk HIV-positive (copies/ml)*
Circumcised (% (n/N))

No

Yes

Sexual partner’s incidental BV on Papanicolaou smear (% (n/N))

Negative
Positive

Cigarette use (% (n/N))
Never smoked
Ex-smoker
Current smoker

36.0 (30.0-44.0)
17.0 (15.0-18.0)
6.0 (3.0-13.0)
4.0 (2.0-10.0)

35.9 (79/220)
64.1 (141/220)

45.4 (108/238)
54.6 (130/238)

57.1 (136/238)
42.9 (102/238)

63.0 (150/238)
37.0 (88/238)
13.3 (10/75)
334 (232-478)
4.1log10 (3.7-4.7)

5.7 (13/228)
94.3 (215/228)

66.5 (157/236)
33.5 (79/236)

16.9 (40/237)
16.9 (40/237)
66.2 (157/237)

Abbreviations: HPV — human papillomavirus, HIV — human immunodeficiency virus, BV — bacterial vaginosis.
*Continuous variables are expressed as medians with interquartile ranges (IQRs, at 25" and 75" percentiles).
AData was not available on the age at sexual debut for three men, lifetime number of sexual partners of four men, number of
sexual acts with study partner in the last month of six men, CD4" T-cell count of one man and viral load measurement for thirty

one men.
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The median age of the men was 36.0 years. All the men were sexually active, with 54.6%
and 37.0% of them being positive for HPV and HIV infections, respectively. Of the HPV-
positive men, 28.5% (37/130) and 71.5% (93/130) were infected with single and multiple
HPV types, respectively. About 42.9% of the men were positive for high-risk HPV infections.
All the circumcised men in our study (94.3%) were traditionally circumcised. Information on
incidental BV of the female sexual partners was available for 99.2% (236/238) of the men, of

which 33.5% were in relationships where the female partner was BV-positive.

5.2.3 lllumina MiSeq V3-V4 16S rRNA metagenomics library preparation and

sequencing

The bacterial DNA was amplified by targeting the hypervariable V3-V4 region of the 16S
rRNA gene using the protocol described in subsection 3.2.2. The 282 penile samples were
concurrently run with internal controls: negative controls (two nuclease free water and
Digene STM extraction controls), and positive controls (mock communities: two HM-782D
(even, low concentration) and one HM-783D (staggered, low concentration) (BEI Resources,
Manassas, VA, USA)), whose bacterial compositions were previously detailed in Chapter 4
(Supplemental Table 4.1). DNA amplicons were electrophoresed as detailed in subsection
3.2.2 and the gel bands were visualized using the BioRad Molecular Imager® Gel Doc™ XR+
Imaging System. Photos were taken using the Image Lab™ Software v5.21 (Bio Laboratories
Inc., Hercules, CA, USA). The amplicons were purified and quantified as previously
described (subsection 2.2.3). However, quantification was done on the SpectraMax i3x
MultiMode Plate Reader and SoftMax Pro Software v6.5.1 (Molecular Devices, Sunnyvale,
CA, USA). The purified V3-V4 16S rRNA libraries from the 282 samples and six internal
controls were sequenced in three runs on the lllumina MiSeq using a paired-end 300-bp

protocol and v3 reagents by the Center for Genomic Regulation (CRG, Barcelona, Spain).
5.2.4 V3-V4 16S rRNA gene dataset analyses

The qualities of the raw sequenced reads were assessed by FastQC v0.11.2 [272]. The
sequenced reads were assessed by mothur v1.37.6 [354] using its standard operating
procedure (SOP) guidelines [355], with slight modifications. The mothur pipeline had been
validated as previously described [297]. The forward and reverse reads were assembled into
contiguous reads. The sequences were screened and those with <439-bp minimum length,
>466-bp maximum length, and >4 ambiguous base calls removed. To reduce the
computational time, unique sequences in the fasta-formatted file were selected and then
aligned against a reference alignment, SILVA v119 (www.arb-silva.de/), using the
Needleman algorithm with kmer searching of 8 ksize (nucleotide substring), -2 gap opening

and -1 gap extension penalties. The kmer searching was used because it is faster and more
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reliable than blast and suffix tree template searching methods. Sequences with
homopolymeric run longer than 12 bases were removed. The alignments were then filtered to
remove gaps as they do not have any genetic information. The sequences were then pre-
clustered by abundance using a pseudo-single linkage algorithm to remove erroneous
sequences with >4 nucleotide mismatches. For additional filtering, singletons were also
discarded. Potential chimeras were removed by a de novo method using the UCHIME
algorithm [275]. Non-chimeric sequences were assigned taxonomy using the Wang approach
of 8 kmers implemented by RDP Classifier [276]. The “trainset9_032012.pds.fasta” and
“trainset9_032012.pds.tax” were used as the RDP database sequence and taxonomy files,
respectively. The cut-off for bootstrap confidence score for taxonomic assignment was 80%.
Lineages of chloroplastic, mitochondrial, archaeal, eukaryotic, and other non-bacterial
sequences were then removed. This was followed by assessment of the sequencing errors
using the mock communities in order to determine the reliability of the sequencing procedure
[355]. First, all bacterial sequences were extracted from our mock communities using the
get.groups command. These sequences were then searched for errors against the reference
sequences of mock communities (“HMP_MOCK.v35.fasta”) using the seq.error command.
Error rate was then calculated using the formula below (Equation 5.2) and expressed as a

percentage:

Sum of mismatches to reference
Sum of bases in query

Error rate =

OTUs were defined at a 0.03 cut-off phylogenetic distance using the opticlust clustering
algorithm. The quality (completeness) quality of sampling the bacterial communities was
measured using Good’s coverage estimate [356]. The coverage calculator in mothur showed
that at the recommended 92% Good’s coverage (Luca Cozzuto, Personal Communication),
the majority of the OTUs (potential species), including the low-abundant ones, could be
sampled. This coverage was equivalent to a subsampling depth of 13,014 reads (per
sample) that showed that it could reliably capture the microbiota diversity. The OTU table

was therefore normalised by rarefying at 13,014 reads counts per sample.

Alpha diversity analyses of the various metadata categories (HPV, high-risk HPV, HIV,
CD4, CST, and partner's BV) were performed using a custom script in R v3.2.2 (R Core
Team 2016). Beta diversity was computed using Vegan R package v2.4.3 [278] and
phyloseq v1.20.0 [357]. The alpha diversity was computed using Simpson, Dominance,
Shannon, and Shannon Equitability indices, while beta diversity was computed using the

UniFrac distance matrix were represented using 2D PCoA plots.
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5.2.5 Prevalence and relative abundance of penile bacteria and hierarchical

clustering of penile microbiotas

The prevalence and relative abundances of the bacteria in the penile microbiotas
calculated in mothur was summarised at each taxonomic level using customised Python

scripts. This was done at the phylum, family, and genus taxonomic ranks.

To cluster the penile microbial communities into CSTs according to bacterial community
composition and abundance, the Vegan R package [278] was used. Here, the average
neighbour linkage method based on Bray-Curtis dissimilarity index was used. In the
heatmaps, participants’ information such as HIV, HPV, high-risk HPV, partners’ BV, and CST

information were included.

5.2.6 Putative aerotolerance profile of the most abundant penile microbiota

families

The aerotolerance (oxygen requirements) of the 40 most abundant families in the penile
microbiotas were accessed from published penile microbiome literature [229,254] and
extensive literature searches on the PubMed database
(https://www.ncbi.nim.nih.gov/pubmed/). The overall oxygen requirement of each family was
then assigned from the oxygen profiles of the genera in that family. For families with genera
with different oxygen requirements were considered to have mixed aerotolerance profiles,
e.g., Mae/Fan. For biochemically uncharacterised or taxonomically unclassified families the
oxygen requirement was designated as “unidentified”. Finally, to examine the most to least
common aerotolerance profile of the 40 most abundant families, we grouped all families with
similar oxygen requirements together. For example, Flavobacteriaceae and Moraxellaceae
were grouped together as “aerobic” while Veillonellaceae and Clostridiales Incertae Sedis Xl
were grouped as “anaerobic’. We then measured the overall prevalence of aerotolerance

profiles of each of these grouped families.
5.2.7 Co-occurrence and co-exclusion patterns of bacterial families

Positive and negative correlations between the counts of bacterial families in the penile
microbiotas were assessed using metagenomeSeq v1.12.1 [280,281]. The families assessed
included the eleven most abundant families in the penile microbiotas (Supplemental Table
5.1) and two less abundant families (Pseudomonadaceae and Oxalobacteraceae) that have
been previously found to have a positive correlation by Price and colleagues (2010) [229]. A
correlogram depicting the correlations between these families was plotted using the plotCorr

function in the metagenomeSeq v1.12.1 [280,281].
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5.2.8 lIdentification of potential biomarkers for penile HPV and HIV infections and

partner’s BV

To detect differentially abundant taxa that may act as potential biomarkers for HPV and
HIV infections in men, and BV in female sexual partners, LefSe v1.0 [319] was used. The
level of statistical significance (p-value) was set at 0.05 while the threshold for discriminative

features based on the logarithmic LDA score was set at 2.0.
5.2.9 Statistical analyses

GraphPad Prism Software v6.01 and R v3.2.2 (R Core Team 2016) was used to perform
statistical comparisons. Comparison of the HPV and CST groups with participant categorical
and continuous metadata was computed by Fisher's exact/Chi-square and Mann-Whitney
unpaired nonparametric tests, respectively. A two-tailed p-value of <0.05 was used as the
level of significance. Relative risk (RR) with corresponding 95% confidence intervals (Cl)

were used to measure the magnitude of associations.

The alpha diversity indices of the various metadata categories (CST, HPV, high-risk HPV,
HIV, CD4, and BV) were compared using Mann-Whitney unpaired and Kruskal-Wallis
nonparametric tests. For beta diversity comparisons, the Adonis nonparametric test with 999
permutations was used. The distance matrix was used to calculate the effect size (R? value)
that showed the extent of variation explained by the metadata category. A p-value of <0.05

was used to measure the statistical significance.
5.3 Results

5.3.1 Validation and optimisation of microbial analyses using PCR and

sequencing controls

From all the 288 sequenced samples (including the internal controls and penile
microbiome samples), a total of 9,406,780 high-quality sequencing reads were obtained. Of
these, 139 and 1,009 reads were obtained for the two nuclease free water controls and 360
from the extraction control (Digene STM). The staggered mock community yielded 53,638
reads and the two even mock communities 51,821 and 104,070 reads. The average of
number of reads from the penile samples (n=282) was 32,609 reads per sample (range: 14-
123,966 reads). The total number of bacterial reads in the two nuclease free water differed
from the average reads per penile sample by 96.9% and 99.6% while that of the extraction
control was 98.9%. Thus, this showed that the level of contaminants in the sequenced
libraries was very low. The predominant taxa in nuclease free water controls were
Pseudomonas (62 of 139 reads (44.6%) and 505 of 1,009 reads (50.0%)) and Delftia (27/139
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(19.4%) and 167/1,009 (16.6%)). In the extraction control, Pseudomonas (82/360 (22.8%))

and Cloacibacterium (81/360 (22.5%)) were the most abundant taxa.

For every 95 samples to be sequenced, the mothur SOP [355] recommends inclusion of
a mock community for estimation of the sequencing errors. In the present study, the
expected genera (n=17) in the three mock communities accounted for between 98.22-
99.72% of the total reads in the corresponding mock community samples. Non-mock genera
(n=34) represented only 0.79-1.78% of the reads in the two even mock communities and
0.28% of reads in the staggered mock community. The predominant non-mock genera in the
each of the two even mock communities were an unclassified Bacillus (94/407 reads (23.1%)
and 512/1,852 reads (27.6%)) and an unclassified Lactobacillales (82/47 (20.1%) and
314/1,852 (17.0%)). In the staggered mock community, an unclassified Clostridiaceae
(20/150 (13.3%)) and a bacteria of an unclassified genus (17/150 (11.3%)) were the most

abundant genera.

The performance of the negative and positive controls was comparable to those used in
Chapter 4. Using the mock communities, we found that the sequencing error as revealed by
mothur was relatively low (0.042%). This sequencing error and the low level of contamination
were acceptable (Luca Cozzuto and Patrick D. Schloss, Personal Communications) and
showed that the library preparation and sequencing steps for all the 288 samples were
reliable. Furthermore, we performed rarefaction and rarefied our diversity analyses at 13,014
reads; thus, ensuring that sequencing errors did not affect the results (Patrick D. Schloss,

Personal Communication).
5.3.2 Data analysis and output

The penile microbiotas from 238 samples were finally characterised using 8,805,830
quality-filtered non-chimeric sequences (~460-bp), with a median read count of 32,345 reads
per sample (mean: 36,999 reads, range: 13,014-123,966 reads per sample). The remaining
44 samples with low read counts (<13,014 per sample) were excluded based on rarefaction
plots (results not shown) and Good’s coverage estimate as described in methods subsection
5.2.4. Reads were processed and analysed as described in subsection 5.2.4. All the read
sequences were assigned taxonomy up to the genus level by the RDP Classifier

implemented in mothur.

