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Abstract 

A common condition in reproductive age women, bacterial vaginosis (BV), is characterised by a 
dysbiosis in the vaginal microbiome, and frequently associated with abundance of the genus 
Prevotella. Prevalence of BV is particularly high in sub-Saharan Africa and comprehensive 
characterisation of South African BV-associated bacteria is vital for BV management in the region. 
However, to date, most research has focussed on BV-associated Prevotella species from the 
global North.  

A total of 69 Prevotella isolates were purified from vaginal samples from the UChoose cohort 
study, which was designed to assess the effect of hormonal contraceptives on HIV risk in 
adolescent girls and young women (16-19 years old). Isolate genus was confirmed by Prevotella 
genus-specific PCR for all isolates. A subset was speciated by 16S rRNA gene sequencing to be 
P. bivia (n=36) and a putative P. melaninogenica (n=1) and were carried forward for further 
phenotypic characterisation, including antimicrobial resistance testing by Etest methodology, 
and quantification of biofilm formation by crystal violet staining. South African Prevotella isolates 
displayed 2.7% and 8.3% resistance to metronidazole and clindamycin, respectively, with higher 
rates of resistance against non-BV antibiotics (19.44%-38.89%). Several strains exhibited co-
resistance to two (12/36), three (6/36) or four (2/36) antibiotics. Biofilm formation was 
significantly greater than the P. bivia ATCC 29303T type-strain in over a quarter of strains (p>0.05), 
with some intra-sample diversity in biofilm-forming ability. 

Additionally, 36 strains (35 P. bivia and 1 P. melaninogenica) were whole genome sequenced using 
Illumina MiSeq technology. Genomes of these isolates, and of published sequences on the NCBI 
RefSeq database, were annotated and screened for antimicrobial resistance and virulence 
genes, as well as for the presence of prophages or anti-phage defence mechanisms. 
Phylogenetic analysis by cpn60 gene sequencing and core genome alignment revealed that intra-
sample diversity was generally low, but at least one sample had two distinct strains at the same 
time point. The putative P. melaninogenica isolate was most closely related to another vaginal 
Prevotella spp., but both were potential novel species based on average nucleotide identity score 
(<95%). Isolation location (South African versus international) was not reflected in the 
phylogenetic trees and there were no differential genes associated with isolate origin. 
Antimicrobial resistance genes relevant to metronidazole (nimK) and clindamycin resistance 
(ermF) were identified in 2.27% (1/44) and 29.09% (4/44) strains, respectively. The variants of the 
β-lactamase gene, cfxA, were differentially associated with resistance to a β-lactam antibiotic 
(p=0.000212). 

Lipopolysaccharide (LPS) production was assessed in a subset of Prevotella strains using a 
commercially available isolation and quantification kit. LPS production was 24-fold higher in the 
P. melaninogenica-related strain, compared to five P. bivia isolates tested (p<0.05), and was 
structurally different to P. bivia LPS as observed by SDS-PAGE.  

Overall, isolates, added to a Prevotella biorepository, were phenotypically and genotypically 
characterised, which will enable regionally relevant BV research into future intervention and 
treatment plans.
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Chapter 1: Literature review 

1.1  Vaginal microbiome 

1.1.1 Introduction 

Within the human body, much research over the past decade has elucidated the role of 

the microbiota in host systemic health and highlighted the complexity of these microbial 

ecosystems (Peterson et al., 2009). Historically, a large proportion of microbiome-based 

research has focused on the gut, oral cavity and skin, with other body sites only more 

recently garnering increased attention (Abdill et al., 2022). One of these ‘other’, only more 

recently investigated microbiomes, is the vaginal tract, despite its public health and 

reproductive health importance. 

1.1.2 Vaginal microbiota 

In a paper published in 1892, the German gynaecologist Albert Döderlein identified what 

he called the ‘Döderlein bacillus’ being the dominant species in the healthy vagina – a 

Gram-positive bacillus, now believed to be a species of Lactobacillus, which he noted 

was found in greater abundance in low pH vaginas. Since these early days, Lactobacillus 

spp. have been thought to be associated with better vaginal health and reduced vaginal 

symptoms, an idea that is still central today (Chee et al., 2020; Thomas, 1928). The 

vaginal microbiota is optimally characterized by a low diversity, low pH (<4.5) ecosystem 

that is almost singly colonized by Lactobacillus species (primarily Lactobacillus 

crispatus, Lactobacillus gasseri and Lactobacillus jensenii) (Boskey et al., 1999; Ravel et 

al., 2011). These Lactobacillus-dominant communities engage in a mutualistic 

relationship with the host, using nutrients available in the vagina and in turn, providing 

protection to the host. For instance, vaginal free glycogen has been shown to be an 

energy source for the lactobacilli, promoting their growth (Mirmonsef et al., 2014). In 

return, lactobacilli produce pH-lowering compounds such as lactic acid, as well as 

target-specific bacteriocins, which protect against colonisation by opportunistic 

pathogens (Boskey et al., 2001; Karaoglu et al., 2003). Thus, the host provides an 
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anaerobic, nutritious vaginal niche for the lactobacilli in exchange for the antimicrobial, 

anti-inflammatory and protective properties of the bacteria (Chetwin et al., 2019).  

Defined by Ravel et al. in 2011, vaginal microbial communities can broadly be 

categorized into five community state types (CSTs), which represent five core vaginal 

microbiomes, each of which is dominated by hallmark bacterial species (Ravel et al., 

2011). Four of the five core vaginal communities are characterised by Lactobacillus spp. 

dominance ─ CST-I by L. crispatus, CST-II by L. gasseri, CST-III by Lactobacillus iners and 

CST-V by L. jensenii. CST-IV is, in contrast, not characterised by lactobacilli, but rather by 

a heterogenous community of obligate anaerobic bacteria, including Gardnerella spp., 

Prevotella spp., Fannyhessea vaginae (previously Atopobium vaginae) and Sneathia spp., 

among others.  

1.1.3 Factors impacting the composition of the vaginal microbiota 

While some post-pubescent individuals maintain a stable vaginal microbiome over time, 

longitudinal studies have shown that there can be rapid alterations in the microbiome, 

shifting from one CST to another (Gajer et al., 2012). Typically, vaginal communities 

described as CST-I are reported to be most stable, while CST-III is reported to transition 

to other CSTs more readily (Munoz et al., 2021). Multiple factors, both internal and 

external, have been investigated as having the ability to cause shifts in the vaginal 

microbiota.  

One of the endogenous factors that greatly impacts the microbial composition is 

hormone fluctuations. Throughout a woman’s life, major hormonal events greatly shape 

the vaginal microbiome. Increased oestrogen levels at puberty stimulate the production 

of glycogen by the vaginal epithelial cells, facilitating the growth of lactobacilli and the 

production of lactic acid (Mirmonsef et al., 2014). Prior to puberty, and post-menopause, 

when oestrogen levels are lower, the lactobacilli are markedly lower in number (Hillier & 

Lau, 1997). This role of oestrogen in modulating the growth of lactobacilli is reinforced by 

studies assessing the effect of oestrogen hormone therapy in postmenopausal women, 

where supplementation with exogenous oestrogen can shift the microbiome from 

Lactobacillus-deficient to Lactobacillus-dominant (Galhardo et al., 2006; Pabich et al., 

2003). Thus, it stands to reason that the menstrual cycle, which is associated with short-
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term fluctuations in sex hormones, may also have an impact on the microbiome of the 

vagina. Several studies have shown that during the menstrual cycle, Lactobacillus 

abundance increases, until menses, which results in a decrease in lactobacilli and an 

increase of other, non-Lactobacillus species (Eschenbach et al., 2000; Gajer et al., 2012; 

Lopes dos Santos Santiago et al., 2011). This period of menses is highly disruptive to the 

vaginal microbiota, reducing stability, partly due to the specific changes in oestrogen and 

progesterone levels experienced at this time, or due to menstrual blood directly. In 

addition to the endogenous factors that impact the microbial composition of the vagina, 

exogenous factors, such as douching, antibiotics and sexual practices, can also result in 

community alterations (Mayer et al., 2015; Noyes et al., 2018; Onderdonk et al., 1992; 

Schwebke et al., 1999).  

Studies such as these have tried to identify factors that impact intra-individual temporal 

changes in the vaginal microbiome, but importantly, there are also inter-individual 

differences in microbial composition. Factors such as race and ethnicity have been 

proposed to affect the composition of the vaginal microbiota. A study in a cohort of four 

self-described ethnic groups (white, Asian, black, and Hispanic) revealed a significant 

difference in the microbial composition amongst the groups. Asian and white women 

were primarily dominated by lactobacilli (CST-I, -II, -III, -V) in 80.2% and 89.7% of cases, 

respectively, while black and Hispanic women in only 61.9% and 59.6% of cases, 

respectively (Ravel et al., 2011). These differences have also been reported in other 

studies in different regions (Fettweis et al., 2014; Zhou et al., 2007, 2010). In general, 

white and Asian women are reported to have non-iners Lactobacillus-dominant vaginal 

communities more commonly, while Hispanic or black individuals (particularly in Africa) 

more frequently have non-Lactobacillus communities (CST-IV) or L. iners dominated 

CST-III communities (Balle, Konstantinus, et al., 2020; Jespers et al., 2017; Wang et al., 

2023). Whether this is due to genetic or behavioural and socioeconomic factors is not yet 

known, but it does suggest that researchers need to critically look at what is defined as a 

‘healthy’ vaginal microbiota, as it may not be applicable for all population groups 

(McKinnon et al., 2019).  
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1.2 Bacterial vaginosis (BV) 

1.2.1 Introduction 

BV is a commonly described condition in reproductive age women, with an incredibly 

high reported prevalence of 34-58% in some South African populations (Kenyon et al., 

2013). BV is defined as the depletion of beneficial, acid-producing vaginal lactobacilli, 

accompanied by a bloom of anaerobic bacteria (Eschenbach et al., 1989; Muzny et al., 

2018). These alterations are characterised by an increased vaginal pH and a subsequent 

loss of protection associated with a more acidified vagina. Some of these BV-associated 

anaerobes include Gardnerella spp., Prevotella spp., Megasphaera spp., F. vaginae and 

Sneathia spp. (Zozaya-Hinchliffe et al., 2010). BV is a highly heterogenous condition. 

While the optimal vaginal state is one with low microbial diversity, BV is often associated 

with a complex community of different bacteria. However, certain bacteria are reported 

to play key roles in the initiation and progression of the condition, as well as the negative 

sequelae associated with it. Schwebke et al. (2014) proposed a model showing that 

Gardnerella spp. may be responsible for initiating the BV state. However, Gardnerella spp. 

have been identified in women without BV, so their presence alone is not always sufficient 

for BV development (Machado et al., 2016). The ability of Gardnerella spp. to sometimes 

result in BV may be due to virulence differences in Gardnerella spp. strains or subclades 

within the genus, but may also be dependent on the synergistic action of other bacterial 

species present along with Gardnerella spp. in complex BV polymicrobial environment 

(Fredricks et al., 2005; Nisha et al., 2019). 

1.2.2 Diagnosis, risk factors and treatment of BV 

Diagnosis 

While not always presenting with symptoms, BV is a leading cause of abnormal vaginal 

discharge and vaginal malodour (Bradshaw et al., 2006; Majigo et al., 2021). BV is 

typically diagnosed based on one of two standardized clinical tests – Amsel criteria or 

Nugent scoring (Amsel et al., 1983; Eschenbach et al., 1989; Nugent et al., 1991). In 1983, 

Amsel et al. developed a set of clinical criteria for diagnosis of BV based on the presence 

of at least 3 of 4 well-defined vaginal symptoms associated with BV – a thin, homogenous 
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white or yellow discharge, a vaginal pH of over 4.5 (observed by testing vaginal discharge 

on litmus paper), a fishy odour after addition of 10% (w/v) potassium hydroxide to the wet 

mount (known as a ‘whiff test’), and microscopically observing stippled epithelial cells 

covered in bacteria (known as clue cells). The presence of three of the four specified 

conditions is indicative of a positive BV diagnosis according to this method. Alternatively, 

Nugent scoring can be used for diagnosis (Nugent et al., 1991). This method is 

microbiological in nature, defined by scoring based on the presence or absence of 

specific bacterial morphotypes in vaginal smears examined under the microscope. 

Scores are assigned based on the absence of Lactobacillus morphotypes (large Gram-

positive bacilli), the presence of curved, Gram-negative rods (indicative of Mobiluncus 

spp.) and the presence of Gardnerella/ Bacteroides spp. (Table 1.1). Adding the scores 

will result in a value between 0 and 10 which determines BV diagnosis (0-3 as BV-

negative, 4-6 as BV-intermediate and 7-10 as BV-positive).  

Table 1.1: Criteria for bacterial vaginosis diagnosis by Nugent scoring 

Morphotype Number of cells / oil immersion field Score 

Large, Gram-positive bacilli (Lactobacillus-like) 30+ 0 

5-30 1 

1-4 2 

<1 3 

0 4 

Tiny, Gram-variable coccobacilli (Gardnerella-like) 

and/or Gram-negative bacilli (Bacteroides-like) 

>30 4 

5-30 3 

1-4 2 

<1 1 

0 0 

Curved Gram-negative rods (Mobiluncus-like) >5 2 

1-4 1 

0 0 

Risk factors for BV 

While the exact ‘causes’ are not clear, several risk factors have been identified which may 

leave an individual more susceptible to BV onset or BV recurrence. Sexual behavioural 
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practices are thought to affect BV acquisition risk. For example, number of lifetime sex 

partners, being a woman who has sex with women, frequency of intercourse, lack of use 

of condoms, and history of sexually transmitted infections (STIs) have been shown to be 

associated with BV risk (Fethers et al., 2009; Guédou et al., 2013; Marrazzo et al., 2010). 

However, while BV transmission dynamics sometimes resemble aspects of STI 

transmission, there is controversy surrounding the concept of BV as an STI (Morris et al., 

2001). Some studies report no incidence of BV in sexually inexperienced individuals, 

such as that of Fethers and colleagues (Fethers et al., 2008, 2009), while Koumans and 

colleagues reported a significant prevalence of 18.8% in individuals who had never had 

sex (Koumans et al., 2007). These conflicts may suggest that BV is more likely, or 

enhanced, with sexual experience, however more, large cohort studies are needed to 

determine how prevalent BV is in sexually inexperienced individuals. Other identified 

non-sexual risk factors for BV include douching, use of a copper intrauterine device (IUD) 

and smoking (Achilles et al., 2018; Guédou et al., 2013; Nelson et al., 2018; Ranjit et al., 

2018). These factors are thought to impact the vaginal microbiota in such a way that can 

result in a shift toward a BV-like ecosystem, but the exact mechanisms of these shifts 

need further investigation.  

Standard of care BV treatment 

Following a positive BV diagnosis, recommended treatment involves the use of broad-

spectrum antibiotics, including metronidazole or clindamycin. The Centers for Disease 

Control and Prevention (CDC) and the World Health Organization (WHO) have the same 

guidelines for management of BV, recommending: 1) 400-500mg oral metronidazole, 

twice daily for 7 days; 2) 0.75% metronidazole intravaginal gel, once daily for 5 days; or 3) 

2% clindamycin intravaginal gel, once daily for 7 days (Guidelines for the Management of 

Sexually Transmitted Infections, 2021; Sexually Transmitted Infections Treatment 

Guidelines, 2021). The desired outcome following treatment is a return to a more optimal 

vaginal microbial composition and a disappearance of symptoms. A cure rate of 70-80% 

has been reported by multiple studies (Lugo-Miro et al., 1992; Oduyebo et al., 2009), 

however, the standard of care (SOC) antibiotics are not always able to resolve BV long 

term. Studies conducting long-term follow up after BV treatment have shown a 

recurrence rate of 50% within 12 months of initial BV clearance (Bradshaw et al., 2006). 
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Theories behind the frequency of recurrence include reintroduction of the BV-associated 

microbes from a partner, antimicrobial resistance (AMR) to metronidazole and 

clindamycin or the protection of certain bacteria by the biofilm scaffold associated with 

BV (Beigi et al., 2004; Faught & Reyes, 2019; Swidsinski et al., 2008). Currently, 

management of recurrent BV is with repeated prescription of the SOC antibiotics, but this 

poses a significant risk for emergence of antimicrobial resistant bacteria, vaginally and 

systemically, and highlights a need for research into alternative treatment options 

(Eschenbach, 2007). 

1.2.3 Biofilms in BV 

Biofilms have been identified as an important feature in BV pathogenesis and 

persistence, forming an important part of BV ecosystems (Swidsinski et al., 2005). 

Biofilms are defined as complex communities of different microbes, attached to a biotic 

or abiotic surface, and are coated in a matrix of extracellular polysaccharides, proteins 

and nucleic acids (Høiby et al., 2011). In line with a study by Swidsinski and colleagues 

in 2005, a conceptual hypothesis was proposed by Schwebke and colleagues proposing 

that Gardnerella spp. are required for initiation of the biofilm on the vaginal epithelium, 

laying down a ‘framework’ before the biofilm is colonized by other BV-associated 

bacteria, such as P. bivia and F. vaginae (Muzny et al., 2019; Schwebke et al., 2014; 

Swidsinski et al., 2005). Gardnerella spp. have been shown to form biofilms more readily 

than other BV-associated microbes and compared to free-living bacteria, the biofilm-

resident cells display a 5-fold increased tolerance to hydrogen peroxide and a 4- to 8-fold 

increased tolerance to lactic acid, both of which are protective compounds produced by 

lactobacilli (Patterson et al., 2007; Swidsinski et al., 2005). Some other BV-associated 

bacteria, such as P. bivia and F. vaginae, can adhere to the vaginal epithelium and have 

potential to form biofilms, but these strains are more likely to be outcompeted by L. 

crispatus than Gardnerella spp., and may rely on the latter to properly establish in a 

biofilm (Machado et al., 2013).  

Most biofilm studies have been undertaken in vitro, with a pre-determined group of 

bacteria, which does not reflect the extremely complex, multi-species communities that 

may exist in the vagina, with host and external factors playing a role. However, the 
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formation of this biofilm, with the incorporation of BV-associated anaerobes into the 

Gardnerella-established biofilm, is an important component of BV pathogenesis, 

providing a scaffold for adhesion of BV-microbes and is speculated to contribute to 

frequently reported BV recurrence following the recommended treatment plan 

(Bradshaw et al., 2006; Swidsinski et al., 2008). The study conducted by Swidsinski and 

colleagues reported that biofilms consisting mainly of Gardnerella spp. and F. vaginae 

were only suppressed temporarily following treatment with metronidazole, but biofilm 

activity was resumed within 3 weeks of treatment with SOC BV antibiotics. As such, 

disruption of these BV biofilms is a major research objective for trying to effectively 

eliminate BV-associated bacteria in the long-term.  

1.2.4 Adverse sequelae associated with BV 

For those individuals with asymptomatic BV, diagnosis and treatment may still be 

beneficial (Muzny & Schwebke, 2020). BV is not only undesirable due to the 

uncomfortable vaginal symptoms but is associated with several adverse health 

outcomes. Some of the negative outcomes commonly associated with BV are obstetric 

and gynaecologic sequelae, including pre-term birth (PTB), low infant birth weight, 

infertility, endometritis, pelvic inflammatory disease (PID) and early miscarriage (Al‐

Memar et al., 2020; Haggerty et al., 2004, 2016; Hillier et al., 1995; Jacobsson et al., 

2002). 

PTB, defined as birth at less than 37 gestational weeks, is a major cause of global 

neonatal death worldwide and as such, has garnered a lot of attention in BV research (Liu 

et al., 2012). A meta-analysis of 18 studies, consisting of more than 20 000 participants, 

determined that risk of PTB was twice as likely in BV-positive versus BV-negative 

individuals (Leitich et al., 2003). The presence and abundance of specific bacterial taxa 

have been associated with the onset of PTB and other obstetric outcomes, but the 

mechanisms of initiating these adverse events is not known (Fettweis et al., 2019; Nelson 

et al., 2014). One hypothesis is that uterine ascension of BV bacteria may put women at 

a higher risk of PTB, as the detection of microbes in amniotic fluid is associated with PTB 

(Onderdonk et al., 2008; Watts et al., 1992). However, this is a disputed hypothesis, as 

the existence of a placental microbiome is not universally accepted. A second 
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hypothesis underscores inflammation associated with BV as a driver of PTB. BV can be a 

highly inflammatory condition, especially in the upper genital tract, and may contribute 

to lower gestational age (Simhan et al., 2003).  

Another gynaecological complication that is associated with BV is PID, characterised by 

an infection of the reproductive organs, which can lead to inflammation of the cervix 

(cervicitis), fallopian tubes, ovaries, and uterine lining (endometriosis) (Haggerty et al., 

2004). This is primarily thought to be attributed to microorganism ascension, particularly 

ascension of Neisseria gonorrhoeae, Chlamydia trachomatis and Mycoplasma 

genitalium. However, BV-associated bacteria have also been identified in PID cases 

without gonococcal or chlamydial infection (Haggerty et al., 2004). Thus, due to the 

association of BV with PID, there may be an increased risk of infertility or ectopic 

pregnancy in women with BV, especially since many women are asymptomatic and 

undiagnosed for both BV and PID (Taylor et al., 2013).  

Additionally, BV-positivity is associated with increased risk of acquiring several STIs. 

Multiple studies assessing risk factors for herpes simplex virus 2 (HSV-2) have shown that 

a BV-like microbiota is associated with a positive HSV-2 diagnosis in South African 

women, and otherwise (Abbai et al., 2016; Cherpes et al., 2003; Nagot et al., 2007). 

Chlamydia trachomatis and N. gonorrhoeae are 4 and 3.4 times more prevalent in 

individuals with BV, respectively (Wiesenfeld et al., 2003). This same study showed that 

the higher the ‘abnormality’ of the vaginal microbiota (i.e., the higher the Nugent score), 

the increased likelihood there was of a positive test for chlamydial or gonorrhoeal 

infection. BV has also been shown to associate with nearly a 2-fold increased risk of 

Trichomonas vaginalis infection (Abbai et al., 2016; Seña et al., 2021) and associated with 

human papillomavirus (HPV) infection and non-clearance (Dareng et al., 2016; Gillet et 

al., 2011; Guo et al., 2012).  

Of relevance to Sub-Saharan Africa, BV-positivity is reportedly associated with an 

increased risk of human immunodeficiency virus (HIV) acquisition (Gosmann et al., 

2017). A meta-analysis of 23 published studies showed a consistent association 

between BV and HIV infection risk (Atashili et al., 2008). Sub-Saharan Africa has the 

highest incidence of HIV infection worldwide, with 63% of all HIV infections in 2022 

occurring in Sub-Saharan African women (UNAIDS Fact Sheet, 2023). The reported 
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disproportionately high BV incidence in the region makes these associations with 

increased HIV acquisition more concerning for women (Kenyon et al., 2013). The 

mechanism behind this increased risk is not fully understood, but it is speculated that 

specific BV-associated microbes result in inflammation, and thus an increased 

recruitment of HIV target cells to the genital mucosa, increasing the probability of HIV 

uptake by these cells (Anahtar et al., 2015; Gosmann et al., 2017; Masson et al., 2015). 

It has been suggested that these adverse health outcomes are a risk for women with even 

asymptomatic BV, who may not be aware of their positive BV status. Treating 

asymptomatic BV is not currently recommended according to South African, nor CDC or 

WHO guidelines, however taking these reproductive health impacts into account, this 

may be a viable option to reduce the burden of STIs and pregnancy complications in the 

future (Guidelines for the Management of Sexually Transmitted Infections, 2021; Sexually 

Transmitted Infections Management Guidelines 2018; Sexually Transmitted Infections 

Treatment Guidelines, 2021).  

1.3 Prevotella spp. 

1.3.1 Introduction 

Named after French bacteriologist, A. R. Prévot, Prevotella spp. are common inhabitants 

of various human and ruminal microbiomes (Tett et al., 2021). Prevotella are rod-shaped 

Gram-negative, non-sporulating, obligate anaerobes, first described with the 

identification of Bacteroides melaninogenicus (now Prevotella melaninogenica) in 1921 

(Oliver & Wherry, 1921). Prevotella species were initially classed as members of the 

genus Bacteroides, with the reclassification of the bacteria to the genus Prevotella based 

on the susceptibility of strains to bile, their moderate saccharolytic activity and 

differences in enzyme production (Shah & Collins, 1990). In healthy humans, Prevotella 

spp. can be found in relatively low abundance at the mucosal surfaces of the oral cavity 

(Könönen, Jousimies-Somer, et al., 1994; Könönen et al., 2022) and urogenital tract 

(Modena et al., 2017; Ravel et al., 2011), as a commensal in a balanced microbiome. 

Prevotella spp. can also be found as a commensal in high abundance in the gut, 

associated with consumption of a ‘non-Westernised’, plant-based diet (as opposed to 
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higher Bacteroides abundance in protein-rich and high animal fat diets) (Wu et al., 2011). 

However, these commensals can transition to pathobionts when there is a bloom in 

abundance of the Prevotella spp., particularly in the mouth and urogenital tract. 

Microbial dysbiosis in these body sites can result in an alteration of host immune 

response, leading to an imbalance in immune homeostasis and in turn, can allow a 

further outgrowth of dysbiotic strains, which can grow and establish more easily (Larsen, 

2017). This transition can result in several localized conditions, such as that of the mouth 

(periodontitis), the respiratory tract (pneumonia) and the vagina (BV) (Dahlén, 1993; 

Ravel et al., 2011; Yamasaki et al., 2013). In the context of BV, P. bivia is one of the most 

prominent BV-associated organisms, found in one study to be 10-fold more abundant in 

BV-afflicted individuals compared to BV-unafflicted individuals (Zozaya-Hinchliffe et al., 

2010).  

Prevotella bivia is a hallmark of BV diagnosis and pathogenesis, but is present with other 

BV-associated species, such as Gardnerella spp. (Ravel et al., 2011). Symbiosis has been 

reported between these species, where growth of each is enhanced by the mutual 

exchange of nutrients (Pybus & Onderdonk, 1997). Amino acids produced by Gardnerella 

spp. metabolism are used by P. bivia, resulting in ammonia that is in turn used by 

Gardnerella spp. Prevotella bivia has been shown to incorporate into G. vaginalis 

biofilms, and compared to mono-culture G. vaginalis biofilms, glycosyltransferase genes 

required for biofilms were up-regulated when P. bivia was incorporated (Castro et al., 

2021; Yeoman et al., 2010). This suggests a symbiosis within the BV biofilm between P. 

bivia and Gardnerella spp. that may promote biofilm formation and maintenance and 

promote the growth of each species within the biofilm. There have also been studies 

suggesting that Gardnerella spp. presence in the vagina may promote the ascension of P. 

bivia into the uterus (Gilbert et al., 2019). 

This symbiosis highlights a complex inter-species relationship between P. bivia and 

Gardnerella spp. that may explain their frequent dual presence in BV. Symbiotic 

relationships such as these may exist amongst other BV-associated species, as has been 

reported for F. vaginae and G. vaginalis in biofilms (Castro et al., 2021) and P. bivia with 

Peptostreptococcus anaerobius (Pybus & Onderdonk, 1998), but most research has 

focused on the primary BV-species, P. bivia and G. vaginalis. 
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1.3.2 The role of Prevotella spp. in adverse BV sequelae 

Some of the negative health outcomes associated with BV, including obstetric, 

gynaecological, and STI outcomes, are associated with Prevotella spp. Below are some 

of the BV-associated sequelae that Prevotella spp. are thought to promote. 

