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Abstract 

This work focuses on different aspects of the vaginal disorder bacterial vaginosis 

(BV). After (i) the identification of a new compound against BV using a Gardnerella 

vaginalis biofilm model, and (ii) the in vivo application of this compound and 

vaginal and urinary microbiome analyses, (iii) metatranscriptomics are applied on the 

vaginal microbiome in BV and after treatment, (iv) ending with the test of the new 

compound in a new in vitro multispecies biofilm model. 

In the first part, different compounds were tested on a Gardnerella vaginalis biofilm 

model in vitro. Amphoteric tensides were effective in preventing biofilm formation 

and biofilm disruption either alone or in combination with the antibiotic 

metronidazole.  

In the second part, the amphoteric tenside sodium cocoamphopropionate (SCAP) was 

formulated into a pessary (WO 3191) and its safety, tolerability and effectiveness 

against recurrent BV was evaluated in a randomized controlled clinical trial (RCT). 

Patients with BV and confirmed biofilms on epithelial cells were included into the 

study and received the pessary after they had been treated with the antibiotic 

metronidazole. WO 3191 was safe and tolerated well but it was not able to reduce 

BV recurrence.  

Vaginal fluid and urine samples were obtained from BV patients and from healthy 

women serving as controls and were analysed using Illumina 16S rRNA gene 

sequencing. Vaginal microbial profiles of BV patients were significantly more 

diverse than those of healthy women and the most common species in BV were 

Lactobacillus iners, Prevotella bivia, Sneathia amnii and P. amnii. The L. crispatus 

dominated vaginal microbial community observed in health could not be restored 

after metronidazole treatment and L. iners was the most abundant species after 

treatment. Most urinary microbial community profiles (urotypes) were similar in 

health and BV. However, the L. crispatus urotype was only identified in healthy 

women and was again not restored after metronidazole treatment. These findings 

suggest that supporting the abundance of L. crispatus in the vaginal and urinary 

microbiota after incidents of BV may have beneficial health outcomes.  
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In the third part, the role of G. vaginalis dominated biofilms was investigated in BV 

using metatranscriptomics of vaginal fluid samples. G. vaginalis was the most active 

species in BV and upregulated functional pathways related to biofilm formation. 

After metronidazole treatment, either L. crispatus or L. iners dominated the 

community and covered different functional patterns. In those women that 

experienced recurrence, G. vaginalis transcripts could be detected at low abundance, 

suggesting that residing G. vaginalis biofilms are involved in BV recurrence. 

In the last part, a multispecies biofilm model was developed which contained G. 

vaginalis, A. vaginae and L. crispatus. Metronidazole and SCAP were tested on the 

biofilm. Metronidazole did not reduce biofilm formation but promoted L. crispatus 

growth. SCAP was able to reduce biofilm formation but promoted the growth of G. 

vaginalis and A. vaginae thus highlighting the importance of multispecies biofilm 

models in compound research against polymicrobial diseases.  
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Zusammenfassung 

Diese Arbeit beschäftigt sich mit verschiedenen Aspekten von Bakterieller Vaginose 

(BV). Sie beginnt mit (i) der Identifikation einer neuen Substanz gegen BV, gefolgt 

von (ii) deren in vivo Anwendung und der Analyse Mikrobioms der 

Vaginalflüssigkeit und des Urins. Danach werden (iii) Analysen des vaginalen 

Metatranskriptoms während BV und nach Behandlung beschrieben, bevor am Ende 

der Arbeit (iv) die neue Substanz einem neuen in vitro Multispezies-Biofilm-Modell 

getestet wird. 

Im ersten Teil der Arbeit wurden verschiedene Substanzen an einem in vitro Modell 

eines Gardnerella vaginalis-Biofilms getestet. Dabei waren amphotere Tenside für 

die Vorbeugung von Biofilmbildung und die Biofilmzerstörung entweder allein oder 

in Kombination mit dem Antibiotikum Metronidazol wirksam.  

Im zweiten Teil wurde das amphotere Tensid Natriumcocoamphopropionat (SCAP) 

als Vaginalzäpfchen (WO 3191) formuliert und im Zuge einer randomisierten, 

kontrollierten klinischen Studie (RCT) auf seine Sicherheit, Verträglichkeit und 

Wirksamkeit gegen wiederkehrende BV geprüft. Patienten mit BV und Biofilmen auf 

vaginalen Epithelzellen erhielten WO 3191, nachdem sie mit Metronidazol behandelt 

worden waren. Obwohl sich WO 3191 als sicher und verträglich erwies, war es nicht 

in der Lage, rezidivierende BV zu reduzieren. Vaginalsekret- und Urinproben von 

den BV Patienten und von einer externen gesunden Kontrollgruppe wurden mit Hilfe 

der Illumina 16S rRNA Gen Sequenzierung analysiert. Dabei konnte beobachtet 

werden, dass die bakteriellen Gemeinschaften der BV-Patienten eine signifikant 

größere mikrobielle Diversität aufwiesen, als die von gesunden Frauen. Die am 

häufigsten vorkommenden bakteriellen Spezies waren Lactobacillus iners, 

Prevotella bivia, Sneathia amnii und P. amnii. Nach der Behandlung mit 

Metronidazol konnte die vorher bei gesunden Frauen beobachtete, von L. crispatus 

dominierte bakterielle Gemeinschaft, nicht wiederhergestellt werden und L. iners war 

nun die am häufigsten vorkommende Bakterienart. Die Zusammensetzung der 

bakteriellen Gemeinschaften im Urin (Urotypen) war bei erkrankten und gesunden 

Probanden sehr ähnlich. Allerdings wurde der von L. crispatus dominierte Urotyp 

nur bei gesunden Frauen und nie nach einer Behandlung mit Metronidazol 

beobachtet. Diese Beobachtungen lassen vermuten, dass sich eine erhöhte Abundanz 
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von L. crispatus im Mikrobiom von Vagina und Urin nach einer Erkrankung mit BV 

positiv auf die Gesundung und die Rezidiv-Rate auswirken könnte.  

Im dritten Teil der Arbeit wurde die Aktivität der von G. vaginalis dominierten 

Biofilme in BV untersucht. In Metatranskriptomanalysen der klinischen Studie 

erwies sich G. vaginalis als die aktivste Spezies in der BV und zeigte 

Hochregulierung von Funktionen für die Formation von Biofilmen im Vergleich zur 

Aktivität im gesunden vaginalen Mikrobiom. Nach der Behandlung mit 

Metronidazol dominierte entweder L. crispatus oder L. iners die bakterielle 

Gemeinschaft und zeigten unterschiedliche Funktionsprofile. In den Frauen mit 

rezidivierender BV waren G. vaginalis Gen-Transkripte in niedriger Abundanz 

vorhanden, was auf die Rolle von anhaftenden G. vaginalis Biofilmen bei der 

Entstehung von rezidiver BV schließen lässt.   

Zuletzt wurde ein Multispezies-Biofilm-Modell mit den Spezies G. vaginalis, A. 

vaginae und L. crispatus entwickelt. Metronidazol und SCAP wurden an diesem 

Modell getestet. Dabei konnte beobachtet werden, dass Metronidazol die 

Biofilmbildung nicht verringerte und das Wachstum von L. crispatus förderte. SCAP 

hingegen verringerte die Biofilmbildung und förderte das Wachstum von G. 

vaginalis und A. vaginae. Diese Ergebnisse zeigen die Bedeutung von Multispezies-

Biofilm-Modellen für die Suche nach Substanzen gegen polymikrobielle Biofilm-

Erkrankungen. 
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Chapter I 

General Introduction 

The human microbiome  

Long before modern sequencing techniques enabled detailed descriptions of the 

human and other microbiomes, researchers accurately observed characteristics of 

bacteria in human body sites. Antoni van Leewenhoek had described the difference 

between the gut and oral microbiota and differences in health and disease already in 

the 17
th

 century (Ursell et al., 2012). Later on, bacteria were isolated and cultivated 

as was first achieved by Robert Koch in the 19
th

 century (Grice and Segre, 2012). 

Since then, it was ascertained that the number of bacteria observed microscopically 

exceeded the number that was identified using cultivation and that certain cultivation 

methods selected for certain types of bacteria. This problem was remedied when 

Woese et al. (1977) identified the approximately 1,500 base pair long 16S ribosomal 

RNA (rRNA) gene to be highly conserved between bacteria (Woese and Fox, 1977). 

Because this gene contains well-conserved regions, universal polymerase chain 

reaction (PCR)-primers could be applied in order to amplify specific regions of the 

rRNA gene of a certain community. In between the conserved regions, the 16S rRNA 

gene also contains hypervariable regions that vary from species to species and can 

thus be used for their taxonomic identification laying the foundation for modern 

microbiome research. In 1988, the terminus microbiome was first defined as 

“a characteristic microbial community occupying a reasonably well defined 

habitat which has distinct physio-chemical properties. The term thus not only 

refers to the microorganisms involved but also encompasses their theatre of 

activity” (Whipps JM et al., 1988). 

However, it has since been used interchangeably with the term microbiota. Here, the 

term microbiome is used in its original meaning and the term microbiota is used in 

the sense of  

"the ecological community of commensal, symbiotic and pathogenic 

microorganisms that literally share our body space" (Grice and Segre, 2012). 
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Since next generation high throughput sequencing became affordable in the 

beginning of the 21
st
 century, many studies have focused on the cultivation-

independent description of the human microbiota using this 16S rRNA amplicon 

sequencing approach. Almost simultaneously and probably due to the increasing 

number of data, it became clear that the germ theory needs to be reviewed, because 

commensal bacteria are beneficial to the human host. As part of this shift in 

paradigm that appreciated the presence of bacteria, more body sites were investigated 

in health and disease or dysbiosis. Because dysbiosis is defined as 

“any change to the composition of resident commensal communities relative to 

the community found in healthy individuals” (Petersen and Round, 2014), 

it is not to be confused with diseases associated with single pathogens that can fulfill 

Koch’s postulates.   

The first studies focused on the gut, the oral cavity, the vagina and the skin and in 

2009, the human microbiome project (HMP) was initiated by the national institute 

for health (NIH) of the USA with the aim to sample and analyze a representative 

number of these four body sites in order to characterize the microbiota in health 

(Eckburg et al., 2005; Faveri et al., 2008; Gao et al., 2007; Hyman et al., 2005; 

Peterson et al., 2009). The initiation of the HMP was a first step towards a holistic 

understanding of the human microbiome and shaped our current understanding of its 

complexity. Interestingly, body sites like the bladder, the lung or the placenta were 

still thought to be sterile and therefore not included in the HMP. Nevertheless, 

studies on the microbiota of these body sites appeared soon after and currently it is 

argued if there are sterile body sites at all because even the middle ear, which has no 

external connection, could harbor its own microbiota (Aagaard et al., 2014; Dickson 

et al., 2016; Tonnaer et al., 2009; Whiteside et al., 2015).  

16S rRNA amplicon sequencing as foundation for omics-analyses  

The 16S rRNA amplicon sequencing is widely used and has generated big amounts 

of data that was used to describe bacterial communities in health and disease or 

dysbiosis. It revealed that the same body sites vary strongly from one individual to 

another, that each body site is different within an individual and that the composition 

of each body site varies over time (Lloyd-Price et al., 2016). Therefore, no all across 
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conclusions could be made. Furthermore, the selection of universal primers may 

influence PCR efficiency due to differential primer affinity and GC content (Jo et al., 

2016). The clustering of sequences into operational taxonomic units (OTUs) may 

disguise the true diversity and can create errors. The subsequent mapping onto 

reference databases can be problematic because taxonomic assignment is dependent 

on the quality of the database and some species may be identical in their 16S 

sequence.  

With the awareness of these limitations came solutions. Reads became longer, 

enabling a better basis for taxonomic assignment. Sequencing errors were reduced 

and specific databases are now available for most body sites that make taxonomic 

affiliation more reliable and can even go as deep as the species level (Fettweis et al., 

2012). Therefore, mostly because 16S rRNA amplicon sequencing is limited to the 

identification of microbiota and cannot address functional conclusions, other omics-

approaches, such as metagenomics, metatranscriptomics, metaproteomics, 

metabolomics and viromics have been followed (Fig 1) (Bikel et al., 2015; Franzosa 

et al., 2015). Whereas metagenomics are based on the total DNA amount and thus 

focus on the potential gene reservoir of a certain community, metatranscriptomics are 

based on RNA sequencing and only include those genes that have been transcribed 

and are potentially functional. The metagenome implies de novo assembly and does 

not rely on a reference database, which is a big advantage. It is widely used, but it 

only describes the potential gene reservoir and cannot differentiate between silent 

and active genes. The metatranscriptome relies on a reference database, but has the 

advantage that it delivers only transcribed and therefore active genes. This makes it 

more likely to offer conclusions on the actual life style of the bacterial community 

and its members.  

Ideally, all omics-approaches are combined in order to give a complete picture of the 

microbial community. The metagenome can ideally be combined with the 

metatranscriptome in order to identify overexpressed and underexpressed pathways 

and be able to differentiate between the total gene potential and the actual number of 

transcribed genes (Franzosa et al., 2015). However, to keep the amount of work and 

financial expenditures within reasonable limits, until now studies usually focus on 

the metagenome. Because the methods for metatranscriptomics are challenging there 
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are only few studies following this approach, focusing on the gut and the oral 

microbiome in health and disease. Other body sites such as the vagina have not been 

regarded yet (McLean, 2014; Ottman et al., 2012). 

 

Fig 1: Overview of 16S rRNA amplicon sequencing, metagenomics and metatranscriptomics. 

This figure was obtained and modified from Bikel et al. (Bikel et al., 2015) 

 

The vaginal microbiota in health 

The vaginal microbiota (VMB) was studied as part of the HMP, but also in other 

studies that characterized the VMB in health and during disease or dysbiosis 

(Peterson et al., 2009). Opposed to most other body sites, like the skin or the gut, the 

healthy vagina is generally characterized by low microbial diversity that is 

dominated by Lactobacillus sp., a low pH (< 4.5) and white, normal discharge (The 

Human Microbiome Project Consortium, 2012; van de Wijgert et al., 2014). The 

healthy VMB can be categorized into five to eight community state types (CSTs) of 

which the two most common ones are dominated by L. crispatus and L. iners (Fig 2). 

Other less frequent CSTs are characterized by L. gasseri, L. jensenii or, in case of a 

more diverse community, can be dominated by G. vaginalis (Fig 2). 
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Although the VMB is usually stable in the long term, inter-individual variation of 

these CSTs is high and they can vary throughout the individual menstrual cycle 

(Gajer et al., 2012; Ravel et al., 2011). Recent studies presume that this may partly 

be due to varying estrogen levels throughout the menstrual cycle. Increased estrogen 

levels result in higher amounts of vaginal secretions and glycogen. Even though it 

was shown that Lactobacillus sp. lack enzymes to metabolize glycogen directly its 

breakdown products are the main nutrient sources for the VMB (Spear et al., 2014). 

Therefore varying estrogen levels are believed to influence the diversity of the CSTs 

directly (Nunn and Forney, 2016).  

Furthermore, estrogen levels are also the reason for different bacterial communities 

in the lifetime of women (Turovskiy et al., 2011). During infancy, maternal estrogen 

levels are still high which is concurrent with high Lactobacillus sp. abundance. 

When the estrogen level decreases over time, the vaginal pH increases and bacteria 

such as Staphylococcus epidermidis, Escherichia coli and Enterococcus sp. are 

frequently found until puberty. With the onset of puberty, estrogen levels rise and 

Lactobacillus sp. become again abundant forming the reproductive VMB. During 

and after menopause, estrogen levels are low resulting in an elevated pH and a lower 

Lactobacillus sp. abundance. Benefits of Lactobacillus sp. colonization in vaginal 

health are the maintenance of a low vaginal pH through the production of lactic acid 

which serves as physiological barrier against opportunistic bacteria and the 

production of hydrogen peroxide that acts as a toxin against other bacteria 

(Turovskiy et al., 2011).  

The urinary microbiota 

Until recently urine was considered sterile. Diseases like urinary tract infection (UTI) 

were diagnosed by a threshold of 10
5 

colony forming units (CFUs) per milliliter and 

everything below that threshold was considered a contamination (Thomas-White et 

al., 2016). Although it was later on shown that UTIs can be prevented rather than 

caused by catheterization, suggesting that the cause of UTIs may be intrinsic, it took 

until culture-independent methods became available that the urinary microbiota in 

men and women came into focus. Urine was not part of the HMP and research on the 

urinary microbiota is still in its infancy. Although existing studies have examined 



 

6 
 

female and male urine separately, both types are much alike concerning their 

microbiota. 

The female urinary microbiota (FUM) was analyzed in the context of diseases and 

syndromes such as asymptomatic bacteriuria (ABU), interstitial cystitis (IC) and 

urgency urinary incontinence (UI) in comparison to health (Fouts et al., 2012; Pearce 

et al., 2014; Siddiqui et al., 2012). In the latter, urotypes of the healthy FUM were 

identified as those dominated by Lactobacillus, Gardnerella, Sneathia, 

Staphylococcus, Enterobacteriaceae and diverse microbiota. Nevertheless, 

differences in community composition and diversity are high within individuals 

(Karstens et al., 2016; Siddiqui et al., 2012; Whiteside et al., 2015).  

The same urotypes identified in health can also be observed in UI and no pathogen 

can be identified for either of the diseases (Pearce et al., 2015). However, differences 

with regard to Lactobacillus sp., which are less abundant in ABU and UI and more 

abundant in IC, can be observed (Schneeweiss et al., 2016). Either first void urine, 

midstream urine or transurethral catheters were sampled in these studies and a direct 

comparison showed that the bladder itself is colonized by the same bacteria. 

Furthermore, it was shown that urinary bacteria are viable and that urine contains a 

mixture of urinary and genital tract bacteria (Hilt et al., 2014; Wolfe et al., 2012). 

The male urinary microbiota (MUM) was also analysed in the context of health and 

disease in a study on men with and without sexually transmitted infections (STIs) 

(Nelson et al., 2010). They found similar genera as were observed in the FUM. 

Additionally, genera such as Veillonella, Corynebacterium, Streptococcus and 

Ureaplasma were identified and these genera were also present on urethra swabs 

(Dong et al., 2011). Some bacteria seem to be introduced to men by women through 

sexual contact and the bacterial composition of urine changes with age in both, men 

and women (Lewis et al., 2013; Nelson et al., 2012). 

The microbiota during bacterial vaginosis 

Bacterial vaginosis (BV) is the most common vaginal syndrome in women of 

childbearing age. Its prevalence varies with origin of the affected women. It ranges 

from 7% in West Africa and 20% in Europe to around 50% in South and East Africa 

(Bautista et al., 2016). BV is associated with a higher risk of acquiring sexually 
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transmitted infections such as HIV, as well as with miscarriage and preterm birth 

(Onderdonk et al., 2016). Although there have been attempts to diagnose BV with 

molecular methods such as PCR, gynecologists traditionally diagnose BV when three 

out of four symptom based Amsel criteria are observed (Amsel et al., 1983).These 

are grey-white discharge, malodor after application of 10 % potassium hydroxide - 

solution, pH > 4.5 or the presence of at least 20 % clue cells (vaginal epithelial cells 

covered by a bacterial biofilm). The Nugent score which is based on Gram staining 

and the morphology of bacteria under the microscope is usually used in the 

laboratory (Nugent et al., 1991).  

From a microbiological standpoint, BV is characterized by a depletion of 

Lactobacillus sp. that results in an increase of microbial diversity (Fig 2) (Onderdonk 

et al., 2016). The most common bacteria in this dysbiosis have been identified with 

16S rRNA amplicon sequencing and are Gardnerella, Atopobium, Prevotella, 

Bacteroides, Peptostreptococcus, Mobiluncus, Sneathia, Leptotrichia, Mycoplasma 

and BV associated bacterium 1 (BVAB1) to BVAB3 of the order Clostridiales. 

Furthermore, three CSTs have been identified in BV (Dols et al., 2016). They are 

dominated by Gardnerella vaginalis, Lachnospiraceae and Sneathia sanguinegens. 

 

Fig 2: The vaginal microbiota in health and bacterial vaginosis. BV is defined by Amsel criteria 

and Nugent score and the most common OTUs in health and BV are shown. This figure was obtained 

and modified from Srinivasan et al. (Srinivasan et al., 2012).  
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In 1954 Haemophilus vaginalis, which was later named Gardnerella vaginalis, was 

first identified and associated with samples of BV using culture techniques which 

could be confirmed in recent years by molecular methods (Gardner and Dukes, 1959; 

Greenwood and Pickett, 1979; Menard et al., 2008; Verhelst et al., 2004). Although 

many species are involved in BV, in vitro studies confirmed that G. vaginalis has a 

higher potential of adherence to epithelial cells, of biofilm formation and a higher 

cytotoxic activity than other anaerobic bacteria associated with BV (Patterson et al., 

2010). Furthermore, G. vaginalis was shown to produce vaginolysin that can result in 

epithelial cells lysis in higher concentrations and forms cellular blebs in lower 

concentrations (Los et al., 2013; Randis et al., 2013). Furthermore, G. vaginalis can 

be present in the vaginal microbiota of healthy women and strain specific 

characteristics may influence the virulence potential of G. vaginalis in health and BV 

(Yeoman et al., 2010). 

Atopobium vaginae was first isolated from the vagina and described in 1999 and 

later found to be associated with G. vaginalis and BV (Rodriguez et al., 1999; 

Verhelst et al., 2004). It is one major constituent of the BV biofilm and rarely 

identified in healthy women (Onderdonk et al., 2016; Swidsinski et al., 2008).  

The etiology of BV and the role of immunoregulatory host factors 

Many of the bacteria found in BV are also found in the healthy FUM. So far it is 

unknown how BV associated bacteria start vaginal colonization. Since the urethra 

and the vagina are very proximate and bacterial transfer has already been observed 

from the anus to the vagina, it is not unlikely that bacterial transfer from urethra to 

vagina is possible (Reid et al., 2003). Another possibility is sexual male to female 

interaction because BV associated bacteria are also part of the healthy MUM. Either 

way, it is unclear why some women are sensitive to BV and develop symptoms while 

others are not, if all women are exposed to the same possible sources of infection.  

Intrinsic host factors are probably one piece in the puzzle of the etiology of BV. 

Several studies have addressed this issue and focused on the innate immune response 

as reviewed in Turosvskiy et al. (2011) (Turovskiy et al., 2011). In terms of that, 

pathogenic associated microbial patterns (PAMPs) are recognized by toll like 

receptors (TLRs), such as TLR4 that recognizes lipopolysaccharide (LPS) or TLR6 
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that recognizes bacterial flagella. These TLRs are found on human immune and 

tissue cells and introduce a pro-inflammatory signal cascade, which can then lead to 

the recruitment of immune cells like neutrophils through the expression of cytokines, 

such as interleukins (ILs), and chemokines. The polymorphism theory suggests that 

genetic variants in these immune regulators can affect the immune response to BV 

associated bacteria and therefore impact BV development. Studies have focused on 

genetic variants of TRL4 and the pro-inflammatory cytokine TNF-α as well as on a 

genetic variant of an antagonist of the pro-inflammatory cytokine IL-1β. However, 

evidence that these genetic variants are associated with BV is sparse and 

inconclusive. Although the influence of intrinsic host factors in the etiology of BV is 

very plausible, further studies are needed to address how the innate immune system 

affects BV development. 

Biofilms in bacterial vaginosis 

Another important challenge of BV is the presence of biofilms on vaginal epithelial 

cells (Machado et al., 2015). These clue cells are one of the four Amsel criteria used 

for BV diagnosis. Although the Amsel criteria have been in use since 1983, the 

composition of a biofilm on vaginal epithelial was first analyzed in 2005 when 

Swidsinski et al. used fluorescent in situ hybridization (FISH). In that respect it was 

shown that the main component of this biofilm is Gardnerella vaginalis which was 

confirmed by Hardy et al. ten years later using peptide nucleic acid (PNA) probes 

(Amsel et al., 1983; Hardy et al., 2015; Swidsinski et al., 2005). Furthermore, it was 

shown that G. vaginalis is the primary colonizer of the BV biofilm and possesses the 

highest potential for biofilm related virulence factors such as adherence in vitro 

(Patterson et al., 2010). However, it is only one part of a multispecies biofilm that 

also contains Atopobium vaginae, as shown with PNA probes, and other bacteria for 

which no specific detection method has been developed yet (Fig 3) (Machado and 

Cerca, 2015).  
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Fig 3: Multispecies biofilm on vaginal epithelial cells. A) DAPI stains nucleic acids of epithelial 

and bacterial cells. B) A universal PNA probe stains all bacteria. C) + D) PNA probes specifically 

stain A. vaginae in green and G. vaginalis in red. This figure is obtained from Hardy et al. (Hardy et 

al., 2015). 