5.3.3 Distributions of various taxa in the penile microbiotas and their putative

oxygen requirements

A total of 23 phyla at varying relative abundances were identified in the 238 penile
microbiotas (Table 5.2). The most abundant phyla (>1% relative abundance) were

Actinobacteria, Firmicutes, Bacteroidetes, Proteobacteria, and Fusobacteria.
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Table 5.2. Relative abundances of the 23 phyla detected in penile microbiotas of 238
heterosexual Black South African men.

Phylum Relative abundance (%) Phylum Relative abundance (%)
Actinobacteria 55.98 Verrucomicrobia <0.01
Firmicutes 21.84 SR* <0.01
Bacteriodetes 14.33 Acidobacteria <0.01
Proteobacteria 5.46 Planctomycetes <0.01
Fusobacteria 1.36 Elusimicrobia <0.01
Unclassified Phylum 0.85 Chlamydiae <0.01
Terenicutes 0.05 Gemmatimonadetes <0.01
Synergistetes 0.04 oD* <0.01
T™* 0.03 Armatimonadetes <0.01
Chloroflexi 0.03 Nitrospira <0.01
Deinococcus-Thermus 0.01 Chlorobi <0.01
Spirochaetes 0.01

*Bacterial candidate (putative) phyla. Organisms in these phyla have only been characterised by environmental sequenced-
based studies [358].

Since published reports have shown that the penis can be colonised by different bacterial
families [110,229,254], we further studied the bacterial families in our cohort and evaluated
their oxygen requirements. Bacteria can be categorised according to their oxygen
requirements for respiration and growth. Aerobic (Ae) bacteria require oxygen for respiration
and growth, while anaerobic (An) bacteria do not [282]. Facultative anaerobic bacteria (FAN)
can survive in the presence or absence of oxygen, although growth activity in oxygen-free
environment is usually slower [282]. Microaerophilic (MAe) bacteria grow in the presence of
oxygen but are sensitive to high oxygen concentrations [359]. Our study detected 210
bacterial families. The top 40 most abundant families, together with their respective oxygen
requirements, are summarised in Supplemental Table 5.1. The most abundant families (at
23.5% relative abundance) and their oxygen requirements included Corynebacteriaceae
(47.19%, FAn), Prevotellaceae (6.56%, An), unclassified Clostridiales (5.61%, unidentified),
Porphyromonadaceae (4.94%, An), Staphylococcaceae (4.57%, FAn), Bifidobacteriaceae
(3.88%, An/FANn), and Lactobacillaceae (3.81%, MAe/FAn). Of the top 40 bacterial families,
FAn bacteria were the most dominant (53.39%) followed by An bacteria (18.16%) and Ae
(9.86%). The relative abundances of families with oxygen requirement categorised as
An/FAn and MAe were 5.66% and, 3.98%, respectively. Families with unidentified oxygen
requirement had an overall relative abundance of 7.33%. The relative abundances of families
with MAe (0.18%) and MAe/Ae (0.26%) were very low.

A total of 650 genera were detected. The distributions of these genera in the 23 phyla
were different. Among the abundant phyla (>1% relative abundance), phylum Proteobacteria
comprised the most genera (n=241, 37.1%), followed by Firmicutes (n=148, 22.8%),
Actinobacteria (n=131, 20.2%), Bacteriodetes (n=73, 11.2%), and Fusobacteria (n=9, 1.4%).
Fig. 5.1 shows a relative abundance heatmap of the most abundant genera (=0.08%)

grouped into their respective phyla. Only 50 of the 650 genera had =0.08% relative
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abundance and were distributed among 6 phyla (Actinobacteria, Bacteroidetes, Firmicutes,
Fusobacteria, Proteobacteria, and bacteria with an unclassified phylum). The most abundant
genera were Corynebacterium (47.12%), Prevotella (6.50%), unclassified Clostridiales
(5.61%), Porphyromonas (4.85%), Staphylococcus (4.39%), Lactobacillus (3.81%),
Gardnerella (3.78%), Chryseobacterium (2.44%), Acinetobacter (2.27%), and Negativicoccus
(1.86%).
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Fig. 5.1. Relative abundances of genera in the penile microbiotas of 238 Black South African men. Genera with a relative abundances =0.08% are
shown. Columns represent individual penile samples and rows genera. The horizontal lines separate the different phyla, indicated on the right.
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5.3.4 Co-occurrence and co-exclusion patterns of bacterial families

To assess the potential relationships between the bacterial families in our study, we
performed correlations between the most abundant bacterial families detected in the penile
microbiotas using Spearman’s rank correlation. Two families, Pseudomonadaceae and
Oxalobacteraceae, that were not abundant in our study, were also included in the analysis as
they have been shown to be highly positively correlated with each other in a previous penile

microbiome study [229].

The correlogram depicting the observed relationships between the bacterial families
(positive and negative) is shown in Fig. 5.2. Two major clusters of bacterial families
(designated as A and B) were evident in the correlogram, as indicated by the first bifurcation

of the clustering dendrogram (Fig. 5.2).
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Fig. 5.2. Correlogram of 13 bacterial families showing co-occurrence and co-exclusion
patterns. These were computed by Spearman’s rank correlation between the families. The correlation
coefficients range from -1 (red; co-exclusions relationships) to +1 (blue; co-occurrence relationships),
hence, high negative and positive coefficient values indicate strong correlations. The blue diagonal
line represents correlations of +1. White shows absence of bacterial relationships.
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Cluster-A comprised of Veillonellaceae, Prevotellaceae, Porphyromonadaceae,
unclassified Clostridiales, and Clostridiales Incertae Sedis X|. These bacterial families were
positively correlated with one another, an indication of of niche sharing and metabolic
resource overlap. Generally, these bacterial families were negatively correlated with the eight
bacterial families in Cluster-B, which included the most abundant family Corynebacteriaceae
as well as Moraxellaceae, Flavobacteriaceae, Pseudomonadaceae, Oxalobacteraceae,
Staphylococcaceae, Bifidobacteriaceae, and Lactobacillaceae, although family Clostridiales
Incertae Sedis Xl (in Cluster-A) was positively correlated with family Corynebacteriaceae (in
Cluster-B). Negative interactions between families in Cluster-A and Cluster-B suggest that
these bacteria may be competing against one another and may therefore co-exclude one
another in the penile niche. The bacterial families in Cluster-B were positively correlated with
one another, with Bifidobacteriaceae and Lactobacillaceae exhibiting the weakest positive
interactions (<0.4 correlation coefficients) with the other families in this cluster. These two
bacterial families clustered together following the first bifurcation of Cluster-B. Although
Bifidobacteriaceae and Prevotellaceae were in different clusters (Cluster-B and Cluster-A,

respectively), they were positively correlated with one another.
5.3.5 Establishment of penile microbiota community state types

To define the CSTs, the penile samples were hierarchically clustered based on the
microbiota composition. The clustering and heatmap of the relative abundance of the
bacterial taxa across the 238 penile samples is shown in Fig. 5.3. Based on the Bray-Curtis
dissimilarity index, the penile bacterial communities clustered into six CSTs. These CSTs

were numbered from 1-6.
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Fig. 5.3. Heatmap of the relative abundances of bacterial taxa in 238 penile microbiotas. Taxa
names of bacteria are shown on the left of the heatmap. The “Other” comprised of pooled bacteria at
<0.31% relative abundance each (n=622, total relative abundance: 6.49%). Rows represent the
bacterial taxa and columns the samples. The colour key for the relative abundances is indicated in the
upper right corner. The human immunodeficiency virus (HIV), human papillomavirus (HPV) and high-
risk human papillomavirus (HR-HPV) infection status of the men are indicated. The dendrogram based

on average linkage hierarchical clustering of the Bray-Curtis dissimilarity matrix is shown and was
used to define the six community state types (CST-1 through -6).

Additional descriptions of these CSTs, including their prevalence, and the relative
abundance of the most abundant bacterial taxa are summarised in Table 5.3. The relative
abundance of Corynebacterium in each CST is also indicated in Table 5.3, as this was found
to the most abundant genera in the penile microbiotas. The relative abundance of this genus
decreased from CST-1 through to CST-6. The most prevalent CST was CST-1 and was
dominated by Corynebacterium, with this bacteria making up most of the bacterial relative
abundance (246.4% for hierarchical clustering). CSTs 2-5 were found in 44.1% (105/238) of
the men and were characterised by diverse mixed populations of bacteria and lower relative

abundances of Corynebacterium than CST-1. The most abundant genera (in decreasing
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relative abundances) in these CSTs were as follows: Corynebacterium, unclassified
Clostridiales, and Porphyromonas in CST-2, Gardnerella and Corynebacterium in CST-3,
Chryseobacterium, Corynebacterium, and Acinetobacter in CST-4, and Prevotella,
unclassified Clostridiales, Corynebacterium, and Porphyromonas in CST-5. The remaining
CST, CST-6, was the least prevalent and was dominated by Lactobacillus with very low
relative abundance of Corynebacterium. In subsequent analyses, these CSTs (1-6) were
examined individually or in groups based on the dominance of Corynebacterium or the
diversity of the microbial communities in the CSTs. The specific CST groupings were:
Corynebacterium-dominated (CST-1), non-Corynebacterium-dominated (grouped CST-2, -3,
-4, -5, and -6, CSTs 2-6), low-diversity (CST-1 and CST-6), and diverse communities
(grouped CST-2, -3, -4, and -5, CSTs 2-5).

Table 5.3. Bacterial description of the six established community state types and their
prevalences among the 238 heterosexual Black South African men.

Community state type . . 0 : . Prevalence of
(CST) Dominant bacterial taxa (% median relative abundance) CST (% (n/N))

Corynebacterium (69.5 (59.5-81.2))
Staphylococcus (3.4 (1.5-8.8))
Corynebacterium (41.4 (37.9-48.1))
CST-2 Unclassified Clostridiales (12.9 (4.3-22.8)) 9.2% (22/238)
Porphyromonas (8.3 (2.3-23.9))
Gardnerella (29.2 (23.3-37.7))
Corynebacterium (24.6 (11.2-32.6))
Chryseobacterium (22.0 (12.3-34.2))
CST-4 Corynebacterium (16.3 (7.8-29.6)) 7.6% (18/238)
Acinetobacter (15.2 (1.2-36.7))
Prevotella (20.1 (2.5-35.7))
Unclassified Clostridiales (16.4 (2.1-30.8))

CST-1 53.4% (127/238)

CST-3 8.8% (21/238)

SIS Corynebacterium (11.7 (2.8-20.6)) Ui (R3]
Porphyromonas (8.8 (2.7-24.9))
CST-6 Lactobacillus (73.4 (64.1-91.05)) 2.5% (6/238)

Corynebacterium (9.0 (6.4-13.9))

The relative abundance was expressed as median with interquartile ranges (IQRs, at 25" and 75" percentiles).

Next, the differentially abundant bacterial taxa were determined in Corynebacterium-
dominated microbiotas (CST-1) versus non-Corynebacterium-dominated high-diversity
microbiotas (CSTs 2-5) using linear discriminant analysis. We noted that 100 genera were
differentially abundant in CST-1 and CSTs 2-5 (Supplemental Table 5.2). CST-1 and CSTs
2-5 had 51 and 49 enriched genera, respectively. These results highlight that BV-associated
bacteria (e.g., Prevotella, Porphyromonas, Gardnerella, Dialister, Finegoldia, Mobiluncus,
and Mycoplasma) occur in penile microbiotas and that these taxa are more predominant in

Corynebacterium-deficient microbiotas than in Corynebacterium-dominated microbiotas.
5.3.6 Alpha diversity of the penile microbiotas

To assess the within-sample taxonomic diversities, the alpha diversity indices of the

penile bacterial communities were calculated. The alpha diversity across CSTs, HPV
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status, high-risk HPV status, HIV status, CD4" T-cell count, and partner’s BV status were

then compared and are shown in Fig. 5.4.
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Fig. 5.4. Alpha diversity measures of penile microbiotas. Comparison of the alpha diversity of
penile microbiotas grouped by a) community state type (CST), b) Corynebacterium-dominance in
CST, c) partner’s bacterial vaginosis (BV) status, d) high-risk (HR)-HPV infection status, e€) human
immunodeficiency virus (HIV) infection status, and f) HIV and HPV infection status. In each plot,
the box ranges from the first to the third quartile, with the median represented by the horizontal
line. The whiskers extend to the smallest and largest non-outliers and outliers are represented by
dots.
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CST-1 and CST-6 were the least diverse of the six CSTs (Fig. 5.4a). Alpha diversity of
the highly prevalent Corynebacterium-dominated microbiotas (CST-1) was significantly
lower than that for CST-2, -3, -4, and -5 (all p<0.0001). Alpha diversity of CTS-6 was
significantly lower than CSTs 2, 3, 4, and 5 (all p<0.001). The alpha diversities of CST-1
and CST-6 were not significantly different (p=0.213).

