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Around the world, more than 175,000,000 women are diagnosed every year with gynaecological disease, in many cases contributing to high morbidity and mortality. For this reason, knowledge of the composition of the vaginal microbiome and its variations represents a real health challenge, as this is key to improving therapeutic management. This review traces the history of the poorly known vaginal microbiome and focuses on the latest findings concerning this ecosystem. Studies in the past decade have targeted complex bacterial communities within the vagina. However, due to the development of technology and the emergence of next generation sequencing (NGS), the exact definition of the vaginal microbiome has changed and can no longer be linked solely to the presence of bacteria. In order to reach a global view of the vaginal microbiome, it is essential to take into account all microorganisms that the vagina harbours, including fungi, viruses, archaea, and candidate phyla radiation. Although these communities represent only a minimal percentage of the vaginal microbiome, they may act as modifiers of its basic physiology and may play a key role in the maintenance of microbial communities, as well as metabolic and immune functions. Studies of the complex interactions between these different microorganisms have recently begun and are not yet fully understood. Results to date indicate that these microbial communities together constitute the first line of defence against infections.

On the other hand, the slightest disturbance in this microbiome may lead to disease. For this reason, enhanced knowledge of these associations is critical to better identify predispositions to certain illnesses, which may open new therapeutic avenues. Currently however, only the tip of the iceberg is understood and current research on this ecosystem is revolutionising our knowledge and understanding of human health and disease.

Background

Although it is less studied than the intestinal ecosystem, the vaginal ecosystem is greatly significant for women's health. Given its impact on women's and infants' health, interest in this understudied topic is increasing [START_REF] Huttenhower | Structure, function and diversity of the healthy human microbiome[END_REF]. Thus far, bacterial vaginosis has remained enigmatic in its pathogenesis, especially in recurrent forms, and it is not known whether a single condition or several conditions with overlapping diagnostic criteria are responsible [START_REF] Reid | Is bacterial vaginosis a disease?[END_REF][START_REF] Bohbot | Bacterial vaginosis in 2011: a lot of questions remain[END_REF]. Many questions arise: how does the change in lactobacilli flora manifest itself? What is the role of sexual intercourse? Is there a genetic predisposition? And most essentially, what is a healthy vaginal microbiome and how can it be characterised?

The vaginal microbiome includes a mixture of bacteria, eukaryotes [START_REF] Wylie | The vaginal eukaryotic DNA virome and preterm birth[END_REF], fungi [START_REF] Bradford | The vaginal mycobiome: A contemporary perspective on fungi in women's health and diseases[END_REF], archaebacteria [START_REF] Chaudhary | Methanogens in humans: potentially beneficial or harmful for health[END_REF] and viruses [START_REF] Zárate | Human Virome[END_REF] (Figure 1). Most of these are commensal species that our bodies harbour from birth but which can cause infections in certain conditions. Many studies have focused on the bacteriome, which is considered to be the predominant component of the microbiome. While the mycobiome, virome, and human archaeome are still undervalued, they have a strong impact on human health and well-being [START_REF] Oever | The bacteriome-mycobiome interaction and antifungal host defense[END_REF].

In this review, we aim to comprehensively characterise the vaginal microbiome, beyond the standard bacterial characterisation, and explore the relationship between these microorganisms and human health. We began with a literature review targeting various databases (Google, Google Scholar, PubMed, and Web of Science) using the following keywords: vaginal microbiota/microbiome; bacteria; methanogens; virus; fungus; candidate phyla radiation, to highlight the latest findings on the vaginal microbiome.

Normal healthy bacterial vaginal microbiota

To understand the importance of the microorganisms present in the vagina and their effects on health, over the past decade the scientific community has studied the vaginal microbiota, which is a key issue towards better understanding and treating certain gynaecological conditions. The vagina is a moist biotope made up of a changing and evolving bacterial system according to different stages of life. Approximately 1 to 4 ml of vaginal fluid can contain 10 8 to 10 9 bacterial cells that play a major role in protecting the mucous membrane from infection and maintaining the physiological balance of the female genital tract [START_REF] Ravel | Vaginal microbiome ofreproductive-age women[END_REF]. Unlike other animals, women's vaginas are significantly acidic (pH of 4.5 or less) due to the presence of lactic acid-producing bacteria that are only found in weak quantities in other mammals [START_REF] Yildirim | Primate vaginal microbiomes exhibit species specificity without universal Lactobacillus dominance[END_REF].