 

Biofilm development and treatment challenges  

Biofilms are not only found in BV, but are also associated with other human diseases 

such as rhinosinusitis and osteomyelitis and are found on medical devices such as 

implants or catheters (Gupta et al., 2015). Furthermore, their formation is not 

restricted to humans. Biofilms  occur in almost any bacterial habitat and can also be 

found in  water, soil or even  along man made constructs such as pipes and water 

distributions systems (Donlan, 2002). Its formation occurs in different stages (Fig 

4A) (Gupta et al., 2015; Kostakioti et al., 2013). First, planktonic bacteria can 

initially attach to surfaces with the use of their flagella and pili which are, together 

with adhesins, also responsible for reversible or irreversible adhesion. At the 

beginning of maturation, microcolonies are formed and cell-cell communication as 

well as the production of extracellular polymeric substance (EPS) that consists of 

polysaccharides, lipids, proteins and extracellular DNA (eDNA), is initiated. During 
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further maturation, the biofilm thickens through cell division of certain bacteria and 

the production of more EPS, while other bacteria fall into a state of dormancy. 

During the last stage of dispersion, parts of the matrix are degraded to enable 

shedding of the biofilm to new sites.  

Because of EPS and dormant persister cells, biofilm eradication by the immune 

system or with antibacterial substances such as antibiotics is a challenge well 

recognized (Davies, 2003). EPS prevents penetration of antibiotics through the 

biofilm and persister cells are resistant to antibiotics because these attack metabolic 

pathways that have been inactivated (Fig 4B, C). These characteristics make biofilms 

1000 times more resistant to antibiotics than planktonic cells (Hoiby et al., 2010). 

 

Fig 4: Biofilm development and its challenges for antibiotic treatment. A) Biofilm development 

occurs in several stages. B) The impenetrability of biofilms and C) different stages of metabolic 

activity are challenges in antibiotic therapy. This figure was obtained and modified from Davies 

(Davies, 2003). 
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Identification of alternatives to antibiotics for BV biofilm reduction and 

prevention of recurrence  

Although bacterial vaginosis is usually and initially also successfully treated with the 

antibiotic metronidazole, patches of biofilm usually remain (Bradshaw et al., 2006). 

This may be the reason why BV has a 60 % recurrence rate in the 12 months after 

treatment. Therefore, many attempts have been made to find alternative treatments 

against BV biofilms that were reviewed in Machado et al. (2015) (Machado et al., 

2015). Because G. vaginalis was identified as major species in the BV biofilm and is 

relatively easy to culture, it has been used as model organism for compound 

identification against in vitro biofilms.  

To circumvent the biofilm challenges, substances attacking the EPS were tested. In 

this regard, the tenside lauramide arginine ethyl ester as well as DNase treatment 

were successful alone or in combination with metronidazole in vitro, but have not 

been tested in vivo. Furthermore, many compounds were tested in clinical trials. 

Numerous antiseptics were used for the treatment of BV. However, these studies 

were methodologically not reliable. One study tested the substance octenidine, but 

could not improve recurrence rates. Several plant-derived compounds, such as thyme 

essential oil have shown potential in vitro and in vivo. Acidifying agents such as a 

soap containing lactic acid and lactoserum as well as the regular use of Vitamin C 

were successful in reducing recurrence. Boric acid has been used against BV for a 

long time and was also shown to reduce recurrence. Although these substances have 

been tested in vivo, their mode of action was not determined and they were not tested 

for their effect on biofilms. Probiotics - life microorganisms providing beneficial 

affects to the host - are already commercially available, but have not shown 

beneficial effects. However, L. reuteri RC-14 and L. rhamnosus GR-1 were able to 

disrupt biofilms consisting of G. vaginalis and A. vaginae in vitro, but were not 

tested in vivo. Prebiotics - substances that promote the growth of probiotics - such as 

a gel containing sucrose with 0.75% metronidazole, have been found successful in 

vivo, but their effect on biofilms still needs to be addressed.  

Therefore, many compounds were found to be effective, either against biofilms in 

vitro or against recurrence in vivo. However, a biofilm disruption effect in 

combination with a beneficial effect in vivo was shown for none of them.  
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Research questions 

With respect to that, this work combines the screening of several compound classes 

against G. vaginalis biofilms with an adaptation of a successfully identified 

compound into a randomized controlled trial of patients with bacterial vaginosis. The 

stability, tolerance and effectiveness in preventing recurrent BV after treatment with 

metronidazole of the compound formulated into a pessary in comparison to a 

commercially available pessary containing lactic acid were addressed in this study. 

Clinical parameters were evaluated and vaginal fluid and urine samples of 116 BV 

patients were taken. Of the 116 patients, 44 study participants were sampled once 

after metronidazole treatment, once during and once after pessary treatment and once 

during follow-up for a time period of up to four months. Additionally, 20 vaginal 

fluid samples and 80 urine samples were collected of healthy men and women for 

comparison. 16S rRNA amplicon sequencing was performed for analyses of 

microbial communities on 96 BV patients of which 36 provided up to five samples, 

and all healthy controls. RNA sequencing was executed on vaginal fluid samples of 

four BV patients at all time points and on ten BV patients before and after 

metronidazole treatment for functional metatranscriptomic analyses. To improve 

screening of anti-biofilm compounds, a multispecies biofilm model consisting of G. 

vaginalis, A. vaginae and L. crispatus was developed.  

The following research questions were addressed in this study:  

1. Which compound works against biofilm formation of Gardnerella vaginalis and 

enhances disruption? 

2. Is this compound stable, well tolerable and effective in the prevention of recurrent 

BV? 

3. How effective does this compound prevent biofilm formation and enhance 

disruption in vivo? 

4. What does the vaginal microbiota look like in BV compared to health and can it be 

restored after treatment with metronidazole or the compound? 

5. What are the functional differences of the vaginal microbiome in health and BV? 

6. Are there functional factors of the vaginal microbiome leading to BV recurrence? 
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7. How is the urinary microbiota defined in healthy men and women? 

8. How does the urinary microbiota in BV react to metronidazole treatment and can it 

be restored after treatment? 

9. Is it possible to develop a multispecies BV biofilm model and how does is respond 

to biofilm disrupting compounds? 
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Abstract 

Bacterial vaginosis (BV) is a common infection in reproductive age woman and is 

characterized by dysbiosis of the healthy vaginal flora which is dominated by 

Lactobacilli, followed by growth of pathogens like Gardnerella vaginalis. The 

ability of G. vaginalis to form biofilms contributes to the high rates of recurrence that 

are typical for BV and which unfortunately make repeated antibiotic therapy 

inevitable. Here we developed a biofilm model for G. vaginalis and screened a large 

spectrum of compounds for their ability to prevent biofilm formation and to resolve 

an existing G. vaginalis biofilm. The antibiotics metronidazole and tobramycin were 

highly effective in preventing biofilm formation, but had no effect on an established 

biofilm. The application of the amphoteric tenside sodium cocoamphoacetate 

(SCAA) led to disintegration of existing biofilms, reducing biomass by 51% and 

viability by 61% and it was able to increase the effect of metronidazole by 40% 

(biomass) and 61% (viability). Our data show that attacking the biofilm and the 

bacterial cells by the combination of an amphoteric tenside with the antibiotic 

metronidazole might be a useful strategy against BV. 
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Introduction 

In nature, bacteria rarely live in suspensions, but are frequently attached to surfaces 

as biofilms. In such a way they seek protection in a community where sharing of 

nutrients, genetic exchange and protection, e.g. from antimicrobials, is ensured. This 

is true for bacteria living in ponds or water distribution systems as well as for 

bacteria residing in humans (Donlan, 2002). Since biofilms offer a stable mode of 

existence, biofilm forming bacteria can cause large health problems in the human 

body , e.g. when they are persisting in catheters and chronic wounds, develop on 

implants or are causative of chronic diseases, such as rhinosinusitis or osteomyelitis 

(Gupta et al., 2015). It can be extremely challenging to erase pathogenic biofilms that 

have formed on human tissues. Therefore strategies to attack them are diverse and 

include antibiotics alone or in combination with bioactive molecules or 

bacteriophages (Parasion et al., 2014; Wu et al., 2015). 

One of those challenges is bacterial vaginosis (BV), a vaginal infection which might 

be associated with biofilm formation and persistence with a prevalence of 10-50% in 

women worldwide (Allsworth and Peipert, 2007; Bradshaw et al., 2013; Chico et al., 

2012). It is characterized by a change in bacterial diversity from a uniform flora 

dominated by Lactobacilli such as Lactobacillus crispatus, L. gasseri, L. iners or L. 

jensenii to a flora that is highly diverse and mostly anaerobic (Muzny and Schwebke, 

2015; Ravel et al., 2011). Although its etiology is still unclear, Gardnerella 

vaginalis, but also Atopobium vaginae, Prevotella sp., Sneathia sp., Mobiluncus sp. 

and many others were frequently identified in women with BV (Onderdonk et al., 

2016). BV causes malodorous vaginal discharge and can also lead to miscarriage, 

preterm birth and an increased risk of acquiring sexually transmitted infections such 

as HIV (Nunn et al., 2015). One of the criteria used for diagnosis (“Amsel” criteria) 

is the presence of at least 20% clue cells (Amsel et al., 1983). Clue cells can be 

identified microscopically and are vaginal epithelial cells covered with a layer of 

bacteria (Kenyon and Osbak, 2014; Palmeira-de-Oliveira et al., 2015). Although 

Amsel criteria were established already in 1983 it took more than 20 years until 

Swidsinski et al., using fluorescent in situ hybridization (FISH), were able to show 

that those clue cells are frequently covered by a biofilm consisting mainly of the 

facultative anaerobe G. vaginalis (Swidsinski et al., 2005) which was only recently 
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confirmed by Hardy et al. using peptide nucleic acid (PNA) probes (Hardy et al., 

2015). There are now many culture based and non-culture based studies that 

identified G. vaginalis only as part of a multispecies biofilm (Machado and Cerca, 

2015; Machado et al., 2015a; Onderdonk et al., 2016). However, some scientific 

reports have shown G. vaginalis as the big rascal of BV, since the majority of 

virulence factors it possesses is important for disease development. One publication 

directly tested G. vaginalis against the other bacterial vaginosis associated species in 

terms of adherence, biofilm formation and cytotoxicity and found that G. vaginalis 

had the strongest virulence potential (Patterson et al., 2010). Furthermore, other 

studies could identify G. vaginalis as the primary colonizer of BV and were even 

able to fulfill Koch’s postulates with G. vaginalis (Schwebke et al., 2014). But G. 

vaginalis also bears a great challenge. In vivo studies, for example, revealed that after 

successful therapy with oral metronidazole, which is currently the treatment of 

choice for BV, patches of biofilms consisting of G. vaginalis and A. vaginae 

persisted on epithelial cells (Swidsinski et al., 2005; Swidsinski et al., 2008). The 

high rate of recurrence of up to 60% within 12 months of treatment may therefore be 

due to the lack of effectiveness of metronidazole against biofilms. Moreover, 

antibiotic treatment, especially when it occurs repeatedly, supports the development 

of resistant bacteria (Bradshaw et al., 2006). Therefore, developing strategies to 

destroy biofilms of G. vaginalis and possibly other biofilm associated pathogens 

might be a first step to develop a more sustainable way to treat BV and its 

recurrences. Various approaches concerning the effect of different substances on G. 

vaginalis have already been pursued: The antiseptic octenidine dihydrochloride was 

initially very effective against G. vaginalis in vivo but resulted in a high rate of 

resistance after a short period (Swidsinski et al., 2015). Another clinical trial showed 

that treatment with glycerol monolaurate kept Lactobacillus species intact and was 

able to inhibit growth of G. vaginalis (Strandberg et al., 2010). The antimicrobial 

peptide Retrocyclin inhibited biofilm formation but not planktonic growth of G. 

vaginalis (Hooven et al., 2012) and Thymol was able to inhibit formation of new G. 

vaginalis biofilms as well as destroy mature ones in vitro (Braga et al., 2010). So far 

those substances have not been applied in vivo and therefore their efficiency has not 

been tested in women. 
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There are approaches with substances that are attacking the extracellular polymeric 

substance (EPS) that forms around biofilms, rather than attacking the bacteria, in 

order to make them susceptible to antibiotic treatment. DNase or the tenside 

lauramide arginine ethyl ester showed synergistic effects with antibiotics in vitro but 

have not been tested in vivo and are therefore not yet feasible for therapy (Algburi et 

al., 2015; Hymes et al., 2013). A clinical study investigated whether boric acid, 

which is commonly administered against candidiasis, could disturb the biofilm in 

BV, but although the results looked promising after 2-3 months, the rate of 

recurrence after 38 weeks was unchanged (Reichman et al., 2009). An in vitro study 

showed that G. vaginalis can be displaced by L. reuteri and clinical trials that use 

different Lactobacillus species as probiotics in combination with antibiotics or alone 

showed potential (Mastromarino et al., 2013; McMillan et al., 2011).  

BV is a multifactorial disease with a different flora and different problems in every 

affected woman. Therefore there is a need for medically applicable compounds that 

could be used either alone or in combination with antibiotics to treat BV and the 

physiological conditions which lead to BV recurrences. In our approach, as a first 

step, we analyzed different substances for their effectiveness against G. vaginalis 

biofilms. With the objective to use substances that have already proven successful in 

other antimicrobial settings, we tested four different categories of compounds on a G. 

vaginalis biofilm model of newly forming and already established biofilms, with the 

aim to identify new substances that could prevent, weaken or even destroy G. 

vaginalis biofilms. Those four categories were (1) antibiotics, (2) antibacterial 

enzymes and peptides, (3) antiseptics and (4) tensides.  

Two antibiotics were tested: Tobramycin (TOB) is usually applied as treatment of 

Pseudomonas aeruginosa biofilms and has not yet been used against G. vaginalis 

biofilms. It blocks the bacterial protein synthesis. Metronidazole (MET) inhibits 

nucleic acid synthesis and is the current treatment of choice for BV. Its impact on G. 

vaginalis has already been investigated in previous studies either alone or in 

combination with additional substances (Algburi et al., 2015; Hymes et al., 2013; 

McMillan et al., 2011; Price et al., 2015).  

We tested enzymes and peptides because extracellular proteins are important 

components of biofilms and they might help to degrade the biofilm matrix (Ebeling 
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et al., 1974). Two antibacterial hydrolases were selected: Lysozyme (LYS) that 

disrupts cell walls of bacteria and proteinase K (PRO) which degrades proteins 

(Ebeling et al., 1974; McKenzie and White, Jr., 1991). Both are frequently used in 

the laboratory, but have not been applied as anti-biofilm treatments. As an 

antibacterial peptide, OP-145 (OP1) was tested. It interacts with membrane 

phospholipids and induces membrane thinning in bacteria and has been effective in 

the treatment of chronic middle ear infections (Malanovic et al., 2015) but was not 

tested against G. vaginalis biofilms before.  

Antiseptics are commonly defined as substances that kill (bactericidal) or inhibit 

(bacteriostatic) the growth of bacteria (McDonnell and Russell, 1999). The 

antimicrobial preservative chlorocresol (CLC, 4-chloro-3-methylphenol), the 

detergent cetylpyridinium chloride (CPC, 1-hexadecylpyridinium chloride) which 

can reduce gingivitis and was previously able to prevent dental plaque (Abdelwahab 

et al., 2015; Mankodi et al., 2005) and polyaminopropyl biguanide (PBI), also known 

as polyhexamethylene biguanide, that has been shown to be effective against 

Staphylococcus aureus amongst others and is used as disinfectant in swimming pools 

(Ansorg et al., 2003; Burger et al., 1994), were tested here because they have known 

antimicrobial properties and are already commercially used. Therefore obtaining 

approval for a new application would be simplified.  

The fourth category of compounds studied here are surface-active agents (tensides) 

such as the emulsifier lecithin (LEC), which in combination with silver has been 

shown to be effective against biofilms on catheters due to its hydrophilic properties 

(Kumon et al., 2001) and the amphoteric tenside sodium cocoamphoacetate (SCAA) 

that is frequently used in cosmetics and pharmaceutical products, but little has been 

published about it (Goossens et al., 2006; Patrone et al., 2010). Due to their 

hydrophilic and hydrophobic moieties, amphoteric tensides have antibacterial 

properties. Their effectiveness against biofilms has not been studied yet. 

Material and Methods 

Strains and culture conditions 

Gardnerella vaginalis strain ATCC 14018 was grown on Columbia agar plates 

(Becton Dickinson) with 5% sheep blood at 37°C in a 5% CO2 atmosphere. Liquid 
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cultures were aerobically (5% CO2 atmosphere) grown in supplemented brain heart 

infusion medium (sBHI, Becton Dickinson) containing 2% (w/v) gelatin (Fluka), 

0,5% yeast extract (Becton Dickinson), 0.1% starch (Merck) and 0.1% glucose 

(Sigma) for sBHIg Medium and 1% glucose (Sigma) for sBHIG medium, which was 

used to promote biofilm formation (Braga et al., 2010). In one experiment (Fig. S3) 

G. vaginalis was inoculated in sBHI medium containing 0.1% maltose and for 

biofilm induction 1% maltose was used. The pH was adjusted to pH 7.0, pH 5.5, pH 

5.0 or pH 4.5 using 1M HCl or 300 mM citrate-phosphate buffer according to the 

experimental design. Anaerobic experiments were performed in the Whitley 

MG1000 anaerobic workstation (dwscientific). Stock cultures were stored in sBHI 

containing 12.5% glycerin at -70°C. For some experiments (Fig. 2), Todd Hewitt 

broth (THB, Becton Dickinson) and THB supplemented with 1% yeast extract 

(THBY, Becton Dickinson) were used.  

Compounds 

The following compounds were tested: Chlorocresol (CLC, Clariant GmbH), 

Cetylpyridinium chloride (CPC, Fagron GmbH & Co. KG), Lecithin, (LEC, Cargill 

GmbH & Co. KG), Sodium cocoamphoacetate (SCAA, C.H. Erbslöh KG), 

Polyaminopropyl biguanide (PBI, Arch Biocides Ltd.), Lysozyme (LYS, Biozym 

GmbH), Metronidazole (MET, Biesterfeld Spezialchemie GmbH), OP-145 (OP1, 

OctoPlus N.V.), Tobramycin sulfate (TOB, Zhejiang Hisun Pharmaceutical Co. 

Ltd.), Proteinase K (PRO, Fermentas GmbH). All compounds, except LEC, which 

was dissolved in methanol (J.T. Baker), were dissolved or diluted in Milli-Q water 

and sterilized with 0.22 µm filters prior to usage (for abbreviations and 

concentrations see Table S1). Compounds were diluted according to supplementary 

Table 1 and the correct pH of either pH 7 or pH 4.5 was again verified. The chemical 

structures of all antibiotics, antiseptics and tensides are shown in Fig. 1.  
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Fig. 1: Chemical structures of tested compounds. CLC (A), CPC (B); PBI (C), SCAA (D), LEC 

(E), TOB (F) and MET (G). 

 

Planktonic cultures 

An overnight culture of G. vaginalis cultured in sBHI was inoculated in media with 

different acidity (pH 4.5, pH 5, pH 5.5 or pH 7) at an optical start density of OD600 = 

0.05, OD600 = 0.1 or OD600 = 0.2 according to the experimental design. The optical 

density (OD) was measured at 600nm over 25 hours. 

Biofilm cultures  

A pre-culture was started from the G. vaginalis glycerol stock in sBHI and incubated 

over night at 37°C in a 5% CO2 atmosphere. This pre-culture was diluted to OD600 = 

0.05 in sBHIG (pH 7.0) for the final biofilm culture. Similar to previously described 
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experiments, for the biofilm formation prevention experiment, compounds were 

added at the beginning of the biofilm culture and analysis carried out after 20 hours 

of incubation. For the biofilm disruption experiment the medium was carefully 

removed after 20 h of incubation and fresh sBHIG medium containing the test 

compound was added to the existing biofilm and incubated for another 20 h under 

the same conditions (Hooven et al., 2012; Hymes et al., 2013). sBHIG medium alone 

and the biofilm culture without compounds were applied as controls. Biofilms were 

then analysed after a total of 40 h incubation time. Biofilms were cultivated in 

Nunc™ MicroWell™ 96-Well Microplates (Thermo Scientific) for the crystal violet 

biofilm assay and Nunc™ MicroWell™ 96-Well Optical-Bottom Plates with 

Polymer Base (Thermo Scientific) for the biofilm viability assay. 

Analytical methods 

Colony forming units (CFU) were determined from biofilms growing in 96-well 

microtitre plates (Thermo Scientific). Biofilms from triplicate wells were pooled and 

used for one CFU determination. After the appropriate incubation time, the biofilm 

was washed twice with phosphate buffered saline (PBS), scraped off and 

resuspended in 50 µl of 0.85% NaCl before serial dilution and spreading in triplicates 

onto Columbia agar plates with 5% sheep blood (Beckman). The plates were 

incubated at 37°C in a 5% CO2 atmosphere for 48 hours prior to CFU counting. 

Biofilm mass was determined by crystal violet staining. The biofilm was grown as 

described and after the appropriate incubation time washed twice with PBS and dried 

for 15 min. The dried biofilm was then stained with 200 µl 2% crystal violet (Sigma) 

in ethanol per well and incubated at room temperature with shaking (15 min at 300 

rpm). Then, the plate was washed with PBS three to five times until not specifically 

bound dye was removed. The plate was again dried for 15 min and subsequently 

crystal violet was extracted with 200 µl ethanol at room temperature over night at 

300 rpm. 100 µl of the extracted solution were transferred to a new microtitre plate 

and absorbance was measured in a multi-label microplate reader (Wallac Victor 

1420, Perkin Elmer life Sciences) at 620 nm. The percentage of biomass inhibition 

was calculated as biomass inhibition [%] = 100 – (100 * ((S-N)/(P-N))) where S is 

the average absorbance for the sample, N is the average absorbance for the negative 
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control (medium) and P is the average absorbance for the positive control (biofilm 

without compound).  

Biofilm viability was determined via live/dead staining using the live/dead BacLight 

Bacterial Viability Kit (Molecular Probes) according to the manufacturer’s protocol. 

Fluorescence was measured in a multi-label microplate reader (Wallac Victor 1420, 

Perkin Elmer life Sciences) at 530 nm excitation (green) and 630 nm excitation (red) 

and the percentage of viability inhibition was calculated as viability inhibition [%] = 

100 – (100 * ((S
G
/S

R
)/(C

G
/C

R
))) where S

G
 is the average fluorescence at 530 nm and 

S
R
 is the average fluorescence at 630 nm for the sample and C

G
 and C

R
 are the 

respective values for the positive control (biofilm without compounds). For the 

negative control, the biofilm was killed by incubation with 70% 2-propanol for 5 

minutes. For all conditions five or more replicates were prepared. 

Statistics 

Results were plotted as mean ± standard deviation of the mean from at least 

triplicates. The error of the viability inhibition was calculated by the formula 

(1/B
2
)*(√(B

2
*a

2
+A

2
*b

2
))*100 where A is the mean of the compound treated sample, 

a is the standard deviation of the compound treated sample, B is the mean of the 

untreated positive control and b is the standard deviation of the untreated positive 

control.  

Results 

G. vaginalis biofilm model 

In order to develop a biofilm model of G. vaginalis, first, the media BHI, sBHI, THB 

and THBY were tested under aerobic conditions in a 5% CO2 atmosphere and 

biofilms were grown for either 20 h or 40 h. The best biofilm formation could be 

observed for sBHI medium followed by BHI (Fig. 2A). Then, the effect of glucose 

supplementation and oxygen were investigated for the media BHI and sBHI with 

0.1% or 1% glucose respectively in a 5% CO2 atmosphere or under anaerobic 

conditions. Biofilm formation was strongest in the 5% CO2 atmosphere, followed by 

the anaerobic condition, and was weak under aerobic conditions. Glucose enhanced 

biofilm formation slightly, but resulted in even less biofilm formation under aerobic 
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conditions. The strongest biofilm formation was obtained on sBHI supplemented 

with 1% glucose (sBHIG) in the 5% CO2 atmosphere (Fig. 2B). Therefore further 

biofilm experiments were performed under these conditions. 

Biofilm formation was observed until 20 h of incubation; afterwards a plateau was 

reached representing an established biofilm. Replacing the spent medium by fresh 

medium at 20 h (medium change = mc) resulted in further biofilm formation and 

biofilm mass was doubled at 40 h compared to 20 h (Fig 2C). 

 

Fig. 2: Effect of medium and culture conditions on the biomass of G. vaginalis biofilms. (A) 

Biomass development in different media after 20 h and 40 h of growth. (B) Effect of glucose 

concentration and oxygen. Biofilm mass was determined by crystal violet staining. Mean and standard 

deviation from twelve replicate cultures are shown. (C) Aerobic growth (5% CO2) at 37°C in sBHIG 

was measured by crystal violet staining. For the 40 h mc value, the growth medium had been replaced 

by fresh medium after 20 h of incubation (mc = medium change). 