The alpha diversity of CST-1 was significantly lower than that of non-Corynebacterium-
dominated CSTs (CSTs 2-6) (p<0.0001) (Fig. 5.4b). The alpha diversities of these two
groups (CST-1 versus CSTs 2-6) were statistically different (p<0.0001) — Simpson index:
0.5 (0.4-0.7) versus 0.3 (0.2-0.3), Dominance index: 0.5 (0.3-0.6) versus 0.7 (0.7-0.8),
Shannon index: 1.3 (0.9-1.6) versus 1.9 (1.6-2.2), and Shannon Equitability index: 0.3 (0.2-
0.4) versus 0.4 (0.4-0.5).

The alpha diversities of penile microbiotas of men whose female sexual partners were
BV-negative were not statistically different from those whose partners were BV-positive
(Shannon: 1.6 (1.2-1.9) versus 1.6 (1.2-1.9), respectively (p=0.681)) (Fig. 5.4c).

The median alpha diversities of the penile microbiotas of men with and without high-
risk HPV infection were similar (Shannon: 1.6 (1.3-2.0) versus 1.5 (1.1-1.9), respectively
(p=0.149)) (Fig. 5.4d). Similar non-significant results (p=0.296) were obtained for HPV-
negative (1.5 (1.1-1.9)) versus high-risk HPV-positive (1.6 (1.3-1.9)) groups (Supplemental
Fig. 5.1a).

The alpha diversities were not significantly different between men with and without HIV
infection (Fig. 5.4e), although there was a trend towards increased microbiota diversity in
HIV-positive men compared to HIV-negative men (Shannon: 1.6 (1.4-2.0) versus 1.6 (1.1-
1.9) respectively, (p=0.050). The alpha diversities of the HIV-positive men with <350 CD4"
T-cell count and those with >350 CD4" T-cell count were not significantly different
(Shannon: 1.6 (1.4-2.1) versus 1.7 (1.4-2.0), respectively (p=0.873)) (Supplemental Fig.
5.1b).

Next, the diversity in the penile microbiota of men coinfected with both HIV and HPV
(HIV+HPV+, 71.6% (63/88)), HIV-positive men without HPV infection (HIV+HPV-, 28.4%
(25/88%)), HIV-negative men with HPV infection (HIV-HPV+, 44.7% (67/150)), and men
without HIV and HPV coinfections (HIV-HPV-, 55.3% (83/150)) were compared. Penile
microbiotas of HIV+HPV+ men had statistically higher alpha diversities (Shannon: 1.7
(1.4-2.1) than HIV-HPV- men (Shannon: 1.6 (1.1-1.9), p=0.037) and HIV-HPV+ men
(Shannon: 1.6 (1.1-1.9) p=0.045) (Fig. 5.4f). Alpha diversities of penile microbiotas of
HIV+HPV- men (Shannon: 1.5 (1.3-1.8) did not significantly vary from HIV+HPV+ men
(p=0.182), HIV-HPV- men (p=0.828), and HIV-HPV+ men (p=0.875). Alpha diversities
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were similar between HIV-HPV+ men and HIV-HPV- men (p=0.918). HIV-positive men
with high-risk HPV infections (60.2% (53/88)) had significantly higher alpha diversity than
HIV-negative men with high-risk HPV (32.7% (49/150): Shannon: 1.7 (1.5-2.1) versus 1.6
(1.1-1.9), respectively (p=0.025), results not shown.

5.3.7 Beta diversity of the penile microbiotas

Beta diversities of the penile microbiotas were computed using UniFrac distances and
compared across CSTs, HPV, high-risk HPV, HIV, CD4" T-cell count, and partner's BV
status groups. The resultant 2D PCoA plots of clustering based on weighted UniFrac
distances are shown in Fig. 5.5. The first two components (PC1 and PC2) of PCoA plots
explained the highest percentages of variations in bacterial communities as indicated in Fig.
5.5.

PCoA of the beta diversity of the penile microbiotas confirmed that the six established
CSTs were distinct (p=0.001) and clustered according to the unique bacterial communities in
each (Fig. 5.5a). Communities with high relative abundances of Corynebacterium (CST-1)
had lower beta diversities and clustered together. Conversely, communities with lower
relative abundances Corynebacterium and colonised with other bacteria were spread out

from the Corynebacterium-dominated samples (Fig. 5.5b).

No distinct segregation of the penile bacterial communities by partner’s BV status (Fig.
5.5c) was observed. The beta diversities of men with and without BV sexual partners were

statistically similar (p=0.495).

The beta diversity of the communities in high-risk HPV-uninfected men was significantly
lower than high-risk HPV-infected men (p=0.006) (Fig. 5.5d). About 63.8% (81/127) of the
men without high-risk HPV infections had Corynebacterium-dominated penile microbiotas
that clustered together (Fig. 5.5a-b). When examining the penile microbiotas of men with
and without any HPV infection, however, no distinct segregation was observed (p=0.072)

(Supplemental Fig. 5.2a).

The penile bacterial communities of men with and without HIV infection showed no
distinct separation, indicating that HIV did not impact the clustering of the communities
(p=0.129) (Fig. 5.5e). Similar beta diversities were observed in communities from HIV-
positive men with <350 CD4" T-cell count and those with >350 CD4" T-cell count
(p=0.129) (Supplemental Fig. 5.2b).

Coinfection with HIV and HPV (Fig. 5.5f) or high-risk HPV (results not shown) did not
affect the clustering of the bacterial communities (HPV/HIV coinfection: p=0.123 and high-
risk HPV/HIV coinfection: p=0.081).
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Fig. 5.5. Beta diversity of the penile microbiotas. Principal Coordinates Analysis (PCoA) plots of
the weighted UniFrac distances of the penile microbiotas coloured according to a) community state
type (CST), b) Corynebacterium-dominance in CST, c¢) partners’ bacterial vaginosis (BV) status, d)
high-risk (HR)-HPV infection status, e) human immunodeficiency virus (HIV) infection status, and f)
HIV and HPV infection status. The first two principal coordinate axes of variations and the percentage
variation explained by each (Axis.1: 40% and Axis.2: 18.7% (a-f) are shown. Each solid point is a
bacterial community.
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5.3.8 Comparison of characteristics of the men with Corynebacterium-dominated

and non-Corynebacterium-dominated penile microbiotas

To investigate whether the highly prevalent Corynebacterium-dominated penile
microbiotas (CST-1) were different from non-Corynebacterium-dominated penile microbiotas
(pooled CSTs 2-6), statistical associations with participants’ metadata were assessed. The
results of comparison of CST-1 versus CSTs 2-6 according to participants’ metadata are

shown in Table 5.4.

Table 5.4. Comparison of the demographic, behavioural, and clinical characteristics of men
with Corynebacterium-dominated and non-Corynebacterium-dominated penile microbiotas.

Corynebacterium- Non-Corynebacterium-
o dominated dominated microbiotas 4
Characteristic microbiotas (CST-1) (CSTs 2-6) p-value
(N =127, 53.4%) (N =111, 46.6%)

Age (years) 37.0 (31.0-44.0) 36.0 (30.0-44.0) 0.597
Age at sexual debut (years)" 17.0 (15.0-18.0) 16.0 (15.0-18.0) 0.975
Number of lifetime sexual partners 6.0 (3.0-12.0) 7.0 (3.0-14.0) 0.693
Number of sexual acts with study partner in
last month” 4.0 (2.0-10.0) 4.0 (2.3-10.0) 0.763
Current use of condom (% (n/N)) 64.7 (77/119) 63.4 (64/101) 0.837
HPV (%(n/N))

Any HPV type 51.2 (65/127) 58.6 (65/111) 0.254

Any high-risk HPV type 36.2 (46/127) 50.5 (56/111) 0.027

Single HPV infection 18.1 (23/127) 12.6 (14/111) 0.243

Multiple HPV infection 33.1 (42/127) 45.9 (51/111) 0.042
HPV status at 6 month visit (% (n/N))

Negative 33.3 (25/75) 28.6 (16/56) 0.561

Acquired 17.3 (13/75) 21.4 (12/56) 0.555

Cleared 16.0 (12/75) 8.9 (5/56) 0.234

Persisted 1.3 (1/75) 3.6 (2/56) 0.576

Complex” 32.0 (24/75) 37.5 (21/56) 0.512
HIV (% (n/N)) 33.9 (43/127) 40.5 (45/111) 0.287
CD4" T-cell count (cells/pl)" 348.5 (240.5-479.8) 308 (217.0-484.5) 0.471
HIV viral load in HIV-positive men (copies/ml)” 4.0 (3.1-4.7) 4.2 (3.8-4.8) 0.376
Circumcised (% (n/N)) 93.6 (117/125) 95.1 (98/103) 0.616
Sexual partner’s incidental BV on
Papanicolaou smear (% (n/N)) 33.9 (43/127) 33.0 (36/109) 0.893
Cigarette use (% (n/N))

Never smoked 15.7(20/127) 18.2 (20/110) 0.618

Ex-smoker 17.3 (22/127) 16.4 (18/110 0.844

Current smoker 66.9 (85/127) 65.5 (72/110) 0.811

Abbreviations: HPV — human papillomavirus, HIV — human immunodeficiency virus, BV — bacterial vaginosis, CST — community
state type.

# p-values are shown for comparison of each variable between CST-1 and CSTs 2-6. Associations of continuous variables
(expressed as medians with interquartile ranges (IQRs, at 25" and 75" percentiles)) and categorical variables were computed
by Mann-Whitney unpaired and Chi-square/Fisher’s exact tests, respectively. Significant p-values (<0.05) are shown in bold.
AData was not available on the age at sexual debut for three men (three with Corynebacterium-dominated microbiotas), lifetime
number of sexual partners of four men (one with Corynebacterium-dominated microbiota and three with non-Corynebacterium-
dominated microbiotas), number of sexual acts with study partner in the last month of six men (three with Corynebacterium-
dominated microbiotas and three with non-Corynebacterium-dominated microbiotas), CD4" T-cell count of one man (with
Corynebacterium-dominated microbiota) and viral load measurement for thirty one men (seven with Corynebacterium-
dominated microbiotas and twenty four with non-Corynebacterium-dominated microbiotas).

*The “complex” HPV status consisted of men that had cleared one HPV genotype but were infected with new genotypes and/or
had genotypes that had persisted at the 6-month follow-up.

Among the factors assessed, only high-risk HPV and multiple HPV infection statistically

differed between the two penile microbiota groups (CST-1 and CSTs 2-6). Men with

Page 167 of 241



Associations of Penile Microbiotas with HPV and HIV Infections

Corynebacterium-dominated microbiotas had a lower risk for being infected with high-risk or
multiple HPV than men with non-Corynebacterium-dominated microbiotas (RR: high-risk
HPV: 0.8 [95% CI 0.6-1.0]; p=0.027 and multiple HPV: 0.8 [95% CI 0.6-1.0]; p=0.042).

Since men in CST-1 had less prevalent high-risk HPV and multiple HPV infections
compared to men in CSTs 2-6 (Table 5.4), we next compared the prevalence of HPV and
high-risk HPV, and HIV infections in CST-1 versus each of the CSTs (with sufficient numbers
of men, n=20) (Table 5.5). Men in CST-5 were significantly more likely to be infected with
HPV or high-risk HPV than men in CST-1 (Table 5.5, p=0.026 and p=0.004, respectively). No
statistical difference in HIV prevalence in the CSTs was observed, although a trend towards
a higher HIV prevalence in CST-5 compared to CST-1 was observed (Table 5.5, p=0.057).

Table 5.5. Association of selected community state types with prevalent HPV, high-risk HPV,
and HIV infections.

csT . e\'j;\e/nce RR (95% Cl) H'gr';j;[e‘nﬂzv RR (95% Cl) HIV prevalence  RR (95% Cl)
P (p-value® P (p-value®) (% (n/N)) (p-value®)
(% (n/N)) (% (n/N))
CST1 512 (65/127) Ref 36.2 (46/127) Ref 33.9 (43/127) Ref
cst2  sas(i22) 052N sasae) O 0%AN 40992 12 (0528)
cst3 sz 2OCZN a9y 1300280 490 05 (0214)
csts  r05@aa)  B(LIBI) 14 riaay 21 (336 500 (2ua) 16 (1027)

Abbreviations: CST — community state type, HPV — human papillomavirus, HIV — human immunodeficiency virus, RR — relative
risk, Cl — confidence interval, Ref — reference.
#p-values were computed using computed Chi-square test. Significant p-values (<0.05) are shown in bold.

5.3.9 Differential bacterial relative abundance and potential biomarkers for HPV,
high-risk HPV and HIV infections

In order to gain more insight into the bacterial taxa accounting for the different penile
microbiotas in men with and without HPV, high-risk HPV, and HIV infections, LefSe analysis
was applied. High-risk HPV-positive group comprised of men with any of the high-risk HPV
genotypes regardless of infection with any of the low-risk HPV genotypes whereas high-risk
HPV-negative group consisted of men that were negative for HPV and those positive for low-
risk HPV.