The history of describing the vaginal flora began in 1892 when German gynaecologist Albert Döderlein discovered the importance of bacteria that produce lactic acid in the vagina [START_REF](1892)+Das+Scheidensekret+und+seine+Bedeutung+für+das+Puerperalfi+eber.+Besol d,+Leipzig&source=bl&ots=8LQBt5LC4H&sig=ACfU3U1a1AxgYfyQtulUaTCndUrnM aYfwg&hl=fr&sa=X&ved=2ahUKEwinsKzY9PbpAhWmz4UKHeYOCLgQ6AEwBHoE CAcQAQ#v=onepage&q=Döderlein A (1892) Das Scheidensekret und seine Bedeutung für das Puerperalfi eber. Besold%2C Leipzig&f=false[END_REF]. In 1895, his collaborator Krönig then described immobile, non-sporing gram-positive rods [START_REF] Krönig | Über die Natur der Scheidenkeime, speciell über das Vorkommen anaerober Streptokokken im scheidensekret Schwangerer[END_REF], which were then cultivated by Curtis in 1913 [START_REF] Curtis | A motile curved anaerobic bacillus in uterine discharges[END_REF]. The term "Döderlein's bacillus" was used in gynaecological publications until 1928, when Stanley Thomas classified the bacterium as Lactobacillus acidophilus [START_REF] Thomas | Döderlein's bacillus: Lactobacillus acidophilus[END_REF]. In 1980, Lauer, Helming and Kandler were able to distinguish several species of Lactobacillus previously referred to as L. acidophilus through DNA-DNA hybridisation [START_REF] Lauer | Heterogeneity of the species Lactobacillus acidophilus (Moro) Hansen and Moquot as revealed by biochemical characteristics and DNA-DNA hybridisation[END_REF]. These lactic acid bacteria dominate within the optimal vaginal flora, ensuring the ecological balance of the vagina [START_REF] Borges | The role of lactobacilli and probiotics in maintaining vaginal health[END_REF][START_REF] Nasioudis | Bacterial vaginosis: a critical analysis of current knowledge[END_REF]. The composition of the vaginal flora is not fixed during a woman's lifetime. The menstrual cycle, age, pregnancy, ethnicity, sexual partners, sexual hygiene, smoking, antibiotic treatment and the ecosystem in general, especially the surrounding microbes such as those from the intestines, have an influence on the microbial composition of the vaginal flora [START_REF] Martin | The vaginal microbiome: current understanding and future directions[END_REF][START_REF] Aagaard | A metagenomic approach to characterization of the vaginal microbiome signature in pregnancy[END_REF][START_REF] Hyman | Diversity of the vaginal microbiome correlates with preterm birth[END_REF][START_REF] Diop | Exhaustive repertoire of human vaginal microbiota[END_REF].

However, in most studies, only a few species have been duplicated, including Lactobacillus crispatus, Lactobacillus iners, Lactobacillus gasseri, and Lactobacillus jensenii in terms of their vaginal abundance in most women of childbearing age, while other lactobacilli have been less isolated; e.g., Lactobacillus plantarum, Lactobacillus rhamnosus, Lactobacillus salivarius and Lactobacillus vaginalis [START_REF] Ravel | Vaginal microbiome ofreproductive-age women[END_REF][START_REF] Srinivasan | Temporal variability of human vaginal bacteria and relationship with bacterial vaginosis[END_REF][START_REF] Kroon | Cervicovaginal microbiota, women's health, and reproductive outcomes[END_REF][START_REF] France | Genomic comparisons of Lactobacillus crispatus and Lactobacillus iners reveal potential ecological drivers of community composition in the vagina[END_REF].