 



 

26 
 

We then tested the effect of pH on biofilm formation. BV is characterized by a shift 

of the pH from 4.5 to neutral or alkaline conditions. G. vaginalis prefers to grow 

under neutral conditions (Fig. 3A). Therefore we tested whether a shift to an acidic 

pH could disrupt an established biofilm. For this experiment, a G. vaginalis biofilm 

was grown for 20 h in unbuffered medium where the pH had initially been adjusted 

to pH 7. We then replaced the medium by (1) unbuffered medium adjusted to pH 7, 

(2) unbuffered medium adjusted to pH 4.5, or (3) a medium buffered to pH 4.5 using 

citrate phosphate buffer (CPB). The biofilm was then allowed to grow for additional 

20 h and then CFUs were determined. Figure 3B shows that shifting the pH to 4.5 

after 20 h of biofilm formation reduced CFU counts by three orders of magnitude, 

and when the pH was stabilized at pH 4.5 by a buffer, the established biofilm was 

almost completely disintegrated; less than 10 CFUs could be detected. PH did not 

only affect the ability to form CFUs, but also affected the biofilm mass (Fig. S1). 

Therefore, a low pH alone strongly influences biofilm formation and integrity of G. 

vaginalis biofilms even when the biofilm had already established. For measuring the 

effect of various compounds on G. vaginalis biofilm formation we used an 

unbuffered neutral medium in order to mimic the situation in BV in vivo. 
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Fig. 3: Effect of pH on growth of G. vaginalis in planktonic and biofilm culture. (A) Planktonic 

growth in media adjusted to pH 7, 5.5, 5 or 4.5 measured via OD600nm (B) Biofilm formation after 20 h 

at pH 7 (20 h, pH 7) and after 40 h with a medium change after 20 h. After the medium change, the 

pH was either kept at pH 7 (40 h, pH 7), changed to pH 4.5 (40 h, pH 4.5) or buffered with citrate 

phosphate buffer (CPB) to pH 4.5 (40 h, pH 4.5 CPB). Biofilm formation was measured using colony 

forming units (CFUs). Mean and standard deviation from triplicate cultures are shown.  

We conducted two types of experiments: (1) In the biofilm formation experiment, 

test compounds were added at the beginning of incubation to determine their effect 

on newly forming biofilms. Measurements took place after 20 h of biofilm 

formation. (2) In the biofilm prevention experiment, biofilms were grown for 20 h 

without the test compounds, and then the spent medium was replaced by fresh 

medium containing the test compounds to determine if existing biofilms could be 

destroyed. Measurements were performed after 40 h of biofilm formation. Biomass 

was measured with crystal violet staining and viability was measured using live/dead 

staining. Positive and negative controls of the viability assay were verified once in 

the beginning (Fig. S2).  

Effect of antibiotics on the G. vaginalis biofilm 

Two antibiotics were tested (Fig. 4A). As expected, MET was able to prevent the 

development of G. vaginalis biofilms as reflected by very little biomass and a large 
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inhibition of viability in the biofilm formation experiment. Interestingly, application 

of TOB to G. vaginalis biofilms showed a very similar result to that of MET and was 

able to inhibit biofilm formation at the same concentration as that used for MET. 

When MET was added after 20 h of biofilm formation, further biofilm growth was 

prevented, but the existing biofilm could not be disintegrated and the viability 

remained fully intact after a total of 40 h using a concentration of 0.1 mg/ml and 

higher. Again, the same was observed for TOB although even higher concentrations 

were tested. Therefore, as long as bacteria were growing and metabolically active, 

both antibiotics were very effective, but neither of them was able to disintegrate an 

existing biofilm, which is why further compounds were tested.  

Effect of antimicrobial enzymes and peptides on the G. vaginalis biofilm 

Two enzymes and one peptide were tested (Fig. 4B). The peptide OP1 was among 

the compounds with the weakest effect. Although biofilm viability was highly 

impaired, it still allowed biofilm formation in the biofilm formation experiment and 

did not show any effect in the biofilm disruption experiment. PRO and LYS on the 

other hand were able to prevent biofilm formation completely and also inhibited 

biofilm viability strongly (after 20 h). In the 40 h experiment, however, only LYS 

was able to prevent further biofilm formation. It could not resolve the existing 

biomass, but was able to affect 50% of the biofilm viability (unlike the antibiotics). 

By contrast, in the biofilm disruption experiment, PRO had a small effect on biofilm 

mass and none on its viability (Fig. 4B). In this category, LYS which degrades the 

bacterial cell wall, was the most potent compound because it prevented new biofilm 

formation and disturbed the established biofilm. 

Effect of antiseptics on the G. vaginalis biofilm 

Since it would be challenging to administer LYS without side effects, further 

substances that have already been applied for other purposes were tested. All 

antiseptics (Fig. 4C) provided satisfying results in the biofilm formation prevention 

experiment. They prevented biofilm formation and inhibited viability to a very high 

extent. Differences between the compounds could be observed in the biofilm 

disruption experiment. Here, CPC was able to not only prevent further biofilm 

formation, but because the mass of the treated biofilm was less than the biofilm mass 
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of the control in the 20 h experiment, it was able to even disintegrate the established 

biofilm. Accordingly, viability was inhibited by almost 100%. Of the antiseptics, 

CLC was the compound with the second best result after 40 h. Similar to CPC, it not 

only prevented further biofilm formation, but was also able to reduce the existing 

biofilm mass and showed around 60% of viability inhibition. PBI on the other hand, 

did not affect biofilm viability and was not able to reduce the established biofilm. 

Therefore, of all the antiseptics CPC showed the best result and was effective at the 

lowest concentrations (0.001 mg/ml in the 20 h experiment and 0.1 mg/ml in the 40 h 

experiment).  

Effect of tensides on the G. vaginalis biofilm 

We tested two tensides, SCAA and LEC (Fig. 4D). Whereas LEC had little effect in 

preventing biofilm formation and none in disrupting biofilms, SCAA was highly 

effective. In the 20 h experiment it prevented the formation of G. vaginalis biofilm 

completely. In the 40 h experiment, it dissolved more than 50% of the established 

biofilm and inhibited 60 % of biofilm viability. It is therefore the most potent biofilm 

dissolver of this study, followed by CRC although higher concentrations of SCAA 

were needed (0.25 mg/ml in the 20 h experiment and 1 mg/ml in the 40 h 

experiment).  
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Fig. 4: Effect of test compounds on G. vaginalis biofilm mass and viability. (A) antibiotics, (B) 

enzymes and peptides, (C) antiseptics and (D) tensides. Biofilm mass was determined by CV staining 

and is shown on the primary y-axis. Inhibition of biofilm viability [%] was measured via live/dead 

staining and is shown on the secondary y-axis. Mean and standard deviation from triplicate cultures 

are shown.  

 

Figure 5 shows the viability of G. vaginalis biofilms treated with MET, LYS or 

SCAA. For these pictures, biofilms were scraped off the microtiter plate bottoms, 

therefore cell densities are not representative of the biomass. In the untreated 

biofilms, viability was very high throughout the experiment, i.e. after 20 h of growth 

and after 40 h of growth. After MET treatment (0.1 mg/ml), cell viability was weakly 

reduced. Many cells in the MET treated biofilm were still viable, and those bacteria, 

which have not been killed by MET, can probably regrow the biofilm and might be 

responsible for recurrence of BV. Biofilms treated with LYS (0.5 mg/ml) showed 

membrane damage of almost all cells. Because LYS degrades the cell walls, those 
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bacteria cannot resist the osmotic pressure in the medium and increase in volume, 

especially in the biofilms of the biofilm formation prevention experiment. SCAA 

treated biofilms (1 mg/ml) consisted of red fluorescing dead cells only. A very strong 

inhibition of biofilm viability of newly forming and established biofilms could be 

observed with this compound.  

 

Fig. 5: Viability of G. vaginalis biofilms after treatment with an antibiotic, enzyme or tenside. 

Live/dead staining of G. vaginalis biofilms treated with 0.1 mg/ml MET, 0.5 mg/ml LYS or 1 mg/ml 

SCAA is shown for the 20 h experiment and the 40 h experiment in comparison to the untreated 

control.  

 

Since it was previously shown that the carbon substrate can influence biofilm 

formation, we tested the effect of MET (0.1 mg/ml), LYS (0.5 mg/ml) and SCAA (1 

mg/ml) on biofilms induced by maltose instead of glucose(Machado et al., 2015b). 

Unlike for biofilms that used glucose as carbon substrate, none of the compounds 

was able to prevent biofilm formation completely after 20 h. Nevertheless, they were 

all able to reduce its biomass and inhibited biofilm viability strongly with SCAA 

again as the most effective compound. Also the effect in biofilm prevention was 

strongest with SCAA treatment and showed a strong reduction in biofilm mass and 

viability to a similar extent than when biofilms were grown with glucose (Fig S4). 

Overall, biofilm mass and viability were slightly less affected when maltose was 

used as carbon substrate, but compounds were still able to disturb the biofilm. 



 

32 
 

Therefore the biofilm damaging effects of the compounds analysed here is not 

strongly dependent on the carbohydrate source.  

 

 

Effect of SCAA in combination with other compounds on the G. vaginalis 

biofilm 

Since SCAA was a very promising compound it was subsequently tested in 

combination with other compounds. We evaluated the effect of SCAA (1 mg/ml) on 

established G. vaginalis biofilms (biofilm prevention experiment) in combination 

with antibiotics (MET, 0.1 mg/ml or TOB, 25 mg/ml) and in combination with the 

very effective antiseptic CPC at the lowest effective concentration determined above 

(0.05 mg/ml). Surprisingly, Figure 6 shows that the effect of SCAA on biofilm mass 

was weakened in combination with TOB, and its inhibition of viability was only 

weakly increased in combination with CPC. However, inhibition of both biofilm 

mass and viability was increased in combination with MET. It was only weakly 

increased compared to SCAA alone, but could increase the effectiveness of MET 

alone by 41% (biomass) and 60% (viability) (Fig 4A). Furthermore, other amphoteric 

substances with different fatty acid chain lengths than SCAA were tested but showed 

no enhanced effect alone or in combination (Fig S3A, B). Therefore, SCAA and 

MET was the best anti-biofilm combination identified in this study. 

 

Fig. 6: Biofilm mass and viability after treatment with combinations of tensides and antibiotics. 

Biofilm mass was determined by crystal violet staining, and inhibition of biofilm viability was 

determined by live/dead staining. The tenside SCAA (1 mg/ml) was combined with 25 mg/ml TOB, 

0.1 mg/ml MET, 0.05 mg/ml CPC or applied alone and compared to the untreated control. Mean and 

standard deviation from triplicate cultures are shown. 
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Discussion 

In recent years, many studies have pointed out the importance of G. vaginalis in BV. 

Using high throughput sequencing of the 16S rRNA gene, it could be shown that it is 

frequently present in women with BV and although healthy women can also be 

colonized by G. vaginalis, its properties are of higher virulence in diseased women 

(Castro et al., 2015; Fredricks et al., 2005; Fredricks et al., 2007; Ravel et al., 2011; 

Shipitsyna et al., 2013; Twin et al., 2013; Verhelst et al., 2004). Therefore, testing 

substances on a G. vaginalis biofilm is a first, simplified, but valid approach to find 

new strategies against BV. 

In order to develop this G. vaginalis biofilm model, different media and growth 

conditions were tested. In accordance with published biofilm models, sBHI 

supplemented with glucose was the medium for which the best growth of G. 

vaginalis was observed. We could show that the addition of 1% glucose resulted in 

better biofilm formation than 0.1% glucose. Other biofilm models used 0.3% glucose 

(Hooven et al., 2012; Hymes et al., 2013) and we therefore suggest using a higher 

concentration of glucose or switch to maltose as proposed by Machado et al. 

(Machado et al., 2015b). They showed that maltose induced a stronger biofilm 

growth of their strains. Therefore we tested our compounds in the concentrations that 

proved effective on the glucose induced biofilm model on a maltose induced biofilm. 

We could show that the compounds were very effective in disturbing the newly 

developing or established biofilm albeit by a weaker extent than we tested before on 

the glucose induced biofilm. This is most likely due to the higher biomass of the 

maltose induced biofilm and higher concentrations of our substances would probably 

lead to the same results we have shown for glucose as biofilm inducer.  

We were able to show a strong effect of the pH on G. vaginalis biofilm formation. 

This is in accordance with the observation that during BV the pH increases, 

providing suitable conditions for the growth of various species including G. vaginalis 

(Sheiness et al., 1992). Thus, lowering of the pH of the vaginal milieu, e.g. by using 

lactic acid containing pessaries, might be sufficient to suppress G. vaginalis and 

thereby avoid BV recurrences (Stute et al., 2015). However, acid treatments may 

only give transient relief and BV recurrences might again emerge after acidification 

of the vagina with such products is terminated. We therefore strive to find a cure that 
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kills G. vaginalis in its preferable conditions which are the conditions during BV in 

order to get rid of a G. vaginalis biofilm in the long run.  

We tested four different categories of substances. Both antibiotics were highly 

effective against growing cells of G. vaginalis, but could not harm the established 

biofilm which is concurrent with the fact that planktonic growth of G. vaginalis can 

be inhibited by metronidazole at the same concentration that we found effective in 

our study (Anukam and Reid, ). The best results were obtained with the antiseptic 

CPC and the amphoteric tenside SCAA. Both not only prevented formation of a new 

biofilm but also disintegrated the mature biofilm and strongly inhibited its viability. 

In combination, they did not benefit from each other. However, even if CPC had 

been the most effective compound identified in this study, it would not be wise to 

apply it to mucosal surfaces such as the vaginal epithelium because it could lead to 

irritations and it has not been studied what CPC does to commensal Lactobacillus 

species. SCAA on the other hand is a tenside that is frequently used as an ingredient 

for cosmetics and based on the chemical structure and its properties is thought to be 

safe for human use. Therefore, a clinical study (ClinicalTrials.gov identifier: 

NCT02687789) has been implemented in order to analyse whether amphoteric 

tensides such as SCAA are applicable to mucosal surfaces and do not irritate the 

vaginal epithelium.  

For eradication of a persisting biofilm, the extracellular polymeric substance (EPS) 

around it has to be considered. This EPS matrix contains polysaccharides, proteins, 

DNA and lipids and can buffer or eliminate the effect of bioactive molecules like 

antibiotics. Moreover, some cells within a biofilm shift to a metabolically inactive 

state and thus common molecular targets of antibiotics, e.g. cell wall synthesis, 

protein synthesis, and RNA or DNA synthesis, are weakly expressed. For those 

reasons, bacteria growing in biofilms can be hard to eliminate (Donlan, 2002). They 

may be partly deactivated by antibiotic treatment but are surviving in small patches 

which can be reactivated over time (Menard et al., 2008; Swidsinski et al., 2011). It 

would be interesting to test if the tenside SCAA disintegrates the EPS, thereby 

breaking up the biofilm and activating bacterial metabolism, such that the antibiotic 

metronidazole can kill the cells and at the same time keep commensal Lactobacillus 

species intact (Algburi et al., 2015). Since SCAA showed increased effectiveness in 
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combination with metronidazole, it could be of great value in therapy where they can 

be applied simultaneously. Of the existing in vitro studies which found compounds 

against G. vaginalis, only three investigated substances that acted on biofilms and 

only one substance specifically attacked the EPS. Compounds that have been found 

to be effective against the biofilm were retrocyclin, thymol, subtilosin and lauramide 

arginine ester which were all effective in lower concentrations than what we propose 

to use for SCAA (1 mg/ml) (Algburi et al., 2015; Braga et al., 2010; Hooven et al., 

2012). DNase specifically targeted the EPS and was also effective at lower 

concentrations (Hymes et al., 2013). Therefore degrading the extracellular DNA of 

the biofilm matrix with DNase could be a potent approach, which has to be pursued 

concerning its safety and efficacy. On the basis of our data we suggest to use a 

relatively high concentration of SCAA which exhibits a rather low irritation potential 

as compared to other tensides. Verifying these results with multiple G. vaginalis 

isolates or the introduction of a multispecies biofilm model that includes commensal 

as well as pathogenic bacteria would be additional ways to further investigate the 

effects of amphoteric substances like SCAA. Here, an ongoing clinical study in 

humans (ClinicalTrials.gov identifier: NCT02687789) will evaluate whether 

amphoteric tensides such as SCAA are safe and promising additional substances to 

prevent or even treat recurrent BV by targeting biofilms. 
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Supporting information 

 

S1 Fig: pH effect on the biomass of G. vaginalis biofilms. Biofilm formation after 20 h at pH 7 (20 

h, pH7) and after 40 h with a medium change after 20 h. After the medium change, the pH was either 

kept at pH 7 (40 h, pH 7), changed to pH 4.5 (40 h, pH 4.5) or buffered with citrate phosphate buffer 

(CPB) to pH 4.5 (40 h, pH4.5 CPB). Biofilm formation was quantified via crystal violet stain. Mean 

and standard deviation from triplicate cultures are shown.  

 

 

S2 Fig: Positive and negative control of the viability assay. For the positive control, live/dead 

staining was performed with an untreated 20 h or 40 h old biofilm. The same biofilms were then killed 

with 70% 2-propanol for the negative control.  
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S3 Fig: Effect of active compounds on maltose induced biofilms. Maltose induced G. vaginalis 

biofilms were challenged with MET (0.1 mg/ml), LYS (0.5 mg/ml) and SCAA (1 mg/ml). Biofilm 

mass was determined by CV staining and is shown on the primary y-axis. Inhibition of biofilm 

viability [%] was measured via live/dead staining and is shown on the secondary y-axis. Mean and 

standard deviations from five replicates are shown. 

 

 

S4 Fig.: Effect of tensides on G. vaginalis biofilms. (A) C1, Cocoamidopropyl hydroxysultaine; C2, 

disodium cocoamphodiacetate; C3, sodium cocoamphopropionate; C4, sodium lauroamphoacetate; 

C5, cocoamidopropyl betaine (SCAA). (B) Effect of those tensides in different combinations with 

each other and with SCAA compared to C4 and SCAA alone. The primary y-axis shows biofilm mass 

determined by crystal violet staining, and the secondary y-axis shows inhibition of biofilm viability 

determined by live/dead staining. Mean and standard deviation from six replicate cultures are shown.  
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Table S1: Summary of all tested compounds including abbreviations, providers, tested 

concentrations and numeric values. 
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Abstract 

Bacterial vaginosis (BV) is the most common vaginal syndrome among women in 

their reproductive years. It is associated with an increased risk of acquiring sexually 

transmitted infections and complications like preterm labor. BV is characterized by a 

high recurrence rate for which biofilms frequently found on vaginal epithelial cells 

may be a reason. Here we report a controlled randomized clinical trial that tested the 

safety and effectiveness of a newly developed pessary containing an amphoteric 

tenside to disrupt biofilms after metronidazole treatment of BV. Pessaries containing 

lactic acid were provided to the control group and microbial community composition 

was determined via Illumina sequencing of the V1-V2 region of the 16S rRNA gene. 

The most common community state type (CST) in healthy women was characterized 

by Lactobacillus crispatus. In BV diversity was high with communities dominated 

by L. iners, Prevotella bivia, Sneathia amnii or P. amnii. Women with BV and 

proven biofilms had an increased abundance of Sn. sanguinegens and a decreased 

abundance of G. vaginalis. Following metronidazole treatment clinical symptoms 

cleared, Nugent score normalized, biofilms disappeared and diversity (Shannon 

index) was reduced in most women. Most of the patients responding to therapy 

exhibited a L. iners CST. Treatment with WO 3191 reduced biofilms but did not 

prevent recurrence. Women with high diversity after antibiotic treatment were more 

likely to develop recurrence. Thus, we suggest stabilizing the low diversity healthy 

flora by promoting growth of health associated Lactobacillus sp. such as L. crispatus.  
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Importance 

Bacterial vaginosis (BV) is a common vaginal disease associated with severe 

complications, e.g. preterm birth. The polymicrobial biofilm found on vaginal 

epithelial cells in BV might be the reason for the high recurrence rate that requires 

repeated antibiotic treatments. Thus, strategies that reduce recurrence are urgently 

needed. Here we performed a clinical trial to test if a pessary containing a tenside 

that can destroy biofilms of the BV associated pathogen Gardnerella vaginalis might 

be able to prevent recurrence. We analysed the microbiome composition and found 

that Gardnerella vaginalis was not the main pathogen in BV biofilms, and that 

recurrence was more likely in women that maintained a diverse microbiome after 

having been cured by the antibiotic. The pessary was unable to prevent recurrence. 

Thus, we suggest stabilizing the low diversity healthy flora by promoting growth of 

health associated Lactobacillus sp. such as L. crispatus.  
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Introduction 

The intact vaginal microbiome serves as barrier against pathogens (Doerflinger et al., 

2014). Unlike most other body sites it is characterized by a low diversity and uniform 

colonization by several species of Lactobacillus sp. Five to eight community state 

types (CSTs) have been identified. The two most common ones are dominated by L. 

crispatus and L. iners, but CSTs dominated by L. gasseri and L. jensenii and those 

dominated by Gardnerella vaginalis and other anaerobic bacteria have also been 

identified (Onderdonk et al., 2016). Together with a low pH (< 4.5) and a low 

Nugent score (0 to 3) these CSTs are characteristics of a healthy vagina, which is 

clinically characterized by white, normally smelling discharge (van de Wijgert et al., 

2014). Variation of the microbial community can be high within individuals and vary 

throughout the menstrual cycle, but the CST is usually stable in the long term.  

Bacterial vaginosis (BV) is the most common vaginal syndrome in women of 

childbearing age, with a prevalence of 30% in Caucasian women (Workowski and 

Bolan, 2015) and is associated with a higher risk of acquiring sexually transmitted 

infections such as HIV, as well as miscarriage and preterm birth (Onderdonk et al., 

2016). Furthermore BV has a 60% rate of recurrence in the 12 months after treatment 

with the standard care antibiotic metronidazole (Bradshaw et al., 2006). 

In BV, the community shifts to a highly diverse flora, concurrent with an increase in 

pH and a rise of Nugent score to > 6. The clinical expression of BV is grey-white, 

creamy discharge with fishy odor, especially during menstruation and in contact with 

sperm due to elevated pH – values. The addition of 10% KOH – solution as in vitro 

test method is one of the four Amsel criteria to diagnose BV in the clinical practice 

(Workowski and Bolan, 2015). Genera such as Gardnerella, Atopobium, Prevotella, 

Bacteroides, Peptostreptococcus, Mobiluncus, Sneathia, Leptotrichia, Mycoplasma 

and BV associated bacterium 1 (BVAB1) to BVAB3 of the order Clostridiales 

become abundant. Three CSTs dominated by G. vaginalis, Lachnospiraceae and 

Sneathia sanguinegens, respectively, have been identified in BV (van de Wijgert et 

al., 2014). Another characteristic of BV is the presence of a thick multispecies 

biofilm on vaginal epithelial cells (Swidsinski et al., 2014). Such cells are named 

“clue cells” because they serve as one out of the four diagnostic “Amsel” criteria. 

Biofilms consist of adherent bacteria and the extracellular polymeric matrix they 
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produce. This matrix inhibits biofilm elimination by the immune system and by 

antibiotics and may prevent full destruction of the biofilm in bacterial vaginosis by 

antibiotics (Machado et al., 2015). It has been shown that the biofilm is comprised 

mainly of G. vaginalis and A. vaginae and persists on epithelial cells after treatment 

with antibiotics (Machado et al., 2013a; Swidsinski et al., 2014). The pathogenicity 

of G. vaginalis biofilms is demonstrated by their ability to adhere to epithelial cells 

even in the presence of L. crispatus and that they benefit from the addition of BV 

related secondary colonizers (Machado et al., 2013b; Machado et al., 2013c). 

Furthermore, G. vaginalis biofilms tolerate higher amounts of hydrogen peroxide and 

lactic acid compared to their planktonic cultures (Patterson et al., 2007).  

The high rate of BV recurrence may thus be explained by the presence of a biofilm 

protecting the bacteria from antibiotic treatment, moreover, serving as a reservoir for 

regrowth of pathogens (Bradshaw et al., 2006). Antibiotics (metronidazole or 

clindamycin) are the treatment of choice against BV and have high initial cure rates 

in clinical trials (Menard, 2011; Oduyebo et al., 2009). Alternative strategies, 

including antiseptics, disinfectants and vaccines have been tested, but evidence 

regarding their effectiveness is mixed (Machado et al., 2015; Siboulet, 1991). 

Vaginal oral probiotics with or without prebiotics or concomitant antibiotics, and 

acidifying agents have also been explored as adjuvants after therapy (Holley et al., 

2004; Homayouni et al., 2014; Menard, 2011; Simoes et al., 2006). Thus, up to 50% 

decrease of recurrences seems to be possible, but novel approaches to prevent 

recurrence are urgently needed (Bradshaw and Brotman, 2015). 

To attack biofilms of G. vaginalis and thus potentially prevent recurrence, we have 

screened a variety of compounds and found that amphoteric tensides such as 

cocoamphopropionate, administered alone or in combination with metronidazole, 

were very effective in disrupting G. vaginalis biofilms in vitro (Gottschick et al., 

2016). Here, we report a randomized double-blind controlled clinical trial which 

investigated the tolerability of cocoamphopropionate administered as a pessary after 

initial metronidazole treatment of BV. Moreover, we compared the effectiveness of 

cocoamphopropionate versus commercially available lactic acid pessaries against BV 

recurrence. The vaginal microbiome, clinical parameters and biofilm characteristics 

were analysed for a period of 3 months. A cohort of 20 women recruited 
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independently of the clinical study served as control for the healthy vaginal flora. We 

compared the microbiome composition in woman with and without biofilms and 

identified biomarkers for the presence of biofilms in BV. The influence of 

metronidazole and pessaries on microbial communities was investigated. The time 

series of 5 consecutive visits allowed us to analyse in detail which clinical 

parameters and microbiome characteristics might affect recurrence.  