Sexually transmitted infections 

Human Immunodeficiency Virus 

Several factors have been shown to impact susceptibility to HIV, including cervicovaginal 

mucus, epithelial integrity and immune cells present at the site of infection. Target HIV 

cells in the female genital tract (FGT) are likely CD4+/ CCR5+ cells, with the virus either 

infecting these cells at the vaginal mucosa directly, or indirectly by presentation to CD4+ 

T cells by dendritic cells or vaginal Langerhans cells (LC) which have internalized HIV 

(Belyakov & Berzofsky, 2004; Hladik et al., 2007). Prevotella spp. abundance in the vaginal 

microbiota has been associated with increased risk of HIV acquisition. One study 

showed that P. bivia and P. melaninogenica were significantly more abundant in women 

who acquired HIV compared to those who didn’t (Eastment & McClelland, 2018). In some 

cases, this may be due to increased mucosal inflammation that leads to a disruption of 

epithelial barrier function and recruitment of HIV target cells (Arnold et al., 2016; 

Gosmann et al., 2017). However, Prevotella spp. have also been shown to greatly 

increase HIV susceptibility risk by promoting uptake of HIV-1 by vaginal LCs, increasing 

the risk of presentation to HIV target cells and subsequent HIV infection (van Teijlingen et 

al., 2022). Prevotella spp. may also contribute to thinning of vaginal mucus by production 

of sialidases (Briselden et al., 1992; Nunn et al., 2015), which facilitates viral migration to 

the underlying epithelial layer. Finally, Prevotella spp. have been implicated in the 

degradation of HIV microbicides, such as tenofovir, decreasing their efficacy in vivo (Klatt 

et al., 2017).  

Human Papillomavirus 

It is reported that women with BV are more likely to have high risk HPV (hrHPV) types at 

the cervix than women without BV (Dareng et al., 2016).Persistent infection with hrHPV 

can lead to the development of cervical intraepithelial neoplasia (CIN) and cervical 
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cancer (Walboomers et al., 1999). A two-year, prospective cohort study showed that the 

abundance of Prevotella spp. was significantly higher in women with persistent hrHPV 

than in women without persistent HPV (Dong et al., 2022). Additionally, this study showed 

that HPV-16, and HPV-18, the HPV subtypes that cause ~70% of cervical cancers, were 

associated with Prevotella spp. abundance. Persistence and reduced regression of CIN 

(i.e. the growth of abnormal cells on the cervical epithelial tissue which can progress into 

cervical cancer) is associated with P. timonensis presence in the vaginal microbiota 

(Mitra et al., 2020). The mechanisms by which Prevotella spp. are associated with hrHPV 

may be the same as the proposed mechanisms of increased HIV acquisition, with altered 

mucus viscosity and reduced epithelial barrier integrity allowing better access to the 

vaginal epithelium. Additionally, studies have reported that there is a relationship 

between hrHPV (particularly HPV-16 and HPV-18) and toll-like receptor 4 (TLR4) and NFkB 

signalling in vaginal epithelial cells (Dong et al., 2022) . Since Prevotella spp. can activate 

NFkB signaling, this might be one mechanism by which its abundance can promote HPV 

progression and persistent infection (Nasu & Narahara, 2010). 

Chlamydia 

Apart from the chronic STIs, HPV and HIV, Prevotella spp. are also associated with 

chlamydial infections. Increased susceptibility to chlamydia is proposed to be due to 

sialidase-induced changes to the vaginal mucosa and epithelial damage, but there is 

also a role of the species in the metabolism of the pathogen. Prevotella spp. are a source 

of vaginal indole and the C. trachomatis enzyme, TrpBA, enables the conversion of this 

indole to tryptophan, which promotes persistence of chlamydial infection (Wang et al., 

2022; Ziklo et al., 2016). Interestingly, while Prevotella spp. are capable of producing 

indole (via the tnaA tryptophanase gene), there are within-genus variations which can 

affect indole availability in the FGT and may impact how Prevotella spp. interact with and 

promote persistence of C. trachomatis (Aiyar et al., 2014).  

Obstetric and gynaecologic effects 

Prevotella spp. have been specifically associated with PTB, one of the most commonly 

reported BV-associated obstetric outcomes (Mikamo et al., 1998). One study identified 

that signature Prevotella species associated with PTB are P. timonensis, P. bivia, P. 
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corporis and Prevotella buccalis (Freitas et al., 2018). Another study showed an 

association between P. buccalis abundance and PTB, which also correlated with 

increased levels of what are believed to be labour-inducing cytokines, interleukin-6 (IL-6) 

and interleukin-8 (IL-8) (Kumar et al., 2021). One third of premature births are attributed 

to preterm premature rupture of membranes (PPROM), which is a contributor to neonatal 

death, foetal skeletal deformities, and neurodevelopmental impairment (Morris et al., 

2016; Paramel Jayaprakash et al., 2016). Prevotella spp. are often, and in some studies, 

always, present at the onset of PPROM and can persist throughout treatment (Baldwin et 

al., 2015; Yan et al., 2022), with the study by Yan and colleagues suggesting that P. 

timonensis in particular could be used as a biomarker for PPROM. Additionally, P. bivia 

abundance is associated with severe pre-eclampsia in pregnant women, a condition 

characterised by increased maternal blood pressure and may result in PTB (Lin et al., 

2020). The researchers also noted significantly higher plasma levels of tumour necrosis 

factor (TNF) in individuals with pre-eclampsia, but it was not determined whether this 

was due to Prevotella presence or not.  

More research is needed into determining if treatment of Prevotella spp., even in 

asymptomatic BV cases, would reduce the burden of these conditions, or if identification 

of Prevotella spp. could be used as a biomarker indicative of a high-risk individual. While 

many of these BV associated adverse sequelae cannot be explained by the abundance 

of Prevotella spp. alone, the association of Prevotella spp. with many of the health risks 

highlights why it is regarded as a species of BV research interest. While the exact 

mechanisms of the promotion of these conditions by Prevotella spp. is not known, one 

common hypothesis for both the STI and gynaecologic outcomes is the propensity of 

Prevotella spp. to induce vaginal inflammation. Different Prevotella spp. strains may have 

variations in their potential to contribute to disease, with different phenotypic displays of 

virulence. 

1.3.3 Factors playing a role in Prevotella spp. colonization  

Biofilm formation 

Formation of biofilms can be of importance to bacteria attempting to colonise host 

tissue, playing a vital role in many infections, including BV. Biofilms are highly complex 



15 

and highly organized functional communities of microbes that self-aggregate and 

produce an extracellular polysaccharide (EPS) as a matrix, allowing for attachment to 

either biotic or abiotic surfaces (Yin et al., 2019). This community arrangement also 

enables resistance to harsh environmental conditions, including antibiotic presence, 

extreme pH, and extreme temperature, and a potentially ideal environment for the 

exchange of AMR genes between bacterial cells (Michaelis & Grohmann, 2023). 

For Prevotella species, the most well described biofilms are those that form in the oral 

cavity by oral-resident Prevotella species, such as Prevotella intermedia, Prevotella 

nigrescens, Prevotella pallens and P. melaninogenica. Prevotella species can be present 

as commensals in the oral microbiome, colonizing the mouths of infants from early in life, 

however, some of these commensals are able to transition to a pathogenic state 

(Könönen, Asikainen, et al., 1994). The current hypothesis is that this may be due to the 

formation of dysbiotic biofilms, driving diseases such as periodontitis (Jiao et al., 2014). 

Formation of oral biofilms is best described for the oral pathobiont P. intermedia, which 

is positively associated with increased abundance in subgingival tissue of individuals 

with periodontitis (Socransky et al., 1998).  

As a virulence factor, biofilms are often thought to be advantageous to the bacteria by 

protecting the cells within the EPS and decreasing antibiotic penetration. There are, 

however, several studies that suggest that biofilms not only physically protect the 

bacteria, but that there are several changes in gene expression and phenotype depending 

on the lifestyle of the microbe (whether it is planktonic or biofilm-resident). A study 

undertaken by Karched et al. in 2022 analysed the proteomic profiles of the molecules 

secreted by planktonic and biofilm P. intermedia cultures (Karched et al., 2022). 

Surprisingly, 40-50% of all proteins secreted were unique to either planktonic or biofilm 

cells and biofilm cells stimulated marked increases in pro-inflammatory expression of 

macrophage inflammatory protein-1α (MIP-1 α), MIP-1β, IL-1β and IL-8 by human whole 

blood cells. In parallel to this, other studies have suggested that Escherichia coli and 

Pseudomonas aeruginosa andother Gram-negative anaerobes, also display different 

inflammatory potential on human cells depending on their growth mode, which was 

modulated by differential modifications to the lipid A  subunit of lipopolysaccharide (LPS) 

(Chalabaev et al., 2014; Ciornei et al., 2010). While it is not yet known if the P. intermedia 
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biofilm cells which induce higher inflammation are also due to LPS modifications, it is 

becoming clear that mode of growth does impact bacterial interaction with the host and 

that the biofilm may play a more intricate role in BV pathogenesis than simply preventing 

antibiotic penetration. 

There are also biofilm interactions with the host in the other direction, with host 

hormones impacting biofilm formation. First identified due to the increase in gingival 

infections in pregnant women, it has been shown that an increase in sex hormones 

(oestrogen and progesterone) promotes biofilm formation and inflammation of the 

gingival tissue (Cornejo Ulloa et al., 2021). One of the hypotheses that has been put 

forward is that a bloom in species such as P. intermedia and P. melaninogenica, which 

are able to use the sex hormones as an essential growth factor instead of vitamin K 

(Kornman & Loesche, 1982) is responsible, in part, for the observed inflammation. Again, 

while this has been reported for the oral anaerobes, the question remains if this same 

phenomenon is seen in other niches with other species. Most relevantly to BV, whether 

this is seen for P. bivia in the vaginal microbiome, where oestrogen and progesterone 

levels may be in higher abundance than the oral cavity.  

Little work has been performed on Prevotella biofilm formation in other human niches, 

thus these studies on P. intermedia form much of the knowledge surrounding the 

formation of biofilms by the species. Nevertheless, these studies provoke questions or 

ideas about Prevotella biofilms in other body sites and highlight that there may be an 

importance to these biofilms in other contexts, such as BV. Prevotella bivia is reported to 

form smaller biofilms than its BV-counterpart, G. vaginalis, but more research is needed 

to elucidate these in vivo BV biofilms and the role P. bivia may play in their formation 

(Machado, Jefferson, et al., 2013).  

Antimicrobial resistance 

Another factor contributing to the inability of BV to be cleared long-term is the potential 

of acquired AMR in BV associated bacteria. Recent trends of AMR in Prevotella spp. have 

shown that a large proportion are resistant to penicillin (60-80% prevalence in Europe), 

ampicillin (51-78% prevalence) and clindamycin (30-40% prevalence in Europe and the 

US) (Reissier et al., 2023). Emergence of AMR is often attributed to the acquisition of AMR 
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genes, which can be transferred horizontally from one bacterium to another, facilitating 

spread of the genes. The occurrence of many well documented AMR genes, such as β-

lactam (cfxA), clindamycin (erm), metronidazole (nim) and tetracycline (tet) resistance 

genes, on mobile genetic elements (MGEs) pose a concern for increased AMR resistance 

in other species (Sood et al., 2023).  

Clindamycin and metronidazole are the SOC antibiotics for treatment of BV. 

Metronidazole resistance amongst Prevotella spp. is generally considered rare, although 

there have been some reports of resistance (Alauzet et al., 2010; Veloo et al., 2019). 

When present, resistance is often associated with carriage of nim genes, which encode 

nitroimidazole reductase enzymes that convert the metronidazole prodrug into an 

inactive form (Leiros et al., 2004). Prevotella spp. resistance rates against clindamycin 

are higher, with reports of 36.7%-89% resistance in different studies in different regions 

(Sood et al., 2023; Veloo et al., 2020), suggesting that certain regions may have a greater 

burden of AMR than others. Clindamycin resistance in Prevotella spp. is often associated 

with the presence of erm genes that encode 23S rRNA erythromycin resistance 

methylases (Veloo et al., 2019). These enzymes methylate the specific antibiotic target 

site on the 23S ribosomal subunit, thus preventing efficient binding by the antibiotic 

(Weisblum, 1995).  

Resistance to non-SOC BV antibiotics is also relatively common in Prevotella species. 

This is of relevance because their use for non-BV applications might favour the selection 

of resistant strains in the vaginal environment. The tetracycline class of antibiotics is 

commonly used for both Gram-positive and Gram-negative bacteria. It is a bacteriostatic, 

broad-spectrum antibiotic that has been widely used since the mid-20th century 

(Grossman, 2016). Prevotella spp. are often reported to have the ribosomal protection 

mechanism of resistance, encoded by tetQ. Expression of ribosomal protection proteins 

prevents binding of the antibiotic to the 30S ribosomal subunit, abrogating the activity of 

the antibiotic. The tetQ gene has been shown to be transferred on MGEs in Prevotella 

species, with MGEs being identified in P. nigrescens and P. intermedia that are genetically 

distinct from the well-described transposons in Bacteroides fragilis (Tribble et al., 2010). 

Studies performed on isolates from diseased lungs show there is an association between 

the presence of tetQ and phenotypic tetracycline (particularly doxycycline) resistance in 
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Prevotella species, compared to strains lacking tetQ (Sherrard et al., 2014; Webb et al., 

2022). The prevalence of tetQ (54%) reported by Webb and colleagues in 2022 was higher 

than has been previously reported for lung-derived strains in a 2019 Dutch study (30.3%) 

and in a UK study in 2014 (19%). It isn’t clear whether these differences are due to 

regional diversity, or indicative of an increasing occurrence of this resistance gene over 

time, but it is clear that tet gene prevalence is widespread in the phylum Bacteroidetes 

and in Prevotella spp. more specifically (Sherrard et al., 2014; Veloo et al., 2019).  

Another class of antibiotic often used for infections with Gram-negative bacteria is the β-

lactams, for which resistance is often attributed to β-lactamase production. β-lactamase 

genes, such as cfxA, are reported to be harboured on MGEs and may be horizontally 

transferred between organisms. In Bacteroides species, Ferreira and colleagues 

detected cfxA genes associated with the presence of Tn4555 mobilizable transposons 

(12.2kB), which contain a mobilization protein (mobA) and oriT, and could play a role in 

disseminating this gene to other bacteria (Ferreira et al., 2007). In P. nigrescens and P. 

intermedia, another study also reported an association between the cfxA genes and 

Tn4555 mobA, suggesting that these transposons can also be found in Prevotella species 

(Fernández-Canigia et al., 2015).  

While β-lactam antibiotics and tetracyclines are not recommended for BV treatment, the 

global effects of the antibiotics may impact the vaginal microbiome and the presence of 

mobilizable AMR genes could lead to increased antimicrobial resistance to these broad-

spectrum antibiotics. The increasing occurrence of AMR and the high BV recurrence rates 

highlights the need for the development of novel therapeutics and a movement away 

from only having antibiotic-based approaches. Funding and research is being directed 

toward the possibility of using probiotics or vaginal microbiota transplantation (VMT) as 

a supplement, or replacement, to metronidazole and/or clindamycin treatment (Cohen 

et al., 2020; Lev-Sagie et al., 2019). However, until these other promising avenues for 

treatment have been rigorously investigated, developed, and approved, understanding 

the AMR landscape in BV-associated bacteria is important to investigate, guiding 

decisions regarding selection of antimicrobials and preventing unnecessary treatment 

with potentially ineffective drugs 
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Bacteriophages 

Bacteriophages (phages) are ubiquitous members of different microbiomes, playing a 

role in the structure and stability of the microbiota. They are capable of re-shaping 

microbial ecosystems by strain-specific targeting of bacterial populations, by facilitating 

horizontal gene transfer and by lysing individual bacterial cells, allowing for redistribution 

of nutrients (Zuppi et al., 2022). For example, a reduced gut abundance of Prevotella was 

associated with a subsequent, rapid increase in putative Prevotella-targeting 

Crassvirales observed by qPCR, suggesting a drastic microbiota change due to the 

infectivity and activity of phages (Shkoporov et al., 2024). Most phages exhibit one of two 

main lifecycles. Virulent phages adopt the lytic lifecycle, whereby they infect the 

bacterial cell and hijack the host machinery to produce additional phage particles. The 

cell is then lysed, killing the host and the phage particles go on to infect more cells. 

Temperate phages, on the other hand, can enter the lysogenic lifecycle. Here, the phage 

genome becomes integrated into the genome after infection of a bacterial cell. The 

integrated phage genome (prophage) then replicates along with the host genome until an 

environmental signal (usually host stress-related) causes the prophage to excise from 

the genome and enter the lytic cycle. Some phages, in the lysogenic life cycle harbour 

virulence or AMR determinants (Brown-Jaque et al., 2015; Penadés et al., 2015) and can 

potentially facilitate spread of clinically relevant genes to their hosts.  

To date, bacteriophages have not been successfully isolated from Prevotella spp. in 

culture, however evidence of functional Prevotella phages has been identified by 

sequencing of individual strains and by metagenomic sequencing of specific niches 

(Devoto et al., 2019). Prevotella phage genomes have been identified in the oral 

microbiome, associated with P. histicola, P. scopos and other unnamed Prevotella spp. 

(Shkoporov et al., 2024). In this study, while 18/173 predicted Prevotella phage genomes 

were jumbo phages (>200kbp), five had predicted genomes of over 300kbp, significantly 

larger than the average phage genome size. It appears that Prevotella spp. phages are 

generally large, as another metagenomic study identified megaphages (>540kbp) 

predicted to target gut Prevotella (Devoto et al., 2019). These phages were identified in 

one Bangladeshi cohort initially, but then also identified in other cohorts in Bangladesh, 
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Tanzania, and India, as well as in baboons and pigs from Kenya and Denmark, 

respectively (Devoto et al., 2019). These phages, defined as Lak phages by Devoto et al. 

(2019), were approximately 5 times larger than Prevotella crAss-like phages and only 4.6 

times smaller than the Prevotella spp. host genome itself. The widespread identification 

of these Lak phages was a significant finding, but no studies have reported if there is a 

role of these phages in Prevotella functionality in the gut, and none have yet been isolated 

for further characterisation, thus all current Prevotella spp. phage knowledge is based 

on bioinformatic analyses.  

Virulence factors 

For a bacterial cell to effectively colonize and establish in the environment it encounters, 

certain bacterial structures, systems, or molecules (so-called virulence factors) are 

employed to adhere, survive, and out-compete, often enabling the bacterium to cause 

disease. In general, most research into Prevotella spp. virulence has been undertaken in 

the context of the oral microbiota, where P. intermedia and P. nigrescens are especially 

well studied. These species are implicated in inflammatory periodontal diseases, such 

as acute necrotizing ulcerative gingivitis and are present in the subgingival complexes of 

adults with periodontitis (Dufty et al., 2017; Socransky et al., 1998). These studies, on 

non-vaginal Prevotella species, may not reflect virulence factors in P. bivia or other 

vaginal Prevotella spp., but may guide research and hypotheses. There have been some 

reports of potential virulence factors for P. bivia which will be discussed here, with a 

specific focus on the role of these virulence factors in BV pathogenesis.  

Lipopolysaccharides (LPS) 

One of the most important proposed contributions of Prevotella spp. to BV symptoms 

and health outcomes is promotion of vaginal inflammation. This is likely due to LPS 

production by Prevotella spp., as P. bivia has been shown to be a significant source of LPS 

in the vagina of women with BV (Aroutcheva et al., 2008). LPS is an essential component 

of the Gram-negative cell wall and functions as a surface antigen, making it highly 

antigenic to the host immune system. Vaginal LPS can trigger immune stimulation by 

activating NF-κB pathways through binding to epithelial-, monocyte- and macrophage 

TLR4 and CD14 receptors (Nasu & Narahara, 2010).  
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The abundance of LPS in the BV FGT has been shown to be associated with inflammation, 

but the extent to which Prevotella spp. LPS causes high-level inflammation directly has 

not been well studied. In other niches, Prevotella spp. LPS production is also clinically 

important, playing a role in diseases such as periodontitis (Kim et al., 2007). However, 

this is not always the case. Studies in the lung microbiome have shown that Prevotella 

spp. LPS stimulation of toll-like receptors (TLRs) is somewhat limited, which may allow 

Prevotella spp. to be well tolerated in the lung (Larsen et al., 2015). Variation in LPS 

structure may also play a role in determining the degree of immune stimulation by LPS 

from different organisms (Hashimoto et al., 2003). Thus, while Prevotella spp. may be one 

of the primary sources of LPS in the FGT of women with BV, LPS produced by other 

species in the FGT (such as species in the taxon Proteobacteria) may also contribute 

significantly to inflammation related to BV, and further research is needed to understand 

the individual contributions.  

Proteases 

Proteolytic activity, or the ability to degrade specific proteins, has been reported in 

numerous Prevotella species. Different forms of these enzymes may play a role in tissue 

destruction, evasion of the host immune response, inflammatory signalling and 

metabolism by the bacterium (Sharma et al., 2022).  

The first barrier to colonization in the FGT is the mucosal barrier. The mucous membrane 

is primarily made up of water, glycoproteins (mucins) and ions, providing antibacterial 

functions by containing lactoferrin, lysozymes and immunoglobulins (Wiggins et al., 

2001). The thickness of the cervicovaginal mucus (CVM) is linked to the ability of the 

mucin molecules to interact with one another, which is dependent on the specific 

carbohydrate residues on the glycoprotein (Moncla et al., 2016). Mucinases are often 

reported to be secreted by hallmark BV bacteria, and these enzymes specifically target 

the carbohydrates in the mucin glycoproteins, affecting the composition of the CVM.  

The most well-studied of the mucinases in the context of BV is sialidase. Sialidases are 

produced by Gardnerella spp. and P. bivia, with studies reporting detection of the enzyme 

in 75% of women with BV (Marconi et al., 2013). Indeed, sialidase presence in vaginal 

fluid is often used as a biomarker for BV diagnosis and several commercially available 
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tests that diagnose BV based on the detection of the enzyme have been developed, which 

show sensitivity and specificity comparable to Nugent scoring for BV diagnosis (Myziuk 

et al., 2003). The hydrolytic enzymes can cleave the α-ketosidic linkage between glycosyl 

residues of sialic acids and glycoproteins or glycolipids (Briselden et al., 1992). A role of 

the enzyme in degradation of host defense molecules, such as G. vaginalis-vaginolysin-

specific immunoglobulin-A (IgA), has been postulated, suggesting a role for sialidase in 

downregulation of the innate immune response (Lewis et al., 2012). While a specific gene 

for sialidase production has not been identified in P. bivia (Robinson et al., 2019), the 

organism is believed to be a significant source of sialidase in the vagina (Ferreira et al., 

2021). Briselden et al.analyzed vaginal bacteria from numerous BV-positive women and 

showed that P. bivia, followed by Prevotella disiens, had the highest sialidase producing 

ability compared to other vaginal bacteria (Briselden et al., 1992). Apart from better 

enabling colonization of the FGT, production of this enzyme is also associated with early 

spontaneous PTB, with a directly proportional relationship between sialidase activity and 

the likelihood of an adverse pregnancy outcome (Cauci et al., 2002; Cauci & Culhane, 

2011).  

Adhesins 

While destruction of the mucous membrane by proteases allows the bacteria better 

access to the underlying host cells, the ability to adhere to these cells, by means of 

adhesins, is another bacterial virulence factor. To date, most of the research on adhesins 

in Prevotella spp. has focused on P. intermedia isolated from the oral microbiome. 

Surface structures, such as fimbriae, have been identified in P. intermedia and 

demonstrated to result in hemagglutinating activity with human erythrocytes (Leung et 

al., 1999). Haemagglutination and haemolysis have also been detected in the presence 

P. nigrescens (Okamoto et al., 1999). The haemin released from the degradation of

erythrocytes by these activities could act as a source of exogenous iron, supporting the

growth of Prevotella spp. (Leung et al., 1998). Haemagglutination is correlated with the

presence of the phg gene in P. intermedia and P. nigrescens (Lee et al., 2021), however,

related systems have not yet been described for vaginal Prevotella spp.
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Metabolic products: biogenic amines and organic acids 

One of the hallmark features of BV diagnosis based on Amsel criteria is a positive ‘whiff’ 

test, or a fishy odour (Amsel et al., 1983). This malodour is mostly due to the production 

of biogenic polyamines by BV-associated bacteria and genes for the biosynthesis of 

biogenic amines have been detected in several Prevotella species, including P. bivia.  

Biogenic amines, such as putrescine, cadaverine and trimethylamine, may inadvertently 

allow for the expansion of BV-associated species. A model summarized by Nelson et al. 

demonstrates that the production of biogenic amines, by metabolism of amino acids, is 

coupled with the consumption of hydrogen ions and a raising of vaginal pH (Nelson et al., 

2015). Such a shift toward a non-optimal state reduces the competitive advantage of the 

protective lactobacilli over low abundance pathogens and may allow them to bloom. 

Additionally, short-chain fatty acids (SCFAs) produced by Prevotella spp. during normal 

metabolism may impact the host immune response. One study showed that large 

amounts of acetic acid, succinic acid and volatile fatty acids are produced by Prevotella 

spp. compared to other BV-associated bacteria, which may allow the bacteria to avoid 

contact with polymorphonuclear leukocytes (PMNLs) by inhibiting chemotaxis, inhibiting 

immune cell migration and overall by preventing targeting by immune cells in the FGT 

(Eley et al., 2000). 

1.3.4 Diversity in the genus Prevotella 

Prevotella species are found in many niches in the human body but are not associated 

with disease in all of them. A 2021 review article reported on characterisation of more 

than 50 Prevotella species, a number which is likely higher today (Tett et al., 2021). 

Prevotella spp. have been isolated from many non-human hosts (mainly from animal 

rumens), where they play a role in carbohydrate metabolism (Betancur-Murillo et al., 

2023). There have also been reported identifications from various environmental sites by 

metagenome assembled genome sequencing, however the majority of Prevotella spp. 

have been isolated from human hosts (Tett et al., 2021) A pangenome analysis by Gupta 

et al. showed that the genomes of Prevotella species from different human body sites 

have a different collection of genes, with different functional potential, which may be 

indicative of adaptations to those body sites (Gupta et al., 2015). Habitat-specific gene 
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presence and gene absence was observed in Prevotella spp. genomes, both between 

species and within-species. Thus, a Prevotella species or strain isolated from the gut, 

may have distinct site-enriched pathways to one from the vagina, reflecting evolutionary 

adaptations to that site. 

Additionally, within each niche, intra-species diversity may also impact research 

outcomes. Single strains isolated from an individual tend to result in an underestimation 

of the metabolic potential of the species within that individual, since the in vivo reality is 

usually a consortium of strains belonging to that species, together providing a wider 

repertoire of functional genes (Lloyd-Price et al., 2017). Prevotella species are among 

those that have been investigated and shown to display diversity between strains in the 

vaginal microbiota, with multiple strains present within single individuals (Ma et al., 

2020). The intra-species diversity of vaginal Prevotella spp. may provide a larger breadth 

of metabolic ability and may impact resilience and temporal stability in the vaginal 

microbiome.  

Diversity of Prevotella spp. has also been observed between individuals, with diversity 

detected between ethnic groups, geographies, and ages (Yatsunenko et al., 2012). These 

variations may be associated with differences in lifestyle in different groups, as is the 

case for gut Prevotella spp., where abundance and species diversity are greater in those 

with a primarily ‘non-Western’ diet. Geography is also a determinant of the vaginal 

microbiota composition, with taxon abundance differing in different regions, but there 

are few studies assessing fine-scale, within-species variation across geographic regions 

(Lennard et al., 2019). Whether or not variations in BV-associated bacteria by location are 

associated with the geographic differences in BV prevalence is not known, but it has been 

shown that different strains may impact BV pathogenesis in different ways.  Phenotypic 

differences in antibiotic response, biofilm forming ability and inflammation may exist in 

Prevotella spp., leading to some strains being more pathogenic than others (Mikamo et 

al., 1998). Prevotella spp. are frequently detected in the vaginal microbiota of women 

without BV, but factors that may drive the colonisation and bloom of some vaginal 

Prevotella spp. strains and not others still need to be elucidated. 
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1.4 Project rationale 

There is a significant body of literature pointing to a central role for Prevotella spp. in both 

the development and persistence of BV and the negative health outcomes associated 

with the condition. However, reports of detailed characterisation of strains involved in BV 

are relatively rare and almost completely lacking for populations in developing parts of 

the world, including sub-Saharan Africa. Due to potential phenotypic differences in BV-

associated bacteria across geographies, research into treatment and prevention plans 

that is relevant to the South African healthcare setting would benefit from representative 

strains from South African women. Establishment of a collection of South African 

Prevotella spp. strains would allow for phenotypic and genotypic characterisation, 

assessing how Prevotella spp. may contribute to BV, and allow for comparison to strains 

in international culture collections. 