Based on 16 rRNA gene sequencing, the vaginal bacterial community has been revealed to consist mainly of lactobacilli categorised into five groups, referred to as types of community states (CST), specifically I, II, III, IV and V [START_REF] Ravel | Vaginal microbiome ofreproductive-age women[END_REF]. Four of them are dominated by Lactobacillus.

The first is dominated by L. crispatus, the second by L. gasseri, the third by L. iners, and the fifth by L. jensenii, while the fourth contains a lower proportion of lactobacilli but is composed of a polymicrobial mixture of strict and facultative anaerobes (Gardnerella, Atopobium, Mobiluncus, Prevotella, etc.) [START_REF] Ravel | Vaginal microbiome ofreproductive-age women[END_REF][START_REF] Zhou | Differences in the composition of vaginal microbial communities found in healthy Caucasian and black women[END_REF][START_REF] Gajer | Temporal dynamics of the human vaginal microbiota[END_REF][START_REF] Lewis | Vaginal microbiome and its relationship to behavior, sexual health, and sexually transmitted diseases[END_REF][START_REF] Barrientos-Durán | Reviewing the Composition of Vaginal Microbiota: Inclusion of Nutrition and Probiotic Factors in the Maintenance of Eubiosis[END_REF]. The production of lactic acid, which is a major function of women's health, appears to be maintained in all Lactobacillus-dominant communities. Moreover, it has been shown that the frequency with which these communities occur differs according to ethnic origin, with type IV being more over-represented among Black and Hispanic women [START_REF] Ravel | Vaginal microbiome ofreproductive-age women[END_REF] in comparison to Asian and White cohorts (approximately 34% and 40% compared to 18% and 9%, respectively) .

As shown in Figure 2, CST I has the lowest pH (4.0 ± 0.3) and CST IV has the highest pH (5.3 ± 0.6) [START_REF] Ravel | Vaginal microbiome ofreproductive-age women[END_REF][START_REF] Lewis | Vaginal microbiome and its relationship to behavior, sexual health, and sexually transmitted diseases[END_REF]. It is essential to note that L. crispatus is a stabilising element of the vaginal microbiota. This bacterium, in addition to producing lactic acid with a high content of D isomers, has many properties that hinder the occurrence of dysbiosis, particularly its ability to coaggregate and produce bacteriocins and toxins. Given the importance and characteristics of these lactic acid bacteria [START_REF] Witkin | Why do lactobacilli dominate the human vaginal microbiota?[END_REF], the study of the human vaginal microbiota should be an essential step for diagnosis as well as for treatment with probiotics and prebiotics [START_REF] Reid | Therapeutic opportunities in the vaginal microbiome, Bugs as Drugs Ther[END_REF]. The development of metagenomics has expanded our ability to better understand the human microbiota [START_REF] Greenbaum | Ecological dynamics of the vaginal microbiome in relation to health and disease[END_REF]. This technology can provide a description of the composition of bacterial communities, but it has not resulted in a comprehensive and complete view of microbial characteristics and interactions [START_REF] Handelsman | Metagenomics: application of genomics to uncultured microorganisms[END_REF][START_REF] Jiang | Metatranscriptomic analysis of diverse microbial communities reveals core metabolic pathways and microbiome-specific functionality[END_REF].

Previous studies were conducted in the Vaginal Microbiome Project to characterize vaginal microorganisms [START_REF] Turnbaugh | The human microbiome project[END_REF], which identified, of the 2,776 bacterial species isolated in human beings [START_REF] Bilen | The contribution of culturomics to the repertoire of isolated human bacterial and archaeal species[END_REF], 581 species in the vagina. Of these, 122 different species were isolated using only a culture method, while 296 different species were detected using molecular biology.

The remaining 163 species were identified by both methods [START_REF] Diop | Exhaustive repertoire of human vaginal microbiota[END_REF]. The most predominant species belong to the phyla Firmicutes, Bacteroidetes, Actinobacteria, and Fusobacteria [START_REF] Romero | The composition and stability of the vaginal microbiota of normal pregnant women is different from that of non-pregnant women[END_REF][START_REF] Belizário | Human microbiomes and their roles in dysbiosis, common diseases, and novel therapeutic approaches[END_REF].