Potential biomarkers for HPV and high-risk HPV were first assessed irrespective of HIV
status. A total of 61 bacterial features were significantly different by HPV status at LDA score
>2.0 or <-2.0 and p<0.05 (Supplemental Fig. 5.3b). The most significant classified genera
that were found to be significantly more abundant in men with HPV infection (54.6%
(130/238)) than in men without infection (45.4% (108/238)), were BV-associated bacteria,
such as Sneathia, Porphyromonas, Prevotella, Peptoniphilus, and Dialister, and other

genera, such as Jonquetella, (LDA score <-3.0, p<0.05) (Supplemental Fig. 5.3a).
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Pseudomonas was the only genus, at LDA score >3.0, p<0.05, that was found in higher

relative abundances in men without HPV infection than in men with HPV infection.

A total of 78 bacterial features for high-risk HPV were detected at LDA scores >2.0 or <-
2.0 (results not shown). The most significant of these potential biomarkers for high-risk-HPV
infection (LDA score <-3.0, p<0.05) are shown in Fig. 5.6. As was observed for HPV
infection, Prevotella, Dialister, Peptoniphilus, and Campylobacter were more abundant in the
penile microbiotas of men with high-risk HPV infection (42.9% (102/238)) than uninfected
men (57.1% (136/238)). In high-risk HPV-negative men, Corynebacterium, Micrococcus,
Sanguibacter, and Brevibacterium were highly abundant. In both HPV and high-risk HPV-

~—

infected men, families Campylobacteraceae, Prevotellaceae, and Veillonellaceae were found

to be more abundant than in men without infection.
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Fig. 5.6. Potential biomarkers for high-risk HPV by LefSe. a) Histogram of differentially abundant
taxa in penile microbiotas of men with and without high-risk (HR)-HPV infections, and b) A six-level
cladogram with a taxonomic hierarchical structure. Each coloured solid represents a taxon and its
diameter is proportional to the taxon’s relative abundance. Red and green solids represent statistically
significant taxon ranks in HR-HPV-positive and HR-HPV-negative group, respectively. Only
differentially abundant features at logarithmic LDA scores >3.0 or <-3.0 are shown.

Potential biomarkers for HPV and high-risk HPV were additionally assessed in HIV-
negative men only (63.0% (150/238)). When only HIV-negative men were considered, genus

Jonquetella in the family Synergistaceae was more abundant in HPV-positive men (44.7%
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(67/150)) than in HPV-negative men (55.3% (83/150)). Among men without HPV infection,
Brevibacterium in the family Brevibacteriaceae, Pseudomonas in the family
Pseudomonadaceae, Haemphilus, Kocuria, unclassified Flavobacteriaceae, and
Granulicatella were observed to be more abundant than in men with HPV infection
(Supplemental Fig. 5.4a). In the context of high-risk HPV infection, the genera that were
more abundant in men with high-risk HPV infection (32.7% (49/150)) than in men without
high-risk HPV infection (67.3% (101/150)) included Jonquetella, as well as unclassified
Clostridiales, unclassified Campylobacteraceae, Paenalcaligenes, Pimelobacter, unclassified
Porphyromonadaceae, and Blastomonas (Supplemental Fig. 5.4b). Similar to what was
found in men without HPV, Brevibacterium, Kocuria, unclassified Flavobacteriaceae, and
Granulicatella were more abundant in men without high-risk HPV infections than in men with
high-risk HPV infections. A few additional features were differentially abundant, including
genera of unclassified Corynebacteriaceae, Eubacterium, Brachybacterium, and

Micrococcus.

Bacterial taxa that were statistically different between men with and without HIV
infections were also evaluated. These included 31 differentially abundant bacterial features in
the penile microbiotas. Twenty one of these features were found in men who were infected
with HIV (37.0% (88/238)) while the rest of the taxa (n=10) were found in men who were
negative for HIV infection (63.0% (150/238)) (Fig. 5.7). Men with HIV infections had higher
relative abundances of Staphylococcus, Faecalibacterium, Strenotrophominas, Jonquetella,
Ruminococcus, Roseburia, Pseudochrobactrum, and Lamia than men without HIV infections.
On the other hand, the relative abundances of the family Actinobacteria and the genera
Propionibacterium and Nosocomiicoccus were greater in HIV-negative men than HIV-positive
men. None of the predominant bacterial families in the penile microbiotas
(Corynebacteriaceae, Prevotellaceae and unclassified Clostridiales) were found to differ

significantly in relative abundance between HIV-infected and -uninfected men.
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Fig. 5.7. Potential biomarkers for HIV infection by LefSe. a) Histogram of differentially abundant
taxa in penile microbiotas of men with and without human immunodeficiency virus (HIV) infection, and
b) A six-level cladogram with a taxonomic hierarchical structure. Each coloured solid represents a
taxon and its diameter is proportional to the taxon’s abundance. Red and green solids represent
statistically significant taxon ranks in men with and without HIV infection, respectively. Only
differentially abundant features at logarithmic LDA scores >2.0 or <-2.0 are shown.

The relative abundances of the predominant penile bacterial families stratified by HIV
infection status are shown in Supplemental Table 5.1. Corynebacteriaceae, Prevotellaceae,
and unclassified Clostridiales were found to be the most abundant families regardless of the
HIV status. Each of these families occurred at relative abundances of between 5.2% and

49.7%.

5.3.10 Investigation of the impact of partner’s bacterial vaginosis status on the

penile microbiota

The penile microbiotas of the men were also assessed according to the BV status of their
female sexual partners. Fig. 5.8 is a heatmap of the penile microbial communities stratified
by BV status of the female sexual partner. Of the 238 men finally included in the analyses,
partner BV status was not available for two men (0.8%). About a third (33.5%, 79/236) of the
men were in a relationship where the female partner was BV-positive (hereafter referred to
as a BV-positive relationship). Of these men, 54.4%, 8.9%, 13.9%, 5.1%, and 17.7% were in
CST-1 to CST-5, respectively. None of the men in BV-positive relationship was found to be in
CST-6 (Lactobacillus-dominated penile microbiotas). The prevalences of the CSTs among
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men whose female sexual partners were BV-negative were as follows: CST-1 (53.5%), CST-
2 (8.9%), CST-3 (5.7%), CST-4 (8.9%), CST-5 (19.1%), and CST-6 (3.8%). Partners’ BV
status did not statistically differ between men with penile CST-1 (dominated by
Corynebacterium) and those with other CSTs (non-Corynebacterium-dominated microbiotas,
CSTs 2-6, p=0.893) or diverse CSTs (CSTs 2-5, p=0.862).
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Fig. 5.8. Heatmap of the relative abundances of bacterial taxa in 236 penile microbiotas. Taxa
names of bacteria at 20.16% relative abundance are shown on the left of the heatmap. The “Other”
comprised of pooled bacteria (n=622, total relative abundance: 6.21%). Rows represent the bacterial
taxa and columns the samples. Samples were clustered by the BV status of the female sexual
partners. The colour key for the relative abundances is indicated in the upper right corner. The human
immunodeficiency virus (HIV), human papillomavirus (HPV), high-risk human papillomavirus (HR-
HPV) infection status of the men, and female partner’s BV status and community state type (CST) are
indicated. The CSTs in women were defined in Chapter 4 (subsection 4.3.5).
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One hundred and eight men (45.4%) had female sexual partners whose CSTs were
characterised in Chapter 2 and/or 4. The associations of male CSTs (CST-1 (dominated by
Corynebacterium), and CSTs 2-5 (diverse penile microbiotas), with female CSTs
(Lactobacillus-dominated, non-Lactobacillus-dominated, CST-3 (dominated by L. iners) and
CST-8 (diverse CVMs)) were explored using Chi-square/Fisher's exact test (Supplemental
Table 5.3). Men with highly diverse penile microbiotas (CSTs 2-5) were more likely to have
female partners with non-Lactobacillus-dominated (RR: 1.8 [95% CI 1.0-3.4], 0.030) or
diverse CVMs (1.9 [95% CI 1.0-3.6], 0.022) compared to men with low-diversity CSTs:
Corynebacterium- and Lactobacillus-dominated penile microbiotas (Supplemental Table 5.3).
Although not statistically significant, men with Corynebacterium-dominated microbiotas were
more likely to have female partners with Lactobacillus-dominated (1.4 [95% CI 1.0-1.9],
p=0.082) and L. iners-dominated CVMs (1.5 [95% CI 1.0-2.1], p=0.054) compared to men
with diverse microbiotas. All men with Lactobacillus-dominated CSTs had female partners

with Lactobacillus-dominated CVMs.

The prevalences and relative abundances of bacteria associated with normal Nugent
scores (specifically Corynebacterium, Lactobacillus, and Staphylococcus) and BV Nugent
scores (for example, Prevotella and Treponema) in men in BV-positive and BV-negative
relationships are shown in Table 5.6. These penile bacteria had previously been uniquely
associated with female partner Nugent score using indicator analysis [194]. We also included
Atopobium, a BV-associated bacterium [51]. Amongst the normal Nugent score indicators,
we found that Lactobacillus was significantly more abundant in the penile microbiotas of men
in BV-negative than in BV-positive relationships (p=0.007) (Table 5.6). The BV Nugent score-
associated bacteria that were statistically more prevalent in men in BV-positive relationships
compared to BV-negative relationships were: Atopobium (p=0.017), Saccharofermentans
(p=0.003), Prevotella (p=0.045), and Sneathia (p=0.003). In terms of relative abundance,
only Lactobacillus was statistically different men in BV-negative versus BV-positive

relationships.
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Table 5.6. Comparison of the prevalence and relative abundance of common normal and BV Nugent score-associated bacteria in penile

microbiotas of men in relationships with BV-negative and BV-positive women.

Prevalence

Relative abundance*

BV-negative female BV-positive female p-value®  BV-negative female BV-positive female
Bacteria sexual partner sexual partner sexual partner sexual partner lue®
(N = 157, 66.5%) (N = 79, 33.5%) (N = 157, 66.5%) N = 79, 33.5%) p-value
n (%) n (%) median (IQR) median (IQR)

BV Nugent score indicator
Atopobium 85 (54.1) 56 (70.9) 0.013 0.04 (0.01-0.47) 0.06 (0.02-0.38) 0.154
Dialister 137 (87.3) 65 (82.3) 0.304 0.14 (0.02-0.76) 0.18 (0.29-1.14) 0.390
Gardnerella 125 (79.6) 69 (87.3) 0.143 0.11 (0.02-2.27) 0.30 (0.04-2.67) 0.057
Mobiluncus 49 (31.2) 32 (40.5) 0.156 0.02 (0.01-0.06) 0.03 (0.01-0.08) 0.528
Peptostreptococcus 39 (24.8) 23 (29.1) 0.482 0.02 (0.01-0.04) 0.02 (0.01-0.03) 0.883
Porphyromonas 154 (98.1) 77 (97.5) 1.000 0.47 (0.08-4.55) 0.33 (0.07-3.11) 0.291
Prevotella 157 (100.0) 77 (97.5) 0.111 1.12 (0.23-5.35) 1.61 (0.24-7.36) 0.706
Saccharofermentans 77 (49.0) 55 (69.6) 0.003 0.04 (0.01-0.38) 0.06 (0.02-0.32) 0.549
Sneathia 86 (54.8) 59 (74.7) 0.003 0.05 (0.01-0.43) 0.12 (0.02-1.29) 0.361
Treponema 20 (12.7) 6 (7.6) 0.234 0.01 (0.00-0.02) 0.02 (0.01-0.04) 0.457
Unclassified Clostridiales 157 (100.0) 79 (100.0) 1.000 0.51 (0.12-4.63) 0.86 (0.10-4.44) 0.796
g;ﬂﬁ‘;ifl'ed Clostridiales 115 (73.2) 63 (79.7) 0.274 0.07 (0.01-0.33) 0.07 (0.01-0.28) 0.757

Normal Nugent score indicator
Corynebacterium 157 (100.0) 79 (100.0) 1.000 47.44 (22.22-70.89) 48.97 (19.65-70.03) 0.900
Lactobacillus 128 (81.5) 65 (82.3) 0.889 0.16 (0.03-0.96) 0.06 (0.01-0.42) 0.007
Staphylococcus 157 (100.0) 78 (98.7) 0.335 1.67 (0.45-5.03) 1.96 (0.29-5.20) 0.672

Abbreviations: BV — bacterial vaginosis.