Material and Methods 

Study design 

We performed a prospective parallel-design, double-blind, randomized, controlled 

investigation. The Vaginal pessary WO 3191 (certified medical device) was 

compared to lactic acid pessaries (certified medical device, Dr. August Wolff GmbH 

& Co. KG Arzneimittel, Germany) with respect to safety, tolerability and efficacy 

following treatment of BV with metronidazole. Vaginal fluid and urine samples were 

obtained from all subjects in the clinical trial and from a cohort of healthy women 

that served as a control for the healthy vaginal microbiome. WO 3191 pessaries 

contained the amphoteric tenside cocoamphopropionate and, like lactic acid pessaries 

(LAP), contained lactic acid and sodium lactate in order to adapt to the physiological 

pH of the vagina. As both products looked similar, they could be assigned randomly 

in a blinded manner. The study protocol was approved by the local ethics committee 

(Bayerische Landesärtzekammer, München) and written consent was obtained from 

all participants. This study was conducted in accordance with the Declaration of 

Helsinki on Ethical Principles for Medical Research Involving Human Subjects. 

Principles and guidelines for good clinical practice were followed. The study was 

registered on ClinicalTrials.gov with the identifier NCT02687789. 

116 premenopausal women, who suffered from discharge and fishy smell were 

investigated by their gynecologists and included in the study if they were BV 

positive by three out of four Amsel criteria (grey-white discharge, malodor after 

application of 10 % KOH - solution, pH > 4.5 or the presence of at least 20% clue 

cells). Additionally they had to fulfill the following inclusion criteria: Nugent score > 

6, blinded performed by an independent investigator, positive for extracellular 
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polymeric substances (EPS) in urine, and a biofilm on vaginal epithelial cells (clue 

cells).  

The method for EPS detection in urine (Decker et al., 2011; Leriche et al., 2000) was 

modified for quantitative measurements of EPS with an enzyme-linked lectine assay 

using peroxidase-coupled lectines. Briefly, urine was diluted 1:20 to 1:40 in PBS and 

100 µl diluted urine was incubated in a 96 well polystyrene microtiter plate over 

night at 4°C for attachment of dissolved EPS. Urine was discarded and the plates 

washed twice with 200 µl PBS. Horseradish peroxidase (HRP)-coupled lectine 

(wheat germ agglutinin (WGA)) bound to the EPS for 90 minutes. Residual HRP-

WGA was removed by washing 8 times with 200 µl PBS. As HRP substrate, 100 µl 

colorless 3,3´,5,5´- tetramethylbenzidine (50% (v/v) in PBS) was used, which was 

converted into a blue dye. This reaction was stopped after 10 minutes by addition of 

0.5 M H2SO4 which resulted in a change of color to yellow. OD was measured at 450 

nm and EPS considered positive when OD450nm > 0.25. For detection of biofilms, 

vaginal fluid was stained with 0.2 % crystal violet in 100% ethanol and inspected 

under the light microscope (Olympus BX60, Germany). If more than 10 out of 50 

vaginal epithelial cells (20%) were covered by a layer of bacteria, these patients were 

regarded biofilm positive.  

The study design and number of patients analysed in each visit is shown in Figure S1 

as a Cochrane diagram. Study participants received 2 g of metronidazole (single 

dose) orally (visit 1). At visit 2 after 7 to 28 days they were randomly assigned to 

receive either WO 3191 or LAP. Each pessary was applied intravaginally by the 

study participants for three weeks, twice per week. An intermediate examination took 

place after one week (visit 3) and the final examination after another two weeks (visit 

4). A follow up examination (visit 5) was scheduled 12-14 weeks after visit 4. Of the 

44 included women, 34 completed the trial. The first database lock was performed 

after the last patient had completed visit 4 and the data were unblinded. One woman 

received metronidazole at visit 2 and was therefore excluded from the analysis. At 

each visit, vaginal fluid and urine were collected for the analysis of EPS, biofilms, 

and microbiome composition and clinical symptoms were determined. Vaginal fluid 

of 20 healthy women was sampled independent of this clinical study as part of their 

gynaecological routine examination. 
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Study Endpoints 

The primary endpoint was local tolerability of medical devices defined as a 

cumulative sum score of solicited local local/vaginal adverse device events 

(subjective symptoms and objective findings) between visit 2 and visit 4. Secondary 

tolerability endpoints included solicited and unsolicited adverse events and ADEs, 

global assessment of tolerability and leucocytes in vaginal smear. Secondary efficacy 

endpoints included assessment of the combined parameter of vaginal biofilm + EPS 

in urine (biofilm/EPS), percentage of patients with clue cells, changes in vaginal pH 

values, changes in Nugent score, changes in vaginal flora, global judgement of 

patient and investigator and recurrence of BV during the 12-week follow-up phase. 

Sample collection and transport  

Vaginal fluid was obtained by infusing 2 ml of saline solution into the vagina 

followed by rotation against the vaginal wall with a speculum and then collecting the 

vaginal fluid with a syringe. One third of the vaginal fluid (approximately 700 µl) 

was immediately transferred to a tube containing 2 ml RNAprotect (Qiagen, 

Germany), one third was transferred to an empty tube for microscopic analyses of the 

biofilm and one third was transferred to an empty tube for Nugent score assessment. 

All tubes were immediately frozen at -20°C. They were transported at -20°C within a 

week and finally stored at -70°C. Midstream urine for EPS analyses was collected by 

the study subjects in standard tubes and then stored and shipped at 4°C within three 

days.  

DNA extraction  

DNA was extracted from vaginal fluid suspension using the peqGOLD Tissue DNA 

Kit (Peqlab, Germany) with pretreatment and modification: Vaginal fluid (250 µl) 

was centrifuged at 13000 rpm for 5 minutes. Pellets were resuspended in 700 µl lysis 

buffer, 15 µl RNase and 20 µl Proteinase K from the Tissue DNA Kit. Cell lysis was 

obtained by adding this suspension to 0.5 g of silica beads which were covered with 

500 µl ice-cooled phenol. The bead-suspension mix was shaken at 5 m/s for 1 minute 

in 3 intervals which were 2 minutes apart using the MO-BIO PowerLyzer™ (Mo Bio 

Laboratories, USA). After centrifugation for 1 minute at 13000 rpm, the upper phase 
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containing the DNA was further processed according to the manufacturer’s 

instructions of the peqGOLD Tissue DNA Kit starting with DNA binding. 

Preparation of 16S rRNA gene amplicon libraries, sequencing, and data 

processing 

Amplicon library preparation for high throughput sequencing on a MiSeq Illumina 

platform (280 bp paired end chemistry) was performed as previously described 

(Camarinha-Silva et al., 2014). Barcoded amplicons of the hypervariable region V1-

V2 of the 16S rRNA gene were sequenced and a total of 12,495,036 raw reads 

obtained. After quality filtering, primer trimming and merging pairs, 6,757,844 reads 

were obtained. Clustering was performed based on a 97% similarity threshold and 

chimeras were removed by using the RDP database (RDP_trainset15_092015.fa) 

(Cole et al., 2014). All steps were performed with VSEARCH (Rognes et al., 2016). 

Only those operational taxonomic units (OTUs) that were present in an abundance 

>0.001% of the whole experiment were considered, resulting in 319 operational 

taxonomic units (OTUs) and a total of 6,438,017 reads. All OTUs were analyzed 

using stand alone blastn against the vaginal 16S rDNA reference database 

(STIRRUPS) (Fettweis et al., 2012). For taxonomic assignment at the species level, 

97% identity or higher was used. For OTUs that could not be assigned to a species, 

Bayesian classification using the Ribosomal Database Project Classifier with a 

confidence threshold of 80% was applied (Wang et al., 2007). 7 OTUs were 

identified as contaminants and removed from the dataset since they were highly 

abundant only in samples from healthy women which were collected separately from 

the randomized controlled trial in a different clinic, are not members of the vaginal 

microbiome and have been identified as contaminants before (Table S1, Fig S2A) 

(Salter et al., 2014).  For the phylogenetic tree, OTUs were aligned to sequences 

from the vaginal 16S rDNA reference database using MUSCLE. The tree was 

constructed with the neighbor joining method usingMEGA6. Additionally, clustering 

was performed on a 99% similarity threshold and all following steps were performed 

as described above. Exemplary, the difference between the 97% and 99% similarity 

threshold was analysed for Sneathia sp. and the full table is provided in Table S1. 

We could show that the read number does not change for the most abundant OTUs 
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which we focused our analysis on (Fig S2B). Therefore, we based our analysis on the 

97% similarity threshold. 

Statistical analysis of 16S rRNA gene sequences 

Microbiome analyses were performed for all screened women and healthy controls. 

OTU data were rarefied to 979 reads and all subsequent analyses were performed on 

this dataset. Resampling efficiency was determined based on the standard error 

(standard deviation/mean) after resampling 20 times. Rarefaction curves were 

obtained with the vegan package in the R environment. Shannon index (H’) was 

determined on the OTU level and boxplots and dominance plots were created in 

PRIMER7 with the PERMANOVA+ add-on software (159 PRIMER-E, 1). Mean 

values and standard deviations were calculated.  

For the principle coordinate analysis (PCO), a resemblance matrix was generated 

using the Bray-Curtis coefficient in PRIMER-E7. For the linear discriminant analysis 

(LDA) effect size (LEfSe) pipeline, alpha values of 0.05 for the factorial Kruskal-

Wallis test and a logarithmic LDA score threshold of 2.0 were used (Segata et al., 

2011). 

Statistical analysis of the clinical data 

The objectives of this clinical study were not subject to formal hypothesis testing and 

analyses were performed in a descriptive fashion. Criteria such as p-values from 

hypothesis tests and confidence intervals (CIs) were not intended for making 

inferences but rather to identify potential patterns and quantify uncertainty of 

estimation and therefore no adjustment of the type I error rate for multiplicity was 

performed. Explorative statistical tests were performed using a two-sided alpha level 

of 5% and 10% and the respective 90% and 95% CIs were calculated. The number of 

observations (N), mean standard deviation (SD), minimum, 1
st
 quartile (Q1), median, 

3
rd

 quartile and maximum were calculated separately for each arm for continuous (or 

semi-continuous) data. Additionally, categorical data were displayed separately for 

each treatment group using absolute frequencies and percentages (%) and time-to-

event data were described by medians and quartiles calculated by Kaplan-Meier life-

table methods. Statistical analysis began shortly after first database lock (last patient 

at visit 4). The open follow-up period was assessed separately.  
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Light and field emission scanning electron microscopy 

For field emission scanning electron microscopy, samples were fixed with 2% 

glutaraldehyde and 5% formaldehyde in HEPES buffer (HEPES 0.1 M, 0.09 M 

sucrose, 10 mM CaCl2, 10 mM MgCl2, pH 6.9) and stored at 7°C overnight. Cover 

slips with a diameter of 12 mm were coated with a poly-L-lysine solution (Sigma, 

Germany) for 5 min, washed in distilled water and air-dried. 50 µL of the fixed 

samples were placed on a cover slip and allowed to settle for 10 min. Cover slips 

were then fixed in 1% glutaraldehyde in TE-buffer (20 mM TRIS, 2 mM EDTA, pH 

7.0) for 10 min at room temperature and subsequently washed with TE-buffer before 

dehydrating in a graded series of acetone (10, 30, 50, 70, 90, 100%) on ice for 10 

min for each step. Samples were then subjected to critical-point drying with liquid 

CO2 (CPD 300 Leica, Germany). Dried samples were covered with a gold-palladium 

film by sputter coating (SCD 500 Bal-Tec, Liechtenstein) before examination in the 

Zeiss field emission scanning electron microscope Merlin using the Everhart 

Thornley SE detector and the inlens SE detector in a 50:50 ratio with an acceleration 

voltage of 5 kV. Light microscopic images were obtained with an Olympus BX60 

microscope after staining of samples with 0.2% CV. Images were recorded with the 

Olympus DP73 digital camera. 

Results 

Clinical study 

A prospective, double-blind, randomised clinical study was performed to analyse the 

safety, tolerability and effectiveness of two pessaries on clinical parameters, biofilm 

presence, microbiome composition and recurrence after metronidazole therapy of 

BV. 

Patient characteristics 

Of 116 premenopausal patients with BV (diagnosed by Amsel criteria), 44 were 

randomized and included in the clinical study based on the established inclusion 

criteria. 72 women were excluded due to EPS score, biofilm absence, low Nugent 

score or other reasons despite clinical diagnosis of BV by the investigating 

gynecologists (Fig. S3A). The difference in EPS score, biofilm and Nugent score 
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between included and excluded patients was highly significant (p = 5.4x10
-7

, p = 

0.0005 and p = 0.0007, Fig S3B). 

The mean age of the included patients was 32.4 years (SD±9.6) and ranged between 

19 to 51 years. Most patients were Caucasian (83.7%) and 11.6% of patients were of 

African descent. With respect to previous vulvovaginal diseases 39.5 % had already 

experienced some kind of infection or infestation (23.3% BV, 2.3% candidosis and 

16.3% unidentified vaginal infection or dysbiosis). 7.0% had experienced a 

miscarriage or preterm birth previously and 2.3% had periodontitis. The most 

commonly used concomitant medications were systemic hormonal contraceptives 

(48.8% of patients). Of the 44 patients who were randomized to either of the two 

pessary treatments, 43 started and 38 finished treatment (patients reached visit 4) and 

34 stayed in the study until follow-up. At visit 2, 26 women were randomly assigned 

to receiving LAP and 18 women to receiving WO 3191. 

Correlation between diagnostic parameters 

The complete patient data set was used to identify correlations between clue cells, 

biofilm and EPS. The presence of clue cells, which is one of the Amsel criteria, was 

determined by the gynecologist. Biofilm was microscopically determined on 

epithelial cells after CV staining to visualize them more clearly. Scanning electron 

microscopy showed that biofilms contained different morphotypes of bacteria, and 

EPS was clearly visible (Fig. 1). Epithelial cells from women with BV but without 

biofilm had only very few attached bacteria, which also were of different 

morphotypes (likely not Lactobacillus sp.) in the samples of cured women, 

Lactobacillus-like morphotypes were present and no biofilm was formed.  
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Fig 1: Microscopic images of vaginal epithelial cells with attached biofilms.  From left to right: 

Vaginal epithelial cells from patients with BV either with (BV biofilm +) or without biofilm (BV 

biofilm -) and after metronidazole treatment (cured). Top two rows: Light microscopy of samples 

stained with crystal violet. Bottom two rows: Scanning electron micrographs. 

 

A positive correlation between clue cells and the bacterial biofilm could be observed 

at visit 2 (phi = 0.32; Fisher’s exact test: p = 0.1171), demonstrating that if clue cells 

were present, it was very likely that a bacterial biofilm could also be detected. The 

correlation increased and reached significance at visit 3 and 4 and it persisted until 

visit 5 (visit 3: phi = 0.42; p = 0.057; visit 4: phi = 0.48, p = 0.031; visit 5: phi = 

0.49, p= 0.016). 

Additionally, a low positive correlation between clue cells and the combined 

parameter of bacterial biofilm + EPS in urine (biofilm/EPS) was observed at visits 2 

(phi = 0.09; p = 1.00) and 3 (phi = 0.19; p = 0.3556), with the respective correlation 

being much higher and significant at visit 4 (phi = 0.46; p = 0.013). 
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Tolerability of pessaries 

WO 3191 did not lead to irritation and was well tolerated, with 88.9% of patients 

judging the global tolerability to be good/very good on a 6-point rating scale. 

Investigators determined the global tolerability of WO 3191 to be good/very good in 

83.4% of patients. The mean scores of global tolerability for WO 3191 and LAP 

were not significantly different when assessed by patients (p=0.9539) or investigators 

(p=0.4532). Local tolerability was assessed by the intensity of solicited adverse 

device events. The majority of BV patients were free from vaginal symptoms after 

treatment with metronidazole (visit 2, baseline for treatment with pessaries). During 

the 3-week double-blind treatment period (visits 3 and 4) no significant differences 

concerning local tolerability between treatment groups were observed. The mean 

sum scores for both subjective symptoms and objective findings were low in both 

treatment groups. No safety concerns were identified with WO 3191 or LAP. The 

most commonly reported adverse event was bacterial vaginosis with a comparable 

occurrence in both treatment groups. 

Changes in biofilm EPS status, vaginal pH, and Nugent score 

While initially all patients were biofilm/EPS positive due to the established inclusion 

criteria (N=44), this fraction decreased continuously during the study. In the WO 

3191 treatment group (N=15) 40.0% of patients were biofilm/EPS positive at visit 2 

(baseline), 26.7% at visit 3 and 6.7% at visit 4. In the LAP treatment group (N=22), 

the percentage of patients being biofilm/EPS positive initially decreased from 27.3% 

at visit 2 to 18.2% at visit 3 and thereafter increased to 36.4% at visit 4. The 

difference between treatment groups in the percentage of patients being biofilm/EPS 

positive was not statistically significant for Visits 2, 3 and 4. However, a significant 

difference between treatment groups was observed regarding the rates of 

improvement, defined as change from biofilm/EPS ‘positive’ to ‘negative’ and 

worsening (change from biofilm EPS ‘negative’ to ‘positive’) from baseline (visit 2) 

to visit 4. At this time point, 5 women improved and none worsened in the WO 3191 

treatment group and 1 women improved and 3 worsened in the LAP treatment group; 

p=0.047, Fig S4).  



 

58 
 

Vaginal pH levels increased slightly in both treatment groups during the double-blind 

treatment phase. With respect to the Nugent score, more WO 3191 recipients were 

classified as ‘healthy’ (Nugent score 0–3) at visit 4, compared with LAP recipients 

(86.7% of N=15 vs 77.3% of N=22), but this difference was not significant. To 

summarize, WO 3191 performed significantly better at visit 4 concerning the rate of 

improvement of patients. Although the amount of data was small and therefore no 

significance could be shown, WO 3191 tended to improve some clinical parameters 

better than LAP. 

Microbiome analysis 

For microbiome analyses of vaginal fluid samples 60 samples of women with acute 

BV from the excluded group were analysed as well as those samples of women with 

acute BV who completed the clinical study until visit 4 or 5. In total, 96 samples 

were analysed and compared to samples from 20 healthy women. The number of 

samples used for microbial analysis per visit and treatment group are depicted in Fig 

S1. These numbers were smaller than numbers used for analysis of clinical outcomes 

as microbial samples were not available. 

Taxonomic affiliation of reads 

After abundance filtering and contamination removal, 312 OTUs and a total of 

6,363,304 V1-V2 ribosomal DNA reads (mean per sample = 24,857 ± 23,782 reads) 

were obtained. A full OTU table is available in Table S1. 47% of the sequences 

could be assigned to the species level, 33% to the genus level and 20% to the family 

level or higher taxa. To validate the species level taxonomic affiliation the genus 

Lactobacillus was used as an example because of its importance in the vaginal 

microbiome. The full length 16S rDNA gene sequence of all species within this 

genus that were available in the STIRRUPS 16S rRNA vaginal database was used for 

constructing a phylogenetic tree. All OTUs that were assigned to this genus were 

added to the tree. The phylogenetic tree showed that OTUs identified as species are 

phylogenetically closest to the species they were assigned to (Fig S5). In our dataset, 

we could observe a strong difference regarding the sequencing depth, where samples 

ranged from 979 to 213,795 reads. A rarefaction analysis showed that the diversity 

was still high within the samples. Some had almost reached saturation while for 
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others a higher sequencing depth would have been needed for saturation (Fig S6A). 

To be able to compare all communities with each other, OTU abundance was 

rarefied to 979 reads in all subsequent analyses. A PCO showed that these low 

abundant samples with < 5000 reads do not differ from the ones with higher 

sequencing depth in terms of community composition (Fig S6B). Although they were 

few we did not exclude these samples because we did not want to further minimize 

the study size. Resampling led to underrepresentation of α-diversity and limits the 

analysis to comparisons within this dataset. To evaluate whether resampling once 

would be sufficient for this analysis, we resampled five random samples with low, 

average and high sequencing depth 20 times and calculated the standard error (Fig 

S6C). We could show that resampling affects only low abundant OTUs. Because the 

error was low for low abundant OTUs and our study focuses on high abundant 

OTUs, resampling this dataset once was sufficient. 

Microbial diversity of vaginal fluid samples 

Microbial diversity was very low in the samples from healthy women. Three OTUs 

were sufficient for 90% of cumulative dominance and a species rank of 59 was 

reached (Fig 2A). In contrast, diversity of vaginal fluids of women with BV was very 

high. In the included group, 23 OTUs were needed for 90% cumulative dominance 

and a total of 255 OTUs identified. In the excluded BV group 32 OTUs covered 90% 

cumulative dominance and a total of 175 OTUs were identified. After treatment with 

metronidazole, vaginal fluid from former BV patients showed a low diversity just 

like that of healthy women. Because not all women responded similarly to 

metronidazole and a few remained with a high diversity, 9 OTUs were needed for 

90% cumulative dominance and an OTU rank of 140 was reached. Over time, at 

visits 3, 4 and 5, overall diversity increased again, until at visit 5, 13 OTUs covered 

90% cumulative dominance and a total of 186 OTUs could be identified. Shannon 

diversity (Fig 2B) increased significantly from health (H’ = 0.67 ± 0.59) to BV (H’Ex 

= 2.24 ± 0.57, H’In = 2.39 ± 0.46). After metronidazole treatment it decreased again 

(H’Vis 2 = 0.94 ± 0.72). The interquartile range (IQR) was higher after metronidazole 

treatment than in healthy women due to large individual differences in response to 

treatment. H’ remained stable until visit 5, and the IQR increased even further. 
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Fig 2: Rank abundance and Shannon diversity of vaginal microbiomes. A) Dominance plot of 

cumulated samples from all visits. H health, vis visit, ex excluded, in included. B) Shannon indices of 

all groups. Mean and quartile range are shown. Asterisks indicate significant (p < 0.01) differences.  

 

L. crispatus dominates healthy community state types (CSTs) whereas BV is 

characterized by high diversity and several CSTs 

A principle coordinate analysis (PCO) showed that microbiomes of vaginal fluid 

from healthy individuals were clearly separated from those of BV patients. This was 

caused by L. crispatus in healthy women and a group of several OTUs in BV 

patients. Excluded and included BV patient clusters overlapped strongly. However, a 

few excluded samples clustered in between. This group was driven by G. vaginalis, 

Prevotella bivia and L. iners (Fig 2C). 

The cumulated vaginal microbiome composition of the healthy control group was 

dominated by three species of Lactobacillus, namely L. crispatus, L. iners and L. 
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gasseri, with a cumulative relative abundance of 61%, 25% and 10% each (Fig 2D). 

Accordingly, individual microbiomes from healthy individuals clustered into three 

community state types that were each dominated by L. crispatus, L. iners and L. 

gasseri, with a ratio of 2.5:1:1 respectively (Fig S7). The cumulative microbiome of 

excluded and included women with BV was very similar. The most abundant species 

were L. iners, Atopobium vaginae and Sneathia amnii in both groups. Whereas L. 

iners was also abundant in healthy women, A. vaginae could rarely be found in them 

(rel. abundance = 0.8%). None of the healthy women were colonized with Sn. amnii 

(Fig 2D). Differences between both groups could be observed for G. vaginalis which 

was less abundant and Sn. sanguinegens which was more abundant in included 

women. Inter-individual differences were stronger in BV patient samples. 

Communities were dominated by either L. iners, Prevotella bivia, Sn. amnii or P. 

amnii in both groups. Vaginal fluids of two women were dominated by Lactobacillus 

sp., even in BV (Fig S7).  

Biomarkers for health and BV were identified using LEfSe (Fig S8). Included and 

excluded patients were analysed separately. The best markers for health were in both 

cases L. crispatus and L. gasseri. The best markers for BV were also similar in both 

groups. The highest LDA score was determined for A. vaginae and Sn. amnii. They 

were followed by G. vaginalis, an OTU of Veillonellaceae, P. timonensis, P. amnii 

and other Prevotella species and Sn. sanguinegens, which were located at different 

ranks in the excluded and included group but present in both.  

Sn. sanguinegens is a biomarker for biofilms in BV 

We found that 14% (n=15) of all women with BV did not have a biofilm. We 

therefore compared their microbiomes to those of the patients with biofilms (86%, 

n=91) (Fig 3). LEfSe analysis revealed Sn. sanguinegens as the top biomarker for 

biofilm presence. Surprisingly, G. vaginalis and Megasphaera sp., both commonly 

identified in BV, were identified as the top two biomarkers for biofilm absence. The 

fact that G. vaginalis was found as a biomarker for the absence of biofilms is 

puzzling and will be discussed later.  
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Fig 3: Biomarkers for biofilms in BV. LEfSe biomarker analysis comparing all samples from BV 

(visit 1) according to biofilm status (LDA threshold = 2.0). 