Despite the fact that many microbes are resistant to culture, which is a serious obstacle to a better understanding of microbial interactions and pathogenesis, the use of this technique has made a strong comeback in recent years [START_REF] Rappé | The uncultured microbial majority[END_REF][START_REF] Staley | Measurement of in situ activities of nonphotosynthetic microorganisms in aquatic and terrestrial habitats[END_REF].

A study done in 2016 led to the identification of 101 species of bacteria. Among them, 17 had never been reported in the vagina, and 11 new species [START_REF] Srinivasan | More easily cultivated than identified: classical isolation with molecular identification of vaginal bacteria[END_REF].

Culture, combined with matrix-assisted laser desorption/ionization mass spectrometry (MALDI-TOF) as a tool for bacterial identification, termed "Culturomics" [START_REF] Scola | Direct identification of bacteria in positive blood culture bottles by matrix-assisted laser desorption ionisation time-of-flight mass spectrometry[END_REF], can increase the repertoire of microbial species naturally present in the vaginal flora. Interestingly, among these 122 cultivated bacteria, 53 had never been previously reported in the vagina. This work also identified three new species: "Vaginimicrobium propionicum", "Vaginella massiliensis" [START_REF] Diop | Vaginella massiliensis" gen. nov., sp. nov., a new genus cultivated from human female genital tract[END_REF][START_REF] Diop | Taxonogenomics and description of Vaginella massiliensis gen. nov., sp. nov., strain Marseille P2517T, a new bacterial genus isolated from the human vagina[END_REF], and "Ezakiella massiliensis" [START_REF] Diop | Ezakiella massiliensis" sp. nov., a new bacterial species isolated from human female genital tract[END_REF][START_REF] Diop | Characterization of a New Ezakiella Isolated from the Human Vagina: Genome Sequence and Description of Ezakiella massiliensis sp. nov[END_REF].

In general, studies such as "The Integrative Human Microbiome Project" [START_REF] Proctor | The Integrative Human Microbiome Project[END_REF] can expand our knowledge of the composition of the vaginal microbial environment in health and disease and highlight the resulting differences for better management, especially for patients with bacterial vaginosis [START_REF] Jones | The vaginal microbiome in uterine transplantation[END_REF], in cases where in vitro fertilisation (IVF) has failed [START_REF] Fu | Alterations in vaginal microbiota and associated metabolome in women with recurrent implantation failure[END_REF], for patients with cancer [START_REF] Champer | The role of the vaginal microbiome in gynaecological cancer[END_REF], and neonatal infections [START_REF] Balaka | Portage génital bactérien au dernier trimestre de la grossesse et infection néonatale précoce[END_REF].

Bacterial vaginosis

Vaginal microbiota

Bacterial vaginosis is the result of a disturbance of the vaginal ecosystem, i.e., a significant depletion of lactobacilli following a strong proliferation of strict or facultative anaerobes previously in the minority in the vagina [START_REF] Mårdh | The definition and epidemiology of bacterial vaginosis[END_REF], such as Gardnerella vaginalis, Atopobium vaginae, Ureaplasma urealyticum, Mycoplasma hominis, Prevotella, Peptoniphilus, Megasphaera, Mobiluncus, and other fastidious or hitherto uncultivated bacteria [START_REF] Romero | The composition and stability of the vaginal microbiota of normal pregnant women is different from that of non-pregnant women[END_REF][START_REF] Zozaya | Bacterial communities in penile skin, male urethra, and vaginas of heterosexual couples with and without bacterial vaginosis[END_REF][START_REF] Margolis | Bacterial vaginosis-associated bacteria[END_REF].