*Only participants who had the bacterial taxa in consideration were included in the computation.
#p-values are shown for the comparison of BV-negative versus BV-positive relationship groups. Prevalence and relative abundance (expressed as medians with interquartile ranges (IQRs, at 25"
and 75™ percentiles)) were compared with the Chi-square/Fisher’s exact test and Mann-Whitney unpaired test, respectively. Significant p-values (<0.05) are shown in bold.
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Differentially abundant bacterial features between the penile microbiotas of men with and
without partners with BV were also compared using LefSe. These differentially abundant
features could be BV indicators in the female sexual partners. A total of 23 differentially
abundant features were identified (Fig. 5.9). Family Lactobacillaceae, including genus
Lactobacillus, were found to be more abundant in men whose female sexual partners were
BV-negative relative to men whose female sexual partners were BV-positive. The genera
found to be significantly more abundant in men whose female sexual partners were BV-
positive included Illumatobacter, Providencia, and unclassified Campylobacterales (LDA
score <-3.0, p<0.05). None of the commonly known BV-associated bacteria, for example,
Gardnerella, Prevotella, Atopobium, Shuttleworthia, Sneathia, Clostridium, Mobiluncus,
Porphyromonas, Ureaplasma, and Mycoplasma, were identified as differentially abundant
features, supporting the previous finding (Table 5.6).
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Fig. 5.9. Potential penile biomarkers for BV in female sexual partners by LefSe. a) Histogram of
differentially abundant taxa in penile microbiotas of men with and without female partners with BV, b)
A six-level cladogram with a taxonomic hierarchical structure. Each coloured solid represents a taxon
and its diameter is proportional to the taxon’s relative abundance. Red and green solids represent
statistically significant taxon ranks in men with female sexual partners who were with (Partner_BV+)
and without BV (Partner_BV-), respectively. Only features with logarithmic LDA scores >2.0 or <-2.0
are shown.
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5.4 Discussion

5.4.1 Characterisation of the penile skin bacterial communities of Black South

African adult men

In this chapter the penile microbiotas of 238 Black South African men, who were mostly
(94%) traditionally circumcised, were examined. Sampling of the penile skin microbiota was
done by swabbing of the glans, coronal sulci (if present) and shaft of the penis. To date only
one other study [110] has used a similar sampling method. The study, by Zozaya and
colleagues (2016) [110], examined the penile skin microbiotas (swabs from the glans, the
coronal sulcus, and the shaft of the penis) of 56 medically circumcised and 37 uncircumcised
men. Other studies have examined the microbiotas of the coronal sulci and glans [256],
coronal sulci alone [35,229,254,259], or urinary tract [257,360].

A total of 23 bacterial phyla, 210 families and 650 genera were detected in the penile
microbiotas of the 238 South African men. This is a larger array of bacterial phyla, families
and genera than reported in previous studies of the penile skin [110], coronal sulci and glans
[256], coronal sulci [229], and urinary tract [257,360]. Apart from the penile sampling method,
the larger number of taxa in our study could be attributed to genetic background,
sociobehavioural factors, large sample size, and heterogeneity in study methodologies. For
example, the available penile microbiota studies have relied on different hypervariable region
of the 16S rRNA gene sequenced on either lllumina MiSeq or 454 FLX platforms despite the
findings that microbiota profile is dependent on the choice of the 16S rRNA region [49,257]
and sequencing technology [49,361]. It has been noted that pyrosequenced V1-V3 and V3-
V5 datasets do overestimate penile Corynebacterium while V6-V9 dataset underestimates
Prevotella [257]. Even more strikingly, there is evidence that pyrosequenced V1-V3 dataset
fails to capture Gardnerella [257]. Therefore, there is a probability that some of these

methodologies might have missed to disclose a number of penile bacterial taxa.

The two most abundant phyla were Actinobacteria (56.0%) and Firmicutes (21.8%), while
the two most abundant families were Corynebacteriaceae (47%) and Prevotellaceae (7%).
These families have been found to be among the most abundant families on the penile skin
[110] and coronal sulci [229,254]. In the study by Zozaya and colleagues (2016) [110],
Corynebacteriaceae (46%) and Prevotellaceae (15%) were the most abundant families,
among both uncircumcised (Corynebacteriaceae: 32% and Prevotellaceae: 21%) and
circumcised (55% and 11%, respectively) men [110]. Compared to this study [110], the
relative abundance of Corynebacteriaceae in our cohort is intermediate to that of circumcised
and uncircumcised men. However, the relative abundance of Prevotellaceae was

considerably lower than that described by Zozaya and colleagues (2016) [110].
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Prevotellaceae has been found to occur in lower abundances after circumcision [229]. In our
study, the vast maijority of the men were circumcised. In a study of coronal sulci microbiota
[229], the most abundant families were Pseudomonadaceae and Oxalobacteraceae. In the
present study, the relative abundances of Pseudomonadaceae and Oxalobacteraceae were
low (<0.15%), similar to observation by Zozaya and colleagues (2016) [110]. These
observations suggest that the different milieus on the penile exhibit differential colonisation

by the bacterial families.

Our study sought to evaluate the prevalence and relative abundance of the bacterial
genera inhabiting the penis. The most abundant genera were Corynebacterium (47.1%),
Prevotella (6.5%), unclassified Clostridiales (5.6%), Porphyromonas (4.9%), Staphylococcus
(4.4%), Lactobacillus (3.8%), and Gardnerella (3.8%). These taxa were represented by at
least three-quarters of all the read sequences. We observed that Corynebacterium, an
abundant skin bacteria [258], was the most prevalent (100%) and abundant (47.1%) genus.
The relative abundance of Corynebacterium in our study is similar to that (45.9%) observed
on the penile skin by Zozaya and colleagues (2016) [110]. Further, Zozaya and colleagues
(2016) [110] reported that the relative abundance of Corynebacterium was lower in
uncircumcised men (31.7%) compared to circumcised men (55.2%). Thus, the relative
abundance of Corynebacterium in our cohort of mostly traditionally circumcised men was
intermediate to these published results, and higher than uncircumcised men [110]. Greater
abundances of Corynebacterium have also been reported in coronal sulci microbiota post-
circumcision and in circumcised men [229,254]. For example, medical male circumcision was
found to increase the abundances of Corynebacterium in the coronal sulci microbiota of
Ugandan men [229]. Apart from colonising the coronal sulci, Corynebacterium can also

colonise the semen microbiotas of men in appreciable abundances [106,362].

The genera cited above (i.e., Prevotella and unclassified Clostridiales among others)
have been observed in penile skin [110] and coronal sulci microbiotas [35,194,254,257]. The
relative abundance of Prevotella in our study (6.5%) is similar to that (7.2%) reported in small
cohort study by Plummer and colleagues (2018) [256] that obtained penile swabs from the
coronal sulci and glans of predominantly uncircumcised men. However, the relative
abundance of Prevotella in our cohort was 2.3-fold lower than that (15.0%) observed in the
study by Zozaya and colleagues (2016) [110] and lower than what they reported on
circumcised (11.4%) and uncircumcised men (20.5%). Our observation of the predominance
of an unclassified genus in the order Clostridiales is not new. Sequences in order
Clostridiales are uncommonly classified to lower taxonomic levels and have been reported to
be predominant in coronal sulci microbiota [194,254]. Thus, future microbiome studies should

be conducted using newly developed bioinformatics tools such as Divisive Amplicon
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Denoising Algorithm 2 (DADAZ2) [363] that can allow accurate classification of sequences to
deeper taxonomic ranks and discovery of sequence variations [363]. In our study, the relative
abundance of Porphyromonas (4.9%) was 4-10-fold higher than has been previously
reported in penile skin microbiota studies [110,256]. The relative abundance of
Staphylococcus (4.4%) was within the range (3-5%) that has been reported in studies with a
similar sample type [110,256], although its relative abundance was not predominantly high as
reported in a coronal sulci microbiota study (19.2%) [257]. Staphylococcus is a predominant
skin commensal [258]. Lactobacillus was also detected in the penile microbiotas of Black
South African men at a relative abundance of 4%. Lactobacillus has been observed to
colonise the penile milieus of uncircumcised and uncircumcised men, at abundances ranging
between 2-8% [110,254]. It has been found to be a predominant taxon in urine and semen
microbiotas of men [106,257,362] and more common in men whose female sexual partners
are BV-negative [194]. Gardnerella, a predominant urine bacterium [257], occurred at a
relatively higher relative abundance (3.8%) than has been previously described (1.3-2.1%)
[110,256].

Finally, we observed a number of genera that were of low prevalence and/or relative
abundance in the penile microbiotas. Examples of these included Pseudomonas,
Rubrobacter, Schwartzia, Dokdonella, Brooklawnia, Trueperella, Mitsuokella, and Collinsella.
For example, the relative abundance of Pseudomonas in our cohort was 0.1%. This
observation is analogous to earlier studies [110,256,257] that have found Pseudomonas at
relative abundances of <0.1%. Our study also observed bacteria such as Chryseobacterium,
Janibacter, Oligella, and Gemmiger that have never been reported in penile microbiota
studies. Since the clinical and reproductive health implication of these rare and/or low-
abundant bacteria in the penile microbiota remains either unknown or poorly defined, further

research into their biological roles is warranted.
5.4.2 Oxygen tolerance of the most abundant penile microbiota families

Male circumcision reduces the diversity and density of several anaerobic bacteria [254]
due to the elimination of the anoxic environment that supports their colonisation [229]. We
therefore examined the oxygen requirements of the 40 most abundant bacterial families in
the penile microbiotas. In total, these 40 families had a mean proportional abundance of
98.8%, and thus represent the majority of the penile microbiota families. These bacterial
families had differing needs for oxygen that have been described in subsections 5.2.6 and
5.3.3. The mean proportional abundance of FAn families (n=7) was over 50% of the penile
microbiotas, with the family Corynebacteriaceae contributing 47%. The next most abundant
group was An families (18.2%). High predominance of FAn and lower predominance of An

families have been significantly associated with post-circumcision status [229]. The high
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predominance of FAn bacteria in our cohort could therefore be due to circumcision as the
majority of the men were circumcised. Ae families (n=12) were about 2-fold less abundant
than An families (n=7). It is unclear why Ae bacteria were less abundant than An bacteria in
these traditionally circumcised men, but it could be that circumcision does not have a
significant impact on aerobic bacteria. Liu and co-workers (2013) [254] noted, for example,
only slight increases in Ae bacteria following male circumcision. Since the men were
traditionally circumcised, it is also possible that those that were partially circumcised
influenced the results. Moreover, misreporting of male circumcision status is common among
traditionally circumcised men, with at least 20% of the men believing that they are
circumcised, yet they are not as determined by physical examination [249]. We also
observed abundant families, e.g., unclassified Clostridiales and unclassified
Actinomycetales, whose oxygen requirements remain unknown. Therefore, such families
should be explored further. Akin to the observations by Price and colleagues [229], we noted
that families with MAe and mixed oxygen requirements, such as Ruminococcaceae and

Campylobacteraceae, were not common.

5.4.3 Co-occurrence and co-exclusion patterns of selected bacterial families in the

penile microbiotas

The most abundant families in the penile microbiotas were, in order of decreasing relative
abundances, Corynebacteriaceae, Prevotellaceae, unclassified Clostridiales,
Porphyromonadaceae, and Staphylococcaceae. Among these, strong positive correlations
were observed between Corynebacteriaceae and Staphylococcaceae, both facultative
anaerobes. The positive correlations highlight a possibility of cooperative interaction through
metabolic resource overlap [290]. These two families in turn had strong negative correlations
with the anaerobic Prevotellaceae and Porphyromonadaceae, as well as the unclassified
Clostridiales. Negative correlations indicate the presence of competition for resources
[290,330] and subniche differentiation [330]. This suggests that Corynebacteriaceae and
Staphylococcaceae might be the main competitors against the other three predominant

families.
5.4.4 Community state types of the penile microbiotas

A cluster analysis of the community profile revealed that the penile bacterial
communities of the Black South men could be represented by six distinct community state
types (CSTs) with different bacterial diversities. Over 50% of the men had
Corynebacterium-dominated penile microbiotas (CST-1). Six of the 238 men (2.5%) had
penile microbiotas dominated by Lactobacillus (CST-6). The remaining 44.1% of the men

(CSTs 2-5) had diverse communities, neither dominated by Corynebacterium nor
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Lactobacillus. CSTs 2-5 had significantly lower relative abundances of Corynebacterium
and Staphylococcus and higher relative abundances of several taxa, particularly BV-
associated bacteria compared to CST-1 (Supplemental Table 5.2). Comparisons of the
alpha diversities of the communities in the CSTs indicated that CST-1 and CST-6 were
significantly less diverse than CSTs 2-5. Comparisons of beta diversities of the penile
microbiotas revealed that all the six CSTs were unique, with CST-1 having the lowest beta

diversity.