 

Metronidazole causes a shift in community state type  

Inter-individual variability after treatment with metronidazole was high (Fig 4). The 

microbiome of the women was affected in different ways by the antibiotic. In 23 of 

36 patients of the microbiome analysis (M-BA) population (64%) it resulted in low 

diversity and colonization with Lactobacillus sp. concurrent with lack of symptoms 

(Amsel criteria), low pH, low Nugent score (NS) and the absence of biofilm. Eight 

women (22%) became NS negative but remained biofilm positive. In five of these, 

the vaginal microbiome was dominated by Lactobacillus sp., while it remained 

highly diverse in the other three. According to NS, five women (14%) did not 

respond to metronidazole treatment and those five women remained with H’ = 2.1 ± 

0.36 and therefore a highly diverse microbiome (patients 07-001, 15-006, 17-004, 

05-001 and 06-001, Fig 4). Only one of these 5 women was biofilm negative (15-

006) after metronidazole treatment and 4 remained biofilm positive. A PCO showed 

that the microbiome of women that did not respond to metronidazole treatment could 

not be distinguished from the responsive group at visit 1 (Fig S9A). Identification of 

a biomarker at visit 1 which would have allowed the prediction of metronidazole 

success or failure was not possible (Fig S9A). Interestingly, in 68% (n= 21) of the 
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cured women the L. iners CST was found (> 50% of cumulative abundance), 

whereas in only 17% the L. crispatus CST was found (Fig 4).  

 

Fig 4: Composition of the vaginal microbiome of all women included in the study. Patients are 

separated according to treatment (LAP vs. WO 3191). Visits (1-5) and corresponding data (Nugent 

score, biofilm status, number of Amsel criteria and pH) are shown above and below. Red arrows 

indicate BV recurrence. OTUs below 1 % abundance are summarized as “others”. LAP = lactic acid 

pessaries. 

 

A PCO showed that the communities of healthy women clustered distinct from those 

of patients responsive to therapy and that these different clusters were driven by L. 

crispatus and L. gasseri for healthy women and L. iners for patients responsive to 

therapy (Fig. 5) confirming the observed CST switch after metronidazole treatment.  
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Fig 5: Principle component analysis of the vaginal microbiome composition in healthy women 

and women after metronidazole treatment. Vectors indicate the species driving variation. H healthy 

cohort, V2 women from the clinical study at visit 2 (after metronidazole treatment). 

 

Recurrence emerged in 28 % (N=10 of N=36 in total) of study participants included 

in the microbiome analyses at either visit 4 or visit 5 (Fig 4, red arrows). It occurred 

in four out of the five patients that did not respond to metronidazole therapy (based 

on NS), but also occurred in those 6 women that had initially responded. Of those, 

two (out of three) biofilm positive women with a diverse microbiome showed 

recurrence and four women with low diversity microbial communities and lack of 

clinical symptoms also showed recurrence. The presence of a biofilm was no 

indicator for recurrence. Women with or without biofilm showed recurrence of BV. 

PCO before recurrence could not separate recurrence/no recurrence and LEfSe 

biomarker analyses did not produce conclusive results (Fig S9B, C). However, 

women who developed BV at visit 4 or later (N=10) had a higher diversity at visit 3 

(H = 0.69 ± 0.69) than those who remained healthy (N=26, H = 1.62 ± 0.77) and this 

difference was significant (p = 0.004). Recurrence rates for the clinical population 

were slightly lower due to a different population set. Between visit 2 and 4 three and 

five women experienced recurrence in the WO 3191 (N=15) and the LAP group 

(N=22), respectively. During follow-up, 2 of 11 in the WO 3191 and 4 of 19 in the 

LAP group had a BV. However, this difference of recurrence was not statistically 

significant. 
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Most of the 26 women mentioned above without BV recurrence showed a stable 

microbiome composition dominated by Lactobacillus sp., low pH and NS, and 

remained biofilm negative throughout the follow-up visits.  L. iners remained the 

most abundant species, although 6 women shifted from L. iners towards L. crispatus 

as main colonizer over time. Ten women became positive for biofilm at some point 

throughout the study without further consequences and six women returned to a 

highly diverse symptomless community at visit 5. All of these observations were 

independent of the pessary treatment groups. 

Post-antibiotic treatments did not influence microbial community composition 

Upon treatment with LAP or WO 3191, only minor and nonsignificant microbiome 

shifts could be observed. At visit 2 (after antibiotic therapy and before application of 

pessaries), the cumulative abundance of Lactobacillus sp. (L. crispatus, L. iners, L. 

gasseri) was similar in both treatment groups (75% for Lactobacillus sp. (LAP) and 

73% for Lactobacillus sp. (WO), Fig 6). After pessary treatment at visit 4, 

cumulative abundance of Lactobacillus sp. was higher in the WO 3191 treated group 

(77% vs. 69% in the LAP group) which was due to a higher cumulative abundance of 

L. gasseri (9%). At follow up (visit 5), the cumulative abundance of Lactobacillus 

sp. had stayed stable in the LAP treated group (73%) with a steady increase of L. 

crispatus (from 18% at visit 2 to 33% at visit 5) whereas it had decreased in the WO 

3191 group to 59% cumulative abundance. The diversity was not significantly 

different between treatment groups at any time point. 
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Fig 6: The microbiome response to pessaries. Cumulated microbiome composition for LAP and 

WO 3191 treatment for all visits. At visit 1, metronidazole was provided. At visit 2, women were 

randomly assigned to one of the two pessary treatments. From visit 3 to 5 they had been treated with 

the respective pessary. OTUs below 1 % abundance are summarized as “others”. LAP = lactic acid 

pessaries. 

 

Discussion 

The aim of our study was to to gain clinical experience and further knowledge about 

the certified medical device vaginal suppository WO 3191 with respect to safety, 

tolerability and efficacy in the post-treatment of bacterial vaginosis. We further 

determined whether WO 3191 would be superior to LAP for reducing biofilm 

mediated recurrence of BV after metronidazole treatment. 86% of all screened 

women with BV were biofilm positive in our study as was previously found in 

another study (Swidsinski et al., 2014). Treatment with metronidazole resulted in 

loss of this biofilm in 67% of women of which most stayed biofilm free until follow-

up at visit 5. This is in contrast to a study by Swidsinski et al. (2008) which 

demonstrated that biofilms were indeed first destroyed, but restored frequently after 

treatment with metronidazole (Swidsinski et al., 2014). This discrepancy may have 

been caused by the threshold for the presence of biofilms which was used here. We 

considered only those samples biofilm positive in which a minimum of 20% of 

epithelial cells were covered by a layer of bacteria whereas Swidsinski et al. did not 

set a cut off for their observations. 
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Although only a small number of patients was available for this investigation, the 

Fisher’s exact test (two-sided) revealed a significant difference between the two 

treatment groups regarding the frequency of ‘improvements’ (change from biofilm 

EPS “positive” to “negative”) and ‘worsening’ (change from biofilm EPS “negative” 

to “positive”) between visit 2 and visit 4: 5 ‘improvements’ and 0 ‘worsening’ in the 

WO 3191 group vs. 1 ‘improvement’ and 3 ‘worsening’ in the LAP group (p = 

0.047). 

By contrast, the group treated with LAP had a higher abundance of Lactobacillus sp. 

than the WO 3191 treatment group at follow up and could be expected to be healthy 

in the long term. However, none of the treatments prevented or noticeably postponed 

recurrence of BV. This is most likely due to BV being such a multifactorial disease 

(Onderdonk et al., 2016). To prevent recurrence, therefore, a combination of several 

means should be used. For example, probiotics may be effective (Homayouni et al., 

2014; Machado et al., 2015). It could be worthwhile to explore the combination of 

WO 3191 or LAP with Lactobacillus probiotics as strategy against BV recurrence. 

In our study, we have compared the microbiome of healthy women to the 

microbiome of women with acute BV and found G. vaginalis as biomarker for BV. 

Interestingly, when the BV group was divided into those women with (14%) and 

without a biofilm (86%), G. vaginalis was identified as a biomarker for biofilm 

absence. Therefore, women with BV were colonized by G. vaginalis, however, 

women with biofilm presence had significantly less G. vaginalis. This is in contrast 

to studies who showed that G. vaginalis is an abundant component of biofilms in BV 

(Hardy et al., 2015; Swidsinski et al., 2014). However, these studies specifically 

targeted G. vaginalis with FISH probes and although they have found other species, 

too, they did not detect Sneathia sp. and most of the relevant Prevotella sp. which, as 

our study suggests, may be even more common than G. vaginalis in BV related 

biofilms.  

Sn. amnii was identified as most important biomarker for acute BV, and Sn. 

sanguinegens could be identified as biomarker for biofilm presence in acute BV. 

Little is currently known about the genus Sneathia. It was described as a new genus 

when Leptotrichia sanguinegens was renamed to Sn. sanguinegens after having been 

isolated from human blood and amniotic fluid in 2001 (Collins et al., 2001). In 2012, 
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Sn. amnii was discovered in the vaginal tract as part of the Vaginal Human 

Microbiome Project (Harwich, Jr. et al., 2012). Its biochemical characteristics were 

assessed and several potential virulence factors that may be relevant in BV, such as 

the adherence to epithelial cells, were described. Later, several studies associated 

Sneathia sp. with BV using molecular techniques (Fredricks et al., 2007; Hilbert et 

al., 2016; Ling et al., 2010; Mitchell et al., 2009; van de Wijgert et al., 2014). Sn. 

sanguinegens was frequently identified in amniotic fluid and is associated with early-

onset neonatal sepsis and preterm labor (DiGiulio et al., 2008; Dols et al., 2016; 

Wang et al., 2013). Like A. vaginae and other BV related species, Sn. sanguinegens 

is also associated with pelvic inflammatory disease and infertility (DiGiulio et al., 

2008; Haggerty et al., 2016). Overall, our study suggests a high relevance of the 

genus Sneathia in BV.  

Our microbiome analysis showed that the vaginal fluid microbiome of healthy 

women is characterized by a very low diversity and three different CSTs which are 

dominated by Lactobacillus sp.. The most common L. crispatus CST was followed 

by the L. iners and L. gasseri CSTs, in accordance with previous reports (Ravel et 

al., 2011). By contrast, BV microbiomes were characterized by high diversity with L. 

iners, Prevotella bivia, Sn. amnii and P. amnii as the most abundant species. In 

accordance with these results, Dols et al. suggested to diagnose BV by a combination 

of the absence of Lactobacillus sp. and a high diversity (Dols et al., 2016).  

After treatment with the antibiotic, patients exhibited low diversity Lactobacillus 

dominated vaginal microbiomes; however, the L. iners CST was found in most 

women rather than the L. crispatus CST which dominated in the healthy control 

group. Since we could not analyse the healthy vaginal microbiome of those women 

that later developed BV, we cannot exclude that this CST dominated in our study 

cohort already before antibiotic treatment. However, it is more likely that treatment 

with metronidazole encouraged L. iners colonization more than other Lactobacillus 

species. It concurs with findings that L. iners and L. crispatus are negatively 

correlated in the vaginal microbiome (Dols et al., 2016). The ambiguous role of L. 

iners has been widely discussed and there is a consensus on the fact that L. crispatus 

is protective for BV whereas L. iners may not be (De et al., 2007; van de Wijgert et 

al., 2014). L. iners adapts its expression profile in dysbiosis and thus has less stress 
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than L. crispatus when it comes to fighting the colonization of BV associated 

anaerobic species thus making L. iners colonization a predisposing factor for BV 

(Macklaim et al., 2013). A study investigating women before and after acute BV may 

shed light into the question where the abundance of L. iners after metronidazole 

treatment originates. 

The BV recurrence rate of 28% observed in our study group for microbiome analysis 

and about 20% regarding the clinical population is smaller than that found in another 

study, which was up to 60% over a period of 12 months (Bradshaw et al., 2006). 

Furthermore, women were treated with pH-adapted pessaries (pH 4.5) containing 

either an amphoteric tenside or lactic acid, after metronidazole therapy, which could 

also be an influencing factor. A placebo or an untreated control group was not 

included in the study and therefore could not be used for direct comparison. It is 

noteworthy to mention that our study only included women with true BV infection. 

This was assured by strict inclusion criteria comprising the presence of biofilms. In 

other studies weaker inclusion criteria might have led to inclusion of patients with 

transient or mild BV forms, when comparing recurrence rates this fact also should be 

considered. Nevertheless, our follow up period ended approximately 3 months after 

metronidazole treatment. Because our data show an increase in microbial diversity 

and a decrease in Lactobacillus sp. colonization until visit 5, the recurrence rate 

within the following months is likely to have increased. Recurrence of BV occurred 

in woman harboring the L. iners CST as well as in those with the L. crispatus CST. 

Moreover, recurrence rates were equally high in women treated with LAP
 
or WO 

3191 pessary and no particular species could be associated with recurrence. 

However, more women with higher microbial diversity at visit 3 developed 

recurrence than women with lower diversity, suggesting that a diverse CST can 

predispose to recurrence of BV. However, due to the complex etiology of BV many 

other parameters might play a role, e.g. host characteristics, Lactobacillus phages, 

sexual activity or smoking (Verstraelen et al., 2010).  

Stabilizing the low diversity of the healthy vaginal microbiome seems to be the most 

promising approach in order to prevent recurrence of BV. This could be achieved by 

a combination of various measures, including dissolving the biofilm, stabilizing the 

vaginal pH, applying compounds that promote growth of Lactobacillus sp. and 
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providing live probiotics, e.g. strains of L. crispatus. For women that are colonized 

by an instable but healthy vaginal community this may prevent tipping the balance 

towards BV in response to external factors.  
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Supporting information 

 

Fig S1: Study overview, disposition of patients, visits performed and sampling for microbiome 

analysis (MB-A). The maximum study duration from visit 2 to visit 5 for each individual was 120 

days. The initial treatment phase with metronidazole after visit 1 lasted 7-28 days. The follow-up 

examination at visit 5 took place 84 (+14) days after visit 4. 44 women were randomized and 43 

treated. For safety analysis safety evaluable population was analysed (N=43; WO3191=18; LAP=25). 

For evaluation of clinical efficacy full analysis set population (N=37; WO3191=15; LAP=22) and 

follow-up (N=30; WO3191=11; LAP=19) was used. *Discontinuation visit after visit 2 was assigned 

to visit 3. LAP = lactic acid pessaries. 
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Fig S2: A) Contaminants removed from the dataset. The most common OTUs and those identified as 

contaminants are shown for the cohort of healthy women in which they occurred. Contaminants are 

bold, regular members of the vaginal microbiome are shown transparent. B) A comparison of the 

reads for the two most abundant Sneathia sp. and the number of total reads clustered with a 97% and a 

99 % similarity threshold. 
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Fig S3: Exclusion criteria and comparison of EPS, Nugent score, pH, age and biofilm of women with 

BV who were either included or excluded from the study.  

 

Fig S4: Number of patients profiting from treatment with either WO 3191 or LAP at visits 3 and 4 

based on visit 2 and at visit 5 based on visit 4. Shown is the number of those patients who went from 

present to absent biofilm minus the number of those who went from absent biofilm to biofilm 

presence. LAP = lactic acid pessaries. 
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Fig S6: Rarefaction curves of all samples and resampling analysis. A) Samples were grouped 

according to health, inclusion/exclusion at visit 1 and visits 2-5. The x-axis was cut at the mean value 

of sequencing depth. B) Distribution of all samples with a sequencing depth above and below 5000 

reads shown in a PCO. C) Resampling to the lowest sequencing depth was performed 20 times for 5 

randomly chosen samples with low to high sequencing depth: (A) 1,319 reads (B) 25,726 reads (C) 
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26,790 reads (D) 93,244 reads (E) 213,795 reads. The standard error (standard deviation of the mean) 

is indicated.  

 

Fig S7: Microbiome composition of all screened women with BV (included and excluded) and of 

the healthy control group. Clustering of samples is based on Pearson correlations within each group. 

OTUs below 1 % abundance are summarized as “others”. 
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Fig S9: Analysis of recurrence. PCO and LEfSe analysis of (A) samples associated with positive or 

negative metronidazole treatment outcome at visit 1 before administration of metronidazole, (B) 

samples at visit 3 before BV recurrence at visit 4 and (C) samples at visit 4 before BV recurrence at 

visit 5.  
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The following supporting information can be found on the attached CD: 

Fig S5: Phylogenetic tree of the genus Lactobacillus. 16S rRNA sequences of all OTUs assigned to 

the genus Lactobacillus were aligned with reference sequences. 

Fig S8: Biomarkers for BV. LEfSe biomarker analysis comparing the healthy cohort to the excluded 

and the included group of women with BV (LDA threshold = 2.0). 

Table S1: List of raw and final sequencing results as well as all metadata. 
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Abstract 

The urinary microbiome of healthy men and women is characterized by genera such 

as Lactobacillus, Gardnerella, Sneathia and Prevotella. Bacterial vaginosis (BV) is a 

common vaginal syndrome that is characterized by a shift from a Lactobacillus sp. 

dominated community to a highly diverse community consisting of the genera 

commonly found in urine. The etiology of BV is unclear and it has a high rate of 

recurrence for which the reservoir is so far unclear. To better understand the factors 

contributing to BV, the healthy urinary microbiome of men and women was 

compared to the urinary and vaginal fluid microbiome during BV and after treatment 

with metronidazole. A total of nine different community types, so called urotypes, 

were identified of which 4 were found in healthy men and women. One urotype 

dominated by L. crispatus was identified only in urine of healthy women and not in 

treated women, even though the vaginal microbiome of some women was dominated 

by L. crispatus. Furthermore, after treatment the abundance of L. iners was 

increasing. Individual microbial profiles strongly responded to the antibiotic but the 

absence of the L. crispatus urotype and the increase of L. iners abundance may 

explain why the urinary microbiome was after metronidazole treatment still different 

from the microbiome in health.  
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Introduction 

The dogma of sterile urine persisted for a long time and was based on the assumption 

that all bacteria are pathogens and absent in healthy people (Thomas-White et al., 

2016). This paradigm has shifted and now the importance of commensal organisms 

for human health is widely acknowledged. Different body sites have since been 

studied extensively, but only recently the female urinary microbiome (FUM) became 

the focus of attention (Siddiqui et al., 2011). Studies have examined the FUM in 

health and disease focusing on asymptomatic bacteriuria (ABU) (Fouts et al., 2012), 

interstitial cystitis (IC) (Siddiqui et al., 2012) and urgency urinary incontinence (UI) 

(Pearce et al., 2014). In these studies both, first void or midstream urine as well as 

urine obtained using transurethral catheters was sampled. Another study compared 

the different urine sampling methods directly and found the same genera (Wolfe et 

al., 2012). Thus it could clearly be demonstrated that in healthy women the bladder is 

colonized by Lactobacillus, Gardnerella, Prevotella, Corynebacterium, Sneathia and 

other genera that are commonly found in bacterial vaginosis (van de Wijgert et al., 

2014).  

In the healthy midstream FUM, six urotypes were identified; they were dominated by 

Lactobacillus, Gardnerella, Sneathia, Staphylococcus, or Enterobacteriaceae or 

consisted of highly diverse microbiota (Pearce et al., 2014). Inter-individual 

differences in community composition and diversity were high (Karstens et al., 2016; 

Siddiqui et al., 2012; Whiteside et al., 2015). It was shown that urinary bacteria are 

viable and midstream urine contains a mixture of urinary and genital tract bacteria 

(Hilt et al., 2014; Wolfe et al., 2012). 

The role of the microorganisms colonizing the healthy bladder for diseases is 

unclear. No single pathogen could be identified to be causative for asymptomatic 

bacteriuria, interstitial cystitis or urgency urinary incontinence (Fouts et al., 2012; 

Pearce et al., 2014; Siddiqui et al., 2012).The same urotypes identified in health 

could also be observed in UI (Pearce et al., 2015). Nevertheless, differences with 

regard to Lactobacillus sp. which are less abundant in ABU and UI and more 

abundant in IC could be observed (Schneeweiss et al., 2016).  
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There are only a few studies on the male urine microbiome (MUM). It was examined 

starting with a study on men with and without sexually transmitted infections (STIs) 

which found that bacteria associated with STI but also with vaginal dysbiosis can be 

found in STI positive patients (Nelson et al., 2010). The healthy MUM is 

characterized by genera such as Lactobacillus, Sneathia, Veillonella, 

Corynebacterium Prevotella, Streptococcus and Ureaplasma and these are also found 

on urethra swabs (Dong et al., 2011; Nelson et al., 2012). So far, no study has 

sampled urine directly from the bladder. The genera of the healthy MUM have also 

been found in the female urine microbiome, yet no direct comparison between FUM 

and MUM using high resolution amplicon sequencing has been conducted so far. In 

both, the bacterial composition in urine changes with age (Lewis et al., 2013). Some 

bacteria seem to be introduced to men by women, because a comparison between 

sexually active and inactive adolescent males showed that bacterial vaginosis (BV) 

associated genera such as Sneathia, Mycoplasma and Ureaplasma were only found in 

sexually experienced adolescents (Nelson et al., 2012). 

The composition of the urine microbiome in bacterial vaginosis has not yet been 

investigated. Bacterial vaginosis is a disease of the vaginal tract that is characterized 

by a loss of commensal Lactobacillus sp. and a co-occurrent increase of diversity and 

pH. BV is associated with a higher risk of acquiring sexually transmitted infections 

such as HIV, as well as a higher risk of miscarriage and preterm birth (Onderdonk et 

al., 2016). BV is the most common vaginal syndrome in women of childbearing age, 

with a prevalence of up to 30% (Allsworth and Peipert, 2007) and has a 60% 

recurrence rate in the 12 months after treatment with the standard care antibiotic 

metronidazole (Bradshaw et al., 2006). It has been hypothesized that the high 

recurrence rate of BV might be caused by biofilms of BV pathogens like Gardnerella 

vaginalis and Atopobium vaginae on epithelial cells which resist antibiotic treatment 

and thus re-infect the genital tract (Machado et al., 2015). Therefore, we screened for 

a compound that could disrupt biofilms of G. vaginalis in vitro (Gottschick et al., 

2016) and conducted a clinical trial to test its effectiveness in BV, especially with 

respect to biofilms and recurrence (Gottschick et al. unpublished). Although similar 

genera and species of bacteria have been identified in the urine of healthy men and 

women and in the vaginal fluid during BV, a comparison between these three types 

of microbiomes with each other using high resolution amplicon sequencing has not 
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been conducted yet. It is unknown how BV impacts the urinary microbiome, and if 

the microbiome of the bladder might act as a reservoir for pathogens that could cause 

BV recurrence. To address these questions, here we sequenced the highly conserved 

V2-V3 region of the 16S rRNA gene using urine samples of healthy men and women 

and of women with acute BV before and after antibiotic treatment with 

metronidazole. With our approach, identification of different urotypes up to the 

species level in the male and female urinary microbiome and in urine during BV was 

possible. The effect of BV on the urinary microbiome was investigated and the 

influence of metronidazole treatment was compared in urine and vaginal fluid.  

Material and Methods 

Study design 

Urine samples were collected from 31 healthy men and 49 healthy women as part of 

their routine examination at the Helmholtz Centre for Infection Research in 

Braunschweig, Germany. In addition, urine samples from 109 women with BV were 

obtained as part of a clinical study that tested the efficiency of a newly developed 

pessary against recurrent BV (Gottschick et al., unpublished). Of the 109 women 

with BV, 42 were included in the clinical study based on the presence of biofilms 

and other criteria defined for inclusion into the clinical study. They received 2 g of 

metronidazole (single dose) orally and their urine was sampled once more after 

metronidazole intake (Gottschick et al., unpublished). The clinical study was 

registered on ClinicalTrials.gov with the identifier NCT02687789. The study 

protocols were approved by the local ethics committees (Niedersächsische 

Landesärtzekammer, Hannover and Bayerische Landesärtzekammer, München) and 

written consent was obtained from all participants. 

Sample collection, transport and DNA extraction  

Midstream urine samples used for sequencing were immediately transferred to, 

transported and stored in a urine collection and preservation tube (Norgen Biotek 

Corp., Canada).  

DNA was extracted from 15 ml urine using the peqGOLD Tissue DNA Kit (Peqlab, 

Germany). Urine was centrifuged at 7000 rpm for 15 minutes and DNA was 
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extracted with pretreatment and modification as described (Gottschick et al., 

unpublished). Briefly, urine was centrifuged at 7000 rpm for 15 minutes (vaginal 

fluid: 13000 rpm for 1 min). Pellets were resuspended in 700 µl lysis buffer, 15 µl 

RNase and 20 µl Proteinase K. This suspension was then added to 0.5 g of silica 

beads which were covered with 500 µl cooled phenol. For cell lysis, the bead-

suspension mix was shaken at 5 m/s for 1 minute in 3 intervals which were 2 minutes 

apart using the MO-BIO PowerLyzer™ (Mo Bio Laboratories, USA). After 

centrifugation for 1 minute at 13000 rpm, the upper phase containing the DNA was 

further processed according to the manufacturer’s instructions starting with DNA 

binding. 

Vaginal fluid samples were obtained and treated as previously described (Gottschick 

et al., unpublished). 