This story began in 1953, when Leopold first isolated Gardnerella vaginalis (formerly known as

Haemophilus vaginalis) [START_REF] Leopold | Heretofore undescribed organism isolated from the genitourinary system[END_REF]. Two years later, Gardner and Dukes reported the presence of this microorganism in women with non-specific bacterial vaginitis [START_REF] Gardner | New etiologic agent in nonspecific bacterial vaginitis[END_REF]. In 1983, the term "bacterial vaginosis" was established as opposed to the more classic term "specific vaginitis" caused by Candida albicans or Trichomonas vaginalis, because local inflammatory markers of this disease are weaker [START_REF] Spiegel | Gardnerella vaginalis and anaerobic bacteria in the etiology of bacterial (nonspecific) vaginosis[END_REF].

Epidemiology

Bacterial vaginosis is the most common cause of vaginal dysbiosis in women of childbearing age. However, it is very difficult to determine its exact prevalence, because figures vary greatly depending on geographical location, patient age, socioeconomic background, type of consultation, and pregnancy status [START_REF] Bohbot | Bacterial vaginosis in 2011: a lot of questions remain[END_REF]. Most cases of bacterial vaginosis occur in women between the ages of 15 and 44, and the incidence is very low in prepubertal and postmenopausal women [START_REF] Herrero | Vaginosis bacteriana[END_REF]. Estimates of worldwide prevalence vary from 4% among European women to more than 50% among women in Eastern or Southern Africa and among homosexual women [START_REF] Bitew | Prevalence of bacterial vaginosis and associated risk factors among women complaining of genital tract infection[END_REF][START_REF] Kenyon | The global epidemiology of bacterial vaginosis: a systematic review[END_REF][START_REF] Afolabi | Bacterial vaginosis and pregnancy outcome in Lagos, Nigeria[END_REF].

Despite its description in 1954-1955, bacterial vaginosis remains an enigma. Its exact aetiology remains elusive. The hypothesis of faecal transplant has been raised [START_REF] Fenollar | Does bacterial vaginosis result from fecal transplantation?[END_REF]. Indeed, the microbial population detected in bacterial vaginosis is very similar to the digestive microbiota, with the presence of bacteria belonging to the genera Prevotella, Peptoniphilus, and Clostridium. The presence of a gastro-intestinal flora associated with bacterial vaginosis may be linked to their inoculation during certain sexual practices, according to a prospective study performed to investigate the induction of BV [START_REF] Muzny | Identification of key bacteria involved in the induction of incident bacterial vaginosis: a prospective study[END_REF]. We noticed an initial decrease in the abundance of protective species of Lactobacillus, a marker of a healthy vaginal microbiota, and the appearance of a mixed flora in which A. vaginae, G. vaginalis, P. bivia and Megasphaera type I are the best indicators, causing an evolution of the vaginal microbiota from a state of eubiosis to dysbiosis [START_REF] Iebba | Eubiosis and dysbiosis: the two sides of the microbiota[END_REF], subsequently leading to a loss of vaginal equilibrium [START_REF] Lepargneur | Rôle protecteur de la flore de Doderleïn[END_REF].

Five decades of intense research has revealed a number of risk factors for acquiring bacterial vaginosis. They may be endogenous factors such as hormonal changes, menstruation, or stress, but may also be exogenous, such as those related to intimate hygiene, sexual relations, including the number of partners, the administration of certain drugs, and education and socio-economic level [START_REF] Schwebke | Predictors of bacterial vaginosis in adolescent women who douche[END_REF][START_REF] Cherpes | A delicate balance: risk factors for acquisition of bacterial vaginosis include sexual activity, absence of hydrogen peroxide-producing lactobacilli, black race, and positive herpes simplex virus type 2 serology[END_REF]. This dysbiosis currently represents a public health problem. It is most often manifested by an abundant, greyish/greenish, malodorous leucorrhoea from the vagina. It should be noted that bacterial vaginosis can be asymptomatic in up to 50% of women, depending on the authors [START_REF] Schwebke | Asymptomatic bacterial vaginosis: response to therapy[END_REF]. Studies have also shown that it is associated with an approximately two-fold increased risk of contracting sexually transmitted infections, including Chlamydia trachomatis, Neisseria gonorrhoeae, herpes simplex type 2, and human immunodeficiency virus infection [START_REF] Wiesenfeld | Bacterial vaginosis is a strong predictor of Neisseria gonorrhoeae and Chlamydia trachomatis infection[END_REF][START_REF] Mcclelland | Evaluation of the association between the concentrations of key vaginal bacteria and the increased risk of HIV acquisition in African women from five cohorts: a nested case-control study[END_REF]. In addition, the disease is linked to serious gynaecological and obstetric complications (infertility, endometritis, prematurity, and low birth weight) [START_REF] Menard | Vaginose bactérienne et accouchement prématuré[END_REF][START_REF] Chantrel | Consequences obstetricales de la vaginose bacterienne[END_REF][START_REF] Prince | The perinatal microbiome and pregnancy: moving beyond the vaginal microbiome, Cold Spring Harb[END_REF][START_REF] Brown | Vaginal dysbiosis increases risk of preterm fetal membrane rupture, neonatal sepsis and is exacerbated by erythromycin[END_REF] as well as psychosocial disorders (malodour phobia, feelings of shame, rejection by sexual partner) [START_REF] Cohrssen | Are unexplained vaginal symptoms associated with psychosocial distress? A pilot investigation[END_REF][START_REF] Harville | Perceived life stress and bacterial vaginosis[END_REF][START_REF] Culhane | Stress, bacterial vaginosis, and the role of immune processes[END_REF].