1.5 Aims and Objectives 

The overall aim of this study was to generate a phenotypically and genotypically 

characterised biorepository of South African vaginal Prevotella species. This was 

achieved via three main objectives, each represented by a chapter in the thesis. 

Chapter 2: To isolate vaginal Prevotella spp. from South African adolescent girls and 

young women and to characterise them phenotypically and in terms of high-level genetic 

diversity. 

Chapter 3: To generate and use whole genome sequence data for Prevotella isolates to 

investigate their evolutionary relatedness, to identify carriage of clinically relevant genes, 

and to identify putative prophages and/or anti-phage resistance mechanisms. 

Chapter 4: To quantify and structurally compare LPS produced by different South African 

Prevotella spp. isolates and LPS production by Prevotella spp. in biofilm versus 

planktonic growth states.  
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Chapter 2: Isolation and phenotypic characterisation of 

Prevotella spp. 

2.1 Abstract 

To date, little characterisation of Prevotella species isolated from South African women 

has been performed, limiting regionally relevant bacterial vaginosis (BV) research. To 

address this, 69 Prevotella spp. isolates were isolated from vaginal samples collected 

during a previously completed trial (UChoose), and a subset (n=37) were carried forward 

for phylogenetic interrogation and phenotypic characterisation. The majority of isolates 

(n=36) were identified as Prevotella bivia, while one was preliminarily identified as 

Prevotella melaninogenica, based on similarities to reference 16S rRNA and cpn60 gene 

sequences. For isolates from the same sample, the cpn60 gene diversity was generally 

low (0-4 SNPs), while longitudinal diversity was higher. Two consecutive isolates from one 

individual were identical, despite an 8-week interval between sampling times. 

Resistance rates to BV standard of care (SOC) antibiotics, metronidazole, and 

clindamycin, were low, at 2.7% (1/36) and 8.3% (3/36), respectively, while higher rates of 

resistance were observed to the non-BV genitourinary antibiotics doxycycline, 

amoxicillin, and azithromycin (16.66% [6/36] – 38.88% [14/36]). Over a quarter of novel 

isolates were able to form significantly larger biofilms than P. bivia ATCC 29303T 

(p<0.001). Contrary to findings of previous studies, Gardnerella vaginalis ATCC 14018T 

biofilm formation was not improved by the addition of P. bivia ATCC 29303T .  
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2.2 Introduction 

Prevotella spp. are frequently present in the microbiome of women with BV, where they 

play an important role in vaginal inflammation, a key driver of adverse BV outcomes 

(Anahtar et al., 2015; Aroutcheva et al., 2008; Zozaya-Hinchliffe et al., 2010). However, to 

date, they have been understudied and basic phenotypic data such as resistance to 

commonly used antimicrobials and ability to form biofilms, both of which play important 

roles in the persistence of BV, are lacking. Isolates from Africa, including South Africa, are 

further underrepresented in global strain banks and there have been no reports of 

detailed, culture-based characterisation of isolates from women with and without BV in 

the region. Therefore, in order to perform regionally relevant research, an important first 

step is the establishment of a strain collection including representative isolates. 

To isolate vaginal Prevotella spp., having access to well characterised, stored samples 

from previous cohort studies is advantageous. Not only does using previously generated 

samples save time, preventing the need to recruit new participants, but extensive 

participant metadata is usually collected as part of these studies. The UChoose study 

was designed to investigate the effect of hormonal contraceptives on HIV risk in 

adolescent girls and young women, between the ages 16 and 19 (Balle, Konstantinus, et 

al., 2020). These adolescent girls and young women were enrolled between 2015 and 

2018 at the Desmond Tutu Health Foundation Youth Centre in Masiphumulele, a peri-

urban settlement near Cape Town, South Africa. As part of the study, participants were 

tested for HIV and BV and provided an extensive suite of swabs at three main study visits 

approximately 8 weeks apart. A subset of these samples underwent 16S rRNA gene 

sequencing, providing microbial community data (Balle, Konstantinus, et al., 2020). 

Using these samples to isolate and characterise Prevotella spp. strains would provide 

insight into genotypic and phenotypic diversity that may be relevant to BV research in 

South Africa.  

Sequencing of the conserved bacterial 16S rRNA gene is a common tool used to identify 

bacteria as it is cost-effective and rapid (Deurenberg et al., 2017). However, the limited 

phylogenetic resolution of 16S rRNA gene sequences impacts the ability to use the gene 

as a means of investigating phylogenetic relatedness within species (Zeigler, 2003). As 
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such, it has been suggested that sequencing of another essential gene, the chaperonin-

60 (cpn60) gene, is a better method for interrogating intra-species diversity (Links et al., 

2012). The cpn60 gene has been used for numerous studies investigating the microbial 

communities of the vaginal microbiota and has proved especially useful for classification 

of G. vaginalis into its sub-clades (Hill et al., 2005; Schellenberg et al., 2009, 2016). For 

Prevotella and Bacteroides spp., cpn60 is regarded as an improved target compared to 

the 16S rRNA gene, providing better resolution and as such, can be used to infer strain 

diversity and evolution over time or geography (Sakamoto & Ohkuma, 2010).  

Recent work has revealed unexpected diversity at a strain level in vaginal communities 

(France et al., 2022; Holm et al., 2023). Rather than existing as clonal populations within 

the overall microbial community, each species is made up of multiple strains with 

differing metabolic capabilities (Greenblum et al., 2015; Ma et al., 2020; Oh et al., 2014). 

Therefore, isolating, and characterising single representatives from a sample may miss 

some of the important phenotypic diversity present. 

The aim of Chapter 2 was (1) to isolate vaginal Prevotella species from lateral vaginal wall 

swabs to create a biorepository of South African isolates, (2) to confirm the identity of 

these isolates based on the 16S rRNA gene, (3) to assess inter- and intra-sample diversity 

between the isolates based on cpn60 universal target (UT) sequencing, (4) to determine 

the susceptibility of the South African isolates to BV-therapeutic and other genitourinary 

antibiotics, and (5) to assess the ability of the Prevotella spp. to form biofilms in vitro.  



29 

2.3 Materials and methods 

2.3.1 Selection of target vaginal samples for isolation of Prevotella spp. 

Lateral vaginal wall swabs from the UChoose study (Gill et al., 2020) were stored at -80°C 

in phosphate buffered saline (PBS) containing 20% (v/v) glycerol within 2 hours of 

sampling. Samples were collected from participants at three visit times (V1, V2 and V3), 

spaced approximately 8 weeks apart. Samples for culture were selected based on having 

the highest number of Prevotella assigned operational taxonomic units (OTUs) according 

to the UChoose 16S rRNA microbiome data (Balle, Konstantinus, et al., 2020). 

Additionally, P. bivia isolates (n=18), isolated from the same cohort by Dr Yann Dumont 

as part of another project, were gifted by Drs Rémy Froissart and Marie Vasse and 

included in the characterisation.   

2.3.2 Isolation of Prevotella spp. from vaginal samples 

Samples were inoculated onto pre-reduced Laked Brucella blood agar supplemented 

with kanamycin and vancomycin (LKV). The medium is composed of Brucella blood agar 

base supplemented with 5% (v/v) defibrinated sheep blood, haemin (0.1g/L), vitamin K1 

(0.01g/L), vancomycin (7.5mg/L) and kanamycin (0.1g/L)(Appendix). All experiments 

were performed under anaerobic conditions (85% N2, 10% CO2, 5% H2) at 60% relative 

humidity and 37°C, in an anaerobic chamber (Baker Concept 1000 Anaerobic 

Workstation). Following inoculation and 48 hours incubation, up to five individual 

colonies were sub-cultured and inoculated into Brain Heart Infusion (BHI) broth (BD 

BactoTM, Franklin Lakes, NJ, USA), supplemented with haemin (5mg/ml), vitamin K3 

(0.5mg/ml), yeast extract (5mg/ml) and cysteine (0.5g/L)(Appendix). Putative Prevotella 

isolates were stored as 20% (v/v) glycerol stocks at -80°C.  

2.3.3 Prevotella genus-specific PCR 

Isolates presumed to be Prevotella spp. were confirmed by colony polymerase chain 

reaction (PCR) with previously described Prevotella genus-specific primers (Matsuki et 

al., 2004). DNA template for use in PCR was prepared by adding putative Prevotella 

colonies to Tris-EDTA (TE) buffer (10mM Tris, 0.1mM EDTA, pH 7.4) with proteinase K 

(200ng/ml) and incubating at 37°C for 20 minutes. Samples were then incubated at 80°C 
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for a further 20 minutes to inactivate the proteinase K before centrifugation (5000g for 3 

minutes) to remove unlysed cells and debris. The resulting supernatant was used as 

template for PCR. Reactions (25µl) consisted of 2µl template, 0.5µM g-Prevo-F and g-

Prevo-R primers (Table 2.1), 12.5µl 2× KAPATaq ReadyMix (Kapa Biosystems, Wilmington, 

MA, USA) and 8µl nuclease-free water. PCR cycle conditions were set at 94°C for 5 

minutes, followed by 40 cycles of 20 seconds at 94°C, 20 seconds at 55°C and 30 

seconds at 72°C, and finally, an extension step at 72°C for 7 minutes. Successful 

amplification of a 527-529bp product was confirmed by electrophoresis on 2% (w/v) 

agarose gels, stained with CondaSafe stain (Condalab, Torrejón de Ardoz, Spain) and 

visualised using a ChemiDoc gel imager (Bio-Rad, USA).  

 

Table 2.1: Primers used in PCR amplification 

*Underlined sequence represents landing sites for T7 sequencing primers 

 

2.3.4 16S rRNA gene PCR and sequencing 

Once confirmed to be Prevotella spp. by genus-specific PCR, 16S rRNA gene 

amplification and sequencing were performed for species level identification. Reactions 

Primer Sequence (5’-3’) Primer type Reference 

27F AGAGTTTGATCMTGGCTCAG Universal 16S rRNA gene 
primer 
 

(Weisburg 
et al., 
1991) 

1492R TACCTTGTTACGACTT Universal 16S rRNA gene 
primer 
 

(Weisburg 
et al., 
1991) 

907R CCGTCAATTCMTTTRAGTTT Sequencing primer 
 

(Lane et 
al., 1985) 

g-Prevo-F CACRGTAAACGATGGATGCC Prevotella spp. specific 
16S rRNA gene primer 
 

(Matsuki 
et al., 
2004) 

g-Prevo-R CCAGACGTTGGGCTGG Prevotella spp. specific 
16S rRNA gene primer 

(Matsuki 
et al., 
2004) 

H279T7* GCTAGTTATTGCTCAGCGGGAIIIIGCIGGIGAYGGIACIACIAC* Universal cpn60 UT 
primers 
 

(Goh et 
al., 1996) 

H1134T7* TAATACGACTCACTATAGGGYKIYKITCICCRAAICCIGGIGCY* Universal cpn60 UT 
primers 

(Goh et 
al., 1996) 



31 

(50µl) contained 4µl template DNA, 0.5µM F27 and 1429R primers (Table 2.1), 25µl 2× 

KAPATaq ReadyMix (Kapa Biosystems, Wilmington, MA, USA), made up to 50µl with 

nuclease-free water. PCR conditions were set at 95°C for 5 minutes, followed by 35 cycles 

of 30 seconds at 95°C, 30 seconds at 55°C and 1 minute 45 seconds at 72°C, with a final 

extension step at 72°C for 7 minutes. Successful amplification of a ~1400bp product was 

confirmed by electrophoresis on a 1% (w/v) agarose gel, stained with CondaSafe 

(Condalab, Torrejón de Ardoz, Spain), and visualised with a ChemiDoc (Bio-Rad, USA) 

imager. PCR products were sent to Inqaba Biotec (Pretoria, South Africa) for Sanger 

sequencing using the 907R sequencing primer (Table 2.1), using the BigDye Terminator 

v3.1 standard kit and run on an ABI 3500XL machine. The resulting sequences were 

manually trimmed using Chromas v2.6.6 (Chromas, Technelysium Pty Ltd))and 

compared to sequences in the National Center for Biotechnology (NCBI) RefSeq 

database (O’Leary et al., 2016) with the Basic Local Alignment Search Tool 

(BLAST)(Altschul et al., 1990).  

2.3.5 cpn60 UT gene sequencing 

The cpn60 gene of selected isolates was amplified using the previously described 

H279T7 and H1134T7 primer pair (Table 2.1). Amplification reactions (50µl) consisted of 

25µl 2× KAPATaq ReadyMix (Kapa Biosystems, Wilmington, MA, USA), 0.5µM of each 

primer, 4µl of template DNA and made up to a reaction volume of 50µl with nuclease-free 

water. The amplification reaction conditions were as follows: 95°C for 5 minutes, 

followed by 40 cycles of 94°C for 30 seconds, 50°C for 30 seconds and 72°C for 45 

seconds, with a final 10-minute extension at 72°C. Amplification of ~550bp products was 

confirmed by electrophoresis on 2% (w/v) agarose gels, stained with CondaSafe 

(Condalab, Torrejón de Ardoz, Spain) and visualized with a ChemiDoc (Bio-Rad, USA) 

imager. PCR products were Sanger sequenced from both ends at Inqaba Biotec (Pretoria, 

South Africa), using T7 landing sites that were included in the H279T7 and H1134T7 

primers. Pre-processing and assembly were performed using gap4 in Staden v2.0.0b11 

(Staden, 1996).  

Previously published P. bivia and P. melaninogenica reference cpn60 sequences were 

obtained from cpnDB (Vancuren & Hill, 2019) and from genomes in the NCBI RefSeq 
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database (O’Leary et al., 2016). Additionally, sequences for the cpn60 universal target 

(UT) were extracted from the Prevotella isolate genome assemblies, described in Chapter 

3. Alignment of all cpn60 sequences was undertaken using CLUSTAL_W v2.0.12 (Larkin

et al., 2007) and trimmed in MEGAX v10.2.6 (Kumar et al., 2018). Phylogenetic trees were

constructed using RAxML (Stamatakis, 2014) following best-fit model selection using

ModelTest-NG_v0.1.7 (Darriba et al., 2020) and the final trees were generated with 500

bootstraps using a Generalised Time Reversible (GTR) model of substitution with the

gamma model of rate heterogeneity. Trees were visualised using iTOL v6.8.1 (Letunic &

Bork, 2007).

2.3.6 Antimicrobial susceptibility testing by Etest methodology 

Susceptibility to SOC antibiotics, metronidazole and clindamycin, and to other 

commonly prescribed genitourinary antibiotics (amoxicillin, azithromycin, and 

doxycycline) was tested using MIC Test (Epsilometer test) strips (Liofilchem, Roseto degli 

Abruzzi, Italy). Bacteroides fragilis ATCC 25285T, with known antibiotic susceptibility, was 

used as a quality control organism. Broth cultures were diluted in PBS to a 0.5 McFarland 

standard and streaked evenly across Antibiotic Assay Medium (AAM)(Appendix). Etest 

strips were placed centrally on the plate and incubated under anaerobic conditions for 

48 hours. The minimum inhibitory concentration (MIC) was recorded as the minimum 

antibiotic concentration that inhibited bacterial growth and where breakpoints were 

available, interpreted according to the Clinical and Laboratory Standard Institute (CLSI) 

(CLSI, 2020) guidelines.  

2.3.7 In vitro quantification of biofilm biomass by Prevotella spp. 

Biofilms were prepared and the overall biofilm mass was quantified using a crystal violet 

method. To generate biofilms, bacterial cultures grown under anaerobic conditions for 16 

hours at 37°C were diluted in fresh BHI (BD BactoTM, Franklin Lakes, NJ, USA) to a 

McFarland density of 0.5 using a spectrophotometer. Diluted cultures were inoculated 

into clear, flat-bottomed, 96-well microtiter plates (polystyrene plates, Greiner Bio-One, 

Monroe, NC, USA) to a final volume per well of 200µl and incubated under anaerobic 
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conditions at 37°C for 120 hours (5 days) to allow for biofilm formation. Quantification of 

the biofilm biomass was achieved using a well-described crystal violet assay (Peeters et 

al., 2008). Briefly, following removal of bacterial supernatant from each of the wells, 

200µl PBS was used to wash each well twice. Thereafter, 100µl of 1% (w/v) crystal violet 

(Sigma-Aldrich, USA) was added to each well and left to stain for 30 minutes. Crystal 

violet was removed, followed by two washes with PBS and the addition of 100µl of 30% 

(v/v) acetic acid to solubilize the crystal violet. The solubilized crystal violet was further 

diluted 1:20 in 30% (v/v) acetic acid in a new, clear, flat-bottomed 96-well microtiter plate 

and quantified by measuring absorbance at 595nm with an ELx800 microplate reader 

(BioTek Inc, Winooski, VT, USA). The biofilm formation assays were performed in triplicate 

biological repeats, with twelve technical replicates per plate. Statistical analysis of 

biofilm biomass was performed by Kruskal-Wallis one-way ANOVA and Dunn’s multiple 

comparison test in GraphPad Prism v9.2.0 (GraphPad Software, San Diego, CA, USA). 

2.3.8 Co-culture P. bivia and G. vaginalis biofilm formation 

Dual-species biofilms were prepared by inoculating P. bivia UC109_V3_2 (1×107 CFU/ml), 

determined to have a high propensity for biofilm formation in the preliminary analyses, or 

G. vaginalis ATCC 14018T type strain (1×107 CFU/ml), in a final volume of 1ml, into 24-well

flat microtiter plates (clear polystyrene plates, Greiner Bio-One, Monroe, NC, USA).

Following anaerobic incubation for 24 hours at 37°C, planktonic cells were removed and

replaced with either 1ml NYC III medium (Appendix), or 1×107 colony forming units

(CFU)/ml of either P. bivia or G. vaginalis in fresh NYC III medium. After an additional 24

hours, bacterial supernatant was removed, followed by washing with 500µl pre-reduced

PBS. A sterile toothpick was used to disrupt the biofilms, which were then resuspended

in 200µl PBS. Serial dilutions of the biofilm cells were prepared and plated onto either

NYCIII, which represents total bacterial cell count, or LKV plates, which facilitate growth

of P. bivia only. For each replicate, biofilm crystal violet staining was also performed, as

described previously, with biofilm biomass measured spectrophotometrically by

absorbance at 595nm (ELx800, BioTek Inc.). This co-culture assay was performed in three

biological repeats.



34 

2.4 Results 

2.4.1 Isolation and molecular confirmation of Prevotella isolates from samples 

obtained in the UChoose longitudinal study 

Analysis of the UChoose 16S rRNA gene data, which was available for most samples from 

the original trial (Gill et al., 2020), revealed several OTUs classified as Prevotella spp. 

(Figure 2.1). The most commonly observed species both in prevalence across samples 

and with the highest relative proportion of reads per sample were Prevotella amnii, P. 

timonensis and P. bivia. When present, and after normalisation across samples, reads 

mapping to these organisms made up 23-37% of the reads from the sample. Minor 

species, making up less than 10% of sample reads when present, included P. disiens, P. 

buccalis, Prevotella corporis, P. pallens and P. melaninogenica. A number of taxa could 

not be resolved to the species level and were classified as ‘Genus Prevotella’. 
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Figure 2.1: Proportion of Prevotella spp. reads in the UChoose 16S rRNA gene data. The proportion of reads assigned 

to Prevotella spp. operational taxonomic units (OTUs) out of the total number of bacterial reads in each sample. Genus 

Prevotella represents those Prevotella reads with no species level designation. 
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To isolate vaginal Prevotella spp. for further characterisation, samples from participants 

(n=15) with Nugent scores >3 were cultured anaerobically on selective media. An 

additional sample obtained from a separate study visit was included for three 

participants, for a total of eighteen samples. Up to five colonies were purified from each 

target sample, resulting in 48 putative Prevotella spp. isolates (Table 2.2). An additional 

21 isolates were obtained from a previous project (Dumont et al. personal 

communication) to yield a final collection of 69 isolates from BV-positive (n=22), BV-

negative (n=5) and BV-intermediate (n=4) individuals (Table 2.2). Approximately one fifth 

(7/31) of participants were treated for an STI prior to the sampling visit, with the most 

commonly prescribed antibiotics being azithromycin, ceftriaxone, and metronidazole.  

All presumptive isolates were screened using Prevotella genus-specific primers. This 

primer set was used to confirm that all isolates belonged to the genus Prevotella (Figure 

2.2). Isolates were then typed to the species level by partial sequencing of the 16S rRNA 

gene. Almost all (67/69) isolates were identified as P. bivia (≥99% sequence identity to the 

P. bivia JCM 6331T type strain [accession = NR_113096.1] in all cases). The remaining two

isolates matched most closely to the P. melaninogenica ATCC 25845T type strain, albeit

with a comparatively lower percentage sequence identity of 97.57% (query cover 98%).

The putative P. melaninogenica strains were isolated from a single sample, UC143_V2,

which contained 65 reads assigned to P. melaninogenica (OTU_17) according to the

UChoose rRNA microbiome data.
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Table 2.2: UChoose samples selected for isolation of Prevotella spp. and their respective Nugent 
scores and antibiotic data.

*Samples for which no 16S rRNA data were available

†Number of isolates from each sample 

¹Nugent scores are categorised as negative (0-3), intermediate (4-6) or positive (7-10) 

Sample ID Nugent Score¹ Antibiotics prior to sampling n† 
UC016_V1 5 1 
UC024_V2 8 1 
UC033_V1 8 Azithromycin, Ceftriaxone 4 
UC037_V1 9 1 
UC040_V1 0 1 
UC040_V2 8 1 
UC055_V2 8 2 
UC055_V3 8 1 
UC059_V1 5 5 
UC064_V1* 7 1 
UC065_V2 2 1 
UC071_V1 7 6 
UC074_V1 8 1 
UC079_V2 8 1 
UC095_V2 9 5 
UC096_V1 8 4 
UC104_V2 10 1 
UC107_V1 8 5 
UC107_V2 8 Azithromycin 4 
UC109_V3 8 Azithromycin, Ceftriaxone, Metronidazole 5 
UC113_V1 0 1 
UC121_V1* 4 1 
UC126_V1 8 4 
UC132_V2 6 Azithromycin 1 
UC136_V1 10 1 
UC143_V2 8 Azithromycin, Ceftriaxone 5 
UC146_V1* 8 1 
UC149_V3 10 Azithromycin 1 
UC158_V3 0 Azithromycin, Ceftriaxone, Metronidazole 1 
UC162_V1 0 1 
UC167_V3 7 1 
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The community state types (CSTs) for the bacterial communities within each of the 

UChoose vaginal samples were determined by VALENCIA (VAginaL community state type 

Nearest CentroId clAssifier) (France et al., 2020) for another study (Anika Chicken, 

personal communication). Of the 31 samples from which isolates were obtained, 

excluding those without 16S data, 24 were classified as CST IV (having a low abundance 

of Lactobacillus spp.), four were CST-III (L. iners dominant) and only one was CST-I (L. 

crispatus dominant) (Figure 2.3). Interestingly, the CST-I sample, UC132, had an 

intermediate BV status (Nugent score of 6), despite its L. crispatus dominance. However, 

the community within this individual was not stably L. crispatus dominant, transitioning 

from CST-I at visit 2 to CST-III by visit 3. Eight individuals were stably CST-IV across the 

three visit times, however most of the other samples’ CST transitions were between non-

Figure 2.2: Prevotella genus-specific PCR products. Representative PCR products of 23 isolated strains, 

confirming genus identity of all strains. P. bivia ATCC 29303T was used as a positive control (+) and a no template 

control was included (-). DNA molecular weight marker (M), 1 Kb Plus DNA Molecular Weight Marker (Thermo  
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Lactobacillus spp dominance and L. iners dominance. None of the individuals had a 

stably L. crispatus-dominant (CST-I) microbiota. 

2.4.2 Inter-strain and within sample diversity of select Prevotella clinical isolates 

To assess initial high-level diversity within the isolate collection, cpn60 gene PCR and 

sequencing were carried out on a subset of isolates from which DNA was available at 

the time (Figure 2.4 and 2.5). Additionally, cpn60 gene sequences from whole genome 

assemblies generated later in the project (Chapter 3) were also included in this analysis. 

Isolates were selected for this analysis to represent both between-sample and within-

sample variation. Prevotella bivia isolates from the same sample (i.e., same individual 

and same visit), were largely identical based on the cpn60 UT region, with no single 

nucleotide polymorphisms (SNPs). However, while similar, there were 4 SNPs between 

the two isolates from UC071_V1. Isolates from a single individual at different visit times 

were identical in 1/3 cases (UC055_V3 and UC055_V2). However, the isolates from the 

other two samples (UC107 and UC040) differed between visits, with 6 and 8 SNPs, 

respectively. Some isolates from different individuals, UC096_V1_3 and UC055_V2_1, 

Figure 2.3: Community state types (CSTs) for individuals from whom strains were isolated. Where the data were 

available, vaginal communities were assigned CSTs by VALENCIA (France et al., 2020). The sample visit times from which 

stains were isolated are indicated by a ‘*’. LWP_Gly refers to the lateral wall PBS and glycerol swab sample. 
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UC109_V3 and UC096_V1, and UC071_V1_1 and UC095_V2, were highly similar, with 1 

and 0 SNPs between them, respectively, and there were also cases where sequences 

from the NCBI RefSeq database were identical to cpn60 sequences of South African 

isolates (GCF_001546565.2 and GCF_001065995.1). Overall, P. bivia cpn60 sequences 

obtained from the cpnDB and NCBI RefSeq database, which were also of vaginal origin, 

did not cluster distinctly from the local isolates.  
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Figure 2.4: Maximum likelihood tree of P. bivia clinical isolates. The evolutionary relationship of isolates was inferred based 

on the cpn60 gene using RAxML and the General Time Reversible model using 500 bootstrap replicates. The isolation source of 

the strains is indicated. The tree was generated using PCR-amplified cpn60 genes (*), and the cpn60 UT region from P. bivia 

genome assemblies and NCBI P. bivia reference strains (GCF_). The scale bar shows a phylogenetic distance of 0.001 

nucleotide substitutions per site. 
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The cpn60 gene from isolate UC143_V2_2, which was preliminarily identified as P. 

melaninogenica, was extracted and aligned to P. melaninogenica sequences obtained 

from the NCBI RefSeq database and cpnDB (Figure 2.5). These reference strains were 

isolated from oral, vaginal or lung (sputum) sources. The cpn60 gene of UC143_V2_2 

clustered with P. melaninogenica strain GAI 07411 (GCF_003609775.1), the only other P 

melaninogenica isolate in the reference databases from a vaginal source.  
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Figure 2.5: Maximum likelihood tree of P. melaninogenica clinical isolates. The cpn60 gene of the putative P. melaninogenica 

isolate (n=1) was aligned with reference P. melaninogenica and P. scopos isolates. The evolutionary relationship of isolates was 

inferred based on the cpn60 gene using RAxML and the General Time Reversible model using 500 bootstrap replicates. The 

isolation source of the strains is indicated. The tree was generated using PCR-amplified cpn60 genes (*), and the cpn60 UT region 

from P. bivia genome assemblies and NCBI P. bivia reference strains (GCF_). The tree scale bar represents a phylogenetic distance 

of 0.01 nucleotide substitutions per site. 
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The 16S rRNA gene of the UC143_V2_2 isolate had a 97.67% sequence identity with the 

P. melaninogenica type strain, ATCC25845T. UC143_V2_2 and GAI 07411  were clustered

separately from most of the P. melaninogenica reference strains, which were derived

from oral or sputum samples. Strains GCF_0181280651.1 and GCF_018128045.1, which

were designated as P. melaninogenica on the NCBI RefSeq database, were clustered

separately from the other P. melaninogenica strains and seemed to be more closely

related to P. scopos based on the cpn60 gene.