Preparation of 16S rRNA gene amplicon libraries, sequencing, and data 

processing 

Amplicon library preparation for high throughput sequencing of urine samples on a 

MiSeq Illumina platform (280 bp paired end chemistry) was performed as previously 

described (Camarinha-Silva et al., 2014).  Barcoded amplicons of the hypervariable 

region V1-V2 of the 16S rRNA gene were sequenced and a total of 10,219,820 raw 

reads obtained. 4,689,672 reads were obtained after quality filtering, primer 

trimming and merging pairs. Clustering and taxonomic assignment were performed 

as previously described (Gottschick et al., unpublished) and resulted in 497 

operational taxonomic units (OTUs) and a total of 4,389,556 reads. Vaginal fluid 

samples were processed simultaneously in the same pipeline. Sequences will be 

published and are openly available. 

Statistical analysis of the microbiome 

OTU data were rarefied to 2196 reads and all subsequent analyses were performed 

on this dataset. Resampling efficiency was determined based on the standard error 

(standard deviation/mean) after resampling 20 times. Rarefaction curves were 

obtained with the vegan package in the R environment. Boxplots, dominance plots, 

shade plots and barplots were created in PRIMER7 with the PERMANOVA+ add-on 

software (159 PRIMER-E, 1). Shannon index (H’) was determined on the OTU level 
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in PRIMER7 and mean values and standard deviations were calculated. For the 

principle coordinate analysis (PCO), a resemblance matrix was generated using the 

Bray-Curtis coefficient in PRIMER-E7. Clustering of samples was performed based 

on a Pearson correlation in R. Circle graphs were created using Microsoft Excel 

2010.  

Results 

Subjects characteristics 

The mean age of the healthy men was 31 years (± 7) and ranged between 23 and 58 

years. The mean age of the healthy women was 33 years (± 11) and ranged between 

19 and 62 years. Women with BV were on average 33 years (± 9) old and their age 

ranged between 18 and 51 years. None of the healthy participants had BV or 

periodontitis and 12 % had taken antibiotics in the 10 days before sample 

contribution which did not notably affect the microbial communities of these study 

participants (Fig S1). 81 % were of German origin and 19 % were from different 

foreign countries. In the BV study group, 23.3% previously had had BV and 2.3% 

had periodontitis. 84 % were of German origin and 12 % of patients were of African 

descent. None of the BV patients had taken antibiotics in the 10 days before the BV 

incident.  

Taxonomic affiliation of reads 

After abundance filtering, 497 OTUs and a total of 4,389,556 V1-V2 ribosomal DNA 

reads (mean per sample = 16,502 ± standard deviation = 10,396 reads) were 

obtained. 38% of the sequences could be assigned to the species level, 42% to the 

genus level and 20% to the family level or higher taxa. A full OTU table is available 

in Table S1. A rarefaction analysis was performed and showed that most of the 

samples had or had almost reached saturation (Fig S2). Six samples were excluded 

due to too little sequencing reads (mean per sample = 694 ± SD = 605 reads). 

Because the sequencing depth was between 2196 and 69,765 reads the dataset was 

resampled to 2196 reads which allowed better comparability between the samples 

within this dataset but prevented us from making conclusions on α-diversity. To 

determine the error introduced by resampling, four samples with different sequencing 

depths were resampled 20 times (Fig S3). The standard error was very low in high 
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abundant OTUs and up to 5 % in low abundant OTUs. Because this study does not 

focus on rare OTUs, resampling this dataset once was sufficient.  

The male urinary microbiome clustered as part of the female urinary 

microbiome which was different in health and BV 

The male urinary microbiome (MUM) clustered in two distinct parts of the female 

urinary microbiome (FUM) (Fig 1A, red circles). Thus, urine bacterial communities 

from many individuals, both male and female, were similar. The FUM was 

additionally characterized by bacterial communities that could not be found in the 

MUM. Comparing the urine microbiome of healthy women with that of women with 

acute BV showed a separation into two different clusters and an overlapping region 

where a subgroup of samples from healthy as well as diseases women were located 

(Fig. 1B, red circles). Interestingly, samples taken after metronidazole treatment 

stayed in the BV cluster and no shift towards the health cluster could be observed 

(Fig 1B). Metronidazole treatment apparently did not influence the urine bacterial 

community. While the vaginal microbiome was massively changed by the antibiotic 

(Gottschick et al., unpublished), the healthy FUM could not be restored by 

metronidazole treatment.  

 

Fig 1: Principle coordinate analyses of the urinary microbiomes. A) healthy men and women and 

B) women during acute BV and after metronidazole treatment compared to healthy women.  
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Overgrowth of BV associated OTUs resulted in loss of diversity during acute 

BV which was not restored with metronidazole treatment 

The microbiome diversity in urine of healthy men and women, women with acute 

BV and women after metronidazole treatment decreased in this order (Fig 2). 

Interestingly, the urine microbiome of men, although nested in the female 

microbiome cluster, had a higher Shannon diversity but lower alpha-diversity than 

that of women. In samples of healthy men, 308 OTUs were found and 16 OTUs were 

needed to cover 50 % of cumulative abundance, while 365 OTUs were identified and 

9 OTUs needed to cover 50 % of cumulative abundance in samples of healthy 

women. The difference in alpha-diversity and rank abundance in urine of woman 

with or without BV was minimal, the latter contained 368 different OTUs and 8 

OTUS were needed for 50 % abundance. Diversity collapsed after metronidazole 

treatment, since only 275 OTUs were identified and 6 OTUs were needed to cover 

half of the total abundance. This was similarly shown by the Shannon index (H’) 

which was highest in healthy men (H’ = 2.45 ± 0.94) and women (H’ = 2.27 ± 0.91; 

Fig 4B). Diversity in the urine microbiome decreased in women with acute BV (H’ = 

1.89 ± 0.64), in contrast to the situation in vaginal fluid, where BV is associated with 

a massively increased diversity. Treatment with metronidazole resulted in further 

decrease of diversity (H’ = 1.66 ± 0.69). Microbial communities of women were 

significantly less diverse after metronidazole treatment than healthy women (p < 

0.01). These findings can be interpreted first as overgrowth of BV associated OTUs 

during BV and then as overgrowth of the metronidazole resistant OTUs when the BV 

associated OTUs have been eradicated.  
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Fig 2: Rank abundance and Shannon diversity of urinary microbiomes. A) Dominance plot of 

cumulated samples from healthy men and women and women during acute BV and after 

metronidazole treatment B) Shannon indices of all groups. Mean and quartile range are shown. 

Asterisk indicates significant (p < 0.01) difference. 

 

Nine different urotypes were identified in the urinary microbiome 

The microbial communities in the urine of healthy men and women clustered into 

distinct urotypes (Fig 3). The MUM and the FUM were comprised of four shared 

urotypes. One additional urotype was identified in the MUM only, one in the FUM 

only, and three urotypes were identified in BV only. Urotype 1 was found in both 

men (23 %) and women (29 %) and was characterized by a diverse community 

(H’MUM = 3.16 ± 0.19, H’FUM = 3.17 ± 0.36) that consisted of L. crispatus, L. iners, 

Atopobium vaginae, Gardnerella vaginalis, Sneathia amnii, Sn. sanguinegens, 

Prevotella amnii, P. bivia, an OTU of Veillonellaceae and additional low abundant 

OTUs. Many of these OTUs, both abundant and rare ones, have previously been 

associated with BV. Urotype 2 was identified in 35 % of men and 18 % women and 

also contained BV associated bacteria, but had a 11.5 % cumulative relative 

abundance of L. iners which was much higher than in urotype 1 (2.9 %) and a range 

of other higher abundant OTUs. It had a similar diversity than urotype 1 in men 

(H’MUM = 3.2 ± 0.32) and a lower diversity in women (H’FUM = 2.12 ± 0.88). This 

was due to the fact that urotype 2 of the FUM was characterized by even higher 

abundance of L. iners which had a 47.4 % cumulative relative abundance that could 

reach up to 84 % in single samples (sample 19-U). Urotype 3 was identified in 16 % 

of men and 10 % women and was characterized by low diversity (H’MUM = 1.31 ± 
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0.59, H’FUM = 1.6 ± 0.67) and a dominance of En. faecalis (cumulative abundance of 

37 % in the FUM and 67.7 % in the MUM). Urotype 4 was mostly present in women 

(18 %) and in only two samples of men (6 %). It was characterized by low diversity 

(H’FUM = 1.36 ± 0.57, H’MUM = 0.9 ± 1.16) and a combination of Escherichia coli, 

Shigella. sonnei, En. faecalis and Propionibacterium propionicus. Urotype 5 was 

identified in men. Although it was characterized by a high number of low abundant 

OTUs, diversity was not very high (H’MUM = 2.1 ± 0.78). Urotype 6 was only 

identified in the FUM.  It was characterized by a high cumulative relative abundance 

of L. crispatus (31.3 %) which could reach up to 77 % in single samples (43-U). This 

urotype had a similarly low diversity as urotype 2 (H’FUM = 2.41 ± 0.71). Three 

samples of the healthy FUM could only be assigned after three additional urotypes 

were identified in BV samples and one sample could not be assigned to a certain 

urotype, because it contained high amounts of S. sonnei but also of L. crispatus and 

was therefore a mixture of urotypes 4 and 6.  
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Fig 3: Individual urinary microbiomes of healthy men and women and women during acute BV 

clustered according to urotypes. Clustering was performed based on a Pearson correlation. The 19 

most abundant OTUs are shown and all others (< 1.2 % rel. abundance each) are summarized as 

“others”. UT = urotypes.  

 

With the exception of urotype 6 (high L. crispatus abundance), all urotypes found in 

the healthy FUM were also found in BV. During BV, the most common urotypes 

were urotype 1 (21 %) and urotype 2 (46 %). In BV, the abundance of several 

bacterial taxa that are related to BV increased in the urine samples and became 

abundant in different subsets of samples in urotype 1. For example, increases in the 

abundance of A. vaginae, Sn. amnii, G. vaginalis or Veillonellaceae were observed. 

This did not affect the diversity of these urotypes. Interestingly, BV associated OTUs 

were even in BV not found in urotypes 3 and 4 which were also in health not 

characterized by BV associated bacteria. However, the corresponding vaginal fluid 

samples of the women clustered into urotypes 3 and 4 were colonized by BV 

associated OTUs. Urotype 3 was found in 5 % and urotype 4 was found in 17 % of 

women with BV. Three more urotypes could be identified in BV patients. Urotype 7 



 

94 
 

was found in 5 % of patients and characterized by high St. agalactiae abundance and 

low diversity (H’ = 1.17 ± 0.8), urotype 8 was identified in 2 % of patients and 

characterized by high L. gasseri abundance and very low diversity (H’ = 0.63 ± 0.57) 

and Urotype 9 was found in 3% of women and characterized by high Citrobacter 

murliniae abundance and also a very low diversity (H’ = 0.67 ± 0.38).  

The FUM of the BV study group stayed stable after metronidazole treatment 

although individual microbial profiles responded 

Strong individual shifts of microbial profiles could be observed in almost every 

woman after metronidazole treatment (Fig S4A). These shifts could not be 

categorized into certain clusters, but the cumulative data showed that all of the most 

common taxa were affected by metronidazole treatment (Fig S4B). In order to better 

understand these shifts, we compared the abundance of the most common OTUs in 

urine with those in vaginal fluid of the same women during acute BV and after 

metronidazole treatment (Fig 4). We observed some women who had very similar 

microbial profiles in urine and vaginal fluid during BV which mostly belonged to 

urotype 1 and 2 and was thus characterized by BV associated OTUs and L. iners. 

These profiles also changed in a similar way after metronidazole treatment and L. 

iners became abundant (Fig 4A). Other women had similar communities during 

acute BV (also urotypes 1 and 2) but different progressions were observed upon 

treatment. Whereas the L. iners CST became abundant in vaginal fluid, urine was 

characterized by urotype 4 (Fig 4B). A third group of women were colonized by 

completely different bacteria in urine (urotype 9) and vaginal fluid (BV associated 

OTUs) during acute BV which then changed in different directions towards a 

community characterized by St. agalactiae and Pr. propionicus in urine and the L. 

iners CST in vaginal fluid after BV treatment (Fig 4C). During BV, microbial 

profiles of the patients dominated by urotype 1 and 2 usually correlated between 

urine and vaginal fluid whereas there was no correlation between urine and vaginal 

fluid in those women harboring a different urotype. Metronidazole treatment resulted 

in different microbial shifts independent of whether the microbiota in urine and 

vaginal fluid had correlated during BV. It could either result in unidirectional shifts 

mostly towards the L. iners urotype and the L. iners and L. crispatus dominated 

CSTs or could go in different directions resulting in different urotypes without BV 
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associated bacteria and CSTs dominated by either L. iners or L. crispatus (Fig S5). L. 

crispatus was the most abundant OTU in the vaginal fluid of some women after 

treatment with metronidazole, but this was not reflected in their urinary microbial 

profile (Fig S5). The lack of L. crispatus could also be observed when its total 

abundance was compared in the FUM before and after BV treatment where it was 

low abundant in comparison to the healthy FUM and the vaginal microbiota after 

treatment where it was high abundant (Fig 4D). Furthermore, L. iners was much 

higher abundant in the FUM after BV treatment than in the healthy FUM. 

Metronidazole reduced the number of P. amnii that is more abundant in healthy 

urine. Therefore, the lack of urotype 6 after metronidazole treatment and other 

differences, such as the increased abundance of L. iners and the decreased abundance 

of P. amnii in the metronidazole treated group resulted in the fact the healthy FUM is 

not restored with metronidazole and that this community remained more similar to 

the BV community (Fig 1), even though strong individual shifts were observed after 

metronidazole treatment. 
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Fig 4: The urinary and vaginal fluid microbiome during acute BV and after metronidazole 

treatment. Three different study participants were exemplary chosen: A) participant 04-001, B) 

participant 05-017 and C) participant 13-026. D) The cumulative relative abundance of all BV study 

participants were compared in urine and vaginal fluid during acute BV, after metronidazole treatment 

and in urine of healthy women. The 20 most abundant OTUs in urine and vaginal fluid are shown and 

all others are summarized as “others”. 

 

Discussion 

The aim of our study was to characterize the urinary microbiome of healthy men and 

women and compare it to the urinary microbiome during acute BV and after 
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antibiotic treatment in order to better understand the role of BV associated bacteria in 

urine for BV.  

We were able to identify four urotypes shared between men and women in health. 

Urotype 1 was characterized by BV associated bacteria, urotype 2 was dominated by 

L. iners, urotype 3 was dominated by high abundant En. faecalis and urotype 4 was 

characterized by E. coli, S. sonnei, Pr. propionicus and En. faecalis. Urotype 4 

contained only low abundant OTUs and was identified only in the MUM and once in 

BV and urotype 6 was dominated by high L. crispatus abundance and was only 

found in the healthy FUM, but not in BV. Low abundant L. crispatus was also found 

in other urotypes of the healthy MUM, but in the healthy FUM, it made up a large 

portion of this urotype. Because voided urine is mixture of urine and vaginal fluid 

(Wolfe et al., 2012) and L. crispatus is the most common species in the healthy 

vagina (Ravel et al., 2011), this urotype could originate in larger amounts from 

vaginal fluid. However, we did not identify urotype 6 in the FUM after 

metronidazole treatment when it was part of the vaginal microbiota suggesting that L. 

crispatus does not necessarily originate from the vagina. Lactobacillus species are a 

major part of the FUM (Siddiqui et al., 2011), but to know for sure whether L. 

crispatus, L. iners or both are commensals in the healthy bladder or urethra can only 

be answered by catheterized sampling and a higher resolution taxonomy to the 

species level in comparison to vaginal fluid samples of the same women. The total 

abundance of BV associated OTUs was higher in acute BV which resulted in a 

decrease of diversity. However, this increase of BV associated OTUs cannot be used 

as indicator of BV, because it takes place only in urotypes that are characterized by 

BV associated species in health, such as urotypes 1 and 2. No increase of BV 

associated OTUs can be observed in the other urotypes during BV. Therefore BV 

cannot be diagnosed in urine and no difference was found between health and disease 

concerning these urotypes. The terminus urotype was first introduced in a study by 

Pearce et al. (2014) in which they identified 6 urotypes in 48 women with and 

without UI based on hierarchical clustering of the Euclidean distance (Pearce et al., 

2014). They have not followed these women over time, the taxonomic resolution 

they used was lower than ours and they did not differentiate between species. We can 

therefore only partially compare our results. We could confirm the urotype 

dominated by Lactobacillus, a diverse urotype and our urotypes 3 and 4 may likely 
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be combined in the one that was identified as dominated by Enterobacteriaceae in the 

previous study. However, we could not find urotypes that were dominated (> 50 % 

abundance) by either Gardnerella or Sneathia. In our study, these genera appeared in 

combination and formed urotype 2. In the previous study, the Sneathia and 

Staphylococcus urotypes were only found in UI patients. The Gardnerella urotypes 

was mostly found in UI patients and in those cases where the Gardnerella urotype 

was found in healthy individuals, it was the most abundant species but also 

accompanied by other BV associated species such as Atopobium and Prevotella 

which is similar to what we have shown for our urotype 1. Therefore, these 

postulated urotypes dominated by Gardnerella, Sneathia and Staphylococcus may be 

characteristics for UI. This has to be reassessed by higher study numbers.  

We were able to show that the urinary microbiota of the health and BV study groups 

differ. This difference is not reversed and even increases after successful 

metronidazole treatment which is emphasized by a significant decrease in Shannon 

diversity from health to post metronidazole treatment. This was observed even 

though the different urotypes that we identified vary strongly in diversity and a high 

inter-individual diversity was also observed in previous studies (Siddiqui et al., 

2011). This finding is in contrast to the observations from the vaginal microbiome 

where the diversity is strongly increased in BV (Dols et al., 2016)(Gottschick et al., 

unpublished). However, the healthy urine microbiome is characterized by a high 

diversity, in contrast to the healthy vaginal microbiome, which has a very low 

diversity. In BV, the diversity in urine stays similar to what is observed in health. 

Metronidazole then kills BV associated and other bacteria which results in a 

reduction of diversity.  

If and how the diversity is restored to what was observed for healthy samples at a 

later time point, cannot be answered in this study. We could show that the microbial 

profiles of the vaginal microbiota are not restored after 3 months (Gottschick et al., 

unpublished), but because we were not able to identify common similarities during 

BV or after metronidazole treatment in the comparison of vaginal fluid and urine we 

cannot make conclusions on how the FUM correlates with the vaginal microbiome. 

Therefore, we can only show that for up to 28 days after metronidazole treatment, the 

urinary microbiome of the BV study group is characterized by a lower diversity than 
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the healthy control group, even in health. The largest differences before and after 

metronidazole treatment to the healthy FUM on a cumulative level were observed for 

Lactobacillus species. L. iners increased after metronidazole treatment to a level that 

was 2.5 fold higher than during BV and in the healthy FUM. In contrast, L. crispatus 

was not present during acute BV or after metronidazole treatment, but was the 

second most abundant OTU in the healthy FUM after L. iners. The fact that both 

differ inversely in abundance after metronidazole treatment compared to healthy 

women, may be part of the explanation why the healthy urinary community cannot 

be restored with metronidazole. Interestingly, the importance of Lactobacillus sp. in 

the urinary microbiome during health and disease has been discussed previously and 

it was found to be protective or harmful in different diseases (Whiteside et al., 2015). 

This inconsistency may be due to the fact that these studies did not focus on the 

species level and different Lactobacillus sp. may have a different relevance as is the 

case for the vaginal microbiome. Here, L. iners has a controversial role whereas the 

beneficial role of L. crispatus is acknowledged to a point where it is suggested as 

probiotic against BV (Menard, 2011; Petrova et al., 2016; Schneeweiss et al., 2016). 

Because the abundances of L. crispatus and L. iners are inversely related (Dols et al., 

2016), support of L. crispatus colonization may lead to a decline in L. iners 

abundance which could in turn lead to a restoration of the healthy urinary 

microbiome after BV. 
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Supporting information 

 

Fig S1: Principle coordinate analysis of all healthy participants samples. Samples are colored 

according to antibiotic intake in the 10 days before urine sampling.  

 

Fig S2: Rarefaction curves of all samples. Samples were grouped according to healthy male, healthy 

female, inclusion/exclusion during acute BV and the time point after metronidazole treatment. The x-

axis was cut at the mean value of sequencing depth. 
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Fig S3: Determination of resampling efficiency. Resampling to the lowest sequencing depth of 

2196 reads was performed 20 times for 4 randomly chosen samples with low to high sequencing 

depth: (A) 5,042 reads (B) 17,477 reads (C) 43,494 reads (D) 69,765 reads. The standard error 

(standard deviation of the mean) is indicated. 
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Fig S4: Urinary microbial communities before and after metronidazole treatment. A) Microbial 

profiles for every women, B) cumulative abundance of the study set. The 19 most abundant OTUs are 

shown and all others (< 1.2 % rel. abundance each) are summarized as “others”. 
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Fig S5: Individual progression of the urinary and vaginal fluid microbiome before and after 

treatment with metronidazole. The 20 most abundant OTUs in urine and vaginal fluid are shown 

and all others are summarized as “others”. 

 

The following supporting information can be found on the attached CD: 

Table S1: List of raw and final sequencing as well as metadata. 
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Abstract 

The healthy vagina is colonized by Lactobacillus sp., such as L crispatus and L. 

iners. During bacterial vaginosis (BV), this healthy community shifts towards a 

highly diverse community characterized by species like Gardnerella vaginalis, 

Atopobium vaginae, Sneathia sp. and Prevotella sp.. Furthermore, BV is associated 

with a polymicrobial biofilm on vaginal epithelial cells and residing patches of this 

biofilm may be the reason why recurrence rates are high after standard treatment 

with metronidazole. BV is the most common vaginal syndrome among women in 

their reproductive years and associated with higher risks of acquiring sexually 

transmitted infections and preterm birth. Several studies have thus addressed this 

topic and identified the microbiota using 16S rRNA amplicon sequencing in health 

and BV. However, none has addressed the functionalities. Therefore we conducted a 

metatranscriptome analysis and compared functional pathways in the vaginal 

microbiome of patients with BV and after successful treatment with the antibiotic 

metronidazole. We also analysed a time series of patients with and without 

recurrence. We found that L iners and L. crispatus are high abundant in health but 

are mutually exclusive and show different functional profiles. L. iners is also active 

in BV, whereas L. crispatus is not. G. vaginalis is the most active species in BV and 

responsible for the upregulation of functional pathways related to biofilms. No 

functional factors leading to recurrence or to the failure of metronidazole treatment 

were identified. However, G. vaginalis was still active in the patients with recurrence 

before the recurrence event, albeit low abundant. With this in vivo data, we intensify 

the assumption that G. vaginalis is the main species associated with BV biofilms and 

that these biofilms may play a role in the recurrence of BV. 
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Introduction 

The healthy vaginal microbiome (VMB) is characterized by low pH and low 

diversity and can be categorized into community state types (CSTs) that are 

dominated by different Lactobacillus sp. such as L. crispatus, L. iners, L. gasseri and 

less frequently L. jensenii or a more diverse community (Ravel et al., 2011). 

Bacterial vaginosis is a frequent multifactorial disease of reproductive women that is 

characterized by a shift of this Lactobacillus sp. dominated bacterial community to a 

community of various mostly anaerobic bacteria (van de Wijgert et al., 2014). This 

goes along with an increase in pH, diversity and Nugent score to > 6. The most 

common bacteria found in BV, identified by 16S amplicon sequencing, are 

Gardnerella, Atopobium, Prevotella, Bacteroides, Peptostreptococcus, Mobiluncus, 

Sneathia, Leptotrichia, Mycoplasma and BV associated bacterium 1 (BVAB1) to 

BVAB3 of the order Clostridiales. Recently, three CSTs dominated by Gardnerella 

vaginalis, Lachnospiraceae and Sneathia sanguinegens have been identified (Dols et 

al., 2016) and our recent study identified Sn. amnii as the best biomarker for BV 

(Gottschick et al., unpublished).  

BV is associated with a higher risk of acquiring sexually transmitted infections such 

as HIV, miscarriage and preterm birth (Onderdonk et al., 2016). Furthermore BV has 

a 60% rate of recurrence in the 12 months after treatment with the standard care 

antibiotic metronidazole and patches of surviving bacterial biofilm may be the reason 

for that (Bradshaw et al., 2006). The predominant species of this multi-species 

biofilm is G. vaginalis (Machado et al., 2015). However, in a recent study, we found 

G vaginalis as biomarker for biofilm absence and Sn. sanguinegens as biomarker for 

biofilm presence (Gottschick et al, unpublished). The roles of G. vaginalis which is 

frequently found in biofilms during BV, but also a member of the healthy VMB and 

the role of L. iners which is characteristic for a community state type in health but 

may be disadvantageous when it comes to BV development are among the most 

questioned in BV (Petrova et al., 2016; Turovskiy et al., 2011). Nevertheless, the vast 

majority of studies regarding the VMB have focused on 16S amplicon sequencing, 

answering only question on the bacterial composition profiles but not on their 

functions (van de Wijgert et al., 2014). Studies on the metagenome addressing the 

community gene potential or on the metatranscriptome which reveals community 
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gene functions in health or BV have not been performed in detail. Although these 

types of studies are common for other body sites such as the gut or the oral cavity, 

only one preliminary study has focused on the potential of metatranscriptomics and 

the identification of screening targets for BV (McLean, 2014; Ottman et al., 2012; 

Twin et al., 2013). Unfortunately, they have used only one participant and focused on 

the ribosomal RNA (rRNA) content. Their conclusions are therefore again limited to 

the active bacterial composition for which they identified P. amnii to be most 

abundant in BV.  