The penile skin microbiota study by Zozaya and colleagues (2016) [110] did not
establish CSTs, precluding any comparisons with our results. A study by Liu and co-
workers (2015) [194] established seven CSTs (designated 1-7) with different bacterial
densities in the coronal sulci penile microbiotas of 165 uncircumcised HIV-negative.
CST1-3 had lower total bacterial load and higher bacterial densities of Corynebacterium,
Lactobacillus, and Staphylococcus than CST4-7. CST4-7 had higher bacterial densities of
BV-associated bacteria such as Prevotella, Porphyromonas, and Peptoniphilus [194]. The
reduced relative abundances of Corynebacterium, Lactobacillus, and Staphylococcus, and
predominance of BV-associated bacteria in the diverse microbiotas (CSTs 2-5) in our
study is congruent with CST4-7 in the study by Liu and co-workers (2015) [194]. The
prevalence of these diverse penile microbiotas (CSTs 2-5) was, however, 5.3% more than
that reported for CST4-7 (38.8%) [194]. To date, our research remains the only study that

has established distinct penile CSTs from multiple penile sites.
5.4.5 Penile microbiota community state types and HPV and HIV infections

This study found a positive association of non-Corynebacterium-dominated
microbiotas (CSTs 2-6) with high-risk and multiple HPV infections. Men with
Corynebacterium-dominated penile skin microbiotas (CST-1) in turn had less high-risk
HPV and less multiple HPV infections. While no previous studies have been carried out to
examine associations of penile microbiotas with HPV, Corynebacterium is known to be
abundant in post-circumcised penile swabs [110,254] and circumcision is associated with
protection against penile HPV infection [234,236,240,241,262,364]. One trial of male
circumcision for HIV/STI prevention associated circumcision with reduced prevalent HPV
in penile shaft and coronal sulci [364]. The reduction in prevalent HPV following
circumcision is more pronounced at the glans/corona than sites more distal to the prepuce
[241]. Although there is weak to no evidence of association of male circumcision with
reduced HPV incidence and increased remission [240,241], a randomised trial associated
male circumcision with low incidence of multiple high-risk HPV, and rapid clearance of
high-risk HPV infections [262]. A large observational study on a Hawaiian cohort found a

significantly lower prevalence of glans/corona HPV in circumcised men (29%) than in
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uncircumcised men (46%) [239]. The biological mechanism for this protective effect is
unknown. The association between non-Corynebacterium-dominated microbiotas and
high-risk HPV could be due to either an increased susceptibility to high-risk HPV
genotypes or a delayed remission of these genotypes by such CSTs (diverse CSTs). In
women diverse BV-like communities have been described to have the lowest clearance
rates [34]. C. accolens has been found in greater relative abundances in HPV-negative
women compared to HPV-positive women [141]. Thus, penile CSTs with lower relative
abundances of Corynebacterium and higher relative abundances of specific bacteria,
including BV-associated bacteria, should be investigated as a risk factor for HPV/high-risk
HPV infection.

Among the diverse CSTs, CST-5 (Corynebacterium-deficient with higher relative
abundances of Prevotella, unclassified Clostridiales and Porphyromonas) was associated
with HPV and high-risk HPV infections when compared to CST-1. In women, diverse CVMs
are unstable and less resilient to subtle microbiome perturbations [54,135,162] and have
been associated with incident, prevalent, and persistent HPV [33,34,141,214], and genital
intraepithelial lesions [140]. The different CSTs of women have been found to have different
roles in HPV etiopathogenesis [33,34]. The diverse and dysbiotic CVMs have been
associated with epithelial damage of the female genital tract [122]. Cellular damage
serves as an avenue for HPV to access the basal lamina and form a reservoir of infection
[4]. In men therefore, future studies should investigate if CSTs 2-5, which are diverse and
appear dysbiotic, also potentially cause epithelial damage and increase the risk of HPV

infection.

There was no significant association between non-Corynebacterium-dominated or
Corynebacterium-dominated CSTs and HIV. There was, however, a trend towards increased
HIV infection in men in CST-5 compared to men in CST-1. HIV and HPV coinfected men,
furthermore, were found to have significantly more diverse penile microbiotas than HIV-
uninfected men with or without HPV infection. There are no published studies that have
investigated the penile microbiome of men who are already infected with HIV. It is now
recognised that men with such diverse CSTs may be predisposed to STls, such as HIV
[35,232]. A recent prospective study by Liu and colleagues (2017) [35] on penile microbiotas
of 182 uncircumcised Ugandan men showed that penile anaerobic dysbiosis is a risk factor
for acquisition of HIV. The authors demonstrated that the men who seroconverted (25.3%)
had significantly higher abundances of anaerobic Prevotella, Dialister, Peptoniphilus, and
Finegoldia at baseline than men who remained HIV-negative [35]. Moreover, these bacteria
were found to trigger proinflammatory responses that are thought to facilitate infection by

HIV [35]; hence, further supporting the strong connection between certain genital
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anaerobic bacteria and inflammatory cytokines [136,164]. In our study, CST-5 had
reduced relative abundances of Corynebacterium (mean: 12.9%) and was dominated by
several BV-associated anaerobic bacteria and/or proinflammatory bacteria such as
Prevotella (23.0%), unclassified Clostridiales (18.5%), and Porphyromonas (16.3%). In
addition, it had other bacteria in appreciable relative abundances: Negativicoccus (4.8%),
Dialister (2.6%), Finegoldia (2.2%), Sneathia (1.9%), Gardnerella (1.5%), and Fusobacterium
(1.1%). High concentrations of BV-associated bacteria such as Parvimonas, M. hominis,
Sneathia/Leptotrichia, and Megasphaera have been associated with increased risk of HIV
acquisition in African women [36]. BV-associated bacteria were found to be more prevalent
and abundant in diverse CSTs such as CST-5 than in low-diversity CSTs, specifically CST-1
(with Corynebacterium dominance) and CST-6 (with Lactobacillus dominance). This
observation has also been reported in a penile microbiota study on a Ugandan cohort [194].
Penile anaerobic dysbiosis and/or the predominance of proinflammatory associated bacteria
in CST-5 may potentially contribute to the greater prevalence of multiple HPV, high-risk HPV,

and HIV infections in men in CST-5.
5.4.6 Potential biomarkers for HPV and HIV infections in men

In the analysis of the taxa in the penile microbiotas associated with HPV infections,
post-circumcision associated families Pseudomonadaceae and Corynebacteriaceae
[110,229] were the most significant potential biomarkers for absence of penile HPV and
high-risk HPV infection, respectively. The specific genera in each of these families were
Pseudomonas (for Pseudomonadaceae) and Corynebacterium (for Corynebacteriaceae).
HPV-positive men had higher relative abundances of BV-associated bacteria, including
Sneathia, Porphyromonas, Prevotella, Peptoniphilus, Dialister, and other bacteria such as
Jonquetella and Cetobacterium than HPV-negative men. In men with high-risk HPV
infections, Prevotella, Peptoniphilus, Dialister, and Campylobacter (LDA score <-3.0, p<0.05)

were more abundant than in men without high-risk HPV.

To our knowledge, no studies have investigated the associations between penile
bacterial taxa and HPV infection. The observations of Sneathia, Prevotella, Dialister, and
Peptoniphilus as potential biomarkers for either HPV or high-risk HPV are in agreement with
CVM studies [137,157,179] that identified these taxa as potential biomarkers for HPV in
women. Similar to findings regarding CVMs in Chapter 4 subsection 4.3.9, Pseudomonas
exhibited a higher relative abundance in HPV-negative men than in HPV-positive HIV-

uninfected men.

In men with HIV infections, genera Staphylococcus, Faecalibacterium,

Stenotrophomonas, Jonquetella, and Ruminococcus were the strongest possible
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biomarkers for HIV infection. Although we did not identify the bacteria to species level,
several members of the identified genera have been associated with HIV infection. A
pathogenic strain of S. aureus has been found to be more common in HIV-positive than in
HIV-negative men [232]. Stenotrophomonas maltophilia, an opportunistic and multiantibiotic
resistant pathogen that is capable of forming biofilms, is increasingly recognised in
immunocompromised patients (e.g., those with chronic HIV infection and AIDS) and has
been strongly associated with high fatality/case ratio [365]. Stenotrophomonas has been
recently reported in very low abundances in penile microbiotas of HIV-negative men [256].
We observed that men without HIV infection were highly enriched with Propionibacterium

and Nosocomiicoccus.

Some of the potential biomarkers that we detected are understudied taxa (e.g., in
phyla Synergistia). Examples of these taxa include, Jonquetella and Pyramidobacter in
family Synergistaceae. These were possible biomarkers for HPV or high-risk HPV, and
HIV infections (Fig. 5.7 and Supplemental Fig. 5.4). Despite their inadequate
characterisation [366], Synergistes/Synergistetes, which includes members of

Synergistaceae, have been implicated in periodontitis and wound infections [366,367].

5.4.7 Penile microbiotas and female sexual partners’ cervicovaginal microbiotas

and bacterial vaginosis status

Following the emerging evidence suggesting that BV-associated bacteria may be
sexually transmitted [110,193,194,257], even by circumcised men [194,260], we assessed
the predominance of BV-associated bacteria in the penile microbiotas. In line with previous
literature [35,194,254,256], several BV-associated bacteria were present in the penile
microbiotas. These were further found to be significantly enriched in men with diverse penile
microbiotas (CSTs 2-5). These included Finegoldia, Atopobium, Gardnerella, Sneathia,
Shuttleworthia, Mycoplasma, Mobiluncus, Porphyromonas, and Prevotella, most of which
have been associated with Nugent-BV score in female sexual partners [194]. This finding
indicates that BV-associated bacteria are not only confined to the female genital tract, but
can inhabit the human penis too. Our result mirrors previous reports that have found that the
penile skin can be colonised by BV-associated bacteria [110,193,194,256,257].

Next, associations of the penile microbiotas with female sexual partners’ cervicovaginal
CSTs and BV status were examined. Men with highly diverse CSTs (2-5), with a deficiency of
Corynebacterium/Lactobacillus, were more likely to have female sexual partners with BV-
associated CVMs, .i.e., CVMs not dominated by Lactobacillus. The reverse was true for men
with  Corynebacterium/Lactobacillus-dominated microbiotas. Compared to men with

Corynebacterium-dominated microbiotas (CST-1), men with diverse microbiotas had a trend
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towards having female sexual partners with Lactobacillus- or L. iners-deficient and diverse
CVMs. CSTs with significantly reduced populations of Corynebacterium and Lactobacillus
have been associated with Nugent-BV in female partners [194]. We noted that all the men
with Lactobacillus-dominated microbiotas (CST-6) had female partners with Lactobacillus or
L. iners-dominated CVMs. Our observations suggest existence of complementarity between
penile and cervicovaginal CSTs. Recently, it has been shown that a decrease in prevalence
and abundance of BV-associated bacteria (synonymous with a decrease in microbiota
diversity) in men leads to a decrease in cervicovaginal microbiota diversity in their female

sexual partner [256].

In spite of the association between penile and cervicovaginal CSTs, there was no
association of Corynebacterium-dominated (CST-1) or diverse penile microbiotas (CST 2-
5), with female sexual partners’ BV status. This is in contrast to a previous study on a
Ugandan cohort [194] that found that highly diverse coronal sulci microbiotas (pooled

CST4-7 in their case) were associated with female partner Nugent-BV.

Specific penile bacteria were, however, found to be associated with the presence or
absence of BV in the female sexual partner. Similar to other investigators [194], we
observed that higher relative abundance of Lactobacillus in the penile microbiotas of men
was significantly associated with BV-negative status in the female sexual partners.
Lactobacillus is a protective resident bacterium in the CVM [33,34,146]; thus, penile
Lactobacillus is highly expected to be a normal Nugent score indicator [194]. Lactobacillus
has been identified as one of major genera shared among heterosexual couples [106].
Therefore, penile colonisation by Lactobacillus may be driven by unprotected sexual
intercourse with women without BV [105,110,194]. In contrast to Liu and colleagues (2015)
[194], Corynebacterium and Staphylococcus were not found in our study to be potential
biomarkers for BV-negative status in the female sexual partner and occurred in similar

relative abundances in men in BV-positive and BV-negative relationships.

Our study also observed an association of prevalence of specific BV-associated bacteria
in the penile microbiotas in men in BV-positive relationships. The prevalences of Atopobium,
Sneathia, and Saccharofermentans in the penile microbiotas were significantly positively
associated with BV in the female sexual partner. Penile Sneathia and
Saccharofermentans have been previously associated with female partner Nugent-BV
score [194], while the association of partners’ BV with the prevalence Atopobium has not
been reported elsewhere. The difference in relative abundances of the BV-associated
bacteria (including Atopobium, Dialister, Gardnerella, Mobiluncus, Porphyromonas,
Prevotella, Sneathia, Treponema, and unclassified Clostridiales) in men with BV-negative

versus BV-positive partner did not reach statistical significance. Our present study
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identified penile bacteria that have not been associated with BV to be more abundant in
men in BV-positive relationships than in men with BV-negative relationships. These
include [llumatobacter, Providencia, Brevundimonas, Sphingobacterium, and
Comamonas. Some of these penile bacteria included genera whose members have been
associated with clinical diseases. For example, Brevundimonas diminuta can cause
urinary infections in cancer patients [368] while Citrobacter diversus can cause sepsis and
meningitis in neonates and immunocompromised individuals [369]. Therefore, there is

need to characterise the species of the penile microbiota.

Future longitudinal and large-scale studies on heterosexual couple microbiotas are
also needed in order to find associations possibly missed in cross-sectional [194,370] and
relatively small cohort longitudinal analyses [371]. Such temporal studies should examine
the resilience and ecological permissiveness of penile microbiotas to BV-associated
bacteria with respect to male circumcision status, unprotected sexual intercourse,

STIs/HIV, and female partner’s BV status among other variables.
5.4.8 Summary

To date, this is the largest cross-sectional study using a culture-independent approach to
detail the bacterial communities of the penile skin. This is also the first study to characterise
the penile microbiotas of traditionally circumcised men and to examine the associations of
these microbiotas with HPV infection. We found that family Corynebacteriaceae and genus
Corynebacterium were the most abundant bacterial taxa in the penile microbiotas of Black
South African men. Six CSTs were established, with over 50% of the men having

Corynebacterium-dominated penile microbiotas.