2.4.3 Selection of isolates for further characterisation 

Following the initial isolation and screening, a final subset of 36 isolates was chosen for 

more detailed downstream analyses. Isolates were chosen to include at least one isolate 

per sample (n=26). Additionally, for three samples, a second isolate was also included 

(n=6) and for one sample, four isolates were selected (n=4). These latter isolates were 

chosen to assess broader genotypic and phenotypic variation within a sample that may 

be masked by the comparatively low resolution of the cpn60 gene sequencing approach. 

2.4.4 Susceptibility to SOC and general genitourinary antibiotics 

To determine the antibiotic susceptibility of South African Prevotella isolates to SOC BV 

antibiotics as well as to other standard genitourinary antibiotics, the Etest methodology 

was used (Figure 2.6 and Table S1). Isolates were generally susceptible to metronidazole 

and clindamycin, with resistance rates of 2.7% (1/36) and 8.3% (3/36), respectively 

(Figure 2.6 A-C). A further 8.3% (3/36) of isolates showed intermediate susceptibility to 

metronidazole (MIC between 8-32 µg/ml). The susceptibility profiles of the clinical 

Prevotella strains to different genitourinary antibiotics showed higher rates of resistance 

for non-BV prescribed antibiotics, azithromycin, amoxicillin, and doxycycline (Figure 2.6 

A, D-F), with 33.33% (12/36), 38.89% (14/36) and 19.44% (7/36) of isolates susceptible, 

respectively. Interestingly, isolates from the same sample sometimes showed 

phenotypic differences in susceptibility profiles. For example, one isolate from 

UC071_V1 was resistant to azithromycin, while a second isolate from the same sample 

was susceptible to the antibiotic.  
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Figure 2.6: Antimicrobial susceptibility testing to SOC BV and other genitourinary antibiotics. (A) Antimicrobial susceptibility of 

clinical isolates (n=36) was tested by Etest methodology against five antibiotics: metronidazole (MTZ), clindamycin (CLN), doxycycline 

(DXT), amoxicillin (AML) and azithromycin (AZM). The AMR phenotype was classified based on the CLSI (CLSI, 2020) breakpoint 

guidelines (B-F). The MIC of BV SOC antibiotics to (B) metronidazole, (C) clindamycin, (D) azithromycin, (E) amoxicillin, and (F) 

doxycycline were plotted, with the intermediate and resistant cutoffs indicated on the x-axis by a grey and red dot, respectively. 

 

 

 

 

 

 

 

 

 

 

0.
01

6
0.

02
3

0.
03

2
0.

04
7

0.
06

4
0.

09
4

0.
12

5
0.

19
0.

25
0.

38 0.
5

0.
75 1

1.
5 2 3 4 6 8 12 16 24 32 48 64 96 12
8

19
2

25
6

N
um

be
ro

fs
tr

ai
ns

MIC (ug/ml)

Metronidazole

 

 

 

 

 

 

 

 

 

 

0.
01

6
0.

02
3

0.
03

2
0.

04
7

0.
06

4
0.

09
4

0.
12

5
0.

19
0.

25
0.

38 0.
5

0.
75 1

1.
5 2 3 4 6 8 12 16 24 32 48 64 96 12
8

19
2

N
um

be
r o

f s
tr

ai
ns

Metronida ole

 

 

 

 

 

 

 

 

 

 

N
um

be
r o

f s
tr

ai
ns

0.
04

7
0.

06
4

0.
09

4
0.

12
5

0.
19

0.
25

0.
38 0.

5
0.

75 1
1.

5 2 3 4 6 8 12 16 24 32 48 64 96 12
8

19
2

25
6

MIC (ug/ml)

Doxycycline

 

 

  

  

  

  

  

 

 

  

  

               

N
um

be
r o

f s
tr

ai
ns

Antibiotic

         

            

           

 

 

 

 

 

 

 

 

 

 

0.
01

6
0.

02
3

0.
03

2
0.

04
7

0.
06

4
0.

09
4

0.
12

5
0.

19
0.

25
0.

38 0.
5

0.
75 1

1.
5

MIC (ug/ml)

0

2

4

6

8

10

12

14

0.
01

6

0.
02

3

0.
03

2

0.
04

7

0.
06

4

0.
09

4

0.
12

5

0.
19

0.
25

0.
38 0.

5

0.
75 1

1.
5 2 3 4 6 8 12 16 24 32 48 64 96 12
8

19
2

25
6

N
um

be
r o

f s
tr

ai
ns

MIC (ug/ml)

Clindamycin

 

 

0

1

2

3

4

5

6

7

8

9

10

0.
01

6
0.

02
3

0.
03

2
0.

04
7

0.
09

4
0.

12
5

0.
19

0.
25

0.
38 0.

5
0.

75 1
1.

5 2 3 4 6 8 12 16 24 32 64 96 12
8

19
2

25
6

N
um

be
r o

f s
tr

ai
ns

MIC (ug/ml)

A ithromycin

25
6

0

2

4

6

8

10

12

14

0.
01

6
0.

02
3

0.
03

2
0.

04
7

0.
06

4
0.

09
4

0.
12

5
0.

19
0.

25
0.

38 0.
5

0.
75 1

1.
5 2 3 4 6 8 12 16 24 32 48 64 96 12
8

19
2

25
6

N
um

be
r o

f s
tr

ai
ns

MIC (ug/ml)

Amoxicillin

0

1

2

3

4

5

6

7

8

9

10

0.
01

6
0.

02
3

0.
03

2
0.

04
7

0.
06

4
0.

09
4

48

0.
06

4

 

0.
12

5
0.

19
0.

25
0.

38 0.
5

0.
75 1

1.
5 2 3 4 6 8 12 16 24 32 48 64 96 12
8

19
2

25
6

N
um

be
r o

f s
tr

ai
ns

MIC (ug/ml)

Doxycycline



43 

Two isolates from UC143_V2_2 had very different phenotypes, with one isolate being 

resistant to azithromycin and doxycycline and having reduced susceptibility to 

amoxicillin, while the other isolate, the putative P. melaninogenica isolate, was 

susceptible to all tested antibiotics.  

Resistance to multiple antibiotic classes was relatively common, with 36.11% (13/36) of 

isolates showing co-resistance to two antibiotic classes and a further 19.44% (7/36) 

resistant to three antibiotic classes. Two isolates, including the metronidazole resistant 

isolate, were resistant to four antibiotic classes.  

2.4.5 Biofilm forming ability of clinical Prevotella isolates 

To assess the ability of the isolates to produce biofilms in vitro, crystal violet staining and 

quantification of 5-day biofilms was performed. Formation of biofilms was variable by 

isolate (Figure 2.7). Just over a quarter of isolates (10/36, 27.8%) formed significantly 

larger biofilms than the P. bivia ATCC 29303T type strain. There was no significant 

difference in biofilm formation between isolates from participants with BV (Nugent score 

≥ 7) and those with BV-negative or BV-intermediate scores (p>0.05). In some cases, there 

were significant differences for isolates from the same sample. For example, 

UC059_V1_2 and UC126_V1_1 formed significantly larger biofilms than UC059_V1_1 and 

UC126_V1_3, respectively (p<0.05).  

To determine the impact of the addition of P. bivia UC109_V3_2 and G. vaginalis ATCC 

14018T on biofilm formation in vitro, co-culture biofilm assays were done. For this 

preliminary analysis, early-stage (24-hour) biofilms of each single species were 

prepared, after which planktonic cells of the second species were added and the biofilm 

allowed to incubate for a further 24 hours before staining of the biofilm mass and colony 

counts. By visual inspection, the G. vaginalis monoculture biofilms appeared to be larger 

than those formed by P. bivia, however this difference was not statistically significant 

upon crystal violet quantification (Figure 2.8A).  
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Additionally, bacterial plate counts from each strain showed no significant difference in 

the number of viable bacteria in the monoculture biofilms. Addition of P. bivia to pre-

established G. vaginalis biofilms did not enhance overall biofilm formation with similar 

biofilm masses observed for monoculture vs. co-culture biofilms. Gardnerella vaginalis 

numbers in monoculture vs. co-culture were also not statistically different. Based on 

bacterial counts, P. bivia did not appear to incorporate into the pre-formed G. vaginalis 

biofilm at all. When G. vaginalis was added to pre-formed P. bivia biofilms, G. vaginalis 

appeared to be abundant in this biofilm, while P. bivia numbers remained the same and 

there was no difference in the overall biofilm mass. 
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Figure 2.7: Biofilm biomass of clinical isolates. After incubation for five days under anaerobic conditions, crystal violet stained 

biofilms were quantified by measuring absorbance at 595nm. The mean absorbance was calculated from three biological 

repeats, with error bars representing standard error. Those isolates that differed significantly from the type-strain (P. bivia ATCC 

29303T) are indicated (Dunn’s multiple comparison-corrected p-values: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). 
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Figure 2.8: Co-culture P. bivia and G. vaginalis biofilms. (A) Monoculture and co-culture biofilms consisting of P. bivia (PB) 

and/or G. vaginalis (GV) were stained by crystal violet, followed by spectrophotometric quantification to infer biofilm biomass. 

No statistical significance was determined (Kruskal-Wallis one way ANOVA) (B) Colony counts (CFU/ml) of viable P. bivia and G. 

vaginalis are shown, represented on a logarithmic scale. No statistically significant difference was observed between 

monoculture and co-culture cell counts (2-way ANOVA with multiple comparisons, p>0.05).   

 

 

2.5 Discussion 

An increased abundance of diverse anaerobic bacteria, including Prevotella spp., in 

reproductive age women is associated with clinical diagnosis of BV (Zozaya-Hinchliffe et 

al., 2010). This condition is widespread worldwide, but is particularly common in Sub-

Saharan Africa, with a prevalence of 42.1% reported in a meta-analysis by Torrone et al., 

and a prevalence of over 50% reported in another study (Kenyon et al., 2013; Torrone et 

al., 2018). The exact reasons for these disproportionately high rates in Sub-Saharan 

African are not well understood. Not only are vaginal Prevotella species understudied in 

comparison to their gut, oral and respiratory counterparts, but the relative lack of 

characterised Prevotella species from Africa compared to the global North also 

compounds the issues facing BV research in South Africa. Prevotella spp. have been 

shown to exhibit intraspecies diversity (Ma et al., 2020) and the lack of local Prevotella 

representatives limits regionally relevant research into the aetiology and pathogenesis of 

BV in South African women. To conduct locally relevant research and make 

GV PB GV   PB PB   GV
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geographically appropriate progress in BV research, having a comprehensively 

characterised collection of South African vaginal Prevotella strains is important. 

Availability of 16S rRNA gene data from the UChoose cohort (Gill et al., 2020) allowed for 

identification of which samples from the study contained Prevotella spp. The most 

common Prevotella species identified in these vaginal samples were P. amnii, P. 

timonensis and P. bivia. Prevotella bivia and its role in bacterial vaginosis has been 

described in Chapter 1, but P. amnii and P. timonensis have also been studied in the 

context of vaginal communities. Prevotella amnii, the most closely related Prevotella 

species to P. bivia, is a BV-associated organism and its abundance is associated with an 

elevated vaginal pH (Carter et al., 2022; Gottschick et al., 2017). Prevotella amnii has also 

been reported to increase susceptibility to PID and has been associated with PTB 

(Fettweis et al., 2019; Haggerty et al., 2020). Prevotella timonensis has likewise been 

significantly associated with BV (Srinivasan et al., 2012). Multiple studies have suggested 

an interaction between P. timonensis and host cells, with one study finding that exposure 

of vaginal Langerhans cells (LCs) to the bacterium causes increased uptake of HIV-1, 

turning normally protective LCs into reservoirs that increase transmission of HIV-1 (van 

Teijlingen et al., 2022). Another study by the same authors identified that dendritic cell 

maturation and inflammatory cytokine production strongly associated with the presence 

of P. timonensis, contributing to genital inflammation and thus some of the adverse 

sequelae associated with BV (van Teijlingen et al., 2020). In 3D endometrial cell models, 

P. timonensis also led to structural reorganisation of the cell surfaces, causing elongation

of endometrial microvilli, which can enable improved bacterial adhesion to the cell

surface (Ilhan et al., 2020).

Isolation and preliminary identification of Prevotella spp. isolates in the current project 

was achieved using a combination of a selective growth medium (LKV, selective for 

anaerobic Gram-negative bacteria) and colony PCR with a screening primer set 

[Prevotella genus-specific primers (Matsuki et al., 2004)]. This approach is relatively 

inexpensive and rapidly differentiates Prevotella spp. from off-target bacteria. Confirmed 

Prevotella spp. isolates can then be further classified using more expensive methods 

such as Sanger sequencing of the 16S rRNA gene. Interestingly, almost all bacteria 

isolated were identified as P. bivia, despite there being molecular evidence of significant 
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numbers of P. amnii and P. timonensis in the same samples, despite all three members 

of the genus being capable of growing on Brucella blood isolation medium (Srinivasan et 

al., 2016). It is possible that P. bivia cells are more resistant to stresses encountered 

during sampling and storage, and, therefore, more likely to be isolated in subsequent 

experiments. Indeed, it is important to note that samples used in the current study were 

convenience samples and were used for other analyses prior to the culture experiments. 

While all possible precautions were taken, it is possible that samples were compromised 

by freeze-thaw and oxygen exposure during processing for other analyses. Swabs were 

also not collected in pre-reduced media or stored in a reduced environment (there was 

no sodium thioglycolate or other reducing agents added). A combination of these factors 

may have contributed to the decreased viability of the more sensitive strains. Future 

studies in our group will collect dedicated culture samples directly into appropriate 

storage media such as sodium thioglycolate Eswab medium to optimise viability of 

oxygen sensitive microbes. Nevertheless, we were able to isolate 69 strains from 31 

samples, to start a biorepository of South African Prevotella spp.  

In addition to P. bivia, two isolates preliminarily identified as P. melaninogenica were 

obtained from one sample. Prevotella melaninogenica is the type species of the genus 

Prevotella and an early coloniser of the oral microbiome within the first months of life. It 

can persist in the mouths of those with no oral disease, but can also be an opportunistic 

pathogen (Könönen et al., 1999; Mager et al., 2003). It has also been identified as a key 

species in the cystic fibrosis lung, where it is high in abundance (Lamoureux et al., 2021). 

It is also often detected in culture-independent analyses of the vaginal microbiota. A 

handful of studies have investigated if there is a link between the oral microbiome and 

vaginal microbiome, with a small but significant relationship reported, that particularly 

involves P. disiens and P. bivia (Balle, Esra, et al., 2020; Persson et al., 2009; Zabor et al., 

2010). This link may be due to host factors favouring Prevotella growth in both niches, but 

whether oral bacteria can be introduced, and survive, in the vagina remains a question. 

It is relatively rare, but not unheard of, to isolate viable Prevotella melaninogenica from 

vaginal samples (Duerden, 1993; Srinivasan et al., 2016). Interestingly, both isolates from 

the current study failed to produce the black pigment characteristic of members of this 

species, even after extended incubation. This, coupled with the ~97.6% 16S rRNA gene 
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sequence identity with the P. melaninogenica reference strain suggests they may be 

separate species or sub-species, however definitive assignment as a novel species or 

sub-species requires full genome sequence analysis.  

Investigation of strain diversity for Prevotella spp. isolates in the collection using the 

cpn60 gene did not suggest distinct differences between the South African isolates and 

those available in the reference databases (Vancuren & Hill, 2019). Whole genome 

sequencing (WGS) of the Prevotella spp. isolates allowed for extraction of the cpn60 UT 

for additional isolates, which were not initially sequenced via cpn60 PCR. The sequences 

obtained by PCR and by extraction from isolate genome assemblies were identical. Most 

isolates from the same sample were more similar to each other than to other isolates, 

suggesting within-sample diversity is low at the cpn60 level. One exception was the two 

isolates from UC071_V1, isolated from the same visit, which had some nucleotide 

differences, reflecting that there can be some intrasample diversity in Prevotella spp. 

Most isolates from different sampling times showed diversity on a cpn60 level. However, 

one pair were identical, despite the 8-week duration between visits (UC055). This 

individual was classified as BV positive, with a Nugent score of 8, at both time points, but 

whether persistence of the same P. bivia cpn60 sequence type was associated with the 

persistent BV diagnosis would be interesting future work, where longitudinal 

metagenomic data would be able to show microbial dynamics over time for several 

samples and if there is an association of certain strains with BV positivity.  

The putative P. melaninogenica isolate, UC143_V2_2, clustered with the only other 

vaginally derived P. melaninogenica strain in the cpn60 phylogeny, with high bootstrap 

support and a relatively long branch length, suggesting that the vaginal strains are distinct 

from the oral- and sputum-derived strains, and not oral contaminants. To determine 

whether these strains are divergent enough from the rest of the P. melaninogenica strains 

to be classified as a different species, other methods could be employed. DNA-DNA 

hybridisation (DDH) has been regarded as the gold-standard method for determining 

species relatedness, with a 70% similarity cutoff to define a new species (Wayne et al., 

1987). However, the time consuming and labour-intensive nature of this method, which 

requires availability of type strains, makes the use of sequence-derived parameters, such 
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as average nucleotide identity (ANI), which relies on in silico sequence comparisons, 

more attractive. 

Phenotypic characterisation of newly isolated strains is important to provide insight into 

the pathogenesis of the strains and how they may respond to antibiotic treatment. 

Recurrence of BV post-antibiotic treatment is a major problem, with BV recurring in more 

than half of women within 12 months of initial clearance (Bradshaw et al., 2006). One 

study in South Africa showed recurrence rates of 42% and 30% in women living with and 

without HIV, respectively (Myer et al., 2006). The exact reasons why recurrence is so 

common are not clear, but one hypothesis is ineffective clearance of BV-associated 

bacteria by SOC BV antibiotics, potentially due to emergence of AMR in species such as 

P. bivia (Muzny & Sobel, 2022). Of the South African Prevotella isolates tested, almost all

were susceptible to BV SOC antibiotics. For clindamycin, numerous studies have

reported that approximately one third of isolated Prevotella spp. were resistant to

clindamycin, including Prevotella spp. isolated from endometrial swabs (Petrina et al.,

2017; Ulger Toprak et al., 2018). In some settings higher prevalences of clindamycin

resistant Prevotella spp. have been observed. For example, in Ireland and Kuwait, studies

have reported clindamycin resistance in 66.9% and 89.2% of isolates, respectively (Ali et

al., 2022; Veloo et al., 2020). In all these studies, the Prevotella resistance rates to

clindamycin were markedly higher than reported here (<10%). However, there have been

reports of an increase in clindamycin resistance rates following therapy with the

antibiotic. A study in 2005, looking at microbiological response to BV treatment, reported

that 51% and 68% of isolates of P. bivia and black-pigmented Prevotella spp.,

respectively, were resistant to clindamycin following treatment with clindamycin,

suggesting a selection of clindamycin-resistant strains following therapy (Austin et al.,

2005). An additional concern relates to the underlying genetic mechanism of resistance.

Clindamycin resistance in Prevotella spp. is often conferred by the carriage of erm genes

and these are typically harboured on mobile genetic elements, raising the risk of spread

by horizontal gene transfer. Since erm genes can encode cross resistance to other related

antibiotics, such as azithromycin, it is possible that use of these antibiotics for non BV-

applications may indirectly impact clindamycin efficacy in BV treatment plans by

selecting for resistant isolates (Leclercq, 2002). Although exposure to antibiotics was
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comparatively rare for participants enrolled in the parent study, five participants did 

receive azithromycin during the 8 weeks prior to sampling. Isolates from these 

participants were generally resistant to the antibiotic, although two azithromycin-

susceptible isolates were observed. Two participants received metronidazole, but no 

metronidazole-resistant isolates were obtained from their samples. However, the 

resistance mechanisms in these isolates will need to be investigated further.  

Clindamycin resistance is problematic amongst anaerobic bacteria, and thus not the 

preferred first choice for treatment of anaerobic infections. While studies find it as 

effective as metronidazole to treat BV, metronidazole is often regarded as the preferred 

drug for treatment, with the 7-day metronidazole course resulting in 80-90% efficacy in 

BV clearance (Koumans et al., 2002; Löfmark et al., 2010). Certain clades of Gardnerella 

spp. and F. vaginae may display intrinsic resistance to metronidazole, but Prevotella 

species have relatively low reports of resistance to date (Ferris et al., 2004; Schuyler et 

al., 2016). For example, Germany and Spain, which have among the highest reports of 

metronidazole resistance worldwide, with only 12% and 7% resistance rates, 

respectively (Cobo et al., 2019; Wolf & Stingu, 2022). However, despite these being ‘high’ 

resistance regions, the resistance to metronidazole is still comparatively lower than 

clindamycin resistance rates. Isolates in the current project were mostly susceptible to 

metronidazole, with only one isolate exhibiting resistance to the antibiotic, and three with 

an intermediate, reduced-susceptibility phenotype. 

Other antibiotics commonly prescribed for urogenital infections include doxycycline, for 

chlamydia, gonorrhoea, M. genitalium and syphilis (Luetkemeyer et al., 2023), 

amoxicillin, for treatment of urinary tract infections (UTIs) (Tan & Chlebicki, 2016), and 

azithromycin, for chlamydia and gonorrhoeal infections (Peters et al., 2022). While not 

prescribed for BV directly, these antimicrobials may inadvertently impact the vaginal 

microbiota due to their use as broad-spectrum antimicrobials, and in the case of 

doxycycline, their increasing use as prophylaxis for sexual infections (Grant et al., 2020; 

Tamarelle et al., 2023). In the case of doxycycline, studies looking at endometrial and oral 

Prevotella isolates showed that 23% and 4.8%, respectively, were resistant to 

doxycycline (Petrina et al., 2019; Xie et al., 2014). The fact that more than two thirds of 

South African isolates were resistant to doxycycline is concerning. Doxycycline pre-
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exposure prophylaxis (Doxy-PrEP) to prevent STIs has been suggested for some at-risk 

populations in South Africa and this may cause an increase in the acquisition and spread 

of resistance. The primary mechanism of resistance for tetracycline antibiotics is the 

presence of tet genes, which are often located on plasmids or transposons and therefore 

run the risk of horizontal gene transfer (Chopra & Roberts, 2001). So, while this antibiotic 

may not be prescribed for clearance of P. bivia or other BV-associated bacteria, the risk 

of transmission of AMR genes to other vaginal species, such as N. gonorrhoeae may be 

of concern.  

Another hypothesised reason for the frequent recurrence of BV, and the inability of 

treatment to clear BV long-term, is the ability of the BV-associated strains to exist in 

protective biofilms on the vaginal epithelium, potentially protecting bacterial cells from 

killing by antimicrobials (Machado et al., 2016; Swidsinski et al., 2005). Biofilms are 

regarded as a hallmark feature of BV and G. vaginalis, proposed to be the primary biofilm-

forming species involved in BV onset, is less susceptible to metronidazole and 

clindamycin when existing in a biofilm compared to when existing planktonically (Li et al., 

2020; Swidsinski et al., 2008). While not classically regarded as primary biofilm-formers 

in BV, Prevotella species have been implicated in biofilms in the oral cavity, where their 

presence is associated with periodontal disease (Albaghdadi et al., 2021). Some 

Prevotella isolates in this study were able to form biofilms, with certain isolates forming 

significantly larger biofilms than the P. bivia ATCC 29393T type-strain. Interestingly, P. bivia 

has been shown to affect biofilm formation by other species, or may exist within the 

polymicrobial biofilm community (Machado et al., 2013; Muzny et al., 2019). The current 

conceptual model of BV biofilms is that Gardnerella spp. are the primary colonizer of the 

vagina, forming the biofilm scaffolding, and that P. bivia may incorporate into this biofilm 

and promote its production (Muzny et al., 2019). The symbiotic relationship between P. 

bivia and Gardnerella spp., characterised by an exchange of ammonia and amino acids 

between the species, allows for enhancement of each other’s growth (Pybus & 

Onderdonk, 1997). Thus, a synergistic relationship between G. vaginalis and P. bivia may 

also enhance the formation of biofilm and the onset of BV. Compared to a clinical isolate 

of P. bivia, G. vaginalis type-strain 48-hour biofilms were visibly larger when cultured 

individually. When a South African P. bivia isolate was co-inoculated with the G. vaginalis 
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ATCC 14018T type strain, G. vaginalis abundance was comparable to its abundance in 

mono-culture biofilms. This suggests that while the addition of P. bivia did not impede the 

biofilm formation by G. vaginalis, it also did not enhance its formation. Contrary to the 

proposed model, P. bivia was unable to incorporate into the pre-established G. vaginalis 

biofilm using the methodology and growth media employed in this study. The model was 

proposed based on experiments done in continuous culture for three, thus different 

experimental conditions may explain the differences. It would be interesting to assess in 

future if co-culture of G. vaginalis with the top clinical P. bivia biofilm former 

(UC040_V1_1) would have had a more profound biofilm-promoting impact, as well as if 

the co-culture of strains isolated from the same source, which may have co-adapted 

together, may better interact with one another. 

Assessing the biofilm forming ability of P. bivia in vitro has several limitations. Firstly, the 

in vitro nature of the assay does not necessarily mimic the in vivo ability of the strains to 

adhere to the epithelial surface and establish a mature biofilm, particularly in the context 

of continual replacement of vaginal epithelial cells during normal menstrual cycling. 

Additionally, it is difficult to distinguish a fully formed biofilm, which includes important 

structural components such as extracellular DNA and a polysaccharide matrix, from 

simple cell adherence to the surface of the microtiter plate using crystal violet alone. 

Further characterisation of biofilm structures using scanning electron or fluorescence 

microscopy are useful to confirm biofilm formation in in vitro models (Wilson et al., 2017). 

Relative species abundance in the co-culture biofilm assay was determined using serial 

dilution of the disrupted biofilm on selective media. More quantitatively precise 

methods, such as use of peptide nucleic acid fluorescent in situ hybridization (PNA FISH) 

with species-specific probes, can improve determination of microbes involved in multi-

species biofilms (Sousa et al., 2023). These methods were beyond the scope of the 

current study. Finally, the impact of co-inoculation of P. bivia and G. vaginalis, rather than 

addition to pre-formed biofilms, should be investigated 

This chapter described the isolation and basic characterisation of a collection of 

Prevotella spp. from samples provided by South African adolescent girls and young 

women with and without BV. This biorepository of strains represents a resource to begin 

regionally relevant research into the strains involved in BV in the country. However, 
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several questions remain. While cpn60 sequencing suggested a relatively low within-

sample diversity, a higher resolution approach, such as core genome alignments, would 

allow a more detailed analysis of strain relationships. Additional genomic 

characterisation is also necessary to determine the taxonomic status of the putative P. 

melaninogenica isolate. Finally, the genetic basis for the various antibiotic resistance 

phenotypes is unknown. Therefore, 36 isolates were subjected to whole genome 

sequencing, and the results are presented in the next chapter. 
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Chapter 3: Whole genome sequencing and genotypic 

characterisation of Prevotella spp. isolates 

3.1 Abstract 

Whole genome sequencing (WGS) technologies have become increasingly available to 

interrogate bacterial genomes and can reveal subtle evolutionary differences between 

strains and identify clinically relevant genes. South African Prevotella spp. isolate 

genomes (n=36) were sequenced, and the evolutionary diversity of isolate genomes 

compared to reference Prevotella sequences was investigated. Assembled genomes 

were also screened for antimicrobial resistance genes, virulence genes, the presence of 

prophages and anti-phage defence mechanisms. Core genome alignment and 

pangenome analyses revealed that South African isolates were not distinct from non-SA 

strains. However, the UC143_V2_2 isolate (preliminarily described as P. melaninogenica

in Chapter 2), had a smaller genome size than P. melaninogenica reference sequences 

and clustered separately in core genome phylogenetic trees. Further analysis using 

average nucleotide identity scores suggested that P. melaninogenica genome sequences 

in the NCBI RefSeq database represent up to four genomospecies, with UC143_V2_2 

belonging to one separate genomospecies (ANI score <95%). Genes proposed to confer 

resistance to metronidazole and clindamycin, nimK and ermF, respectively, were 

identified in 2.27% (1/36) and 8.33% (3/36) of genome assemblies, with the nimK gene 

located on a previously described Tn6456 transposon. Additional AMR determinants 

were identified, including tetQ (tetracycline resistance), which in some isolates was 

present on a CTnDOT-like family transposon, and different variants of the β-lactamase 

gene, cfxA, which were differentially associated with amoxicillin susceptibility 

(p=0.00021). High quality viral complete candidate prophage sequences were identified 

in several P. bivia genomes (n=13). Finally, anti-phage defence mechanisms, including 

predicted CRISPR/Cas, abortive infection and restriction modification systems were 

prevalent across all Prevotella genomes. 
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3.2 Introduction 

While low-resolution information regarding strain relatedness can be obtained from 

sequencing of conserved bacterial amplicons, such as the cpn60 gene, these methods 

are limited in their ability to detect subtle evolutionary differences and to identify genes 

that may be clinically relevant. As such, another alternative to amplicon sequencing, is 

WGS. Use of WGS, as the name implies, uses the entire genome of the bacterium, and 

diversity is assessed not only based on a single gene, but rather the genome in its entirety. 