In order to shed light into functional properties in BV, we performed a 

metatranscriptomics analysis on samples that were part of a clinical study. This 

clinical study examined the effectiveness of pessaries in reproductive women with 

BV after they were treated with metronidazole (Gottschick et al., unpublished). 

Although the 16S amplicon sequencing based microbial profiles looked similar in 

these women, we observed that some of them responded to metronidazole treatment 

while others did not. We therefore asked whether we could observe differences in the 

metatranscriptome in these different groups of women. We also analysed at the 

metatranscriptome of four women, two with and two without BV recurrence over a 

time period of 4 months and looked for factors leading to recurrence. Furthermore, 

we could compare the metatranscriptome of women with acute BV and after 

successful treatment with metronidazole and identify differentially regulated 

pathways and the most active species in health and disease.  

Material and Methods 

Study design 

Vaginal fluid samples of women with acute BV were obtained as part of a 

randomized controlled trial as previously described (Gottschick et al., unpublished). 

Briefly, women were included into the study if they were BV positive according to 

Amsel criteria and Nugent score and were biofilm positive on vaginal epithelial cells 

and EPS positive in urine. For treatment of acute BV, they received 2 g of 

metronidazole orally and were afterwards treated with an intravaginal lactic acid 

pessary for three weeks, twice a week. Samples were taken during acute BV (visit 1), 

after receiving metronidazole, 7 to 28 days after visit 1 (visit 2), after pessary 
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application one week after visit 2 (visit 3), after continued pessary application two 

weeks after visit 3 (visit 4) and during follow up to three months after visit 4 (visit 

5). The study protocol was approved by the local ethics committee (Bayerische 

Landesärtzekammer, München) and written consent was obtained from all 

participants. This study was conducted in accordance with the Declaration of 

Helsinki on Ethical Principles for Medical Research Involving Human Subjects. 

Principles and guidelines for good clinical practice were followed. The study was 

registered on ClinicalTrials.gov with the identifier NCT02687789. 

16S rRNA amplicon sequencing was performed on all samples obtained in the 

clinical study (Gottschick et al., unpublished). 40 of these samples were chosen for 

RNA sequencing of which 20 samples are of four women from all five visits and 20 

samples are from another 10 women including only visit 1 and visit 2.  

Sample collection and transport  

Vaginal fluid was obtained by infusing 2 ml of saline solution into the vagina 

followed by rotation against the vaginal wall with a speculum and then collecting the 

vaginal fluid with a syringe. Approximately 700 µl were immediately transferred to a 

tube containing 2 ml RNAprotect (Qiagen, Germany). Tubes were immediately 

frozen at -20°C, transported at -20°C within a week and stored at -70°C. 

RNA extraction and mRNA enrichment 

RNA was extracted from 1 ml vaginal fluid suspension using the MO BIO 

PowerMicrobiome™ RNA Isolation Kit (Qiagen, Germany) with pretreatment: 

Vaginal fluid was centrifuged at 13,000 rpm for 1 minute. The pellet was 

resuspended in MoBio lysis buffer and this suspension was added to the supplied 

bead tubes filled with 500 μl ice-cold phenol-choloroformisoamylalcohol solution 

(Carl Roth, Germany). The bead-suspension mix was shaken at 5 m/s for 1 minute in 

3 intervals which were 2 minutes apart using the MO BIO PowerLyzer™ (Qiagen, 

Germany). After centrifugation for 1 minute at 13,000 rpm and 4°C the upper phase 

containing the RNA was further processed according to the manufacturer’s 

instructions including DNAse I treatment. RNA was eluted in 100μl nuclease free 

water and vacuum concentrated to 50 µl. The Ribo-Zero Gold rRNA Removal Kit 

(Epidemiology) by Illumina (USA) was then used for mRNA enrichment with 
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ethanol precipitation according to the manufacturer’s instructions. Integrity of RNA 

was evaluated using a Bioanalyzer 2100 (Agilent, Germany). 

Bioinformatics analysis 

The bioinformatics pipeline for data processing and analysis is illustrated in Figure 1. 

Cleaned reads were obtained by clipping primers and adaptor sequences and low 

quality bases with a quality score under 20 and a remaining sequence length under 50 

were trimmed (Aronesty, 2011). Thereafter, the rRNA reads were removed by using 

SortMeRNA v2.0 (Kopylova et al., 2012). 

 

Fig 1: Bioinformatics pipeline for data processing and analysis. 

 

Kraken was employed to determine the taxonomy composition of the community. A 

customized reference database combining the Urogenital Tract subset of the HMP 

database and 10 additional genomes from NBCI with high average abundance 

according to Kraken results was used as mapping reference for BWA (Li, 2013). 

Then, duplicate sequences were eliminated from the reference. To avoid the 

influence of multiple alignments, a strict cutoff of 10 was adopted for MAPQ.  
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For KEGG pathway enrichment analysis, the protein sequences from KEGG 

database were utilized as an alignment reference. It represents a non-redundant 

protein dataset of prokaryote (bacteria and archaea) on the species level and contains 

about 7 million non-redundant peptide sequences grouping into 14390 distinct 

KEGG orthologous (KO) genes. DIAMOND (Buchfink et al., 2015), a much faster 

alternative to BLASTP was applied to perform the sequence alignment. Before 

mapping to KO genes, human reads were eliminated using BWA (Li, 2013). To 

obtain reliable mapping results, a strict criterion for counting was utilized. Only 

reads with both ends assigned to the same gene as the best hit at sequence identity >= 

70 and e-value <= 1e-5 were counted. Thereafter an in-house Python script was used 

to assign the KEGG orthologous gene numbers (KO identifier) to each corresponding 

gene.  

The COG database was used to investigate the composition of functional categories 

of the communities (Galperin et al., 2015). The criteria adopted for counting the 

expression of the COG categories are the same with what we used for counting KO. 

The gene set enrichment analysis was accomplished using GSEA (Subramanian et 

al., 2005). We first performed a differential expression (DE) analysis using edgeR to 

generate a pre-ranked gene list as input for GSEA in terms of the log2FC and FDR 

according to the instructions of GSEA for RNA-seq data analysis. R package edgeR 

was applied for all differential expression (DE) analyses (Robinson et al., 2010). 

Principle coordinate analyses (PCOs) were based on tables obtained with COG and 

KEGG analyses. The PCOs were based on resemblance matrices that were generated 

using the Bray-Curtis coefficient in PRIMER-E7 with the PERMANOVA+ add-on 

software (159 PRIMER-E, 1). Bar plots and shade plots were also created in Primer-

E7. 

Results 

Sequencing results and comparison to 16S rRNA sequencing 

After sequencing, a total of 939,972,671 reads were obtained. Of these, 688,758,041 

reads (73%) were left after cleaning for mRNA pairs. 39.7 ± 20.7 % could be 

assigned to bacteria, 42.5 ± 33.2 % to human RNA, 0.1 ± 0.05 % to archaea and 0.4 

± 0.3 % to fungi. 26.9 ± 19.5 % could be mapped to the a customized reference 
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database at species level using BWA with high mapQ ( higher than10). Most of the 

highest abundant species identified in the RNA sequencing data set were also 

identified in similar abundance in the 16S rRNA amplicon (16S) sequencing dataset 

(Fig 2). The largest difference were observed for Gardnerella vaginalis which made 

up 24 % of relative abundance in the RNA sequencing data and only 3 % in the 16S 

sequencing data and for Lactobacillus iners which made up 27 % and 37 % 

respectively. Of the most abundant species, L. jensenii and two Megasphaera sp. 

were only identified in the RNA sequencing data and an OTU of Veillonellaceae of 

the 16S sequencing data could not be paired to a matching species of the RNA 

sequencing data.  

 

Fig 2: Comparison of sequencing results obtained by 16S rRNA amplicon sequencing and RNA 

sequencing. A) Direct comparison of the most abundant genera. AU = arbitrary units, obtained from 

the cumulated percentage of all samples for the respective species. B) Cumulative abundance of 

species identified with either sequencing method.  

 

L. iners and L. crispatus are active in health and G. vaginalis is the most 

abundant species in BV 

The most abundant active species in health are Lactobacillus sp. of which L. iners 

and L. crispatus are the most abundant ones (Fig 3). They seem to exclude each 

other, because high abundant L. iners is never accompanied by L. crispatus and high 

abundant L. crispatus is only twice accompanied by low L. iners abundance. Lower 
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abundances of L. gasseri and L. jensenii are found with both, L. crispatus and L. 

iners and one sample is dominated by L. jensenii. Almost no BV associated species 

can be observed after metronidazole treatment, even in those patients that later have 

recurrent BV. However, low abundant G. vaginalis can be observed in the samples 

before recurrence in both patients with recurrence and in one patient for which 

recurrence may have occurred later (05-012) but for which no recurrent event is 

known. 

In BV, G. vaginalis is the most abundant active species. Only two communities of 

patients with BV are dominated by other species. One is dominated by A. vaginae 

and the other by Sn. amnii. These species as well as other BV associated species such 

as Sn. sanguinegens or different Prevotella sp. are frequently and Megasphaera 

genomosp. type_1 str. 28L. and Mobiluncus mulieris occasionally found in BV 

samples. The only Lactobacillus sp. active in BV is L. iners.  

 

Fig 3: Community composition in health and BV. The most abundant active species in health and 

BV were assigned by MAPQ. All species with a relative abundance > 1 % are shown. 

 

Temporal dynamics of metronidazole treated and recurrent bacterial vaginosis 

To compare functional difference of women with and without recurrence, the 

compositions of functional categories based on COG database of 2 women with 

recurrence were compared to that of two women without (Fig 4A). Five time points 

were analysed of which the first was during acute BV and the others were after 
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metronidazole treatment. During acute BV, at visit 1, all samples cluster together 

(grey circle). The functional composition then changes with metronidazole treatment 

in a way that is specific for each woman. The samples of both patients without 

recurrence (08_006 and 13_019) each creates a different new cluster in health that is 

separate from each other. Interestingly, the health cluster of patient 08_006 is 

furthest away from the other clusters in the direction of principle coordinate 2 

(PCO2), whereas the health cluster of patient 13_019 is shared with samples of the 

last two visits of patient 06_004 after recurrence. The progression of samples from 

patient 08_004 is most interesting. While visit 1 clusters with the rest of the BV 

samples, metronidazole treatment does not affect the functional composition in a 

similar way than it did for the rest of the samples. This community moves in a 

completely different direction along the axis of PCO3 before recurrence occurs and 

the functional composition of patient 08_004 is back in the BV cluster. Only then, 

after another treatment, it moves towards a cluster of health. Interestingly, the other 

case of recurrence (patient 04_001) has a different progression. From visit 2 to 4, 

patient 04_001 seems to be cured, because these samples cluster together in 

proximity to the other healthy clusters. At visit 5, however, patient 04_001 has 

recurrent BV and the metatranscriptome clusters again with the other BV samples.  

 

Fig 4: Principle coordinate analyses of women with acute BV and after metronidazole treatment 

based on expression of COG functional categories. A) Time course of five visits of two women 

with (pink and blue color range) and two women without BV recurrence (green and orange color 

range). B) Visits 1 and 2 of women who did (light red and green dots) and did not respond to 

metronidazole treatment (dark red and blue dots). BV clusters are circled in grey. 
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Additionally to the time series of these four patients, visits 1 and 2 of those women 

who did and did not respond to metronidazole treatment were compared (Fig 4B). 

Samples of acute BV (visit 1) again cluster together, but no differential factors could 

be observed between both groups suggesting that there were no factors predisposing 

to the sensibility towards metronidazole. After treatment at visit 2, the group with 

successful treatment and BV cure moved away from the BV cluster whereas the 

group with metronidazole no-responders stayed in the same BV cluster.  

 

Fig 5: Functional categories of every patient during the time course of 5 visits (20 columns on 

the left) or 2 visits (20 columns on the right). Reads were categorized into functional groups using 

COG. Visits 1 to 5 are shown as indicated by the letters a to e. BV incidents are indicated by the red 

star. 

 

To examine the background for this clustering, the functional composition for each 

patient was determined (Fig 5). No single function was especially pronounced in BV 

or health, but the functional patterns look different in health and BV or recurrence 

when the progression of individual patients is observed. Patient 08_006 that has 

formed the health cluster furthest along the PCO2 axis seems to be different in 

functions concerning carbohydrate and nucleotide transport and metabolism. 

Interestingly, the microbial community of this patient is mainly colonized by L. 
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crispatus while all others are mainly colonized by L. iners. This suggests that L. iners 

and L. crispatus are not redundant because they do not cover the same functions. 

Biofilm related pathways are in upregulated in BV 

Samples of health and BV cluster together even better when the PCO is based on the 

expression of KEGG orthologue (KO) genes obtained from the KEGG database (Fig 

6A). Using KEGG pathway enrichment analysis, we found that in BV more 

pathways are enriched in the KO gene list with upregulated genes than in the list with 

downregulated genes (Fig 6B). Among those with higher up- than downregulation 

are pathways related to the biosynthesis and metabolism of amino acids and other 

metabolic or transcription related pathways, such as oxidative phosphorylation, 

different reductases or the inosine monophosphate synthesis. Interestingly, 

lipopolysaccharide biosynthesis and many pathways related to living in biofilms are 

only upregulated. Among these are pathways related to flagellar assembly, 

chemotaxis, the type III secretion system, two component system proteins and the 

type I CRISPR-Cas system. 

 

Fig 6: Different pathways are activated in health and BV. A) PCO based on the KEGG database. 

B) Up- and downregulated pathways in BV.  

 

Discussion 

The aim of this study was to identify functional patterns in health and disease and 

compare functional patterns between recurrent and non-recurrent patients and 

between those who did and did not respond to metronidazole treatment. We found 
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that the functional profiles in health and BV are completely different. In health L. 

crispatus and L. iners are the most active species, while in BV G. vaginalis is highly 

active and probably responsible for the upregulation of biofilm associated pathways. 

We did not find any specific functional patterns leading to recurrence, but can 

speculate that because of its association with biofilms, the presence of G. vaginalis in 

health may lead to recurrence. This first in vivo data thus confirms previous 

assumptions highlighting the role of G. vaginalis in BV biofilms and their role in 

recurrence (Bradshaw et al., 2006).  

We suggest that the contribution of G. vaginalis to the functional pattern was so little 

that it did not influence the analysis, but could potentially be enough to result in 

regrowth of biofilms. However, this is only a hypothesis and other factors could as 

well contribute to recurrence. The presence of L. iners is not protective against BV 

and thus one option is that all patients with high abundant L. iners may possibly 

develop recurrent BV, only at later time points we did not observe (Petrova et al., 

2016). Because there are correlations between human gene polymorphisms of the 

innate immune response to BV, another option is that analysis of the human RNA 

reads obtained in this study may identify factors related to recurrence (Turovskiy et 

al., 2011). These can be the up- or downregulation of certain immunoregulatory 

pathways or polymorphisms of the same gene within individuals with and without 

recurrence.  

We also address why some women responded to metronidazole when others did not. 

However, we could not identify any factors explaining this phenomenon. We 

hypothesize that metronidazole could not be effective due to a different metabolism 

in some women or because some women secretly refused to take the antibiotic. 

Because methanogenic archaea are very sensitive to metronidazole, we could use the 

abundance of archaea as indicator for metronidazole in this dataset (Khelaifia and 

Drancourt, 2012). If the abundance of methanogenic archaea increased in only those 

patients respondent to metronidazole but not in the other group it were to indicate 

that metronidazole did not reach its destination. 

Furthermore, we were able to show that G. vaginalis is much more active than was 

suggested in the 16S rRNA amplicon sequencing analysis. It was the most abundant 
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species in women with BV. This is probably due to the fact that the for amplification 

commonly used 27F primer can underrepresent G. vaginalis (Frank et al., 2008).  

We identified the pathways needed for biofilm formation and virulence to be 

upregulated in BV. Among these were pathways related to flagellar assembly, 

chemotaxis, lipopolysaccharide (LPS) biosynthesis, the type III secretion system, 

two component system proteins and the type I CRISPR-Cas system. Chemotaxis is 

needed in order to react to environmental changes, for example during biofilm 

formation (Wadhams and Armitage, 2004). Flagella have a structural role in mature 

biofilms and are needed for motility and the colonization of new attachment sites 

(Belas, 2014; Serra et al., 2013). The two component system plays parts in many 

aspects of biofilm formation in the model biofilm organism Pseudomonas 

aeruginosa and the type III secretion system may also be related to biofilm formation 

because it was shown that it is expressed in biofilms but not in planktonic cells of P. 

aeruginosa (Mikkelsen et al., 2009; Mikkelsen et al., 2011). The CRISPR-Cas 

system works as immune system of bacteria against virus infections which play a big 

role in dense communities such as biofilms that enable easy spreading of viruses 

(Rath et al., 2015). As the most abundant species and as species highly associated 

with biofilms in BV, G. vaginalis is likely to have upregulated many of these 

pathways. In order to validate this, the gene expression profile of G. vaginalis needs 

to be examined in detail. Because G. vaginalis was previously identified also in 

healthy women, a comparison of the expression profiles in health and disease would 

be of great value, but unfortunately, in our data G. vaginalis is present in health in 

few samples (two samples with a relative abundance of 1 – 3 % and two samples 

with a rel. abundance > 3 %) and the analysis may therefore statistically not be 

possible.  

L. crispatus and L. iners were the dominant species in health and communities were 

either dominated by one or the other. These communities were not only separable by 

their most abundant species, but also on the functional level, suggesting that L. 

crispatus and L. iners are not redundant. Similar observations concerning the 

taxonomic communities have already been made and led to discussion of the benefits 

of either species. While L. crispatus is a characteristic of the healthy vaginal 

community, L. iners is also frequently found during BV. There were many factors 
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observed that offer more protection of L. crispatus rather than of L. iners. L. 

crispatus has the ability to produce hydrogen peroxide to prevent pathogen 

colonization, whereas L. iners does not (Ojala et al., 2014). Furthermore, an iron 

transport system was found in the genome of L. crispatus and not in L. iners 

suggesting that L. crispatus can capture iron released by the host during menstruation 

away from potential pathogens (France et al., 2016). L. iners can produce inerolysin, 

a pore-forming cytolysin that enables nutrient acquisition from host cells providing it 

with an advantage when conditions are scarce (Rampersaud et al., 2011). These 

characteristics may explain why L. crispatus is more beneficial than L. iners and why 

L. iners has the ability to thrive faster after external influences like antibiotic 

treatment. In our data, the expression of genes related to hydrogen peroxide 

production, iron transport and inerolysin production need to be investigated. 

Furthermore, a general comparison of differentially regulated genes between L. 

crispatus and L. iners may reveal additional factors that contribute to their distinct 

contributions to health. Because L. iners was active in health and in BV, a 

comparison of its expression profile in health and BV can give the desired insights 

into the role of L. iners in the vaginal microbiome. Therefore this dataset harbors 

much more potential in answering the issues posed after this first analysis and further 

work should focus on the questions postulated above.  
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Abstract 

Bacterial vaginosis (BV) is the most common vaginal syndrome among women in 

their reproductive age. Whereas the healthy vagina is colonized by Lactobacillus sp., 

and most commonly L. crispatus, BV is characterized by dysbiosis and an increase in 

diversity. A polymicrobial biofilm consisting primarily of Gardnerella vaginalis and 

Atopobium vaginae, but also of other anaerobe species is associated with BV. This 

biofilm may be responsible of high recurrent rates of BV because patches of the 

biofilms reside after standard treatment with the antibiotic metronidazole. Treatment 

of BV has thus become a problem and different approaches have tried to identify 

new compounds against biofilms in BV relying on single species G. vaginalis 

biofilm models. However, none of them has resulted in a promising treatment 

strategy. Given the polymicrobial nature of BV, the need for multispecies biofilm 

models arose. Here, we have developed a three species biofilm model consisting of 

G. vaginalis, A. vaginae and L. crispatus. We have tested two compounds on the 

multispecies biofilm model that were previously shown effective on G. vaginalis 

biofilms, metronidazole and sodium cocoamphopropionate (SCAP). Metronidazole 

did not prevent biofilm formation, but the formed biofilm was dominated by the 

beneficial L. crispatus. SCAP was able to reduce biofilm formation, but encouraged 

G. vaginalis and A. vaginae growth in the remaining biofilm. This result shows that 

single species biofilm models cannot be used to answer polymicrobial problems and 

highlights the importance of multispecies biofilm models. 
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Introduction 

The healthy vagina is characterized by a low pH and a low bacterial diversity. Five to 

eight different community state types (CSTs) have been described for the vaginal 

microbiome of which four are dominated by Lactobacillus sp. The most common 

CST of the healthy vagina is dominated by L. crispatus (van de Wijgert et al., 2014).  

A shift of this healthy community can result in bacterial vaginosis (BV) which is 

characterized by an increase in pH and diversity and can lead to preterm birth and 

miscarriage, but it is also associated with an increased risk of acquiring sexually 

transmitted infections such as HIV. Bacteria such as Gardnerella vaginalis, 

Atopobium vaginae, Prevotella sp. and Sneathia sp. among others have been 

identified in BV and it is certain that BV is a polymicrobial disease (Chapter II). It 

has a high prevalence and a high recurrence rate and the only known effective 

treatment against BV so far are antibiotics such as metronidazole.  

Biofilms are a big challenge in the treatment of recurrent bacterial vaginosis (BV). 

Because they survive treatment with the antibiotic metronidazole and reside as small 

patches on epithelial cells, they are thought to be one of the reasons for the high rate 

of BV recurrence (Bradshaw et al., 2006). Until now, biofilm models have focused 

on monocultures of G. vaginalis, because it was frequently identified in BV related 

biofilms, has long been associated with BV and is relatively easy to culture (Hardy et 

al., 2015; Swidsinski et al., 2005). However, it was also shown that the BV 

associated biofilm is of polymicrobial nature and that A. vaginae, among other 

species, is a frequent member of this biofilm. Many compounds were tested and 

found effective on G. vaginalis biofilm models but none of them has changed 

treatment of BV. This may be due to the simplicity of the present models that cannot 

nearly depict conditions in real life (Machado et al., 2015). Dual-species biofilms of 

G. vaginalis and other BV associated bacteria were developed recently by Castro and 

Cerca (2015), but they have not tested compounds and have not focused on the two 

most common biofilm associated species in BV, G. vaginalis and A. vaginae (Castro 

and Cerca, 2015). Here, we report a BV biofilm model consisting of three species, G. 

vaginalis, A. vaginae and L. crispatus that was developed in order to create 

conditions more similar to real life. We tested two pessaries and their active 

ingredients in pure form as well as the antibiotic metronidazole on this multispecies 
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biofilm model. Sodium cocoamphopropionate, the main component of the first 

pessary (WO 3191) was identified as active compound against a G. vaginalis biofilm 

in a previous study (Chapter I) (Gottschick et al., 2016). The lactic acid pessary that 

was tested in addition to its ingredients in pure form is a commercially available 

pessary. It was used as control for the WO 3191 pessary when both were tested in a 

randomized controlled trial in women with acute BV after metronidazole treatment 

(Chapter II). Metronidazole is the standard treatment of BV and has been shown to 

be effective against G. vaginalis biofilms but not against healthy Lactobacillus sp. 

(Algburi et al., 2015). With our model, we were able to observe the effects of 

compounds on a community level giving new perspectives for compound research. 

Material and Methods 

All culture experiments were performed in an anaerobic atmosphere using the 

Whitley MG1000 anaerobic workstation (dwscientific). Gardnerella vaginalis strain 

ATCC 14018, Atopobium vaginalis strain ATCC BAA-55 and Lactobacillus 

crispatus strain ATCC 33820 were cultured on Columbia agar plates (Becton 

Dickinson) with 5% sheep blood at 37°C.  

Growth curves 

To determine a common biofilm medium for the three different species, growth was 

tested in supplemented BHI (sBHI), PYG, VDMP, a combination of sBHI + PYG 

and BGY, a combination of sBHI + PYG supplemented with parts of the VDMP 

medium (Glycogen, Mucin, Tween 20, Urea, bovine serum albumin, MgSO4 and 

NaHCO3, Table 1) (Anukam and Reid, 2008; Gottschick et al., 2016). Pre-cultures 

were grown for 24 h on Colombia agar plates, cultures were scraped off, suspended 

in the medium to be tested, and diluted to a final optical density OD600nm = 0.1. 

Cultures were grown and OD was measured every hour for at least 11 hours. The 

experiment was repeated once and the means and standard deviations are shown. 

 

 

 

 

 



 

128 
 

 

P
Y

G
 

PART I PART II 

Amount Substance Amount Substance Stock Final conc. 