Corynebacterium-deficient penile microbiotas, mostly dominated by BV-associated
bacteria, were associated with prevalent high-risk and multiple HPV infections in Black South
African men. The relative abundances of specific penile bacteria were identified as possible
biomarkers for HPV (the most significant being Prevotella, Porphyromonas, Dialister, and
Sneathia), high-risk HPV (Prevotella, Dialister, Peptoniphilus, and Campylobacter), and HIV
infection (Staphylococcus, Faecalibacterium, Stenotrophomonas, and Jonquetella). These
potential biomarkers may have both diagnostic and therapeutic use, but first, the specific
species or strains involved, the molecular mechanisms of these potential biomarkers in

pathogenesis of HPV infection, and their role in urogenital infections should be investigated.

Among the possible biomarkers for penile HPV infection identified in this study, Sneathia
in particular should be studied in detail. Sneathia was identified as a strong possible
biomarker for prevalent HPV infection among the Black South African women and men

(chapters 4 and 5). Furthermore, other published studies on Nigerian [137], Italian [157], and
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Korean [179] cohorts have identified Sneathia as a possible biomarker for HPV/high-risk
HPV infection. Several studies have demonstrated the pathogenic potential of specific genital
Sneathia species and point to the possible mechanisms by which it may play a role in HPV
acquisition and persistence. For example, S. sanguinegens has been associated with
increased genital inflammation in women, i.e., elevated levels of IL-1a, IL-13, and IL-8 [164].
S. amnii is also a genital bacterium, identified in women and is highly similar to S.
sanguinegens [334]. S. amnii has genes that encode proteins implicated in its invasion,

adherence to cervical cells and cytotoxicity [334].

In this chapter, an initial exploration of the genital microbiotas in heterosexual couples
was also undertaken. In the South African cohort studied, men with highly diverse
microbiotas (CSTs 2-5) were more likely to have female partners with non-Lactobacillus-
dominated or diverse CVMs. Lactobacillus was more abundant in men in BV-negative
relationships. The prevalences of BV-associated Saccharofermentans, Atopobium, and
Sneathia were significantly higher in BV-positive relationships than in BV-negative
relationships. The relative abundances of these taxa, and other BV-associated bacteria

examined, were, however, not statistically different.

A limitation of the present study is the lack of adjustment for potential confounders,
including age of men, sex acts per month, presence of other STls, host genetic factors, host
immunity, and cigarette use to name a few. In addition, BV in the female sexual partners was
diagnosed using a non-standard approach (Pap smear), which has been demonstrated not to
perform well when compared to Gram stain diagnosis [80,293]. Thus, it is possible that this
might have affected the results on the association between penile microbiotas and female

sexual partners BV status.

In summary, the findings of the chapters presented herein (chapters 2-5) have added to
our understanding of the genital microbiotas of Black men and women. The associations of
human genital microbiotas and specific bacterial taxa with HPV and HIV infections are
hypothesis-generating and following further investigations may have implications on i)
personalised microbiota-based diagnostics, and ii) probiotics that promote reproductive

health and prevent disorders and diseases in this population.
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I. Supplemental Tables

Supplementary Data

Supplemental Table 2.1. QIIME and UPARSE selected parameters for cervicovaginal microbiota analyses.

Step

QIIME/UPARSE

Script/Command Name

Parameters

Demultiplexing and quality-filtering

Quality-filtering using UPARSE

Dereplicating sequences

Abundance sorting and discarding singletons
UPARSE-OTU method for OTU clustering with the
greedy clustering algorithm and representative
sequence picking with abundance algorithm
Reference chimera checking and removal using
uchime

Mapping original quality-filtered reads back to
OTUs

Assigning taxonomy to OTUs using RDP Classifier
Sequence alignment

Filtering sequence alignment

Inferring phylogeny

Generating a dense/sparse representation of an
OTU table (observation matrix)

Diversity analyses

QIIME

UPARSE
UPARSE
UPARSE

UPARSE

UPARSE

UPARSE

QIIME
QIIME
QIIME
QIIME

QIIME

QIIME

split_libraries.py

usearch --fastq_filter
usearch --derep_fulllength
usearch --sortbysize

usearch --cluster_otus

usearch --uchime_ref

usearch --usearch_global

assign_taxonomy.py

align_segs.py
filter_alignment.py
make_phylogeny.py

make_otu_table.py

core_diversity_analyses.py

-s, --min_qual_score (25); -b, --barcode_type
(variable_length); -, --min_seq_length (200); L, --
max_seq_length (400); -d, --record_qual_scores; -j, --
added_demultiplex_field (run_prefix); w, --
qual_score_window (50); --z, reverse_primers
(truncate_only)

E, --fastq_maxee (0.5); L, --fastq_minlen 270

--minsize (2)

--otu_radius_pct (3.0)

--mindiv (0.8); mindiffs (3); --db Greengenes, gg13_8

--id (0.97)
-t Greengenes gg13_8

-e, --min_length (75); -p, --minimum_percent_id (0.75)
- g, --allowed_gap_frac (0.999999)

-e, --exclude_otus_fp

-e, --sampling_depth (5000); -c, --categories; -p, --
parameter_fp (metrics: chao1, observed_species,
Shannon, simpson, PD_whole_tree,

unweighted_unifrac,weighted_unifrac,bray_curtis; single

rarefaction depth: 5000)
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Supplementary Data

Supplemental Table 3.1. QIIME and UPARSE selected parameters for cervicovaginal microbiota analyses for the lllumina dataset.

Step

QIIME/UPARSE

Script/Command Name

Parameters

Merging and quality-filtering

Quality-filtering using UPARSE

Dereplicating sequences

Abundance sorting and discarding singletons
UPARSE-OTU method for OTU clustering with the greedy
clustering algorithm and representative sequence picking
with abundance algorithm

Reference chimera checking and removal using uchime
Mapping original quality-filtered reads back to OTUs
Assigning taxonomy to OTUs using RDP Classifier
Sequence alignment

Filtering sequence alignment

Inferring phylogeny

Generating a dense/sparse representation of an OTU table
(observation matrix)

Diversity analyses

UPARSE

UPARSE
UPARSE
UPARSE

UPARSE

UPARSE
UPARSE
QIIME
QIIME
QIIME
QIIME

QIIME

QIIME

usearch —_merge_fastq

usearch --fastq_filter
usearch --derep_fulllength
usearch --sortbysize

usearch --cluster_otus

usearch --uchime_ref
usearch --usearch_global
assign_taxonomy.py
align_seqs.py
filter_alignment.py
make_phylogeny.py

make_otu_table.py

core_diversity_analyses.py

-- E, --fastq_maxee (1.0); --stripleft (30), --trunclen (400),
--min_overlap (32)
E, --fastq_maxee (1.0); L, --fastq_minlen 400

--minsize (2)
--otu_radius_pct (3.0)

--mindiv (0.8); mindiffs (3); --db Greengenes, gg13_8
--id (0.97)
-t Greengenes gg13 8
-e, --min_length (75); -p, --minimum_percent_id (0.75)
- g, --allowed_gap_frac (0.999999)

-e, --exclude_otus_fp

-e, --sampling_depth (12,161); -c, --categories; -p, --
parameter_fp (metrics: chao1, observed_species,
Shannon, simpson, PD_whole_tree,
unweighted_unifrac,weighted_unifrac,bray_curtis; single
rarefaction depth: 12,161)
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Supplemental Table 4.1. Composition and relative abundances of the genera in the even and

staggered mock communities.

16S rRNA Operon Count (operons per organism per pl)

Genus Species m =
HM-782D HM-783D
Acinetobacter Acinetobacter baumannii 100,000 10,000
Actinomyces Actinomyces odontolyticus 100,000 1,000
Bacillus Bacillus cereus 100,000 100,000
Bacteroides Bacteroides vulgatus 100,000 1,000
Clostridium Clostridium beijerinckii 100,000 100,000
Deinococcus Deinococcus radiodurans 100,000 1,000
Enterococcus Enterococcus faecalis 100,000 1,000
Escherichia Escherichia coli 100,000 1,000,000
Helicobacter Helicobacter pylori 100,000 100,000
Lactobacillus Lactobacillus gasseri 100,000 10,000
Listeria Listeria monocytogenes 100,000 10,000
Neisseria Neisseria meningitidis 100,000 10,000
Propionibacterium Propionibacterium acne 100,000 10,000
Pseudomonas Pseudomonas aeruginosa 100,000 100,000
Rhodobacter Rhodobacter sphaeroides 100,000 1,000,000
Staphylococcus Staphylococcus aureus 100,000 100,000
Staphylococcus Staphylococcus epidermidis 100,000 1,000,000
Streptococcus Streptococcus agalactiae 100,000 100,000
Streptococcus Streptococcus mutans 100,000 1,000,000
Streptococcus Streptococcus pneumoniae 100,000 1,000

*Even mock community.
AStaggered mock community.
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Supplemental

Table 5.1. Top 40 most

abundant

heterosexually-active Black South African men.

families

Supplementary Data

in penile microbiotas of

All HIV-negative HIV-positive,
Family participants men (N = 150)# men (N = 88) Oxygen requirement
% relative % relative % relative
abundance abundance (sd) abundance (sd)
Corynebacteriaceae 47.19 49.71 (28.61) 42.90 (26.76) Facultative anaerobic
Prevotellaceae 6.56 5.58 (11.10) 8.22 (14.64) Anaerobic
Unclassified Clostridiales 5.61 5.21 (11.22) 6.30 (10.52) Unidentified
Porphyromonadaceae 4.94 4.47 (9.83) 5.73 (10.94) Anaerobic
Staphylococcaceae 4.57 3.61 (5.09) 6.21 (9.50) Facultative anaerobic
Bifidobacteriaceae 3.88 4.49 (10.98) D EEE)  TERIEEEIIENT
anaerobic
Lactobacillaceae 3.81 3.92 (12.48) 3.64 (14.15) Microaerophilic/Facultative
anaerobic
Veillonellaceae 3.31 3.06 (4.68) 3.74 (4.99) Anaerobic
Moraxellaceae 3.12 3.02 (8.26) 3.30 (9.35) Aerobic
Flavobacteriaceae 2.55 2.58 (8.05) 2.51 (6.70) Aerobic
Clostridiales Incertae Sedis Xl 2.23 2.14 (2.67) 2.39 (2.90) Anaerobic
Micrococcaceae 1.39 1.44 (4.09) 1.31 (3.70) Aerobic
Leptotrichiaceae 113 0.97 (3.14) 142 (4.42) ~ Anaerobic/Facultative
anaerobic
Unclassified Bacteria 0.85 0.91 (1.03) 0.74 (1.10) Unidentified
Brevibacteriaceae 0.66 0.70 (1.69) 0.58 (1.00) Aerobic
Intrasporangiaceae 0.60 0.82 (3.91) 0.23 (0.75) Aerobic
Aerococcaceae 0.60 0.56 (0.73) 0.67 (1.09) Facultative anaerobic
Unclassified Actinomycetales 0.57 0.65 (0.66) 0.44 (0.64) Unidentified
Ruminococcaceae 0.55 0.57 (1.55) 0.51(0.83)  Anaerobic/Facuitative
anaerobic
Rhodobacteraceae 0.55 0.46 (1.07) 0.70 (1.69) Aerobic
Coriobacteriaceae 0.54 0.67 (1.92) 0.33 (0.52) Anaerobic
Streptococcaceae 0.43 0.51 (2.75) 0.30 (0.60) Facultative anaerobic
Dermabacteraceae 0.42 0.40 (0.51) 0.47 (0.52) Facultative anaerobic
Xanthomonadaceae 0.41 0.37 (1.35) 0.47 (1.59) Aerobic
Lachnospiraceae 0.36 0.33 (1.31) 0.41 (0.87) Anaerobic
Microbacteriaceae 0.26 0.25 (0.57) 0.28 (0.54) Microaerophilic/aerobic
Fusobacteriaceae 0.22 0.05 (0.33) 0.52 (2.48) Anaerobic
Campylobacteraceae 0.18 0.17 (1.06) 0.21 (0.67) Microaerophilic
Propionibacteriaceae 017 0.20 (0.48) 0.11(0.39) Microaerophilic/Facultative
anaerobic
Comamonadaceae 0.15 0.12 (0.75) 0.21 (1.01) Aerobic
Pseudomonadaceae 0.14 0.17 (1.32) 0.10 (0.24) Aerobic
Unclassified Bacteroidales 0.11 0.18 (1.85) 0.01 (0.02) Unidentified
Dietziaceae 0.1 0.14 (0.53) 0.06 (0.19) Aerobic
Unclassified Proteobacteria 0.11 0.15 (1.67) 0.04 (0.24) Unidentified
Neisseriaceae 0.11 0.09 (0.54) 0.15 (0.86) Facultative anaerobic
Actinomycetaceae 0.10 0.09 (0.31) 0.11 (0.28) Anaeroblc/fac_ultatlve
anaerobic
Alcaligenaceae 0.09 0.07 (0.48) 0.13 (0.83) Aerobic
Caulobacteraceae 0.09 0.07 (0.35) 0.12 (0.43) Aerobic
Unclassified Bacteroidetes 0.08 0.06 (0.51) 0.12 (0.91) Unidentified
Enterobacteriaceae 0.07 0.06 (0.23) 0.09 (0.32) Facultative anaerobic

Abbreviations: sd — standard deviation.
*Circumcised men were 92.5% (135/146).
*Circumcised men were 97.6% (80/82).
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Supplemental Table 5.2. Differentially abundant genera in men with Corynebacterium-

dominated versus diverse penile microbiotas.