Thus, WGS provides a more accurate measure of inter-strain diversity, reflecting 

differences that 16S rRNA or cpn60 gene sequencing cannot (Brumfield et al., 2020).  

Another advantage of WGS is the ability to detect and track certain strains or mutations 

of clinical relevance in a population, allowing for monitoring of evolution and 

transmission of a bacterium of interest. This was seen to be vital information during the 

COVID-19 pandemic for SARS-CoV-2 (Lorenzo-Redondo et al., 2021), but has also been 

used to investigate bacterial strains. Bacterial pangenomes (i.e. the entire gene 

repertoire) can be interrogated, providing insight into specific genes that may play a role 

in disease severity and complicate treatment (Deurenberg et al., 2017). One example of 

the utility of WGS-based investigations for Prevotella spp. is the analysis of oral Prevotella 

intermedia, and the finding that disease-causing strains encode markedly different 

metabolic processes and more virulence factors compared to strains from ‘non-

diseased’ individuals, identifying potential biomarkers or targets for oral disease (Zhang 

et al., 2017). This information also informs public health agencies on  the prevalence of 

certain genes of interest in different populations, allowing for tracking of the spread of 

potential AMR determinants (Köser et al., 2014). However, to date, few studies have been 

published on fully sequenced Prevotella bivia strains, particularly from South African 

women.  

Modern large scale sequencing projects, such as the National Institute of Health (NIH) 

Human Microbiome Project (NIH HMP Working Group et al., 2009) have provided 

reference genomes for many host-associated microbial species, including several 

Prevotella spp. The genome of P. bivia is approximately 2.5Mbp in length and has recently 

been proposed to consist of two circular chromosomes in at least some strains (Peng et 
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al., 2023). Prevotella melaninogenica has a larger genome, which also comprises two 

chromosomes, together totalling 3.1Mbp in length. While there are certain proposed 

virulence factors utilized by P. bivia for vaginal colonisation, such as sialidase production, 

a specific gene for this virulence factor has not yet been identified (Ferreira et al., 2021). 

P. melaninogenica, however, has defined virulence genes such as haemolysin-encoding

phyA and the type IX secretion system gene porK, which aid in its colonisation of the oral 

cavity (Kondo et al., 2018; Okamoto et al., 1999). With regards to AMR, both P. 

melaninogenica and P. bivia have been reported to contain genes encoding different 

variants of the β-lactamase gene cfxA, as well as ermF, tetQ and nim genes, which may 

confer resistance to β-lactam-, macrolide-, tetracycline- and nitroimidazole-antibiotics, 

respectively (Castillo et al., 2022; Yokoyama et al., 2023).  

Prevotella spp. are predicted to be the hosts of a class of megaphages, known as Lak 

phages, that have genomes of up to >540Kbp in size (Devoto et al., 2019). However, these 

have primarily been identified in gut ecosystems and very little is known about 

bacteriophages in vaginal strains. WGS provides the opportunity to interrogate bacterial 

genomes for the presence of integrated prophages to begin to understand the interaction 

between bacteriophages and their hosts in the vaginal ecosystem.  

The aim of the work presented in Chapter 3 was to (1) interrogate the evolutionary 

relatedness and identity of South African strains using core- and pangenome-based 

approaches, to (2) identify antimicrobial resistance gene determinants and correlate 

their presence with the phenotypic antibiotic resistance data from Chapter 2, to (3) 

quantitate the carriage of putative virulence genes and to (4) identify integrated prophage 

sequences and the presence of proposed anti-phage resistance mechanisms. Strains 

were selected to represent the diversity of samples (at least one strain per participant) 

and also included multiple strains from single samples (to investigate within sample 

diversity), as well as strains isolated from the same individual at different times (to 

investigate longitudinal persistence).    
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3.3 Methods 

3.3.1 Genomic DNA extraction and sequencing 

Whole genome sequencing (WGS) was performed on 38 Prevotella isolates – some 

strains were selected to assess intra-sample diversity (n=10) and some to assess 

longitudinal diversity in the same individual at different visit times (n=6). The remaining 

22 strains were isolated from individual samples. Genomic DNA was extracted from the 

Prevotella spp. isolates (n=38) using the PureLinkTM Microbiome DNA Purification Kit 

(Invitrogen, Thermo Scientific Inc, MA, USA), following the advised protocol with final 

elution in 60µl of the elution buffer provided in the kit. The concentration and quality of 

the extracted DNA were determined using a Nanodrop 1000 Instrument (Thermo 

Scientific Inc, MA, USA) and the integrity of the DNA was confirmed in 1% (w/v) agarose 

gels by electrophoresis. Sequencing of the DNA was performed by the Centre for 

Proteomic and Genomic Research (CPGR, Observatory, Cape Town, South Africa) on the 

Illumina MiSeq Instrument, using the Illumina MiSeq Reagent Micro Kit v2, for 300 cycles. 

3.3.2 Genome assembly and annotation 

Following sequencing, FastQC v0.12.1 (Andrews, 2010) was used for a primary quality 

control check on the raw sequences and the results summarised with multiQC v1.17 

(Ewels et al., 2016). Raw reads were trimmed using trim-galore v0.6.10 with a minimum 

Phred quality score cutoff of 15 in order to remove adapters and low quality sequences 

(Martin, 2011). SPAdes v13.15.5 (Prjibelski et al., 2020) with the ‘-isolate’ option was used 

for genome assembly and QUAST v5.2 (Mikheenko et al., 2018) was used to assess the 

assembly metrics. Genome assemblies failing initial QC were removed from further 

analyses. CheckM (Parks et al., 2015) was used to estimate overall completeness and 

contamination of the assembled sequences. To annotate the assembled contigs, Prokka 

v1.14.6 (Seemann, 2014) was used, with P. bivia DSM 20514T (accession NZ_JH660658) 

and P. melaninogenica ATCC 25845T (accessions NC_014370 and NC_014371) reference 

sequences as trusted protein sets for the P. bivia and P. melaninogenica annotations, 

respectively. 
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3.3.3 Core- and pan-genome analysis of clinical Prevotella isolates 

Core genome identification was performed using Panaroo v1.3.4 (Tonkin-Hill et al., 2020) 

in ‘strict’ mode (‘-clean-mode strict’) with the core genome threshold set at 1 (-

core_threshold 1). Alignments based on concatenated core gene sequences were 

undertaken using PRANK v170427 (Löytynoja, 2014). Maximum likelihood trees based on 

the core genome alignments were generated using iq-Tree v2.2.2.6 (Minh et al., 2020) 

using the best fit partitioned models suggested by the program (pre-run using the ‘-m 

MFP’ option). Trees were visualised and annotated using iTOL v6.8.1 (Letunic & Bork, 

2007). The output of Panaroo (‘gene-presence-absence’) and iq-Tree phylogenetic tree 

were also used to visualise the pangenome of P. bivia isolates  using Phandango v1.3.0 

(Hadfield et al., 2018), followed by an analysis with Scoary v1.6.16 (Brynildsrud et al., 

2016) to determine if any genes were specifically associated with South African versus 

non-South African isolates, or with BV positivity (Nugent score ≥ 7) versus BV negativity 

(Nugent score < 7).  

3.3.4 Genetic distance between Prevotella isolates 

To determine the genetic relatedness of the Prevotella isolates and those obtained from 

the NCBI RefSeq resource (O’Leary et al., 2016), the ANI pairwise distances were 

calculated with Pyani v0.2.x (Pritchard et al., 2015), using MUMmer3 (ANIm) to align the 

sequences (Richter & Rosselló-Móra, 2009). The output was used to generate a matrix of 

strain similarity scores. 

3.3.5 Identification of antimicrobial resistance determinants and virulence genes in 

Prevotella isolates 

Assembled isolate genomes were screened for the presence of genes associated with 

antimicrobial resistance using ABRicate v1.0.1 (Seemann, 2015), with multiple 

databases, including ARG-ANNOT (Gupta et al., 2014), The Comprehensive Antibiotic 

Resistance Database (CARD) (Alcock et al., 2023), NCBI Antimicrobial Resistance Gene 

Finder Plus (AMRFinderPlus) (Feldgarden et al., 2021) and Resfinder. To screen for 

potential known virulence factors, the Virulence Factor Database (VFDB) (Chen et al., 

2005) was used. Any genes or gene clusters of interest not included in the databases of 
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the tools above were obtained from the NCBI Reference Gene catalogue, and manually 

searched for using BLAST against all the assembled genomes (Camacho et al., 2009; 

Feldgarden et al., 2021). 

3.3.6 Identification of prophages and anti-phage resistance mechanisms 

Potential integrated prophages were identified using Virsorter2 v2.2.4 (Guo, Bolduc, et 

al., 2021) using the suggested standard operating procedure (SOP) published by the 

creators of the program [Version 3 (Guo, Vik, et al., 2021)]. In short, potential prophage 

sequences were first identified by Virsorter2, with lenient criteria. This was followed with 

a quality control check using checkV v1.0.1 (Nayfach et al., 2021) to assign quality scores 

and trim host sequence from either end of each potential prophage. Thereafter, trimmed 

sequences were reassessed by a second round of Virsorter2 to prepare them for the 

DRAMv v1.4.6 pipeline, which was used to annotate the predicted viral sequences 

(Shaffer et al., 2020). Following the DRAMv annotation, manual quality control checks 

were used to remove sequences that may not be viral. In order to determine if any of the 

complete or high quality identified prophage sequences were similar to previously 

characterised phages, Dashing v1.0.2.4-g0635 (Baker & Langmead, 2019) was utilised, 

to determine Jaccard similarity scores to every phage in the NCBI RefSeq database for 

Caudoviricetes (downloaded 2023-07-17). Phage genomes were re-annotated with 

Pharokka v1.5.1 (Bouras et al., 2023), and input into clinker v0.0.28 (Gilchrist & Chooi, 

2021) for genome comparisons. Anti-phage resistance mechanisms were identified from  

the annotated Prevotella spp. isolate genomes using DefenseFinder v1.2.0 (Abby et al., 

2014; Tesson et al., 2022).  
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3.4 Results 

3.4.1 Assembly metrics of Prevotella sequences obtained by whole genome 

sequencing 

A total of 38 Prevotella spp., described in Chapter 2, were available for WGS. Of these, 

two assemblies failed initial quality assessment (UC104_V2_1 and UC158_V3_1) due to 

high levels of genome fragmentation (N50 values <2 Kbp) and potential contamination 

and/or mis-assembly (Table S2). These assemblies were excluded from further analyses. 

The median genome size for the remaining P. bivia isolates was approximately 2.5 Mbp 

(Table 3.1), which is within the range of genome sizes commonly reported for P. bivia 

isolates (Table S2). Conversely, the putative P. melaninogenica assembly size was slightly 

smaller than the genome sizes of P. melaninogenica isolates in the NCBI RefSeq 

database (2.9 Mbp versus 3.1 Mbp – 3.4 Mbp), but most close in genome size to the other 

vaginal P. melaninogenica isolate (Table S2). All isolate genomes had <41% GC content, 

which is typical of members of the phylum Bacteroidota  (Teng et al., 2023). All genome 

N50 values ranged between 23 Kbp and 161 Kbp, with most strains having at least 50% if 

their genome content on contigs of >70 Kbp. 

Table 3.1 Summary assembly metrics from whole genome sequencing for P. bivia isolates (n=35) and 
P. melaninogenica (UC143_V2_2).

* Median and range for n=35 P. bivia isolates

P. bivia* P. melaninogenica

Genome size (bp) 2 491 510(2 361 601-2 698 246) 2904179 

N50 (bp) 70 372 (22 779-117 289) 161629 

L50 11 (7-31) 6 

%GC 39.70 (39.20-39.98) 40.67 

No. contigs 109 (63-464) 51 

No. CDS 2 140 (1 987-2 333) 2307 

No. tRNAs 50 (48-53) 48 

Completeness (%) 89.19 (87.11-93.59) 88.61 

Contamination (%) 3.96 (2.07-14.97) 2.45 
Coding density (%) 86.73 (86.09-87.22) 82.25 
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3.4.2 Core genome alignment of Prevotella spp. to reveal high-resolution strain 

relatedness 

While sequencing of the cpn60 gene is often used as a proxy for interrogating strain 

diversity, WGS enables the alignment of the entire core genome of the strains for a 

holistic view of inter-strain diversity that may not be reflected by differences in the cpn60 

gene. A maximum likelihood tree was generated from core genome alignments for all 35 

P. bivia isolates, along with reference sequences obtained from the NCBI RefSeq

database (Figure 3.1A). Strains of P. bivia isolated from the same sample were generally

very closely related (1-180 core genome SNPs), although 1 pair of isolates (UC071_V1_1

and UC071_V1_1F) were markedly different, with 9193 core genome SNPs. Strains from

the same individual but isolated at different study visits clustered together in one case

(UC055_V3_1 and UC055_V2_3) and were similar at a core genome level (308 SNPs).

However, in the remaining two cases, they clustered separately in the core genome tree

and were more distantly related (8931 and 8962 core genome SNPs for the UC107 and

UC040 isolates, respectively). Sequences obtained from the NCBI RefSeq database did

not cluster separately from the South African isolates.

The putative P. melaninogenica isolate (UC143_V2_2) clustered separately from most of 

the P. melaninogenica reference sequences (Figure 3.1B). UC143_V2_2 did not cluster 

with GCF_03609775.1, the only other vaginal isolate. These two isolates were in fact 

distantly related, having 100 286 core genome SNPs. Additionally, two P. melaninogenica 

sequences obtained from the NCBI RefSeq database, GCF_018128045.1 and 

GCF_018128065.1, also clustered entirely separately from the other P. melaninogenica 

strains and, when Prevotella scopos isolates were included in the alignment, appeared 

more closely related to the latter (Figure 3.1B, for the original core genome tree without 

P. scopos sequences, see Figure S1).

      Genetic distance and similarity between Prevotella isolates 

To determine the whole-genome-based relatedness of the Prevotella isolates within their 

respective species-groups, ANI pairwise comparisons for all sequences were calculated 

(Figure 3.2). All P. bivia strains were highly similar to each other, with ANI scores ranging 

from 98.58%-99.99%, which is above the proposed 95% species identity cutoff and 
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suggests that all isolates have correctly assigned taxonomies (Figure 3.2A). The three 

strains from UC126_V1 had the highest ANI scores ranging between 99.994% and 

99.999% and were also very similar to UC069_V1_1 and UC107_V2_1 (99.99% ANI score), 

supporting the results obtained by core genome alignments and suggesting that these 

isolates are very closely related. Similarly, the two isolates from participant UC107 

(UC107_V2_1 and UC107_V1_2), which appeared to be more distantly related based on 

core genome alignments, had a pairwise ANI score of only 98.965%.  

The P. melaninogenica as a group had much lower ANI pairwise values compared to P. 

bivia (Figure 3.2B). Based on the proposed <95% species cutoff, the P. melaninogenica 

strain group appeared to comprise up to four different genomospecies. The ‘main’ P. 

melaninogenica group contained the type-strain, ATCC 25845T (GCF_000144405.1). The 

two strains with the lowest similarity to the core P. melaninogenica strains were 

GCF_018128045.1 and GCF_018128065 and were quite different to the main P. 

melaninogenica group (ANI range 88.52%-88.91%). The UC143_V2_2 isolate had ANI 

scores ranging from 91.48% to 91.76% compared to the main P. melaninogenica group 

and was most closely related to the other vaginal isolate, GCF_03609775.1 (ANI score 

91.90%). Finally, the ANI scores of GCF_003609775.1 versus the main P. melaninogenica 

group ranged between 90.82% and 91.34%. The remaining sequences within the main 

group were all closely related to one another and to the P. melaninogenica type strain, P. 

melaninogenica ATCC 29845T (ANI scores 96.13%-99.99%) 
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Figure 3.1: Core genome alignment of Prevotella isolates. Prevotella spp. whole genome sequences downloaded from the NCBI RefSeq database were aligned with South African isolates to 

generate maximum likelihood trees for (A) P. bivia and (B) P. melaninogenica and P. scopos (in pink). Bootstrap values of over 40 are displayed on the branches. Strains from the same sample or 

individual are coloured accordingly and isolation source is indicated. Presence or absence of four antimicrobial resistance determinant genes (tetQ, cfxA, ermF and nimK) is also indicated. The 

tree scale represents 0.01 nucleotide substitutions per site.
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Figure 3.2: Heatmaps of average nucleotide identity (ANI) of Prevotella isolates. Pairwise ANI scores were calculated for (A) P. 

bivia and (B) P. melaninogenica isolate genomes and their respective NCBI RefSeq sequences and similarity was represented 

with heatmaps. 

  

B 
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3.4.4 Pangenome analysis of Prevotella spp. 

The P. bivia pangenome comprised a total of 4244 genes, of which a third (1434, 33.8%) 

were core genes (in 99%-100% of strains), 135 soft core genes (in 95%-99% of strains), 

and 2695 accessory genes (Figure 3.3A). Patterns of gene presence/absence were similar 

for strains that were closely related at a core genome level, suggesting that the accessory 

genomes were not significantly different in these strains. However, in at least one case, 

there were differences in the accessory, with an additional 40 genes present in 

UC055_V2_3 vs UC055_V3_1. This was mainly due to the absence of an 18.6 Kbp contig 

containing 22 genes in the latter isolate. While the majority of annotations for this contig 

were hypothetical, genes encoding proteins with homology to conjugal transfer proteins 

(traG and traO) commonly found on plasmids were present. A similar contig with high 

sequence identity was present in a distantly related isolate, UC079_V2_1, from a different 

study participant. BLAST comparisons to the NCBI nucleotide database revealed no 

significant matches for either potential plasmid, suggesting that they are novel. The P. 

melaninogenica group had a much larger pangenome (8615 genes), of which only 14.7% 

were core genes (1263 genes), along with soft core genes and 7137 accessory genes 

(Figure 3.3B). Removal of the four ‘inconclusive’ P. melaninogenica strains resulted in a 

somewhat reduced pangenome (7214 genes), of which 19.4% were core genes (1416). 

No P. bivia genes were significantly associated with strain origin (SA vs non-SA) based on 

Bonferroni-corrected significance values in a Scoary pangenome-wide association 

analysis. Similarly, when stratifying strains by host BV status (BV positive [Nugent score 

>7] vs BV negative [Nugent score <7]), no genes were significantly associated with BV.

However, all isolates from samples from BV negative women contained asnA, a predicted

aspartate ammonia ligase gene, whereas this gene was only present in 35% of isolates

from BV positive women (naïve p < 0.0001, Bonferroni-corrected p = 0.474).

3.4.5 Antimicrobial resistance determinants present in the Prevotella spp. 

sequences 

To determine the presence of genes potentially involved in antimicrobial resistance 

(AMR), annotated isolate and reference genomes were screened against various AMR 

databases (Seemann, 2015). Genes encoding potential resistance for tetracyclines 
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(tetQ), β-lactam antibiotics (cfxA) and lincosamides (ermF) were found in 90.91% (40/44), 

70.45% (31/44) and 9.09% (4/44) of P. bivia strains, respectively (Figure 3.1A). The P. 

melaninogenica isolates had a lower frequency of tetQ and cfxA carriage, with 23.3% 

(7/30) and 63.33% (19/30) prevalence, respectively. The ermF gene was more commonly 

identified, present in 30% (9/30) of P. melaninogenica strains (Figure 3.1B). Dual carriage 

of tetQ and cfxA was seen in 63.63% (28/44) and 23.33% (7/30) of P. bivia and P. 

melaninogenica strains, respectively. A further six strains had three AMR genes 

concurrently (3 P. melaninogenica and 3 P. bivia strains). Five triple-AMR-gene strains 

contained tetQ, cfxA and ermF (Figure 3.1A and 3.1B). 

The tetQ gene is known to be associated with transposable elements such as CTnDOT 

(Waters & Salyers, 2013). Therefore, the genomic location of the tetQ gene was 

investigated further for the presence of previously described transposable elements. 

Regions with homology to the CTn341 transposon (accession AY515263.1), previously 

identified in B. fragilis to contain tetQ, were identified in 65.90% (29/44) of P. bivia 

genomes (Figure 3.4). The rteA-rteB-rteC operon, part of the conjugative apparatus of the 

Bacteroides CTnDOT transposon, were identified with tetQ in all but 4 isolates. However, 

only 11/44 isolate genomes had co-carriage of this operon and the mobA-C genes, 

required for initiating mobilisation. 
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Figure 3.3: The pangenome of Prevotella isolates with the corresponding phylogenetic tree. The tree of genomes, determined by iq-Tree, with corresponding accessory genes in the 

pangenome of (A) P. bivia and (B) P. melaninogenica represented using Phandango (Hadfield et al., 2018).   
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Since the AMR databases do not contain every known resistance gene, the genomes were 

screened for additional 5-nitroimidazole reductase genes, nimA-K, which have previously 

been associated with metronidazole resistance in Bacteroides spp. and Prevotella spp. 

One isolate, UC121_V1_3, contained a putative nimK gene, located in a gene region with 

high similarity to the previously described Tn6456 transposon (Figure 3.5). The regions of 

the transposon flanking the nimK gene included genes encoding an integrase, a 

mobilisation protein, an insertion sequence (IS1380), qacE (encoding a putative efflux 

pump), a Crp/Fnr regulator and identical repeat regions. The nimK gene was not detected 

in any of the P. melaninogenica strains. No other potential nim genes were identified in 

any of the isolates.  

Correlations between AMR gene presence and phenotypic resistance were determined 

for 34 of the South African isolates (Figure 3.6). Most strains encoding tetQ were resistant 

to doxycycline (25/34), although five strains harboured the gene without phenotypic 

resistance and one strain was resistant without the gene being present. Carriage of ermF 

was observed in only one of the South African isolates which was clindamycin resistant, 

while three others were phenotypically resistant to clindamycin without harbouring the 

gene. Similarly, while the strain with the identified nimK gene showed reduced 

susceptibility to metronidazole, two additional isolates with reduced susceptibility and 

one fully resistant isolate did not contain any nim gene. Mere presence of the gene for β-

lactamase production, cfxA, did not always correlate with resistance with ~20% of the 

cfxA not displaying phenotypic resistance to amoxicillin. However, different cfxA gene 

variants were detected in the different strains and the presence of cfxA3/A4 was 

correlated with significantly higher amoxicillin MIC values than the presence of cfxA/A2 

(p = 0.000212), the latter being associated with low-intermediate susceptibility to the 

antibiotic (Figure 3.7).  
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Figure 3.4: Identification of CTnDOT-related transposon carriage in Prevotella spp. isolate genomes. South African and 

reference P. bivia genomes were screened for homology to the previously published CTnDOT-family transposon, CTn341 

(AY512263.1) and visualised using clinker. Genes involved in the transfer of the transposon are labelled on the reference 

CTn341 alignment. 
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Figure 3.5: Correlation between presence of AMR genes and phenotypic antibiotic resistance. Four antimicrobial resistance genes were 

detected in the Prevotella genomes which may confer resistance to tetracyclines (i.e. doxycycline), lincosamides (i.e. clindamycin), β-lactam 

antibiotics (i.e. amoxicillin) and nitroimidazoles (i.e. metronidazole). ‘Phenotype observed’ refers to the strain having phenotypic resistance to 

the antibiotic in the specific class. 

 

 

             

                       

Figure 3.4: The nimK transposon in UC121_V1_3 in comparison to the Tn6456 transposon. Gene clusters in the regions of the 

nimK gene were compared to a previously published P. bivia nimK transposon with Clinker. The different gene regions are 

labelled and inverted repeats (IRs) are indicated. 
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Figure 3.6: cfxA gene variants and its effect on antimicrobial susceptibility. The MIC (µg/ml) values of the isolates are 

indicated with their respective absence (No gene) or presence (cfxA/A2 or cfxA3/A4) of the cfxA gene. The CLSI breakpoint 

for susceptibility (S), intermediate phenotype (I) and resistance (R) to amoxicillin is indicated on the graph. 

 

 

3.4.6 Previously described virulence factors identified in the Prevotella spp. 

sequences 

In order to assess for any genes potentially involved in virulence, annotated isolate 

genomes, as well as reference genomes, were also screened against the virulence factor 

database (VFDB) (Chen et al., 2005), as well as a list of putative virulence factors 

described previously(Sharma et al., 2022). While none of the genomes had genes with 

homology to those in the VFDB, genes with homology (>60% identity) to previously 

described Prevotella spp. virulence genes were identified in the Prevotella spp. isolate 

genomes (Table 3.2). The majority of P. bivia isolate genomes (>95%) carried genes 

encoding putative quorum sensing molecules (luxS), haemolysins (including hlyA and 

hly-III) and proteases (dpp). Additionally, a region of 75% homology to the undecaprenyl 

diphosphatase, uppP, gene, involved in bacitracin resistance, was identified in 97.73% 
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(43/44) of P. bivia isolates. Quorum sensing AI-2 molecules, haemolysins and a dipeptidyl 

peptidase protease were identified in all P. melaninogenica isolate genomes, while 

93.33% (28/30) carried a gene proposed to encode a capsular exopolysaccharide 

biosynthesis protein, which was not as abundant in the P. bivia isolate genomes.  

Table 3.2:  Putative virulence factors identified in Prevotella spp. isolate genomes 

Protein name 
Gene 
name 

Locus 
Prevotella spp. 
source 

Percentage of strains carrying 
gene (n) 

P. bivia P. melaninogenica

Q
uo

ru
m
 

se
ns

in
g 
A
I-
2 

m
ol
ec

ul
es

 S-ribosyl homocysteine
lyase

luxS B129_RS0101260 P. intermedia 97.73 (43) 100 (30) 

AI-2E family transporter - B129_RS102810 P. intermedia 97.73 (43) 100 (30) 

A
M
R

 

Undecaprenyl-
diphosphatase 

uppP B129_RS0101320 P. intermedia 97.73 (43) 100 (30) 

Tetracycline resistance 
protein TetQ 

tetP 
HMPREF0650_RS03
660 

P. buccalis 88.64 (39) 23.33 (7) 

β-lactamase - 
HMPREF9144_RS08
425 

P. pallens 70.45 (31) 73.33 (22) 

TetR/ AcrR family 
transcriptional regulator 

- HMPREF9144_RS10
840 

P. pallens 75.00 (33) 0 (0) 

Pyridoxamine 5’-phosphate 
oxidase family 

nimB 
HMPREF9136_RS01
340 

P. dentalis 18.18 (8) 10 (3) 

H
ae

m
ol
ys
in
s 

Haemolysin family protein - B129_RS0103455 P. intermedia 95.45 (42) 100 (30) 
HlyD family secretion 
protein 

- B129_RS0104030 P. intermedia 97.73 (43) 100 (30) 

Haemolysin hlyA 
HMPREF6485_RS01
780 

P. buccae 95.45 (42) 100 (30) 

Haemolysin-III hly-III HMPREF9136_2207 P. dentalis 97.73 (43) 100 (30) 

Pr
ot
ea

se
s 

Dipeptidyl peptidase dpp 
HMPREF0659_RS00
470 

P. 
melaninogenica 

97.73 (43) 100 (30) 

EP
S Capsular exopolysaccharide 

biosynthesis protein 
- 

HMPREF9136_RS10
305 

P. dentalis 68.18 (30) 93.33 (28) 



75 

1

2

3

8

10

13

Figure 3.7: Identification of putative prophage genomes (A) Total numbers of prophages identified per strain, stratified by predicted 

prophage genome quality (MIUViG). (B) Predicted genome size of high-quality prophage genomes. 