Diagnosis

Diagnosis is problematic and difficult due to its polymicrobial nature and a wide range of clinical features. The Amsel criteria [START_REF] Amsel | Nonspecific vaginitis: diagnostic criteria and microbial and epidemiologic associations[END_REF] and the Nugent score [START_REF] Nugent | Reliability of diagnosing bacterial vaginosis is improved by a standardized method of gram stain interpretation[END_REF] are the most commonly used diagnostic methods for bacterial vaginosis. These diagnostic tools present different problems.

The Amsel criteria lack specificity and the Nugent score, even though it shows a higher specificity than the Amsel criteria, is largely limited by the lack of conclusion when assessing an intermediate flora. Some authors consider the intermediate flora as a transitional flora, while others consider it as a heterogeneous group of normal flora and bacterial vaginosis. The score is also strongly dependent on the technical experience of the operator and the quality of the smears.

Several molecular tools have been developed to rationalise the diagnosis of bacterial vaginosis [START_REF] Coleman | Molecular diagnosis of bacterial vaginosis: an update[END_REF]. In particular, a quantitative real-time PCR has been developed to measure the bacteria present in bacterial vaginosis, such as A. vaginae and G. vaginalis [START_REF] Menard | Molecular quantification of Gardnerella vaginalis and Atopobium vaginae loads to predict bacterial vaginosis[END_REF][START_REF] Bradshaw | The association of Atopobium vaginae and Gardnerella vaginalis with bacterial vaginosis and recurrence after oral metronidazole therapy[END_REF][START_REF] Menard | Diagnostic accuracy of quantitative real-time PCR assay versus clinical and Gram stain identification of bacterial vaginosis[END_REF].

Treatment

The main objective in treating bacterial vaginosis is to suppress the symptoms and signs of infection [START_REF] Bergogne-Bérézin | Flores vaginales normales, vaginites et vaginoses bactériennes: diagnostic et thérapeutique[END_REF]. The classic therapeutic approach is antibiotics as the recommended first-line treatment, 5-7 days of topical or oral metronidazole or seven days of intravaginal clindamycin, depending on personal choice and circumstances [START_REF] Workowski | Sexually transmitted diseases treatment guidelines, 2015[END_REF][START_REF] Machado | Bacterial vaginosis biofilms: challenges to current therapies and emerging solutions[END_REF], often associated with oestrogens [START_REF] Wilson | Bacterial vaginal flora in relation to changing oestrogen levels[END_REF], prebiotics and probiotics [START_REF] Barrientos-Durán | Reviewing the Composition of Vaginal Microbiota: Inclusion of Nutrition and Probiotic Factors in the Maintenance of Eubiosis[END_REF][START_REF] Rousseau | Prebiotic effects of oligosaccharides on selected vaginal lactobacilli and pathogenic microorganisms[END_REF][START_REF] Butel | Les probiotiques et leur place en médecine humaine[END_REF] to correct lactobacillus deficiency, although to date few studies have been carried out. These strategies are indicated in symptomatic women and women who undergo certain surgical procedures [START_REF] Bradshaw | Current treatment of bacterial vaginosis-limitations and need for innovation[END_REF].