Corynebacterium-dominated penile microbiotas (CST-1)

Diverse penile microbiotas (CSTs 2-5)

Corynebacterium, Staphylococcus, Thauera, Enhydrobacter,
Flavisolibacter, Brevibacterium, Blastococcus, unclassified
Bacillales, Exiguobacterium, Eremococcus, Skermanella,
Turicibacter, unclassified Lactobacillales, Gp,
Planomicrobium, Leuconostoc, unclassified
Dermabacteraceae, Microvirga, Facklamia,
Propionibacterium, unclassified Planococcaeae,
Anaerococcus, unclassified Bacteria, Neisseria, unclassified
Oxalobacteraceae, unclassified Nocardioidaceae,
unclassified Sphingomonadaceae, Anaerostipes, Delftia,
Methylobacterium, Naxibacter, Zimmermannella,
Nosocomiicoccus, Enterococcus, Dermabacter,
Brachybacterium, Gemmiger, Clostridium sensu stricto,
Bifidobacterium, unclassified Staphylococcaceae,
Psychrobacter, Roseburia, Blautia, Jeotgalicoccus,
Tessaracoccus, Salinicoccus, unclassified Neisseraceae,
Sphingomonas, Ruminococcus, Paracoccus, unclassified
Propionibacteriaceae

Prevotella, unclassified Clostridiales, Porphyromonas,
Gardnerella, Negativicoccus, Sneathia, Dialister,
Finegoldia, unclassified Clostridia, Saccharofermentans,
unclassified Clostridiales Incertae Sedis XI, Atopobium,
unclassified Fusobacteriacea, Campylobacter,
unclassified Incertae Sedis XI|, Micrococcus, unclassified
Bacteroidales, Streptococcus, Slackia, unclassified
Bacteroidetes, Pseudomonas, unclassified
Porphyromonadaceae, Murdochiella, unclassified
Micrococcaceae, Haemophilus, Hallella, unclassified
Peptostreptococcaceae, Peptococcus, Parvimonas,
unclassified Veillonellaceae, Sutterella, unclassified
Coriobacteriaceae, Varibaculum, unclassified
Prevotellaceae, Mobiluncus, Mycoplasma, Citrobacter,
Aeromonas, Brucella, unclassified Firmicutes,
Howardella, Pantoea, Pyramidobacter, Olsenella,
Granulicatella, unclassified Aerococcaceae, Kocuria,
Arcanobacterium, unclassified Brucellaceae

Abbreviations: CST — community state type.

Lactobacillus-dominated penile microbiotas (CST-6) were excluded from these analyses because they were neither diverse nor

dominated by Corynebacterium.

Only genera at logarithmic LDA scores >2.0 or <-2.0 (p<0.05) are shown.
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Supplemental Table 5.3. Associations of male community state types (CSTs) with female sexual partners’ CSTs.

Supplementary Data

Non-Lactobacillus-
dominated CVMs

Lactobacillus-

CST dominated CVMs RR (95% Cl)

L. iners-dominated

Diverse CVMs

RR (95% Cl)

o-value CVMs (CST-3) (CST-8) p-value”
(% (n/N)) (% (n/N)) (% (n/N)) (% (n/N))
Corynebacterium-dominated (CST-1) vs. Non-
Corynebacterium-dominated (CSTs 2-6)
Male CST-1 35.6 (21/59) 64.4 (38/59) 1208 17) 36.7 (18/49) 633(3149)  13(0519)
Male CSTs 2-6 26.5 (13/49) 73.5 (36/49) Ref 23.9 (11/46) 76.1 (35/46) Ref
Corynebacterium-dominated (CST-1) vs. Diverse
(CSTs 2-5)
Male CST-1 35.6 (21/59) 64.4 (38/59) [ 36.7 (18/49) 633(3149)  1°12N)
Male CSTs 2-5 20.0 (9/45) 80.0 (36/45) Ref 18.6 (8/43) 81.4 (35/43) Ref
Highly diverse (CSTs 2-5) vs. Low-diversity (CSTs
1, 6)
Male CSTs 2-5 20.0 (9/45) 80.0 (36/45) 0:5(0.3-1.0) 18.6 (8/43) g1.4 (3543) 00 (0.3°10)
Male CSTs 1, 6 39.7 (25/63) 60.3 (38/63) Ref 40.4 (21/52) 59.6 (31/52) Ref
Lactobacillus-dominated (CST-6) vs. Non-
Lactobacillus-dominated (CSTs 1, 2-5)
Male CST-6 100.0 (4/4) 0.0 (0/0) * 100.0 (3/3) 0.0 (0/0) *

Male CSTs 1, 2-5 28.8 (30/104) 71.2 (74/104)

28.3 (26/92)

71.7 (66/92)

Abbreviations: CST — community state type, CVMs — cervicovaginal penile microbiotas, RR — relative risk, Cl — confidence interval.

*Association of male CST-6 with female CSTs was not performed due to small number of men in CST-6.
#p-values were computed using Chi-square/Fisher’s exact test. Significant p-values (<0.05) are shown in bold.
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u Firmicutes (54.7%)

u Actinobacteria (16.6%)

m Bacteroidetes (13.3%)

m Fusobacteria (13.0%)

u Tenericutes (1.2%)

u Proteobacteria (0.8%)

Chlamydiae (0.2%)

m SR1, Spirochaetes,

Cyanobacteria, Verrucomicrobia

(0.1%)

Supplemental Fig. 2.1. Proportions of the twelve phyla identified in the cervicovaginal microbiotas of

the 62 women.
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Supplemental Fig. 2.2. Extended error bar plots depicting differentially abundant bacterial taxa in
each cervicovaginal community state type (CST). The p-values (adjusted by Benjamini Hochberg FDR
correction to account for False Discovery Rates), effect size and confidence intervals (0.95, DP: bootstrap)
as computed by White’s non-parametric t-test (two-sided type) for each significant feature are indicated. Only
bacterial taxa with greater than zero difference between their percentage proportions and <0.05 g-values and

21.0 effect size are shown by STAMP. a) CST I/CST Il comparison, b) CST I/CST Ill comparison, and c)
CST II/CST Il comparison.
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Remained HPV-negative
(n=20)

Cleared HPV Infections
(n=6)

Persisted HPV Infections
(n=6)

Complex HPV Infections
(n=5)

Supplemental Fig. 2.3. Distribution of the natural history of HPV infection at 6-month visit. The values
in parentheses show the number of women in that particular HPV definition category.

O_

Contraceptive

EDepo B None
E3Neten Oral pill

W) e

Simpson Dominance Shannon Shannon Equitability

Supplemental Fig. 2.4. Alpha diversity grouped by hormonal contraception status and type of
contraceptive. Each box plot is colour-coded according to the type of hormonal contraception. In each plot,
the box ranges from the first to the third quartile, with the median represented by the line that divides the
box into two. The whiskers extend to adjacent values within the lower and upper quartiles. Outliers are
represented by the dots. Hormonal contraceptive users are categorised according to the type of
contraceptive: oral (oral pills) or injectable (Depo: Depo-Provera and Neten: norethisterone enanthate)

contraceptives.
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Supplemental Fig. 3.1. Comparison of the relative abundances of other genera with noticeable variation between lon Torrent V4 and lllumina V3-V4
dataset. a) Sneathia, b) Atopobium, and c) Prevotella. The dashed line (trendline) is the line of identity (1=1). For each of these genera, the relative
abundance was compared across the 19 samples in each dataset. Pearson’s correlation (r) values are shown on the trendline. The relative abundance of
each of the six highlighted genera from each method was compared across the 19 samples. Pearson’s correlation (r) values are shown on the trendline.
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Complex HPV Infections
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Supplemental Fig. 4.1. Distribution of the natural history of HPV infection at 6-month visit. The values
in parentheses show the number of women in that particular HPV definition category.
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Supplemental Fig. 4.2. Rarefaction plots of the 87 cervicovaginal microbiotas. Rarefaction plot with a)
observed_species and b) Shannon diversity estimators. The alpha diversity (community richness) was
assessed at different sequencing depths. Each coloured-curve represents one of the eighty seven samples.
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Supplemental Fig. 4.3. Rank abundance plots of bacterial taxa in the eight established community
state types (CSTs). Rank abundance plots were used to estimate the bacterial diversity by measuring
richness, dominance, and evenness. Richness is the distance a curve extends along the x-axis while
dominance is the y-intercept. A higher value on the y-axis depicts increased dominance; hence, low diversity.
Evenness is indicated by a low slope of the curve. Therefore, in a rank abundance plot, a high dominance,
more richness and evenness in a bacterial community indicate a high ecological diversity.
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Supplemental Fig. 4.4. Extended error bar plots depicting enriched bacterial taxa in two community
state types. Only features with greater than zero difference between their percentage proportions in CST-3
and CST-8 with an effect size 21.0 and g-value <0.05 are shown. The statistical comparison was carried out
in STAMP. The p-values (adjusted by Benjamini Hochberg correction to account for False Discovery Rates),
effect size and confidence intervals (0.95, DP: bootstrap) computed by White’s non-parametric t-test (two-
sided type) are indicated. The difference in mean proportions and 95% confidence intervals are shown on
the bar plots.
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Supplemental Fig. 4.5. Potential biomarkers for HPV by LefSe. a) Histogram of differentially abundant
taxa in cervicovaginal microbiotas of women with and without HPV infections, and b) A six-level cladogram
with a taxonomic hierarchical structure. Each coloured solid represents a taxon and its diameter is
proportional to the taxon’s relative abundance. Red and green solids represent statistically significant taxon
ranks in HPV-positive and HPV-negative group, respectively. Only features with logarithmic LDA scores >2.0
or <-2.0 are shown.
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Supplemental Fig. 4.6. LefSe histograms of relative abundances of the KEGG module transporters in
community state types (CSTs) dominated by L. iners (CST-3) and diverse bacteria (CST-8). Each bar
plot represents the relative abundance of the predicted transporter in each sample. The mean and median
relative abundances of these transporters are shown by solid and dashed lines, respectively.
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Supplemental Fig. 4.7. Histogram of the differentially enriched KEGG pathway and metabolic
functional modules in women with and without bacterial vaginosis (BV). At LDA score >2.0, thirty three
and 45 modules were significantly abundant in women with and without BV, respectively. Only modules with

logarithmic LDA scores >2.5 or <-2.5 are shown.
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Supplemental Fig. 5.1. Alpha diversity measures of penile microbiotas. Comparison of alpha diversity
measures of penile microbiotas grouped a) human papillomavirus (HPV) infection status, and b) CD4" T-cell
count status. In the plot, the boxes range from the first to the third quartile, with the median represented
by the horizontal line. The whiskers extend to the smallest and largest non-outliers and outliers are
represented by dots.
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Supplemental Fig. 5.2. Beta diversity of penile bacterial communities. Principal Coordinates Analysis
(PCoA) plots of the weighted UniFrac distances of the penile microbiotas coloured according to a) human
papillomavirus (HPV) infection status and b) CD4" T-cell count status. The two principal coordinate axes of
variations (Axis.1: 40.0% and Axis.2: 18.7% (a) and Axis.1: 38.2% and Axis.2: 15.7% (b)) are shown. Each
solid point is a bacterial community.
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Supplemental Fig. 5.3. Potential biomarkers for HPV by LefSe. a) Histogram of differentially abundant taxa in penile microbiotas of men with and without
HPV infections, and b) A six-level cladogram with a taxonomic hierarchical structure. Each coloured solid represents a taxon and its diameter is proportional
to the taxon’s relative abundance. Red and green solids represent statistically significant taxon ranks in HPV-positive and HPV-negative group, respectively.
For the purposes of better visualization of the histogram, only features with logarithmic LDA scores >3.0 or <-3.0 are shown. For the cladogram, features are
shown at logarithmic LDA scores >2.0 or <-2.0.
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Supplemental Fig. 5.4. Potential biomarkers for HPV and high-risk HPV by LefSe. Histogram of differentially abundant taxa in penile microbiotas of HIV-
negative men with and without a) HPV infections, and b) high-risk (HR)-HPV infections. Only features with logarithmic LDA scores >2.0 or <-2.0 are shown.
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