3.4.7 Identification of prophage sequences in South African Prevotella spp. 

genomes 

A primary prophage analysis found 73 potential prophage sequences from 33/36 of the 

Prevotella spp. genomes. Of these, 48 were categorised as low quality/genome 

fragments, 12 as medium quality/genome fragments and 13 as high quality/complete 

prophages, according to checkV and MIUViG classifications, respectively (Figure 3.8A). 

While multiple low and medium quality genome fragments were present in most bacterial 

genomes, no isolate harboured more than one predicted complete prophage sequence. 

The complete prophage sequences had predicted genome sizes ranging from 6 391 – 

64 987 bp, with a median genome size of 39 952 bp (Figure 3.8B). 

 

To determine if the predicted complete prophages had any close relatives amongst 

previously characterised bacteriophages, pairwise Jaccard similarities were determined 

to all Caudoviricetes (i.e. tailed bacteriophages) sequences in the NCBI RefSeq database 

(Table S3). Jaccard similarities to the closest relatives in the database were extremely low 

for all sequences, ranging between 0.0118-0.0211 (~12%-20% similarity). Best-hit 

matches were generally predicted to belong to the previously defined Siphoviridae-

morphotype (long, non-contractile tails) (11/13), with the remaining two sequences 

  
B 
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Figure 3.9: Visualisation of prophage genomes. High quality viral genomes were visualised using Clinker, with 
identity between phage genomes indicated. 

showing low levels of similarity to bacteriophages of the Myoviridae (short, contractile 

tails) and Podoviridae (very short, non-contractile tails) morphotypes. Visualisation of the 

complete and high-quality prophage sequences identified that there were two main 

clusters of phages, with 4 phages in one cluster and 6 phages in the second cluster 

(Figure 3.9). Of the individual, ‘unique’ phages of this dataset, UC143_V2_1 and 

UC040_V1_3 shared a small degree of genomic synteny but were mostly distinct from one 

another. Potential phage sequences from isolates from the same sample, UC059_V1_2 

and UC059_V1_1, were identical to each other, but also similar to phages from strains 

from 4 separate individuals.  
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Figure 3.10: Anti-phage defence mechanisms in Prevotella spp. Detection of anti-phage defence systems present in 

all Prevotella isolate sequences (n=36) was performed using DefenseFinder. 

3.4.8 Identification of potential anti-phage defence mechanisms in South African 

Prevotella spp. 

In order to investigate the anti-phage arsenal of local South African isolates, all genomes 

were screened for known and predicted anti-phage defence mechanisms. CRISPR-Cas 

elements were present in all genomes, however only 30/36 of the strains contained 

complete CRISPR-Cas systems, with all these stains predicted to have the Class 2 

Subtype IIC CRISPR-Cas system. The remaining six isolate assemblies did not have all 

the necessary components for CRISPR functionality. The most identified non-CRISPR-

Cas-based anti-phage defence mechanism was the phage anti-restriction-induced 

system (PARIS), a particular class of abortive infection (Abi) mechanism, found in all 36 

strains (Figure 3.10). Additional general ‘Abi’ mechanisms, belonging to the four subtypes 

(AbiD, AbiE, AbiH and SanaTA) were predicted for 31 strains, with multiple subtypes 

sometimes present in a single strain (for example, UC040_V1_3, which contained all 

three Abi subtypes) (Table S4). Putative restriction modification (RM) systems were 

predicted for all but one strain. As for the Abi systems, some strains contained multiple 

of the same RM type as well as different RM types, simultaneously. The only other 

commonly predicted defence mechanism belonged to the PrrC/RloC class, that are 

responsible for pausing translation during bacterial infection and were present in 11 

strains. The remainder of the predicted defence mechanisms were only rarely identified, 

present in five or less isolates. 
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3.5 Discussion 

With the increased affordability and availability of NGS technologies, characterisation of 

bacterial isolates has begun to rely not only on phenotypic or lab-based techniques, but 

also on genotypic analyses, which provide valuable insights into evolutionary 

relationships and gene carriage. Following genome assembly and quality control checks 

of the strains in this study, 36 strains were carried forward for further genomic analyses. 

The overall genome metrics (including genome size and %GC content) of South African 

P. bivia strains were comparable to previously sequenced strains in the NCBI RefSeq

database and there was little evidence of contamination within the sequenced genomes. 

However, the UC143_V2_2 strain, which was preliminarily identified as P. melaninogenica 

based on its 16S rRNA gene sequence, had a slightly smaller genome size than is typical 

for P. melaninogenica strains in the NCBI RefSeq database. This, along with evidence 

discussed later in this chapter, lends support to the idea that this isolate may represent 

a novel bacterial species. Prevotella melaninogenica has been shown to possess two 

chromosomes, which explains, in part, the larger genome size (Gupta et al., 2015). 

Interestingly, a recent complete genome assembly for P. bivia PLW0727 suggests that P. 

bivia may also possess two chromosomes (Peng et al., 2023). The use of short read 

sequencing technology in this study did not allow for an analysis of chromosome 

structure in the South African Prevotella spp. isolates. However, future work including a 

long-read approach, such as PacBio or Oxford Nanopore technologies (ONT) 

sequencing, could be carried out to generate complete, closed assemblies for selected 

isolates to answer this question, especially as some isolate sequences in this study had 

contamination levels greater than 10%. Additionally, the two P. bivia strains that did not 

pass the quality control analyses and were excluded due to their high contiguity will be 

re-sequenced as part of future work. 

Comparative genomics approaches have been used to analyse the fine-grained 

molecular diversity of bacterial populations. For this study, a subset of isolates from both 

the same sample and the same individual at different time points were included to begin 

to examine the intra-sample and longitudinal diversity of Prevotella strains. While a much 

larger set of isolates is required to explore these questions fully, the data presented here 

provide some interesting preliminary insights. For example, two strains from the same 
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sample (UC071_V1_1 and UC071_V1_1F, which were identical based on 16S rRNA gene 

and cpn60 sequencing), were significantly different at the genomic level with over 9000 

core genome SNPs and ~650 accessory genes unique to one or the other. Previous 

metagenomic-based studies have revealed that the vaginal community is not necessarily 

clonal, with relatively high levels of intra-sample diversity for certain species. Indeed, Ma 

et al. showed that Prevotella gene counts in vaginal communities were higher than in any 

individual species genomes, suggesting that vaginal communities consist of species 

populations made up of individual strains having differing gene repertoires (Ma et al., 

2020). Other strains isolated from the same sample were more closely related. It is 

possible that the diversity within these samples was lower, however isolation and 

sequencing of more strains and/or shotgun metagenomics would be necessary to 

confirm this. Interestingly, even isolates that were very closely related at a core genome 

level displayed some phenotypic variation. For example, P. bivia strains isolated from the 

first visit of participant UC126 as a group had 1-20 core genome SNPs, yet differed in their 

ability to form biofilms and only one of them was phenotypically resistant to azithromycin 

(Chapter 2). It is likely that differences in the accessory genome were responsible for 

these phenotypic differences.  

Strains of P. bivia isolated at different time points in two of three cases, were 

phylogenetically distinct from one another. Due to the possibility of strain variation within 

a sample, it cannot be determined whether in these cases the earlier strain was lost or 

replaced by another P. bivia strain. The third pair of strains were genetically similar at a 

core genome level despite being isolated approximately 8 weeks apart, suggesting 

persistence between samplings. Interestingly, the accessory genomes of the two isolates 

were different, with the later isolate lacking a contig that may have been a plasmid. The 

presence of a similar potential plasmid in another distantly related isolate from another 

study participant suggests possible horizontal gene transfer within the population. 

Core genome alignments for P. melaninogenica reference strains and the UC143_V2_2 

isolate revealed extensive genomic variation. The only two vaginal P. melaninogenica 

sequences [P. melaninogenica GAI07411 (accession GCF_003609775.1) and the South 

African isolate UC143_V2_2] were genetically distinct from oral-, sputum-, and gut-

derived strains and likely did not appear simply due to introduction of an oral bacterium 
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to the vagina pre-sampling. These strains had similar genome sizes, which may be due to 

adaptations to the vaginal environment. These isolates were also distinct from one 

another and clustered separately. The reference sequence for P. melaninogenica GAI 

07411 currently has a taxonomic status of ‘inconclusive’. Nevertheless, the strain has 

been fairly well characterised and has been used in in vitro knockout experiments (Kondo, 

2021; Kondo et al., 2018). Interestingly, two other P. melaninogenica strains clustered 

more closely to the outgroup, P. scopos. Prevotella scopos, first described in 2011, was 

identified as being closely related to, but distinct from, P. melaninogenica (Downes & 

Wade, 2011). The two strains were both oral isolates and, similarly to P. melaninogenica 

GAI 07411, despite being present in the NCBI RefSeq database, their taxonomic status is 

recorded as ‘inconclusive’. 

Based on the core genome and ANI results, it appears that the currently recognised P. 

melaninogenica species consists of up to four genomospecies. The term 

‘genomospecies’ has been used to refer to ‘organisms for which data from nucleic acid 

comparisons indicate that they constitute a new species, but for which no distinguishing 

phenotypic properties have yet been found’ (Schloter et al., 2000). ANI represents the 

average identity of nucleotides between any two genomes, reflecting the DDH concept in 

silico, with a 95% ANI identity having been determined to be equivalent to the 70% 

identity in DDH (Goris et al., 2007; Konstantinidis & Tiedje, 2005). The ANI analysis on 

strain UC143_V2_2 revealed that it does appear to be a distinct genomospecies from the 

rest of the previously published P. melaninogenica strains, with an ANI score below the 

95% cutoff. The other vaginal strain, P. melaninogenica GAI 07411 also appears to 

constitute a separate genomospecies. A valuable aspect of future work would be 

understanding how prevalent both of these potential novel species are in vaginal 

populations. Searching for them in a well-established vaginal metagenome database, 

such as the human vaginal non-redundant gene catalogue (VIRGO), would determine 

whether this species has been detected in vaginal microbiomes previously (Ma et al., 

2020). The remaining two strains, P. melaninogenica F0054 and F0091 (accession 

numbers GCF_0180128045.1 and GCF_0180128065.1, respectively), likely form another 

genomospecies, possibly of P. scopos. One further piece of evidence supporting the 

proposal to reassign some P. melaninogenica strains to separate genomospecies is the 
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very large species pangenome, with almost 85% made up of accessory genes. This would 

be expected as the current species designation included a set of strains that have 

diverged significantly from one another. 

There are some caveats to the above interpretation. Palmer et al. carried out a large-scale 

comparison of the use of different ANI calculation methods for the delineation of 

bacterial species (Palmer et al., 2020). While the method employed in this study (ANIm) 

generally correlated well with ANIb scores, the authors suggest determining taxon-

specific cutoffs, which may vary for different species. Alternative methodologies like 

dDDH may overcome these limitations. Furthermore, extensive additional in vitro 

characterisation based on cellular morphology, optimal growth conditions, and various 

biochemical and metabolic tests is needed before reclassification as a novel species is 

possible (Baron, 1996). 

Intra-species investigation of evolutionary relationships and genetic distances amongst 

strains is only part of the utility of WGS for genome interrogation. Analysis of the specific 

genes present or absent in strains can identify features of different strains and provides 

the opportunity to investigate intra-species adaptation to particular ecological niches or 

geographic regions (Anani et al., 2020; Rouli et al., 2015). For example, pangenome 

profiling of Prevotella copri isolates revealed differentiation between strains in Western 

and non-Western individuals by principal coordinate analysis (PCA). However, these 

differences were proposed to be due to dietary differences and not solely due to 

geography (De Filippis et al., 2019). While a basic analysis did not identify genes that were 

significantly more frequently present or absent in South African isolates and they did not 

cluster separately from previously published sequences, results from another study in 

the group suggested some phenotypic differences with respect to susceptibility to 

probiotics (Anika Chicken, personal communication). Isolates of P. bivia from South 

African women tended to be inhibited better by L. crispatus strains of South African origin 

than non-SA P. bivia isolates. Future work, including the sequencing of greater numbers 

of P. bivia isolates from different geographic locations is required to identify whether 

geographic differentiation is a feature of the species.  

Additional analysis revealed no genes significantly associated with host BV-positivity in 

the study participant. However, one gene, asnA, was identified in all strains from BV-
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negative women, while only being present in less than half of isolates from women with 

BV. The enzyme encoded by this gene, aspartate-ammonia ligase, converts L-aspartate 

to L-asparagine, in an ammonia-dependent reaction (Schleicher et al., 2021). Ammonia 

is a common metabolic bioproduct of P. bivia growth, where it is produced by the 

degradation of L-asparagine and aspartate and can become inhibitory to cell growth if it 

accumulates in the environment.  Gardnerella spp. are proposed to utilize the ammonia 

produced by P. bivia, and synergistically provide amino acids which are used in P. bivia 

amino acid metabolism, enhancing each other’s growth (Pybus & Onderdonk, 1997). It is 

tempting to speculate that in a non-BV environment, where Gardnerella spp. cell 

numbers are significantly reduced or absent, the presence of an ammonia ligase whose 

action results in the removal of excess ammonia would be a competitive advantage. 

Future work into the role of aspartate-ammonia ligase-mediated ammonium 

consumption in P. bivia growth would be required to test this hypothesis. 

An important component of pathogen characterisation is determining whether strains 

harbour genes associated with AMR and virulence. AMR genes that may confer resistance 

to BV antibiotics, metronidazole, and clindamycin, were identified in some of the South 

African isolates. Overall, resistance to metronidazole was rare amongst the South African 

isolates. However, a nimK homologue was identified in one isolate, UC121_V1_1, which 

had intermediate susceptibility to metronidazole. The mechanism of resistance 

conferred by nim genes is the production of a nitroimidazole reductase, converting the 

drug to aminoimidazole, negating its antibacterial activity (Carlier et al., 1997). 

Metronidazole resistance is not very common in Prevotella spp. in general, and while nim 

genes have been reported in the species, it is at quite a low frequency (Veloo et al., 2020). 

Nevertheless, of the 12 previously described nim genes (nimA-L), five have been reported 

in Prevotella species. Lubbe et al.  detected nimA in a P. bivia strain in South Africa in 

1999, Katsandri and colleagues identified nimC (Prevotella oralis) and nimE (P. oralis and 

Prevotella buccalis) in strains from Greece, and nimI was identified in Prevotella baroniae 

strains from France (Alauzet et al., 2010; Katsandri et al., 2006; Lubbe et al., 1999). In 

2018 a novel nimK gene was described in three metronidazole-resistant P. bivia isolates 

from the Netherlands, with localisation on a mobile genetic element (Veloo et al., 2018). 

The nimK gene identified in strain UC121_V1_3 shared 100% nucleotide identity with the 
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genes in the previously described nimK transposon, which also contained an IS1380 

family transposase. Insertion sequences (IS) elements such as IS1380 are often found 

upstream of nim genes and are thought to be responsible for enhancing their expression 

in metronidazole-resistant isolates, although this is not always the case (Alauzet et al., 

2019). Interestingly, the nimK transposon in both the SA and the Netherlands isolates 

additionally contained a qacE gene encoding a protein with similarity to efflux small MDR 

(SMR) transporters. Although SMR efflux pumps have been implicated in resistance to 

biocides (He et al., 2011), their role in Prevotella spp. remains unknown. Nevertheless, it 

is noteworthy that the Netherlands strains and the UC121_V1_3 isolate were all 

phenotypically resistant to clindamycin, despite (in the case of UC121_V1_3 at least) 

lacking an ermF gene. From these analyses, it cannot be determined whether or not the 

lack of ermF is due to incomplete genome sequences, due to the gene falling on the 

beginning or end of a contig or because there is indeed no ermF gene. Unfortunately, full 

genome data for the Netherlands strains were not available for the current study, but it 

would be interesting to see whether these strains also lacked previously published 

clindamycin resistance determinants. Furthermore, given the fact that nimK and qacE 

genes appeared to be on a mobile genetic element, should they be shown to be 

functionally responsible for the phenotypic resistance observed, it would be useful to 

determine whether this element poses a risk for horizontal gene transfer between 

members of the vaginal microbiota. In addition to the isolate harbouring the nimK gene, 

two other strains had reduced susceptibility to metronidazole and a third was fully 

resistant to the antibiotic. The mechanism of resistance in these strains is unknown. 

Alternative mechanisms have been proposed such as reduced uptake of the drug (Liu et 

al., 2000), efflux of the drug from the cell (Pumbwe et al., 2007) or overexpression of the 

DNA repair protein RecA (Steffens et al., 2010). Future work such as the use of efflux 

pump inhibitors and proteomic comparisons of resistant and susceptible strains would 

be necessary to elucidate the metronidazole-resistance mechanisms in these isolates. 

Resistance to clindamycin, a lincosamide antibiotic, is much more common in Prevotella 

species than resistance to metronidazole. The most well described mechanism for 

resistance to clindamycin, and other macrolides, lincosamides and streptogramins 

(MLS), is encoded by erythromycin resistance methylase (erm) genes, which encode a 
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rRNA methylase. The primary erm gene variant in Prevotella and Bacteroides spp. is ermF, 

which was detected in one South African strain, and whose presence appears to predict 

resistance to clindamycin (Veloo et al., 2019). This methylase prevents the action of MLS 

antibiotics, which all share overlapping binding regions on the 50S ribosomal subunit. 

Therefore, besides clindamycin, azithromycin effectiveness is also impacted by the 

presence of erm genes, affecting treatment outcomes for chlamydial and gonorrhoeal 

infections (Peters et al., 2022). Presence of ermF in lung derived Prevotella spp. has been 

associated with both azithromycin and clindamycin resistance (Sherrard et al., 2014; 

Webb et al., 2022). In this study, of three clindamycin-resistant strains, two were isolated 

from individuals that received azithromycin prior to sampling, and one harboured the 

ermF gene. The mechanism of resistance in the isolates that lacked an erm gene may 

have been related to the presence of efflux pumps that were not detected in the AMR 

determinant screen and could be tested by using efflux pump inhibitors (e.g. reserpine, 

verapamil, CCCP). Another proposed lincosamide inactivating enzyme, LinB, has been 

identified in Enterococcus faecium, but to date, it has not been identified in Prevotella 

spp. (Morar et al., 2009). 

Interestingly, in Bacteroides, ermF is often found on a conjugative transposon (CTnDOT) 

accompanying the tetracycline-resistance gene, tetQ (Waters & Salyers, 2013). The 

hypothesis is that low levels of tetracycline facilitate several steps that result in the 

transfer of the transposon, transmitting not only tetracycline resistance, but also 

potentially resistance to erythromycin, azithromycin, and clindamycin. Almost all the 

South African isolates contained tetQ, and co-occurrence of tetQ with ermF was 

detected in the clindamycin resistant isolate, UC109_V3_2, and two of three other ermF 

containing isolates. CTnDOT has not been described in Prevotella spp. yet, but the co-

occurrence of ermF and tetQ in Prevotella isolates, and the evolutionary closeness to 

Bacteroides, makes the transposon worth looking for in the South African isolates.  

Regions homologous to a previously described CTnDOT-family transposon, CTn341 

(Bacic et al., 2005), were identified in some of the South African Prevotella spp. isolates, 

with many of them almost full length, and the large majority carrying the tetQ gene. 

Contiguity of the genomes, as is characteristic with short-read genome sequencing, can 

be a limitation in trying to identify large gene clusters or transposons, as genes may be on 



85 

separate contigs. However, the homologous regions that appeared to be ‘truncated’ 

versions of CTn341 were not found near the beginning or end of contigs. Thus, unless 

these genomes were misassembled, it is likely these isolates harbour some genes 

without the full complement of genes in the transposon. Future work would involve 

determining whether these putative transposons are mobilizable and can confer tetQ to 

other Prevotella spp.  

While UC143_V2_2, the P. melaninogenica relative, had no resistance genes, the 

prevalence of ermF was much higher in P. melaninogenica reference sequences than in 

P. bivia. However, since phenotypic AMR data for most of the sequenced strainswas not

available, whether this translated to phenotypic MLS resistance is unknown. Similar to

what was observed here, a previous study on oral isolates of P. melaninogenica detected

a 20% prevalence of the ermF gene, compared to the reported prevalence ermF in P. bivia

at 5.9% in a different study, thus erm gene presence appears to be more common in P.

melaninogenica (Castillo et al., 2022; Veloo et al., 2019).

Another class of antimicrobials broadly used for various infections, including those of the 

female genital tract, is β-lactam antibiotics. While penicillin is mostly used for the 

treatment of Gram-positive bacteria, β-lactams such as amoxicillin can also be used for 

some Gram-negative bacteria. In the urogenital tract, they may be prescribed for 

treatment of UTIs (Tan & Chlebicki, 2016), and while not specifically prescribed for BV, 

may impact the vaginal microbiota indirectly. In Gram-negative anaerobes, such as 

Prevotella spp., the most prevalent resistance mechanism to β-lactams is production of 

β-lactamases, most frequently attributed to cfxA, which has been associated with 

phenotypic resistance (Toprak et al., 2020).  There are numerous variations of the cfxA 

gene that have been found in Bacteroides and Prevotella spp., cfxA, -A2, -A3, -A4, -A5 and 

-A6, defined by several point mutations (García et al., 2008; Yokoyama et al., 2023). The

cfxA gene was identified in approximately 70% of the South African isolates, with two

groups of cfxA variants, cfxA/A2 and cfxA3/A4 identified. This prevalence of the cfxA gene

was similar to the result of another study of 45 Prevotella spp. isolates, where 77.8% had

the cfxA gene and were actively producing β -lactamases (Yokoyama et al., 2023).

Analysis of the effect of carriage of the gene variants on the MIC for South African isolates

against amoxicillin revealed that presence of the cfxA3/A4 gene was significantly
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associated with resistant MIC values compared to cfxA/A2. Another study has shown the 

same result, with CfxA3-producing isolates showing higher MICs compared to CfxA2-

producing isolates (Yokoyama et al., 2023). Amoxicillin sensitivity in the absence of its 

clavulanic acid inhibitor was tested in this study, enabling detection of strains still 

sensitive to this β-lactam antibiotic. 

Screening of isolate genomes against the VFDB (Chen et al., 2005), a reference database 

of virulence factors, identified no regions in Prevotella spp. isolate genomes with high 

homology (>60%) to virulence genes in the database. Thus, the isolate genomes were 

manually screened for previously described Prevotella spp. virulence genes, 

summarised in a review by Sharma et al. (2022). The most commonly identified putative 

virulence-associated genes in the Prevotella spp. isolates included those encoding 

quorum sensing molecules, haemolysins, a protease, and exopolysaccharides. 

Interestingly, a large number of these proteins are predicted to play a role in biofilm 

formation. The protein encoded by luxS is an autoinducer-2 (AI-2), which is a component 

of the AI-2 quorum sensing mechanism present in both Gram-positive and Gram-

negative bacterial species and is thought to facilitate communication on an intra- and 

interspecies level within various environments, including biofilms. The synthesis of AI-2, 

an autoinducer (Surette et al., 1999) has been identified in oral P. intermedia spp. (Frias 

et al., 2001) and ruminal Prevotella spp. (Gorenc et al., 2008). However, further 

experiments are needed to confirm a role in multispecies biofilm formation. Additionally, 

a gene predicted to encode a capsular exopolysaccharide (EPS) biosynthesis protein was 

identified in more than 70% and 90% of P. bivia and P. melaninogenica genomes, 

respectively. This protein is also thought to be involved in biofilm, forming the 

extracellular matrix (Koo et al., 2013). The production of EPS has been shown to reduce 

phagocytosis of P. intermedia and suggests that EPS can allow Prevotella spp. to evade 

host immune response (Yamanaka et al., 2011). It has also been shown to resist the host 

immune complement system and facilitate decreased antibiotic susceptibility 

(Geisinger & Isberg, 2015). 

Other putative virulence factor genes were hlyA and hly-III, which encode haemolysins 

that are responsible for lysing red blood cells by forming pores in their cell membrane. 

Iron is an essential element required for Prevotella spp. growth, mainly shown for P. 
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intermedia in the oral cavity (Gibbons & Macdonald, 1960; Suzuki et al., 2012). In niches 

where free iron is low, but red blood cells are present, production of haemolysins may 

allow Prevotella spp. to acquire iron from the red blood cells. Thus, in the vaginal canal, 

menstrual bleeding may act as an iron source for those producing haemolysins, and may 

explain why Prevotella spp. abundance may increase following menses (Oerlemans et 

al., 2022). The other abundant putative virulence gene identified was dpp, encoding a 

dipeptidyl peptidase (DPP), which plays a role in the pathogenicity of oral Prevotella spp. 

by impacting host immune regulation and signal transduction (Kahne et al., 1999). 

Prevotella spp. have been shown to have high activity of DPP (Gazi et al., 1995), but 

whether the presence of the gene is directly indicative of DPP activity is not known, and 

production of the protease in vitro would need to be studied in order to confirm its activity. 

To date, no virulent bacteriophages (phages) with activity against vaginal Prevotella spp. 

have been identified. These could be useful in phage therapy applications to help treat 

bacterial vaginosis and other Prevotella-related vaginal conditions by specifically 

targeting the bacterium responsible for disease without impacting other members of the 

vaginal microbiota, as is the case for antibiotics. However, WGS allows for identification 

of phages integrated in the genomes of bacteria (prophages). While these temperate 

phages cannot directly be used in phage therapy, due to their potential to lysogenise into 

the bacterial host rather than lysing it, they can be valuable sources of compounds with 

therapeutic potential. For example, prophage elements encoding endolysins in the G. 

vaginalis genome are being researched as part of combination therapies to specifically 

kill target G. vaginalis, and disrupt its biofilms, aiding in the treatment of BV (Arroyo-

Moreno et al., 2022; Landlinger et al., 2021). Another way these prophages can be 

manipulated to kill target bacteria is by inducing the integrated phages, and then 

removing the genetic modules used in lysogeny to convert them to virulent phages (Gibb 

et al., 2021).  

In the South African Prevotella isolates, only thirteen of the identified potential prophage 

sequences were classified as high-quality based on MIUViG guidelines (Roux et al., 

2019). Two of the prophage sequences had predicted genomes <7.5kb in size, which is at 

the lower end of published phage genome sizes. Whether these prophages harbour the 

entire set of genes required for functionality will still need to be determined. An important 
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limitation to prophage identification in short-read assembled genomes is the resulting 

contiguity, which makes it difficult to identify phages if they are split across multiple 

contigs. This is another reason why generation of full-length, complete genomes for a 

subset of isolates in this study would be useful. All the identified phages appeared to be 

novel and clustered into two groups of similar phages, with some unique individual 

sequences. Future work would involve attempting to induce the predicted prophages 

using classic prophage inducers (i.e. mitomycin C or antibiotics) and visualisation of the 

resulting phage particles using electron microscopy. Determination of the host range for 

any induced phages would also be useful in downstream therapeutic applications (for 

example, if they could be re-engineered to become virulent). Finally, phage genomes 

could be mined for the presence of genes encoding useful functions (e.g. endolysins). 