Given that 50% of cases recur after three months of treatment [START_REF] Bradshaw | Current treatment of bacterial vaginosis-limitations and need for innovation[END_REF][START_REF] Bradshaw | Making inroads into improving treatment of bacterial vaginosis-striving for long-term cure[END_REF], new strategies based on the transplantation of vaginal microbiomes from healthy women into patients with symptomatic and recurrent bacterial vaginosis are being considered as a therapeutic alternative [START_REF] Ma | Vaginal microbiota transplantation for the treatment of bacterial vaginosis: a conceptual analysis[END_REF][START_REF] Lev-Sagie | Vaginal microbiome transplantation in women with intractable bacterial vaginosis[END_REF]. In a recent study, five patients were thus treated, four of whom achieved long-term complete remission until the end of follow-up, between 5 and 21 months after transplantation of vaginal microbiomes. The results of the transplantation of vaginal microbiomes in women with bacterial vaginosis seem promising, but clinical trials will have to be conducted on larger cohorts of patients [START_REF] Leopold | Heretofore undescribed organism isolated from the genitourinary system[END_REF].

Vaginal microorganisms other than bacteria

Methanogens

Methanogens, previously known as archaeobacteria, are strict anaerobic prokaryotes in the field of archaea that use hydrogen to reduce carbon dioxide, formate, acetate, and various methyl compounds to methane [START_REF] Gaci | Archaea and the human gut: new beginning of an old story[END_REF]. Based on analyses of the 16S ribosomal RNA (rRNA) gene, archaea were first classified as a distinct group of prokaryotes in 1977 by Carl Woese [START_REF] Woese | Phylogenetic structure of the prokaryotic domain: the primary kingdoms[END_REF].

Initially thought to be found only in extreme environments, further research has revealed that these organisms inhabit a variety of ecological niches, including mesophilic habitats such as sewage sludge, marine and lake sediments, geothermal springs, deep-sea hydrothermal vents, and the human body [START_REF] Chaudhary | Methanogens in humans: potentially beneficial or harmful for health[END_REF]. Although archaea and bacteria are similar in morphology in terms of cell size, shape, and organisation, archaea possess certain genes and metabolic pathways closely related to those of eukaryotes, such as replication, repair, transcription, and translation [START_REF] Garrett | Archaea: evolution, physiology, and molecular biology[END_REF]. In addition, archaea have many unique characteristics. While bacteria and eukaryotes contain membranes composed of glycerol ester lipids, archaeal membranes are composed of glycerol ether lipids, chemically more resistant than those composed of esters [START_REF] Koga | Biosynthesis of ether-type polar lipids in archaea and evolutionary considerations[END_REF][START_REF] Rosa | Structure, biosynthesis, and physicochemical properties of archaebacterial lipids[END_REF], making it more stable as well as unique metabolic capabilities, including phototrophic, organotrophic, and lithotrophic activities [START_REF] Valentine | Adaptations to energy stress dictate the ecology and evolution of the Archaea[END_REF].

The human archaeome, including the mycobiome and virome, remains little studied in the field of research, although it can influence the composition and function of the entire microbial community, which generally affects human health [START_REF] Koskinen | First insights into the diverse human archaeome: specific detection of archaea in the gastrointestinal tract, lung, and nose and on skin[END_REF]. Compared to bacteria, the human body contains only a small amount of methanogens, represented by Methanobrevibacter smithii [START_REF] Miller | Isolation of Methanobrevibacter smithii from human feces[END_REF][START_REF] Belay | Methanogenic bacteria in human vaginal samples[END_REF], Methanobrevibacter oralis [START_REF] Ferrari | Isolation and characterization of Methanobrevibacter oralis sp. nov[END_REF], Methanosphaera stadtmanae [START_REF] Miller | Methanosphaera stadtmaniae gen. nov., sp. nov.: a species that forms methane by reducing methanol with hydrogen[END_REF],