5 g  Trypticase Peptone 12.5 ml  Glucose  0.4 0.5% 

5 g  Peptone 10 ml  Haemin solution 0.5% 0.0005% 

10 g  Yeast extract 1 ml  Vitamin K1 Solution 0.5% 0.0001% 

5 g  Beef extract 3 ml  Cysteine-HCl x H2O  16.67% 0.05% 

2 g  K2HPO4     

1 ml  Tween 80     

0.001 g  Resazurin     

40 ml  Salt solution     

sB
H

I 
+

 P
Y

G
 

PART I PART II 

Amount Substance Amount Substance Stock Final conc. 

37 g  Brain heart infusion 12.5 ml  Glucose  0.4 0.5% 

20 g  Gelantine 10 ml  Haemin solution 0.5% 0.0005% 

1g  Starch 1 ml  Vitamin K1 Solution 0.5% 0.0001% 

5 g  Trypticase Peptone 3 ml  Cysteine-HCl x H2O  16.67% 0.05% 

5 g  Peptone     

10 g  Yeast extract     

5 g  Beef extract     

2 g  K2HPO4     

1 ml  Tween 80     

0.001 g  Resazurin     

40 ml  Salt solution     

B
G

Y
 

PART I PART II 

Amount Substance Amount Substance Stock Final conc. 

37 g  Brain heart infusion 12.5 ml  Glucose  0.4 0.5% 

20 g  Gelantine 10 ml  Haemin solution 0.5% 0.0005% 

1g  Starch 1 ml  Vitamin K1 Solution 0.5% 0.0001% 

5 g  Trypticase Peptone 3 ml  Cysteine-HCl x H2O  16.67% 0.05% 

5 g  Peptone 20 ml  Glycogen   0.05 0.1% 

10 g  Yeast extract 20 ml  Mucin type 1-S 1.25% 0.025% 

5 g  Beef extract 10 ml  Tween 20  0.02 0.02% 

2 g  K2HPO4 1.25 ml  Urea 0.4 0.05% 

1 ml  Tween 80 40 ml  Albumin (BSA) 0.05 0.2% 

0.001 g  Resazurin 5 ml  MgSO4 0.06 0.03% 

40 ml  Salt solution 1 ml  NaHCO3  0.04 0.004% 

 
Table 1: Contents of PYG, sBHI + PYG and BGY medium. Part I is combined and filled up to 

1000 ml water minus the sum of liquid needed for part II before autoclaving at 121 °C for 15 min. 

Stock solutions of part II are prepared, filter sterilized and added to the autoclaved part I.  

 

Biofilm cultures 

BGY medium was used for all biofilm cultures. Depending on the experiment, the 

medium was either adjusted to pH 7, pH 4.5 or buffered to pH 7 using 100 mM 

sodium phosphate buffer. After 24 h cultivation of each species on Columbia agar 

plates, cultures were scraped off and suspended separately in flasks containing BGY 
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medium and grown until they had reached the exponential growth phase. The three 

species were then mixed with an OD600nm = 0.1 for G. vaginalis and A. vaginae and 

an OD600nm = 0.01 for L. crispatus and a total of 200 µl / well was incubated in 

Nunc™ MicroWell™ 96-Well Microplates (Thermo Scientific) for crystal violet 

staining or a total of 1 ml / well was incubated in Nunc™ 24-well plates (Thermo 

Scientific) for DNA extraction or incubated on glass coverslips in 24-wells plates for 

microscopy. Preliminary experiments tested biofilms formation under different pH 

conditions. Biofilms were incubated in medium with pH 4.5, pH 7 which was 

changed after 20 h into medium buffered to pH 7. Biofilm formation was determined 

using crystal violet staining. For compound testing, mixed biofilms were grown for 

20 h in BGY medium, pH 7 and subsequently analysed or the medium was changed 

and the biofilm grown for another 20 h in BGY medium buffered to pH 7 prior and 

then analysed. Biofilm formation was analysed with crystal violet staining and 

biofilm composition was analysed using quantitative real time PCR (qPCR) and 

microscopy. 

Analytical methods 

Mixed biofilms grown in 96 – well plates were stained with crystal violet according 

to a previously published method / as described in Chapter I of this thesis xxx. 

Quantitative real time PCR (qPCR) was performed in order to determine the bacterial 

composition of the three bacteria. The multispecies biofilm grown in 24-well plates 

was scraped with phosphate buffered saline (PBS) and centrifuged at 13.000 rpm for 

1 min. DNA was extracted from the pellet as previously described in Chapter III of 

this thesis using the peqGOLD Tissue DNA Kit (Peqlab, Germany) with 

pretreatment and modification. QPCR was performed using the QuantiTect SYBR 

Green PCR Kit (Qiagen, Germany). Primers were used as previously described and 

the PCR reaction was performed using the Light cycler 480 system (Roche, 

Germany) (Pyles et al., 2014). The annealing temperature was 60°C and the 

elongation time 30 s. Genomic DNA of the three type strains was used as standard. 

All qPCR measurements were done in triplicates. For field emission scanning 

electron microscopy, multispecies biofilms were grown on glass cover slips. Cover 

slips were processed as described in Chapter II of this thesis. 
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Compound testing 

Different compounds were tested on the mixed biofilm and compared to the 

untreated control. Pessaries WO 3191 containing the amphoteric tenside 

cocoamphopropionate, lactic acid and sodium lactate were compared to pessaries 

containing lactic acid and sodium lactate. These were then compared to the pure 

compounds lactic acid + sodium lactate and cocoamphopropionate. In addition, the 

effect of metronidazole was analysed. Pessaries were dissolved in 2 ml BGY medium 

which resulted in approximately 4 ml of compound solution. Because parts of these 

pessaries precipitated, the solution was centrifuges at 5.000 rpm for 5 min at room 

temperature and only the supernatant used. 267 mg lactic acid + sodium lactate / 4ml 

BGY, 40 mg cocoamphopropionate / 4 ml BGY and 37.5 mg metronidazole / 4 ml 

BGY were used because these are commercially used concentrations of vaginally 

applied products.  

Results 

BGY was identified as common growth medium 

In order to find a common medium for G. vaginalis, A. vaginae and L. crispatus, 

their ability to grow in different media was tested. G. vaginalis is usually cultured in 

sBHI medium, but was not able to grow in PYG medium, which is used for A. 

vaginae culturing (data not shown). Therefore, these two media could not be used for 

a common cultivation. A combination of these two media was then compared to a 

previously described medium named VDMP and to BGY medium, a combination of 

the three media (Fig 1). The combined medium of PYG+sBHI worked well for 

cultivation of A. vaginae and L. crispatus, but not for G. vaginalis, whereas G. 

vaginalis and L. crispatus were able to grow well in VDMP, but not A. vaginae. 

Cultivation of all three species was only successful in BGY medium which was 

subsequently used for all experiments. 
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Fig 1: Growth curves of G. vaginalis, A. vaginae and L. crispatus. Growth was analysed in VDMP 

medium, in medium combining PYG+sBHI media and in BGY medium and the optical density (OD) 

was measured at 600 nm for 11 hours in an hourly fashion and once again after 24 h.   

 

Acidification is needed for initiation of biofilm formation 

To optimize the multispecies biofilm formation, biofilm initiation was tested with 

BGY medium at pH 7, at pH 4.5 and at pH buffered to pH 7 and medium change was 

performed after 20h to BGY medium buffered or unbuffered at pH 7. Biofilm 

formation was measured with CV staining. Biofilm formation after 20 h of growth 

was strongest at pH 4.5 and weaker at pH 7 (Fig 2A) and in both cases the medium 

was acidified to pH 4.2 and pH 4.5 after 20 h. No biofilm formation was observed in 

medium buffered to pH 7 (data not shown) suggesting that a low pH is necessary for 

biofilm formation. After medium change at 20 h and another growth period of 20 h, 

the biofilm that was started at pH 4.5 and changed to pH 7 (pH 4.5/7 nb) was the 

thickest followed by the biofilm started at pH 4.5 and changed to buffered medium 

(pH 4.5/7 b). The lowest biofilm formation was observed for the condition starting at 

pH 7 that was changed to buffered pH 7 (pH 7/ 7 b). Unbuffered medium was again 

strongly acidified to pH 4.5 after the second 20 h of growth whereas buffering 

resulted only in minor acidification to pH 6.5. The bacterial composition was similar 

in all conditions with G. vaginalis and L. crispatus as the most abundant species and 
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A. vaginae with less abundance (Fig 2B). Because in subsequent experiments we 

wanted to mimic the situation in BV, a starting pH of 4.5 was chosen to best initiate 

biofilm formation which was changed to buffered medium at pH 7 to mimic the 

increased pH in BV.  

 

Fig 2: Biofilm formation of the three-species biofilm was tested under different pH conditions. 

A) Crystal violet staining was performed after 20 h and after 40 h of growth with a medium change 

after 20 h. Changes of pH were measured before CV staining and are depicted on the respective bar. 

B) Biofilm composition was determined using qPCR. b = buffered; nb = not buffered. 

 

Pessaries and their pure compounds trigger a shift in bacterial community 

composition 

In order to test the effect of compounds on this multispecies biofilm model, we tested 

different compounds during biofilm formation after 20 h when compounds were 

added at the beginning or on an established biofilm after 40 h of growth when 

compounds were added after 20 h of biofilm formation. 

The proportion of the three species was equal before initiation of biofilm growth at 0 

h. After 20 h of biofilm formation, the untreated control and the biofilm treated with 

metronidazole were overgrown by L. crispatus (Fig 3A). There was no difference in 

biofilm mass between those two groups (Fig 3B). Interestingly, biofilm composition 

was strongly affected by all other compounds in a similar way resulting in an 

overgrowth of G. vaginalis and A. vaginae. Treatment with both pessaries (WO and 

LAP) and sodium cocoamphopropionate (SCAP) resulted in an almost equal growth 

of G. vaginalis and A. vaginae which together made up the majority of this biofilm. 

Treatment with lactate acid + sodium lactate (LA/SL) resulted in an even fewer L. 

crispatus abundance. Total biomass was equal or increased with both pessaries and 

decreased with SCAP treatment after 20 h of biofilm formation. Biomass was hard to 

measure in the LA/SL sample, because the biofilm was unstable and was easily 
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washed away. Once the biofilm was established, compounds were not able to affect 

the bacterial composition of the biofilm and L. crispatus was the dominant species of 

all samples. Biofilm mass could still be affected when samples were treated with 

pessaries and resulted in an increase of biomass. No effect on biomass could be 

observed for all other compounds (Fig 3B). 

 

Fig 3: The effects of treatment on multispecies biofilm formation after 20 h and on the 

established multispecies biofilm after 40 h of growth. A) The bacterial composition determined 

with qPCR. B) Biofilm mass measured after CV staining.  

 

How the different compounds affect biofilm formation after 20 h could also be 

observed microscopically (Fig 4). The untreated control is dominated by rod shaped 

L. crispatus. Bacteria in biofilms treated with either pessary have an abnormal round 

and smooth shape. EPS production seems to be very high in biofilms treated with 

LA/SL and SCAP. L. crispatus as well as G. vaginalis, A. vaginae or both can be 

observed in these biofilms. G. vaginalis and A. vaginae cannot be distinguished 

microscopically with certainty. The metronidazole treated biofilm consists of 

elongated L. crispatus cells.  
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Fig 4: Scanning electron microscopy of 20 h old untreated biofilm or biofilms treated with 

different compounds. 

 

Discussion 

The aim of this study was to develop a biofilm model consisting of the three species 

G. vaginalis, A. vaginae and L. crispatus. We were able to develop a medium that 

supports growth of all three bacteria by combination of components from three 

separate media and to determine the conditions for biofilm formation. We have tested 

the influence of two pessaries and their active compounds as well as the antibiotic 

metronidazole on this multispecies biofilm model. During biofilm formation, we 

found that metronidazole has a neutral to beneficial effect on the microbial 

community because it does not interfere with the predominant colonization of L. 

crispatus which was observed similarly in previous studies (Algburi et al., 2015). 

Pessaries and their active ingredients sodium cocoamphopropionate (SCAP) and 

lactic acid resulted in a shift of the microbial community that resulted in high 

abundances of G. vaginalis and A. vaginae. None of the compounds was able to 

affect the bacterial community after it was already established and L. crispatus was 

the predominant species. We have previously shown the antimicrobial effect of 

tensides such as SCAP on G. vaginalis biofilms (7).  

However, formulated into a pessary, SCAP was not able to inhibit biofilm formation 

of the multispecies biofilm measured by biofilm mass after 20 h. This may be due to 
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the fact that the WO 3191 pessary contained also lactic acid and sodium lactate. The 

pure compound SCAP was able to reduce biofilm formation of the multispecies 

biofilm after 20h. Although biofilm formation was reduced; the effect of this 

compound is however not beneficial because it shifted the community towards G. 

vaginalis and A. vaginae. This observation highlights the importance of multispecies 

biofilms in basic research. After 40 h of biofilm formation, both pessaries were able 

to increase biofilm mass. Because this biofilm was L. crispatus dominated, pessaries 

containing lactic acid may be beneficial for a healthy vaginal flora and may 

contribute to maintaining a healthy community but they cannot be recommended for 

an instable community.  

In order to explain the community shift towards the G. vaginalis and A. vaginae 

dominated BV state, compounds were tested on single species biofilms of G. 

vaginalis, A. vaginae and L. crispatus, but no beneficial effect on G. vaginalis and A. 

vaginae or a worsening effect on L. crispatus of the compounds could be observed in 

preliminary experiments (data not shown). Is seems that the combination of this 

multispecies biofilm and the interaction between the three species is the reason for 

how they are behaving during treatment with the compounds. The molecular factors 

behind these interactions need to be addressed in the future for example in a study on 

the metatranscriptomics of this multispecies biofilm. Nevertheless, these results 

already highlight the importance of multispecies biofilm models in BV or other 

biofilm associated diseases to better understand the conditions themselves but also to 

find better treatment strategies.  
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Chapter VII 

Summary and Perspective 

Summary of the major findings 

1. Which compound inhibits biofilm formation of Gardnerella vaginalis and 

enhances biofilm disruption? 

Different classes of compounds were tested during biofilm formation and against an 

established biofilm of G. vaginalis. It was found that tensides, such as sodium 

cocoamphoacetate (SCAA), were effective in preventing both biofilm formation and 

disintegration of an established biofilm, reducing its biomass and viability. 

Furthermore, SCAA was able to increase the effectiveness of metronidazole. 

2. Is this compound stable, well tolerable and effective in the prevention of recurrent 

BV? 

A similarly effective compound as SCAA, sodium cocoamphopropionate (SCAP), 

was formulated into vaginal pessaries (WO 3191). These were tested against lactic 

acid pessaries in a randomized controlled trial with patients diagnosed with BV after 

they had been treated with the antibiotic metronidazole. WO 3191 was stable and 

tolerated well by all participants. However, compared to the control pessary, it was 

not able to reduce recurrence rates.  

3. How effective does this compound prevent biofilm formation and enhance 

disruption in vivo? 

Because most of the biofilms had already effectively been reduced by metronidazole 

treatment, biofilm formation could be analysed on few patients with remaining 

biofilms. In these, the WO 3191 did not have an effect on biofilm disruption. There 

was no effect on biofilm formation either, but the combined parameter of 

EPS/biofilm was affected by WO 3191 resulting in better improvement rates.  

4. What does the vaginal microbiota look like in BV compared to health and can it be 

restored after treatment with metronidazole or the compound? 
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The most common CST in health was dominated by L. crispatus, followed by L. 

iners. Both CSTs were characterized by a very low diversity. In BV, the bacterial 

community was highly diverse and the most abundant species were L. iners, P. bivia, 

Sn. amnii and P. amnii. After metronidazole treatment, the low diversity was restored 

and the most common CST then was L. iners. Therefore, the healthy community 

could not totally be restored after treatment with metronidazole. After treatment with 

WO 3191 no significant changes were observed and L. iners remained the most 

dominant species. 

5. What are the functional differences of the vaginal microbiome in health and BV? 

In health, the two most active species were L. iners and L. crispatus and they were 

not found together and differed in functional patterns. In BV, pathways related to 

biosynthesis and metabolism of amino acids and other metabolic or transcription 

were upregulated. Furthermore, the pathway associated with LPS production and 

many other pathways involved in biofilm formation, such as bacterial flagella 

assembly and chemotaxis were upregulated as well. During BV, the most abundant 

species identified with RNA sequencing was G. vaginalis making it mostly 

responsible for the upregulation of these pathways. Therefore, we were able to 

support the role of G. vaginalis in BV biofilms.  

6. Are there functional factors leading to BV recurrence? 

We observed two different cases of recurrence. In one patient, the functional pattern 

was completely different before recurrence to that of healthy women and we 

hypothesize that these differences paved the way towards recurrence. The other case 

was similar to the cases without recurrence and no differential functional pattern was 

observed before recurrence in this patient. Because the patient number was too low 

to make conclusions on the basis of functional patterns, we cannot identify functions 

leading to recurrence. However, G. vaginalis gene transcripts were present in low 

abundance only in the patients with recurrence and G. vaginalis biofilms may thus 

indeed be involved in recurrent BV. 

7. How is the urinary microbiota defined in healthy men and women? 
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The urinary microbiota was similar in healthy men and women. Four urotypes were 

shared in both, men and women. Among these was urotype 1, which was dominated 

by BV associated species, urotype 2, which was characterized by an increased 

abundance of L. iners, urotype 3, which was dominated by En. faecalis and urotype 

4, which was characterized by different Enterobacteriaceae. Additionally, Urotype 5 

was defined by a high number of low abundant OTUs and only present in healthy 

men and urotype 6 was dominated by high abundant L. crispatus and only found in 

healthy women. 

8. How does the urinary microbiota in BV react to metronidazole treatment and can it 

be restored after treatment? 

More urotypes were identified in the urine of women with BV, although these may 

have been part of the healthy microbiota as well. The L. crispatus dominated urotype 

6 was not identified in women with BV. Although the urinary microbiota of 

individual women changed after metronidazole treatment, the bacterial community of 

the study population stayed stable and was not restored. This was due to increased 

numbers of L. iners and the absence of the L. crispatus dominated urotype 6, even 

after successful BV treatment. 

9. Is it possible to develop a multispecies BV biofilm model and how does it respond 

to biofilm disrupting compounds? 

A multispecies biofilm model consisting of G. vaginalis, A. vaginae and L. crispatus 

was developed. Although the three species were inoculated at similar abundances, L. 

crispatus was able to decrease the pH quickly and thereby suppress the other two 

species under normal conditions. When compounds were added at the beginning of 

biofilm formation, the same effect was observed with metronidazole treatment. 

However, treatment of the biofilm with the pessary WO3191 or its pure compound 

SCAP resulted in a major increased of the relative abundances of G. vaginalis and A. 

vaginae. This was observed even though the biomass decreased with SCAP. 

Therefore, measurements of biomass were not necessarily sufficient to determine the 

effectiveness of a compound against BV. This is a good example of how 

multispecies biofilm models are needed to project the complexity of the human 

microbiome in dysbiosis into the laboratory.  
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Challenges of the study and future approaches 

The main findings of the different microbiome analyses in this study come back to 

the issue of how L. crispatus was only present in health whereas L. iners seemed to 

be associated with BV. This topic certainly needs to be addressed in future research. 

It could be approached in vitro and in vivo and both approaches could give valuable 

insights into the interaction or rather the competition between both species. This 

research could focus on already known differences of L. crispatus and L. iners like 

hydrogen peroxide production, iron transport and inerolysin production and deepen 

the knowledge on these topics, but should also stay broad and unbiased towards new 

results. In vitro studies could involve the co-culturing of both species either alone or 

in combination with BV associated bacteria but also with vaginal epithelial cell lines. 

Metatranscriptomic analyses under these different conditions would give the most 

unbiased results.  

Analysing metatranscriptomics of the multispecies biofilm introduced in this study 

would also give major insights into the physiology of G. vaginalis, A. vaginae and L. 

crispatus. The introduction of the BV associated species to an existing L. crispatus 

biofilm could answer the question of how BV is initiated. The interaction of G. 

vaginalis with A. vaginae, potentially under the influence of compounds, is 

interesting with respect to biofilm formation. Introducing L. iners into this 

multispecies biofilm could depict the real situation even better and may explain why 

L. iners is not protective against BV. Other BV and biofilm associated bacteria like 

Sn. sanguinegens or Sn. amnii should also be introduced into the multispecies 

biofilm in order to get the best and most realistic information.  

These in vitro experiments could then ideally be complemented by 

metatranscriptomic or other -omic approaches based on data and samples of a large 

scale in vivo study.  

The drawback of this study was the tedious recruitment process and resulting low 

patient numbers. With a larger study size, statistical tests are easier and conclusions 

clearer. Because only 20 to 30 % of the here described study population developed 

recurrence, a consequently larger study population would be important to analyse 

recurrence. With a larger study size, differences between L. crispatus or L. iners 
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colonized women and their concordant functional differences after metronidazole 

treatment can be observed. The question whether one group is more likely to develop 

recurrence than the other could thus be answered.  

Furthermore, the role of G. vaginalis in recurrent BV needs to be addressed in more 

detail in vivo because more samples could confirm or exclude the hypothesis that G. 

vaginalis biofilm residues are responsible for BV recurrence (Bradshaw et al., 2006). 

Therefore, expression profiles of G. vaginalis need to be compared in health, during 

BV and after metronidazole treatment. Because different G. vaginalis strains can 

have different functions, determining the strain variation in this study or another 

study may also be important in understanding the role of G. vaginalis in recurrence 

and during BV (Yeoman et al., 2010). Moreover, the functional profiles obtained by 

metatranscriptomics here, in combination with the strain information, could give 

valuable insights on the G. vaginalis physiology and confirm whether different 

strains execute different functions.  

Furthermore, this metatranscriptomics dataset has only been analysed with respect to 

bacteria. However, also human, fungal or archaeal genes are of interest and may give 

insights into the etiology of BV. For example, human gene polymorphisms of the 

innate immune response have been shown to be correlated with BV and therefore, 

polymorphisms of immunoregulatory genes could be analysed in this or a bigger data 

set (Turovskiy et al., 2011). But already the up- or downregulation of certain immune 

response related pathways would shed lights into the immune response during BV 

and could thus help explain this complex dysbiosis. The analysis of methanogenic 

archaea could reveal if metronidazole, that was taken orally, reached its destination 

in the vagina. Because these archaea are sensitive to metronidazole, they could 

function as indicator and may explain why some patients did not respond to 

metronidazole treatment (Khelaifia and Drancourt, 2012).  

This study was based in large parts on a randomized controlled trial (RCT) that 

tested different pessaries on women with acute BV after treatment with 

metronidazole in a total duration of approximately 4 months, including 3 months of 

follow-up time. The prospective design of this RCT enabled the efficient selection of 

BV patients. However, only comparisons of the BV patients during BV and after 

treatment were possible and the point in time after treatment could only be compared 
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to an external health control. Therefore, we can only assume that the L. crispatus 

community state type in vaginal fluid and urotype in urine was not restored, because 

conclusions on points in time before the first BV incident are not possible. A cohort 

study and thus collecting data of healthy individuals before the disease occurs would 

be the right approach to circumvent this restriction. However, the temporal dynamics 

of the vaginal microbiota are high and thus frequent, if not daily, samplings were 

necessary. Vaginal samples should be compared to urine samples in order to be able 

to depict the urinary microbiome, its temporal dynamics, and the relation between 

the urinary and the vaginal microbiome better. To minimize the costs and efforts, the 

topic of bacterial vaginosis and the sampling of vaginal fluid and urine should be part 

of a large scale cohort study including women and their partners. With the 

information before, during, and after BV, conclusions on the microbial and 

functional dynamics after metronidazole treatment could be made more easily. 

Although a recent study has shown a correlation between the microbiota in the 

urethra and on penile skin of men and the vaginal microbiota of their female partners 

with BV, the suggested large-scale study could give insights on the potential sexual 

transmission of BV and its etiology (Zozaya et al., 2016). 

Lastly, this study has shown that metronidazole is effective in treating BV. However, 

no solution has been found to stabilize the healthy flora after treatment and 

recurrence rates were high. The diversity seems to be a good indicator for recurrence 

and therefore stabilizing a low diversity seems to be a promising goal in order to 

prevent recurrence. The best approach to do so is probably multifactorial and 

includes stabilization of a low vaginal pH, applying compounds that promote growth 

of Lactobacillus sp. and prevent growth of other species such as G. vaginalis and the 

introduction of L. crispatus as probiotic. These measurements may prevent an 

imbalances microbiome from shifting towards BV.   
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Appendix 

CD contains the following files: 

Chapter III 

Fig S5: Phylogenetic tree of the genus Lactobacillus. 16S rRNA sequences of all 

OTUs assigned to the genus Lactobacillus were aligned with reference sequences. 

Fig S8: Biomarkers for BV. LEfSe biomarker analysis comparing the healthy 

cohort to the excluded and the included group of women with BV (LDA threshold = 

2.0). 

Table S1: List of raw and final sequencing results as well as all metadata. 

Chapter IV 

Table S1: List of raw and final sequencing results as well as all metadata. 
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