Bacterial anti-phage mechanisms have evolved to combat phage infection in a constant 

back and forth between phage and bacterial defence evolution (Georjon & Bernheim, 

2023). CRISPR/Cas systems have evolved as a primary line of defence and function as a 

bacterial analogue of the immune system (Barrangou et al., 2007). The basic premise is 

that upon infection of a bacterium with a phage or mobile genetic element, the 

CRISPR/Cas system degrades the foreign DNA and incorporates segments of the foreign 

DNA into its genome (where it is called a ‘spacer’). These spacers are separated by repeat 

regions and are indicative of prior infections of the bacterium. The CRISPR/Cas system is 

divided into two classes, based on the complexity of their effector complexes. The 

CRISPR/Cas systems in the South African Prevotella spp. isolates were all of the Class 2 

subtype 2C, suggesting that they had function via a single, multidomain effector protein 

(Class 2), which in this case, is Cas9 (subtype 2C) (Mir et al., 2018). CRISPR/Cas Class 

2C systems have not been extensively described in Prevotella spp., but have been 

reported in P. intermedia strains in one study (Johnston et al., 2017), and in 40 strains of 

B. fragilis in another study (Tajkarimi & Wexler, 2017), suggesting that these systems are

plausibly identified in Prevotella spp. All the South African Prevotella spp. isolates

contained CRISPR/Cas elements, but six did not appear to have all the necessary

components for a complete, functional system. However, complete closed genome

sequences will be required to confirm the absence of specific components. Future work
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will include further investigations into the spacer sequences in the CRISPR arrays of the 

South African Prevotella spp. to determine previous infection history. 

Non-CRISPR/Cas anti-phage systems were also identified. PARIS, a phage anti-

restriction-induced system, was the most frequently detected anti-phage mechanism in 

the South African Prevotella isolates. This mechanism is a form of Abi, which is 

specifically triggered by a phage anti-restriction protein, killing the host (Rousset et al., 

2022). In contrast to other Abi mechanisms that are more generally triggered by any 

phage component, PARIS is only triggered after the first round of defence has been 

breached by the invading phage. Some other Abi-like mechanisms detected include PrrC 

and its distant homologue, RloC (which inhibit bacterial translation), SanaTA (a toxin-

antitoxin system), Thoeris (which degrades cellular NAD+), DarTG (a toxin-antitoxin 

system) and bacterial retrons (Davidov & Kaufmann, 2008; Dy et al., 2014; Millman et al., 

2020). Restriction modification (RM) systems were also common in the South African 

Prevotella spp. isolates. These systems function by attacking foreign (differentially 

methylated) DNA in the cytoplasm. Some of the other antiviral defence systems 

identified have not been fully characterised yet, including Hachiman and Gabija (Egido et 

al., 2021). Whether these anti-phage defence mechanisms provide functional protection 

against phages would need to be determined in future work. 

The results presented in this chapter illustrate the usefulness of isolating more than one 

strain from a particular vaginal sample and highlight the potential for whole genome 

sequencing for holistically interrogating inter-strain relatedness and picking up 

evolutionary differences that may not be detected using the 16S rRNA or cpn60 genes. In 

addition, it allowed the identification of clinically relevant AMR- and virulence-related 

genes. The result is a well characterised, both phenotypically and genotypically, 

collection of South African primary isolates that can be used as a basis for further 

analyses. One of the key factors in Prevotella spp. virulence, and one of their reported 

roles in BV pathogenesis, is the production of LPS, which can promote inflammation in 

the vagina (Aroutcheva et al., 2008). However, there have been very few studies 

comparing LPS production by vaginal Prevotella spp. isolates. Therefore, LPS production 

was compared between isolates in the South African strain collection and the results of 

these analyses are presented in Chapter 4.  
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Chapter 4: Investigation of lipopolysaccharide production by 

Prevotella spp. 

4.1 Abstract 

Lipopolysaccharide (LPS) is proposed to be a major driver of BV-associated 

inflammation, contributing to some adverse BV health outcomes. Prevotella spp. 

produce LPS, with P. bivia particularly identified as a major source of LPS in the female 

genital tract. To compare quantity and macromolecular structure of LPS produced by 

different South African Prevotella spp., LPS was isolated and quantified, using 

commercial kits, followed by visualisation of LPS by SDS-PAGE. The P. bivia isolates 

produced comparable concentrations of LPS, however UC143_V2_2, the P. 

melaninogenica-relative, produced 24-fold greater concentrations of LPS compared to 

the P. bivia ATCC 29303T type strain (p<0.05). LPS macromolecular structure appeared 

similar for all five P. bivia isolates regardless of growth mode (planktonic vs biofilm), with 

all strains having evidence of the O-antigen. The UC143_V2_2 isolate, however, had a 

different banding pattern to P. bivia isolates, suggesting a different LPS structure between 

the two species. Screening of 36 Prevotella spp. isolate genomes for putative LPS 

biosynthetic genes identified the presence of genes encoding homologues of lipid A 

biosynthetic genes for penta-acylated LPS in all genomes. Finally, a potential gene cluster 

involved in core oligosaccharide biosynthesis was identified in the P. bivia ATCC 29303T 

genome. 
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4.2 Introduction 

All Gram-negative bacteria have important cell wall components that distinguish them 

from Gram-positive bacteria and play a role in their virulence. The Gram-negative cell 

outer membrane contains LPS, which contributes to the functioning of the bacterial outer 

membrane and prevents penetration of small hydrophobic molecules into the cell. 

Crucially, however, it also acts as a surface antigen (Kellenberger & Ryter, 1958; Mühlradt 

& Golecki, 1975) and can be highly antigenic to the host, resulting in inflammation when 

it is recognised by host pattern recognition receptors (PRRs). In fact, as little as 1 to 2µg 

of purified LPS can be lethal to humans when injected, illustrating the potential of the 

compound to act as a potent endotoxin (Sauter & Wolfensberger, 1980). 

Prevotella spp., particularly Prevotella bivia, are proposed to play a role in BV-associated 

obstetric and gynaecological outcomes, including pre-eclampsia and PID (Lin et al., 

2020; Mikamo et al., 1998). The mechanisms by which P. bivia impact reproductive health 

are not certain, however, P. bivia is a major source of LPS in the vagina and its presence it 

thought to induce inflammation that may drive these complications. In support of this, 

Prevotella spp. abundance in the vagina has been shown to be associated with vaginal 

inflammation and the production of specific pro-inflammatory cytokines (Anahtar et al., 

2015; Eade et al., 2012). Inflammation, which may be elicited by P. bivia LPS, could trigger 

early onset of labour (Kumar et al., 2021) and may play a role in increased susceptibility 

to STIs, for example increased HIV susceptibility due to recruitment of HIV target CD4+ T 

cells to the vagina (Gosmann et al., 2017; Masson et al., 2015). LPS produced by vaginal 

Prevotella spp. is proposed to activate NF-κB via TLR4 and CD14 receptors on vaginal 

epithelial cells, monocytes, and macrophages (Nasu & Narahara, 2010), highlighting the 

role of LPS as the driver of P. bivia-mediated inflammation.  

Mature LPS usually consists of three main components (Emiola et al., 2015). The 

innermost component is called lipid A and forms a lipid anchor that tethers the mature 

LPS to the cell membrane. This is also the most immunostimulatory component of the 

LPS (Raetz et al., 2009). Studies in various Gram-negative bacteria have shown that lipid 

A biosynthesis is an eight- or nine-step enzyme-catalysed process that begins with a 

UDP-GlcNAc (UDP-N-acetyl-D-glucosamine) precursor, which is first acylated (LpxA) and 
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then deacetylated (LpxC) (Emiola et al., 2015). Another acylation step follows (LpxD), 

after which the resulting UDP-2,3-diacyl-GlcN is cleaved to form 2,3-diacyl-GlcN-1 

(LpxH) and condensed with another molecule of UDP-2,3-diacyl-GlcN to form lipid X 

(LpxB). This is followed by phosphorylation (LpxK) to form lipid IVA and incorporation of 

two molecules of 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) by KdtA (sometimes 

called WaaA) to form Kdo2-lipid-IVA. In bacteria with penta-acylated lipid A (all 

Bacteroides and Prevotella spp. studied to date), addition of a secondary laurate chain 

to the lipid A by LpxL is the final step, whereas in species with hexa-acylated lipid A, an 

additional myristate chain is also added by LpxM. 

Although the core structure is generally conserved, the acylation pattern of lipid A affects 

the inflammatory effects of the LPS. Studies on the difference acylation patterns have 

shown that penta-acylated LPS may be approximately 100x less immune stimulating 

than hexa-acylated LPS (Park et al., 2009). Another structural variation that has been 

identified to impact LPS-induced inflammation is lipid-A palmitoylation, which is 

associated with existing in a biofilm in Escherichia coli and Pseudomonas aeruginosa 

(Chalabaev et al., 2014; Ciornei et al., 2010). In these studies, biofilm and planktonic 

cells of the same strain induced different inflammatory responses due to these structural 

differences of lipid A. Whether or not P. bivia LPS differs structurally depending on growth 

mode has not been investigated.  

The remaining two components of mature LPS are a core oligosaccharide region and a 

polysaccharide repeat region called the O-antigen. Lipid A is covalently linked to the core 

oligosaccharide region, which is usually made up of Kdo and heptoses (inner core) and 

hexoses (outer core) and may play a role in regulation of membrane permeability and 

biofilm formation (Clifton et al., 2016). The full-length O-antigen is only present in 

bacteria that have ‘smooth’ LPS and consists of repeating oligosaccharide units, whereas 

in bacteria with ‘rough’ LPS, this region is lacking or reduced. The structure of the O-

antigen region is incredibly diverse and can play a role in a range of functions (Whitfield 

et al., 2020). Unlike the genes involved in lipid A biosynthesis, which are typically 

scattered around the genome, the genes encoding the enzymes involved in the 

biosynthesis of the core oligosaccharide and O-antigen regions are usually located in 

defined gene clusters in bacteria that have been studied thus far (Jacobson et al., 2018). 
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Purification of LPS historically relied on hot aqueous-phenol extraction methodology 

developed by Westphal and Jann, but this technique is time consuming and makes use 

of dangerous chemicals (Westphal & Jann, 1965). More rapid, easy-to-use protocols have 

been developed, that do not require the use of phenol, and can be purchased as a 

commercial kit, such as the Pierce Chromogenic Endotoxin Quantification Kit 

(ThermoFisher Scientific, USA). One common method to quantify LPS in samples is the 

limulus amoebocyte lysate (LAL) assay. This assay uses amoebocytes from the 

horseshoe crab, which undergoes a clotting cascade upon exposure to bacterial 

endotoxins, such as LPS (DuBose et al., 1980). Pairing this reaction with a chromogenic 

reaction, and the generation of a standard curve, allows for spectrophotometric 

quantification of LPS from bacterial samples. The purified LPS can undergo sodium 

dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) to assess purity of the 

final sample and detect any macromolecular structural differences.  

The aim of the work presented in Chapter 4 was to, (1), isolate LPS from South African 

Prevotella spp., existing planktonically and in a biofilm, (2), quantify LPS with a 

commercial LAL assay, (3), investigate structural differences by SDS-PAGE of LPS purified 

from Prevotella spp., and (4), identify candidate genes involved in the biosynthesis of LPS. 

4.3 Methods 

4.3.1 Purification of lipopolysaccharide (LPS) from Prevotella spp. 

To purify LPS from different strains of Prevotella spp. a commercial LPS Isolation Kit 

(MAK339, Sigma-Aldrich, MO, USA) was used. LPS from P. bivia (n=5) and UC143_2_2, the 

Prevotella melaninogenica-related strain (n=1), were isolated. For each strain, 48-hour 

broth cultures, normalised to an OD600 of 1, were pelleted in a pre-weighed tube and the 

BHI was removed before the bacterial pellet was weighed on an analytical balance. 

Thereafter, the manufacturer’s instructions were followed (Sigma-Aldrich), including 

addition of the lysis buffer, sonication at 2-10 watts with a continuous pulse of 3 x 30 

seconds using a Q125 Sonicator (Qsonica, CT, USA) and finally addition of proteinase K 

(0.1mg/ml) and digestion for 60 minutes at 60°C. Lysate was centrifuged for 10 minutes 

at 2500 × g and stored at -80°C until further analysis. 
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Additionally, to isolate LPS from strains in different growth modes (biofilm or planktonic), 

strains (n=3) that had previously been shown to form robust biofilms (Chapter 2, section 

2.4.5) were allowed to form biofilms in 24-well, flat-bottomed tissue culture plates for 

120 hours (polystyrene plates, Greiner Bio-One, Monroe, NC, USA), with a starting OD600 

of 0.2. Following incubation, wells were washed with PBS and the biofilm mass was 

resuspended in 1ml PBS, by scraping the wells with sterile pipette tips. Following dilution 

to OD600 of 1, the prescribed protocol was followed, as for the planktonic cells, with 

weighing of biofilm cell pellet following centrifugation and removal of PBS. LPS was 

purified from three biological repeats of each sample, in each condition (biofilm or 

planktonic).  

4.3.2 Quantification of LPS production by Prevotella biofilm and planktonic cells 

Quantification of LPS was undertaken using a commercial kit (Pierce Chromogenic 

Endotoxin Quantification Kit, ThermoFisher Scientific, USA), using the LAL methodology, 

following the prescribed protocol. In short, 50µl of LAL (ThermoFisher, USA) was added 

to the LPS samples, which had been diluted 1/10, 1/100 and1/1000 in endotoxin free 

water (EFW), as well as a set of E. coli LPS standards supplied with the kit. Following 

incubation at 37°C for the time indicated on the specific vial, 100µl of Chromogenic 

Substrate (ThermoFisher) was added to each sample, followed by an additional 

incubation at 37°C for 6 minutes. The reaction was then stopped with 25% (v/v) acetic 

acid and the optical density at 405nm measured after assay completion in a plate reader 

(ELx800, BioTek Inc.). The quantification was performed with three technical repeats for 

each of the three biological replicates of the isolated LPS. The absorbance of blank 

replicates was subtracted from the mean absorbance per sample. The endotoxin 

standards, derived from E. coli O111:B4, were prepared in high (0-1EU/ml) and low (0-

0.1EU/ml) concentration sets and used to calculate final LPS concentration from the 

samples, adjusted according to their dilution factor. 

4.3.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

for visualisation of purified LPS 

The macromolecular structures of the different LPS samples were visualised using SDS-

PAGE, using the PROTEAN II system (Bio-Rad, USA). Electrophoresis was conducted 
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using precast 4-20% Mini-PROTEANTM TGX gels, with 1x Tris-glycine SDS running buffer, in 

a Mini-PROTEAN Tetra cell. To prepare samples for electrophoresis, 2x Laemmli sample 

buffer was added 1:1 to each sample and heated for 3 minutes at 95°C. A total of 10µl of 

each prepared LPS was loaded onto the gel, along with 3µl of an SDS-PAGE molecular 

weight marker (Precision Plus standard [BBRD1610363], BioRad, USA). Electrophoresis 

was conducted at 200V for 40 minutes. Gels were stained using a commercial silver 

staining kit (PROT-SIL2, Sigma-Aldrich, USA), using the manufacturer’s recommended 

protocol and visualised using a GelDoc Go System (Bio-Rad, USA).  

4.3.4 Identification of candidate genes involved in the biosynthesis of lipid A and the 

core oligosaccharide region 

Translated gene products that have previously been identified to play a role in the 

biosynthesis of lipid A and the core oligosaccharide region in Bacteroides 

thetaiotamicron (Jacobson et al., 2018) were aligned to the annotated South African 

isolate genome assemblies described in Chapter 3 using blastx (Camacho et al., 2009) 

with a minimum query coverage cutoff of 80%. For each candidate gene identified, 

predicted protein products from all SA isolate genomes were aligned and the mean 

pairwise amino acid differences across the alignment (‘p-distance’) calculated using 

MEGA (Kumar et al., 2018). 

4.4 Results 

4.4.1 Quantification of LPS isolated from Prevotella spp. 

To determine whether there were strain-level differences in total LPS production, LPS was 

extracted and quantified from five P. bivia isolates and compared to the P. bivia ATCC 

29303T type strain. Concentrations determined from the standard curve were normalised 

to the amount of bacterial pellet obtained after centrifugation in the purification protocol 

and the results expressed as EU/mg of bacterial mass. LPS isolated from P. bivia strains 

existing planktonically averaged 0.375 EU/mg (0.20 – 0.58 EU/mg) (Figure 4.1A). However, 

UC143_V2_2, the P. melaninogenica-relative, produced approximately 24x greater 

amounts of LPS than the amount produced by P. bivia strains (8.99 EU/mg [SE ± 0.26 

EU/mg]) and significantly more than that of the P. bivia ATCC 29303T type strain (Dunn’s 
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Figure 4.2: Quantification of LPS by the LAL assay. LPS production by a subset of Prevotella spp. (n=5 P. bivia and UC143_V2_2). LPS 

was isolated from three biological repeats and normalised according to the mg of bacterial pellet (A) LPS was quantified from 

planktonic cultures. Statistical analysis was performed by a Kruskal Wallis and a Dunn’s Multiple comparison test to compare strain 

LPS production. (B) LPS was isolated from planktonic- and biofilm-existing cells from strong biofilm forming P. bivia strains (n=3). 

Statistical analysis was undertaken by 2-way ANOVA and Šídák multiple comparisons test to compare planktonic to biofilm LPS 

production. *p<0.05, ****p<0.0001. 

multiple comparison test p<0.05). To examine possible differences in LPS production for 

planktonic vs biofilm resident cells, LPS was quantified for three isolates under both 

growth modes (Figure 4.1B). LPS from biofilm-resident cells, also normalised to pellet 

weight (mg), was significantly higher than that produced by their planktonic counterparts 

in all three strains (Šídák multiple comparisons test, p<0.0001). The mean concentration 

was 8.623 EU/mg (SE ± 0.512 EU/mg), approximately 20-fold larger than the planktonic 

mean concentration. 

 

 

4.4.2 LPS structural variations 

Large-scale structural differences of LPS, as well as presence of O-antigen, can be 

visualised using SDS-PAGE with silver staining (Figure 4.2 and 4.3). LPS isolated from 

planktonic cultures had clear banding patterns near the bottom of each well, with 

consistent banding at ~10kD, ~20kD and ~25kD for all P. bivia strains tested (lanes 1-5, 
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Figure 4.2). LPS extracted from P. bivia isolates displayed similar banding patterns 

regardless of strain, with the exception of a ~17kD band for one isolate (UC095_V2_2) and 

a ~35kD band in the P. bivia ATCC 29303T strain, which may not have been present in the 

other P. bivia isolates. However, the P. melaninogenica-relative, UC143_V2_2, showed a 

markedly different banding pattern, suggestive of a different macromolecular structure. 

All isolates lacked the higher MW repeat banding pattern characteristic of the O-antigen. 

Banding patterns for LPS extracted from planktonic and biofilm-associated cells 

displayed similarities regardless of growth mode (Figure 4.3). Interestingly, however, 

biofilm LPS from strain UC095_V2_2 appeared to lack a ~20kD band, despite it being 

present in the planktonic LPS sample from the same strain.  

Figure 4.3  LPS isolated from planktonic Prevotella spp. SDS-PAGE was performed on Prevotella spp. from 

planktonic cultures, with a Precision Plus ProteinTM Unstained standard (Bio-Rad, USA). Samples were loaded at a 

1/5-1/20 dilution of the purified LPS, optimised for equal loading prior to the final gel. Samples were loaded as 

follows: M = Protein standard, 1 = UC037_V1_1, 2 = UC040_V1_1, 3 = UC095_V2_2, 4 = UC162_V1_1, 5 = P. bivia ATCC 

29303T type strain, 6 = UC143_V2_2 (1/10 dilution). 7 = UC143_V2_2 (1/100 dilution).
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4.4.3 Identification of potential LPS biosynthetic gene clusters 

The genetic basis for LPS biosynthesis has been examined previously in Bacteroides 

thetaiotaomicron (Jacobson et al., 2018). Using the genes identified in that study, genes 

predicted to encode proteins involved in the biosynthesis of lipid A were identified in all 

South African Prevotella spp. genomes, as well as the P. bivia ATCC 29303T and P. 

melaninogenica ATCC 25845T type strain genomes (Table 4.1). Amino acid identities of 

the encoded proteins to the B. thetaiotaomicron homologues ranged from 50-75%. In all 

cases, the predicted proteins were highly conserved, with little genotypic variation 

observed between isolates of the same species, with pairwise distance for the identified 

sequence products ranging between 0.00 and 0.01. 

Figure 4.4:  LPS isolated from planktonic versus biofilm resident Prevotella spp. SDS-PAGE was performed to compare 

planktonic (lanes 1-3) and biofilm (lanes 4-6) P. bivia LPS production. Lanes 1 & 4 = UC037_V1_1, lanes 2 & 5 = UC040_V1_1, 

and lanes 3 & 6 = UC095_V2_2. Electrophoresis was performed with the Precision Plus ProteinTM Unstained standard (Bio-

Rad, USA). 



99 

Table 4.1: Genes encoding candidate proteins involved in the biosynthesis of lipid A 

* Assembly accessions: P. bivia ATCC 29303T (GCF_000262545.1), P. melaninogenica ATCC 25845T 
(GCF_000144405.1) 

† The mean proportion of pairwise amino acid differences for all identified sequence products

Alignment of the gene cluster (BT3362-BT3380) identified by Jacobson et al. (2018) to be 

involved in the biosynthesis of the LPS oligonucleotide core with P. bivia and P. 

melaninogenica genomes did not yield candidate gene clusters with high homology. 

However, one B. thetaiotaomicron gene product (BT3376), predicted to encode a tailoring 

enzyme, did show similarity to a predicted DegT/DnrJ/EryC1/StrS family 

aminotransferase (PREBIDRAFT_RS07545) in the P. bivia ATCC 29303T genome. 

Investigation of the genomic context around this gene identified a gene cluster with 

several genes predicted to encode glycosyltransferases, acyltransferases, and 

lipopolysaccharide biosynthesis proteins (Figure 4.4).  

Gene 

Locus tag in reference genome* 
Amino acid identity to B. 

thetaiotaomicron protein (%) 

Number of 

SA 

Prevotella 

spp. isolates 

harbouring 

gene 

Mean p-

distance† 
P. bivia P. melaninogenica P. bivia

P. 

melaninogenica 

lpxA PREBIDRAFT_RS10495 HMPREF0659_RS04090 63.14 65.49 35/35 0.00 

lpxC PREBIDRAFT_RS10500 HMPREF0659_RS04085 70.07 73.48 35/35 0.01 

lpxD PREBIDRAFT_RS10505 HMPREF0659_RS04080 63.95 64.24 35/35 0.00 

lpxH PREBIDRAFT_RS05190 HMPREF0659_RS06125 68.5 71.15 35/35 0.00 

lpxB PREBIDRAFT_RS07360 HMPREF0659_RS05385 64.29 66.22 35/35 0.00 

lpxK PREBIDRAFT_RS04285 HMPREF0659_RS04200 50.68 52.22 35/35 0.01 

kdtA PREBIDRAFT_RS06480 HMPREF0659_RS01420 58.27 57.21 35/35 0.01 

lpxL PREBIDRAFT_RS08810 HMPREF0659_RS07735 63.19 66.59 35/35 0.00 

lpxM N.D. N.D. N.D. N.D. 0/35 N.D.
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Figure 4.5: Schematic of a putative core oligosaccharide biosynthetic gene cluster. Putative LPS core oligosaccharide 

biosynthesis genes were identified in the annotated genome for the P. bivia ATCC 29303T type strain. Genes are coloured according 

to putative protein function. 

 

4.5 Discussion 

Lipopolysaccharide is a highly antigenic component of the Prevotella spp. cell wall that 

is proposed to play a role in BV-mediated vaginal inflammation. The BV microbiota may 

contain several Gram-negative species, including Sneathia spp. and Megasphaera spp., 

but Prevotella spp. are regarded as a prominent source of vaginal LPS (Aroutcheva et al., 

2008; Ravel et al., 2011). Therefore, in this final chapter, we aimed to analyse LPS 

production by vaginally derived Prevotella spp. isolates. 

Prevotella bivia species isolated in this project produced comparable amounts of LPS in 

vitro, with no significant differences in LPS production amongst the strains. Additionally, 

the quantity of the biofilm LPS was consistent among the different strains, suggesting 

that intra-species LPS production is similar, in both the planktonic and biofilm growth 

states. There was, however, an inter-species difference when comparing LPS from P. bivia 

and UC143_V2_2, the potentially novel P. melaninogenica-related strain with the latter 

isolate producing almost 24 times more LPS than the P. bivia strains. This may imply that 

this strain and/or species has the potential to contribute to vaginal inflammation based 

on the quantity of LPS. However, it is important to note that differences in LPS structure 

significantly affect inflammation potential. Interestingly, P. melaninogenica LPS has been 

shown to be less inflammatory than LPS produced by other species, such as 

Porphyromonas gingivalis, Fusobacterium nucleatum, Pseudomonas aeruginosa or 

Acyltransferase family protein

Hypothetical protein

Glycosyltransferase family protein

AAA family ATPase

Polysaccharide pyruvyl transferase
family protein
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Salmonella typhimurium (Council, 2013; Rossano et al., 1993). Therefore, cell culture 

experimentation is required to assess inflammation induced by UC143_V2_2.  

Prolific biofilm-forming strains were selected to compare the LPS produced between 

biofilm and planktonic P. bivia strains. In this project, the quantity of LPS produced per 

mg weight from biofilm strains was significantly higher than the quantity produced by 

planktonic cells. However, there are important factors that may have affected these 

calculations. Biofilm growth is fundamentally different to planktonic growth, and it is 

estimated that microbial cells only constitute 10-25% of the mature biofilm, with the 

primary structural component being extracellular matrix (Rather et al., 2021). Therefore, 

it is difficult to normalise LPS production using pellet weight alone. Attempts to normalise 

using plate counts of viable cells are also challenging, due to the difficulties associated 

with separating individual cells in the biofilm and the fact that non-viable cells still 

possess LPS. Finally, qPCR-based normalisation approaches are complicated by the 

presence of larger amounts of extracellular DNA within the biofilm. With these limitations 

in mind, it is nevertheless interesting that LPS production appeared to be up to 20-fold 

higher in biofilm-associated growth. Previous studies in P. aeruginosa have suggested 

that LPS can play a vital role in adhesion of Gram-negative bacteria to both abiotic and 

biotic surfaces (Abu-Lail et al., 2007). Thus, the presence of larger amounts of endotoxin 

may assist biofilm establishment. 

Studies investigating LPS and its relationship to biofilms further have shown that certain 

LPS structural modifications can lead to more stable biofilm formation. For example, 

palmitate acyl chains added to lipid A in E. coli and P. aeruginosa may increase 

hydrophobicity of LPS and encourage adherence to surfaces (Chalabaev et al., 2014; 

Ciornei et al., 2010; Nakao et al., 2012). Structural modifications akin to these may also 

result in altered immune stimulation, affecting the impact of LPS on inflammation 

(Ciornei et al., 2010). These structural variations can be detected on SDS-PAGE of the 

extracted LPS (Chalabaev et al., 2014). Therefore, since it is not known whether there are 

LPS structural differences between biofilm and planktonic LPS in Prevotella spp., a 

preliminary analysis of LPS structure between LPS from these growth modes was 

conducted. Considering the apparently similar banding pattern of the planktonic and 

biofilm-sourced LPS by SDS-PAGE, there was no clear evidence that growth mode is 
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associated with distinct structural variations in the LPS of strains analysed in this study. 

LPS extracted from one strain (UC095_V2_2) appeared to lack a ~20kD band that was 

present in its planktonic form, which may suggest some structural dissimilarity. However, 

incorporation of palmitoylate into lipid A usually results in the addition of SDS-PAGE 

bands, rather than their loss. Therefore, further analysis using more specific tools, such 

as mass spectrometry, are required to determine the exact modification. Interestingly, 

the P. melaninogenica-related strain, UC143_V2_2, had a different banding pattern to the 

P. bivia isolates, indicating that structural variations may exist between the different

Prevotella species.

The difference between “smooth”(S)- and “rough”(R)-type LPS structures lies in the 

presence or absence of the O-antigen component (Kilár et al., 2013). Of the 

Bacteroidetes, only Bacteroides vulgatus has been identified as potentially harbouring S-

type LPS with previously characterised P. bivia and P. melaninogenica strains being 

shown to have R-type LPS (Eidhin & Mouton, 1993). Similarly, the SDS-PAGE results here 

suggested R-type LPS for all Prevotella spp. isolates included in the analysis as shown by 

the absence of the characteristic ladder-patterning observed for S-type LPS. The R- or S-

state of the LPS can impact signalling with the host cells. A study in Salmonella has 

shown that R-LPS is less inflammatory than its smooth counterpart, although other 

studies have suggested that they have the same inflammatory effect in vivo, but act by 

different signalling pathways (Sali et al., 2019; Zanoni et al., 2012). 

Another structural variation in LPS that is proposed to alter immunogenicity is the 

acylation status of lipid A. Studies have shown that LPS with hexa-acylated lipid A elicits 

a stronger innate immune response than penta-, tetra- or tri-acylated lipid A LPS (Li et al., 

2013). Genes encoding products with similarity to each of the enzymes involved in the 

biosynthesis of the core lipid A moiety were identified in all isolate genomes. However, 

no genomes harboured putative lpxM homologues, suggesting that, as with other 

Bacteroides and Prevotella spp., the isolates in this study had penta-acylated LPS (Fathy 

Mohamed et al., 2017). A candidate gene cluster encoding enzymes involved in the 

biosynthesis of the core oligosaccharide was also identified in P. bivia isolate genomes. 

This cluster harboured a LPS biosynthetic gene, glycosyltransferases, acyltransferases, 

and a polysaccharide pyruvyl transferase family protein, with similar functions to the 
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oligosaccharide gene cluster previously identified in B. thetaiotaomicron (Jacobson et 

al., 2018). In order to characterise this gene cluster further and confirm a role in the 

biosynthesis of LPS, individual genes could be inactivated via mutagenesis and the effect 

on LPS and core oligosaccharide explored (Jacobson et al., 2018). Regions of homology 

to the putative gene cluster detected in the P. bivia type strain were detected in some P. 

bivia clinical isolate genomes, however due to assembly contiguation and the presence 

of some of the genes at the end of a contig, full-length gene clusters were difficult to 

identify in many of the strains.  

One important aspect for further research, which was beyond the scope of the present 

study, is examining LPS-induced inflammation in vaginal cell culture models. 

Measurement of cytokine production in cells stimulated using equimolar amounts of LPS 

purified from different Prevotella spp. isolates, as well as LPS extracted from biofilm and 

planktonic grown cells, will help to elucidate their role in inflammatory processes. 

Additionally, since multiple LPS-producing bacterial strains co-exist in the vagina, 

investigating the effect of multiple LPS types on inflammation could be valuable. 

Furthermore, as mentioned above, there are important follow up experiments that can be 

performed to confirm the structural variations predicted by SDS-PAGE analysis. 

Nevertheless, the work presented in this chapter provides useful preliminary insights into 

the structure and variation in LPS produced by different Prevotella spp. isolates. Overall, 

the results suggest that biofilm formation does not lead to obvious structural differences 

in LPS and that at a species level, LPS structure is quite similar. Additionally, it appears 

that P. bivia and the P. melaninogenica-related strain have R-type LPS that is penta-

acylated and that the latter isolate may produce significantly more LPS than P. bivia 

strains in the planktonic state. 
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Chapter 5: Conclusion 

BV is highly prevalent in South African women, and its association with STI and HIV 

acquisition, as well as with obstetric and gynaecologic complications, makes it an 

important research focus. Prevotella is one genus that is commonly isolated from women 

with BV. One barrier to BV treatment and prevention plans is that little research has 

focused on isolation and characterisation of BV bacteria, including Prevotella spp., from 

sub-Saharan Africa and there is a marked lack of South African Prevotella spp. sequence 

data in publicly available genome databases.  

The aim of this project was to isolate and characterise Prevotella spp. from South African 

adolescent girls and young women. In total, 69 isolates were obtained (67 Prevotella bivia 

and 2 Prevotella melaninogenica isolates) and identified by 16S rRNA and cpn60 gene 

sequencing. Amplicon sequencing provided some evidence that the cpn60 gene in South 

African strains did not differ greatly from the gene in international reference databases. 

As expected, strains from the same sample were largely more similar to each other than 

to strains from other samples or other individuals, but at least one sample had distinctly 

different strains at the same time, suggesting heterogeneity in this individual and 

supporting previous studies suggesting intra-vaginal strain diversity (Ma et al., 2020). 

Further investigation of strains across visit times could be valuable to determine the level 

of persistence of bacterial strains longitudinally and if specific strains play a role in BV 

persistence. Interestingly, the preliminarily assigned P. melaninogenica isolate 

(UC143_V2_2) had a cpn60 gene most similar to the only other publicly available vaginal 

P. melaninogenica, both of which clustered separately from the other P. melaninogenica

strains, providing further evidence that UC143_V2_2 may be distinct from the ‘core’ P.

melaninogenica group.

Resistance to antimicrobials has been proposed as a factor contributing to BV treatment 

failure and post-treatment relapse. This study showed that AMR to SOC BV antibiotics, 

metronidazole, and clindamycin, was low in South African Prevotella spp. isolates. While 

metronidazole resistance is generally low for the genus Prevotella, clindamycin 

resistance was markedly lower in this study than has been previously reported for vaginal 

Prevotella spp. in other studies (Petrina et al., 2019). These results are promising for 
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continuing use of SOC BV antibiotics in South Africa, but since this is a small sample size, 

responsible use of the antibiotics should still be advocated.  

Biofilm analysis showed variable patterns in biofilm formation, suggesting strain-level 

differences, even amongst strains isolated from the same individual. Addition of P. bivia 

to a G. vaginalis biofilm did not result in an enhancement of biofilm biomass, contrary to 

previous reports. The basic in vitro biofilm assay approach used in this study has been 

widely employed in other studies, however, it is important to note that the method is not 

without limitations. Alternatives such as the Calgary device (Ceri et al., 1999) and even 

microfluidic systems (Jung et al., 2015) have been proposed to overcome some of the 

limitations. Future work to examine the ultrastructure of biofilms described in this study 

using scanning electron microscopy are currently underway.  

WGS has the potential to provide valuable insights into the genotypic diversity of bacterial 

pathobionts. Core- and pangenome analyses revealed fine-grained diversity between 

Prevotella spp. isolates, detecting strain-differences that were not reflected in cpn60 

amplicon sequencing. Systematic pan-genomic differences were not observed between 

South African and non-South African isolates, and there were no significant gene 

differences between isolates from BV-positive and BV-negative women. To date, a 

detailed, strain-level analysis of P. melaninogenica genome diversity has not been 

reported. The work in this study indicates that P. melaninogenica genomes in the NCBI 

RefSeq database, along with the UC143_V2_2 strain isolated in this study, may represent 

up to four separate genomospecies and might explain the very large pangenome of P. 

melaninogenica, since removal of these isolates from the analysis resulted in a smaller 

pangenome. Future WGS investigation may include a long-read sequencing approach 

(like PacBio or Oxford Nanopore sequencing) to generate more complete, closed 

assemblies. 

AMR gene analysis revealed previously identified antimicrobial markers for 

metronidazole, clindamycin, tetracyclines and β-lactams. Importantly, one strain 

contained a potential metronidazole resistance gene (nimK) on a mobilizable 

transposon, which has been identified previously in P. bivia of Dutch origin. The fact that 

this gene was found in a strain with reduced metronidazole susceptibility tends to 

support a functional role for it in 5-nitroimidazole resistance, however additional 
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experimentation could confirm this by ruling out other mechanisms of nitroimidazole 

resistance. A clindamycin-resistance determinant gene, ermF, was also detected in a 

clindamycin-resistant strain isolated from a woman that received azithromycin prior to 

sampling. It would be interesting to determine whether this strain was present before the 

treatment and persistent throughout, however there were no earlier timepoints available 

for this woman. A potential determinant for doxycycline resistance, tetQ, was detected 

at high rates, and while this may not impact Prevotella spp. directly, the potential carriage 

of this gene on mobile genetic elements poses a risk of transfer, with Prevotella spp. 

acting as a reservoir. Regions of homology to a CTnDOT-family transposon, CTn341, were 

identified in several strains that harboured the tetQ gene. This is especially concerning 

considering the increasing use of doxycycline as a pre-exposure prophylaxis for many 

STIs and determining whether tetQ is transposable would be interesting future work. 

Interestingly, different variants of another AMR gene, cfxA, were detected in >70% of 

strains, with the cfxA3/A4 variant associated with significantly higher MIC values, similar 

to what has been reported recently (Yokoyama et al., 2023).  

The South Africa Prevotella spp. genomes contained 13 high-quality potential prophages. 

To-date, vaginal Prevotella spp. phages have not been induced in vitro and future work 

will involve attempts to do this using prophage inducers to characterise them further. 

Diverse anti-phage defence mechanisms were predicted for all genomes. Almost all 

strains contained CRISPR/Cas Class 2 subtype IIC systems, with the next most common 

anti-phage mechanism being PARIS (a form of abortive infection) and restriction 

modification systems. These systems have not been well described in Prevotella spp. 

previously and it would be interesting to determine whether they are functional in these 

strains. 

Finally, investigation of the most notorious Prevotella spp. virulence factor, LPS, was 

performed, as it is proposed to play a primary role in the vaginal inflammation associated 

with BV. LPS was isolated from a subset of Prevotella spp. and, contrary to previous 

studies in other Gram-negative bacteria, the structure of the LPS did not appear different 

between growth modes (pelagic vs biofilm). Whether this is due to species-level 

differences between the Gram-negative bacteria in this study versus others, or due to the 

different environmental sources of the species is not known. The novel P. 
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melaninogenica-relative produced significantly more LPS than P. bivia strains and 

appeared structurally different. More work will need to be done to explore LPS 

inflammatory and structural differences in different Prevotella spp. Additionally, all 

Prevotella spp. isolate genomes appeared to produce R-type LPS, based on the marked 

lack of the characteristic O-antigen ladder patterning on SDS-PAGE. Lipid A biosynthetic 

genes, and one core oligosaccharide gene cluster, was identified in the Prevotella spp. 

isolate genomes, and in line with prior studies, the LPS was predicted to be penta-

acylated due to the absence of a lpxM gene homologue.  

In conclusion, the phenotypic and genotypic characterisation of South African P. bivia 

isolates, and a potentially novel species, described in this thesis, contributes to the 

creation of a local Prevotella spp. biorepository that will be available for future BV 

research both within the region and internationally. Isolate genomic information will be 

made publicly available on PubMed and isolates will be stored in-lab at UCT Faculty of 

Health Sciences. The findings of this study provide several interesting avenues for future 

research, some of which are actively being pursued, to better understand the role of 

Prevotella in BV and the adverse health outcomes associated with the condition. 
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Supplementary data 

Table S 1  Minimum inhibitory concentrations (MIC) of all strains to common genitourinary 
antibiotics, as determined by Etest methodology

1 Shading represents resistant ◼, intermediate ◼ and susceptible  
2 Using CLSI breakpoint for amoxicillin/ clavulanic acid (CLSI, 2020) 
3 Using CLSI breakpoint for tetracycline (CLSI, 2020) 
4 No CLSI breakpoint. R ≥ 8µg/ml, S ≤ 2 µg/ml  
5 Antibiotic names abbreviated: MTZ (metronidazole), CTX (ceftriaxone) and AZM (azithromycin) 
6 Dots of the same colour represent those strains isolated from the same sample 

MIC (µg/ml)1

Strain6 Metronidazole Clindamycin Azithromycin4 Amoxicillin2 Doxycycline3 Antibiotic treatment in 
individual?5

UC016_V1_1 0.75 0.064 >256 >256 24 None 
UC024_V2_1 0.75 0.032 8 0.023 8 None 
UC033_V1_2 1.5 0.064 >256 96 12 None 
UC037_V1_1 0.75 0.094 >256 1.5 12 None 
UC040_V1_1 0.5 0.016 1.5 >256 16 None 
UC040_V2_1 1 0.032 4 3 4 None 
UC055_V2_3 0.25 0.16 1.5 6 6 None 
UC055_V3_1 0.38 0.23 0.5 1.5 8 None 

UC059_V1_1 ● 0.75 0.064 8 64 24 None 
UC059_V1_2 ● 1 0.047 6 >256 24 None 

UC064_V1_1 4 0.047 6 >256 0.19 None 
UC065_V2_1 1.5 0.047 6 >256 16 None 

UC071_V1_1 ● 1 0.032 12 >256 16 None 
UC071_V1_1F ● 2 0.047 6 >256 24 None 

UC074_V1_1 12 0.047 6 0.032 24 None 
UC079_V2_1 1 0.032 3 64 6 None 
UC095_V2_2 2 0.032 12 >256 24 None 
UC096_V1_3 0.5 0.016 2 64 16 None 
UC104_V2_1 1 0.032 6 2 4 None 
UC107_V1_2 4 0.064 >256 64 48 None 
UC107_V2_1 3 0.064 24 24 24 AZM 
UC109_V3_2 3 >256 >256 3 16 AZM, CTX, MTZ 
UC121_V1_3 12 >256 >256 24 32 None 

UC126_V1_1 ● 1 0.094 >256 0.032 48 None 
UC126_V1_2 ● 0.75 0.125 12 0.047 16 None 
UC126_V1_3 ● 1.5 0.094 96 0.032 24 None 

UC126_V1_3F ● 0.75 0.047 8 0.032 24 None 
UC132_V1_1 0.75 0.016 0.75 >256 12 None 
UC136_V1_1 0.75 0.032 3 0.25 4 None 

UC143_V2_1 ● 1 0.032 >256 6 16 AZM, CTX 
UC143_V2_2 ● 0.19 0.016 1.5 0.023 0.032 AZM, CTX 

UC146_V1_5 0.25 0.032 3 >256 16 None 
UC149_V3_1 >256 >256 >256 48 0.19 AZM 
UC158_V3_1 1 0.032 3 >256 16 AZM, CTX, MTZ 
UC162_V1_1 24 0.032 2 0.047 0.064 None 
UC167_V3_1 6 0.032 3 >256 8 None 

B. fragilis 
ATCC25285T 

0.25 0.5 >256 1 0.032 N/A 

P. bivia
ATCC29303T 

1.5 0.047 4 0.016 16 N/A 
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Table S 2: Full assembly metrics for all sequenced isolates and for reference P. bivia and P. 
melaninogenica sequences obtained from NCBI RefSeq database. 

Isolate 
Genome 
size (bp) N50 L50 %GC 

No. 
contigs 

No. 
CDS 

No. 
tRNAs C

om
pl

et
en

es
s 

C
on

ta
m

in
at

io
n 

%Coding 
density 

Prevotella bivia 
UC008_V1_1 2457529 71083 13 39.41 94 2101 51 88.23 2.6 86.75 
UC016_V1_1 2541583 57817 13 39.65 146 2191 53 92.64 4.95 86.47 
UC024_V2_1 2489034 68716 11 39.32 104 2129 49 89.19 3.46 86.7 
UC033_V1_2 2408000 113983 8 39.7 67 2042 50 89.45 3.12 86.89 
UC037_V1_1 2506965 102549 7 39.51 63 2169 51 89.28 3.47 86.92 
UC040_V1_3 2545855 77619 11 39.83 115 2148 50 88.77 3.79 86.5 
UC040_V2_1 2361601 22779 31 39.45 464 1987 53 87.11 14.97 86.09 
UC055_V2_3 2573297 55578 15 39.81 125 2229 48 91.05 5.8 86.72 
UC055_V3_1 2552518 51990 16 39.86 115 2204 48 90.05 5.15 86.79 
UC059_V1_1 2427339 117289 7 39.62 104 2049 50 88.9 3.14 86.61 
UC059_V1_2 2419735 117285 7 39.63 95 2037 50 88.9 3.29 86.6 
UC064_V1_1 2403854 64230 12 39.69 72 2038 49 88.75 2.07 86.56 
UC065_V2_1 2414714 113480 8 39.83 70 2031 48 88.1 2.61 86.98 
UC069_V1_1 2566899 69952 11 39.79 128 2209 50 88.78 4.62 86.98 
UC071_V1_1 2543881 70372 11 39.75 90 2175 48 90.88 4.14 86.59 
UC071_V1_1F 2593423 55582 14 39.48 130 2229 50 89.27 4.38 86.52 
UC074_V1_1 2417062 50236 13 39.38 134 2052 49 89.54 2.42 86.19 
UC079_V2_1 2422421 107802 7 39.76 68 2046 49 88.67 2.58 86.89 
UC095_V2_2 2636482 68836 14 39.98 94 2257 49 88.31 4.89 86.73 
UC096_V1_3 2679607 50119 18 39.8 161 2317 49 93.59 5.39 86.37 
UC104_V2_1 2895896 1664 416 39.38 2131 NA NA 89.38 57.61 85.26 
UC107_V1_2 2567686 75731 11 39.66 97 2194 50 89.77 5.12 86.92 
UC107_V2_1 2490372 89031 11 39.69 112 2129 50 88.77 4.21 86.91 
UC109_V3_2 2543011 61695 11 39.96 108 2173 48 87.72 3.87 86.82 
UC121_V1_3 2467808 82360 10 39.74 71 2077 48 89.25 5.82 86.71 
UC126_V1_1 2497615 79389 11 39.7 128 2142 51 88.77 4.23 86.93 
UC126_V1_2 2491510 79389 11 39.7 121 2137 50 88.77 4.15 86.86 
UC126_V1_3 2698246 73513 13 39.78 331 2293 50 89.47 6.03 86.67 
UC126_V1_3F 2491439 68755 13 39.69 120 2140 50 88.77 4.19 86.79 
UC132_V1_1 2488560 103024 8 39.67 85 2122 50 91.98 3.93 86.55 
UC136_V1_1 2376711 65684 12 39.2 120 2052 48 90.08 2.74 86.25 
UC143_V2_1 2378842 72329 10 39.49 78 2012 49 87.56 2.31 87.04 
UC146_V1_5 2580740 68280 11 39.82 116 2240 48 89.24 3.79 87.18 
UC149_V3_1 2579807 67359 11 39.81 119 2236 48 89.17 3.69 87.22 
UC158_V3_1 2891740 1381 497 39.38 2355 NA NA 87.85 70.78 85.3 
UC162_V1_1 2612014 54205 12 39.35 109 2333 50 90.54 4.66 86.65 



142 

UC167_V3_1 2458755 105690 7 39.91 71 2088 48 89.52 3.96 87.03 
GCF_000177315.1 2424432 48627 16 39.77 121 2060 45 97.28 1.14 87.42 
GCF_000262545.1 2521238 1982184 1 39.86 3 2138 50 97.28 1.14 86.48 
GCF_000759045.1 2527024 50986 17 39.85 158 2144 39 88.53 5.55 87.69 
GCF_000759165.1 2408181 34813 20 39.74 173 2061 41 87.67 3.75 87.65 
GCF_000759245.1 2584224 38665 19 40 179 2204 40 89.82 5.88 87.72 
GCF_001065995.1 2361895 17441 42 39.5 272 1993 36 90.49 4.62 87.4 
GCF_001546565.2 2459295 48915 15 39.62 127 2129 44 90.48 4.68 87.21 
GCF_001574405.1 2579172 68280 14 39.91 114 2277 45 91.09 5.33 86.81 
P. melaninogenica
UC143_V2_2 2904179 161629 6 40.67 51 2307 48 88.61 2.45 82.25 
GCF_000144405.1 3168282 1796408 1 40.98 2 2513 52 98.52 0.48 82.44 
GCF_000163035.1 3292341 217145 5 40.86 46 2599 47 97.06 1.12 79.78 
GCF_000759305.1 2976254 8133 119 41.36 553 2338 31 84.79 8.32 83.51 
GCF_002208725.2 3168230 1796407 1 40.98 2 2459 52 98.52 0.48 82.43 
GCF_003609775.1 3090326 1737294 1 40.77 3 2407 52 89.31 2.31 82.27 
GCF_013267595.1 3352987 1954177 1 40.87% 2 2700 51 96.68 1.12 82.26 
GCF_018127885.1 3168321 1791969 1 40.92 2 2566 51 84.07 14.87 81.94 
GCF_018127905.1 3169665 1793327 1 40.92 2 2609 51 83.75 14.87 81.86 
GCF_018127925.1 3360806 1913733 1 41.17 2 2716 50 91.97 5.06 81.27 
GCF_018127945.1 3334355 1967710 1 40.84 3 2748 53 90.37 3.68 82.21 
GCF_018127965.1 3218481 1863200 1 40.86 2 2612 50 90.02 3.92 81.95 
GCF_018128005.1 3619436 2182615 1 41.04 3 2983 51 92.76 5.86 82.51 
GCF_018128045.1 3358299 1964469 1 41.1 2 2794 50 84.98 16.27 83.63 
GCF_018128065.1 3342898 1860477 1 41.31 2 2833 50 85.53 27.39 83.83 
GCF_019375485.1 3473651 154741 8 40.78 52 2855 49 92.66 4.16 82.89 
GCF_019375525.1 3293085 163933 8 40.79 43 2688 53 92.79 3.83 82.68 
GCF_019375575.1 3112350 191760 5 40.98 42 2448 45 91.7 1.47 82.58 
GCF_019375605.1 3265850 164382 8 40.82 44 2660 47 92.79 3.83 82.7 
GCF_019375715.1 3421699 88077 13 40.8 86 2837 44 85.51 13.38 82.09 
GCF_019375745.1 3307101 87241 12 40.85 74 2681 49 84.75 13.07 81.81 
GCF_019375775.1 3348634 75095 13 40.83 97 2725 46 84.72 13.53 81.71 
GCF_019375815.1 3422092 100394 8 40.78 63 2814 48 91.36 4.59 83.04 
GCF_019375935.1 3349000 100681 10 40.65 69 2663 50 94.11 5.52 82.44 
GCF_019391735.1 3285599 92174 11 40.65 62 2621 50 93.16 4.05 81.93 
GCF_019391775.1 3309181 164678 7 40.75 36 2709 47 84.81 20.73 82.56 
GCF_019391815.1 3280014 165184 8 40.82 40 2690 49 92.56 4.49 82.76 
GCF_019391945.1 3256297 21761 41 41.02 242 2548 63 91.63 5.99 82.1 
GCF_020735905.1 3306754 1864514 1 40.71 2 2658 52 92.86 6.71 82.09 
GCF_901875335.1 3192247 210629 6 40.52 57 2541 47 91.13 3.62 82.89 
Prevotella scopos 
GCF_000614285.1 3184425 48387 19 40.70 113 2855 46 97.54 0.18 83.34 
GCF_001683355.1 3303745 1859892 1 40.74 3 2685 50 99.29 0.18 82.74 
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 Figure S 1  Core genome alignment of P. melaninogenica sequences. P. melaninogenica whole genome sequences were 
downloaded from the NCBI RefSeq database and aligned with UC143_V2_2. Bootstrap values over 60 are displayed on the 
branches. The tree scale represents a phylogenetic distance of 0.1 nucleotide substitutions per site.
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Table S 3  Jaccard similarity results for all predicted complete prophage genomes

*Morphotype based on previous phage taxonomy – Siphoviridae-type: long, non-contractile tails,

Myoviridae-type: short, contractile tails, Podoviridae-type: very short, non-contractile tails.

Closest match in the NCBI RefSeq Caudoviricetes database 

Bacterial 

host 

Jaccard 

Similarity 

Genome 

accession 
Taxonomic name Genus Morphotype* 

UC016_V1_1 0.0118352 GCF_028515065.1 Pseudomonas phage UF_RH1 Septimatrevirus Siphoviridae 

UC024_V2_1 0.0163379 GCF_002593485.1 
Lactococcus phage 936 group 

phage Phi4.2 
Skunavirus Siphoviridae 

UC040_V1_3 0.018491 GCF_002619845.2 Geobacillus phage TP-84 Saundersvirus Siphoviridae 

UC059_V1_1 0.0191408 GCF_000875405.1 Mycobacterium phage DD5 Fromanvirus Siphoviridae 

UC059_V1_2 0.0191408 GCF_000875405.1 Mycobacterium phage DD5 Fromanvirus Siphoviridae 

UC065_V2_1 0.0167778 GCF_001470175.1 Mycobacterium phage Badfish Pegunavirus Siphoviridae 

UC069_V1_1 0.014402 GCF_001470175.1 Mycobacterium phage Badfish Pegunavirus Siphoviridae 

UC079_V2_1 0.015506 GCF_003423085.1 Leptospira phage LE4 Nylescharonvirus Myoviridae 

UC107_V1_2 0.0139024 GCF_000860225.1 Staphylococcus phage 47 Triavirus Siphoviridae 

UC109_V3_2 0.0214559 GCF_003441895.1 Mycobacterium phage Aggie Charlievirus Siphoviridae 

UC143_V2_1 0.0168051 GCF_000954995.1 
Pseudomonas 

phage vB_PaeP_C2-10_Ab22 
Bruynoghevirus Podoviridae 

UC162_V1_1 0.0138516 GCF_000859445.1 Staphylococcus phage X2 Phietavirus Siphoviridae 

UC167_V3_1 0.0208078 GCF_002621805.1 Streptococcus phage P7632 Moineauvirus Siphoviridae 
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Table S 4  Number    ea h  dent   ed ant -pha e me han sm per  s late  en me 
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UC008_V1_1 1 1 1 1 1 1 

UC016_V1_1 1 7 1 

UC024_V2_1 1 6 1 

UC033_V1_2 1 2 1 1 1 

UC037_V1_1 1 2 1 1 1 

UC040_V1_3 1 2 1 1 1 1 

UC040_V2_1 1 1 1 

UC055_V2_3 1 8 2 1 

UC055_V3_1 1 8 2 1 

UC059_V1_1 1 8 1 

UC059_V1_2 1 8 1 

UC064_V1_1 1 8 1 1 1 1 1 

UC065_V2_1 1 4 1 

UC069_V1_1 1 6 1 1 

UC071_V1_1 1 3 1 1 1 

UC071_V1_1F 1 5 1 

UC074_V1_1 1 2 1 1 

UC079_V2_1 1 4 1 

UC095_V2_2 1 2 1 1 1 

UC096_V1_3 1 3 1 1 1 1 

UC107_V1_2 1 9 2 1 

UC107_V2_1 1 8 1 1 

UC109_V3_2 2 4 2 1 1 1 

UC121_V1_3 1 2 1 1 

UC126_V1_1 1 8 1 1 

UC126_V1_2 1 8 1 1 

UC126_V1_3 1 8 1 1 

UC126_V1_3F 1 8 1 1 

UC132_V1_1 1 4 1 1 1 1 1 1 

UC136_V1_1 1 3 1 1 

UC143_V2_1 1 1 1 1 1 1 

UC143_V2_2 1 5 2 1 1 1 

UC146_V1_5 1 9 1 2 1 1 1 

UC149_V3_1 1 9 2 1 1 1 

UC162_V1_1 1 4 1 1 1 1 

UC167_V3_1 1 5 1 1 1 
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Appendix 

Media composition 

Brain heart infusion (BHI) (1L) 

37g BHI powder 

5g Yeast extract 

0.5g Cysteine 

5mL Haemin 

200µl Vitamin K3 

995ml Water 

Laked Brucella blood agar with vancomycin and kanamycin (LKV) 

28.1g Brucella broth base 

5ml Haemin 

2ml Vitamin K3 

2ml Cysteine 

15g  Agar 

100mg  Kanamycin 

7.5mg Vancomycin 

50mg Laked sheep blood 

1L Water 

Antibiotic assay medium (AAM) 

5g Tryptone 

5g Meat extract 

7g Yeast extract 

1ml  Tween 80 

2.5g Sodium acetate 

200mg MgSO4 × 7 H2O 

50mg MnSO4 × H2O 
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7g Casamino acids 

1L Water 

NYCIII medium (1L) 

2.4g  HEPES 

7.5g  Protease peptone 

3.8g  Yeast extract 

900ml Water 

5g  NaCl 

5g  Glucose 

100ml 10% (v/v) inactivated horse serum 

12g           Agar (for solid media) 
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