Methanomassiliicoccus luminyensis [START_REF] Dridi | Methanomassiliicoccus luminyensis gen. nov., sp. nov., a methanogenic archaeon isolated from human faeces[END_REF], Candidatus "Methanomassiliicoccus intestinalis", and Candidatus "Methanomethylophilus alvus", associated with the oral, intestinal, vaginal and, more recently, skin mucosa. Their presence often suggests an indirect correlation with pathology [START_REF] Gaci | Archaea and the human gut: new beginning of an old story[END_REF]. Recent studies have also provided evidence of the presence of groups of archaea other than Methanomethylophilus alvus, notably certain thaumarcheotal and halophilic species that appear to be part of the human microbiome [START_REF] Rieu-Lesme | Recovery of partial 16S rDNA sequences suggests the presence of Crenarchaeota in the human digestive ecosystem[END_REF][START_REF] Oxley | Halophilic archaea in the human intestinal mucosa[END_REF][START_REF] Khelaifia | Haloferax massiliensis sp. nov., the first human-associated halophilic archaea[END_REF][START_REF] Probst | Archaea on human skin[END_REF]. Indeed, research on archaea faces methodological problems, including DNA extraction, selection of appropriate primers, low abundance of archaeological DNA, or incomplete reference databases of 16S rRNA genes, preventing the complete evaluation of this archaeome, and also lack of motivation from a medical point of view [START_REF] Cavicchioli | Pathogenic archaea: do they exist?[END_REF][START_REF] Gill | The proportional lack of archaeal pathogens: Do viruses/phages hold the key?[END_REF].

Methanogenesis is a key component in preventing acid accumulation, i.e., pH increase, which implies a disruption of the vaginal microbiota. An initial study in 1990 reported the culture of M. smithii in vaginal specimens from patients with bacterial vaginosis. Methanogenic activity was not detected in specimens from healthy subjects [START_REF] Belay | Methanogenic bacteria in human vaginal samples[END_REF]. Another study in 2019 showed the presence of a single methanogen, M. smithii, mostly from bacterial vaginosis samples [START_REF] Grine | Detection of Methanobrevibacter smithii in vaginal samples collected from women diagnosed with bacterial vaginosis[END_REF].

Other studies have been conducted, but did not detect archaea in samples from healthy or ill women [START_REF] Digiulio | Prevalence and diversity of microbes in the amniotic fluid, the fetal inflammatory response, and pregnancy outcome in women with preterm pre-labor rupture of membranes[END_REF], except for one metagenomics study that recognized fewer than 2% of the reads in each sample as archaeal [START_REF] Sundquist | Bacterial flora-typing with targeted, chip-based Pyrosequencing[END_REF].

Improving detection techniques will provide new knowledge about the diversity of archaea in humans and clarify their potential role in disease progression [START_REF] Khelaifia | A versatile medium for cultivating methanogenic archaea[END_REF].

Viruses

The virome is a group of viruses present in a specific environment. Thus, the virome differs in every part of the body [START_REF] Handley | The virome: a missing component of biological interaction networks in health and disease[END_REF][START_REF] Virgin | Metagenomics and personalized medicine[END_REF]. Indeed, viruses are microorganisms with a highly variable genomic structure consisting of either single or double-stranded DNA or RNA. Unlike bacteria, they have no preserved genes that can be used to characterise them [START_REF] Lecuit | The human virome: New tools and concepts[END_REF][START_REF] Popgeorgiev | Describing the silent human virome with an emphasis on giant viruses[END_REF].

Despite the small size of the viral genome and the low level of viral genome material in samples, the development of high-throughput DNA and RNA sequencing methods has greatly improved the ability to detect viruses in the human microbiome, though this often appears difficult in practice [START_REF] Hatfull | Bacteriophages and their genomes[END_REF][START_REF] Minot | The human gut virome: inter-individual variation and dynamic response to diet[END_REF][START_REF] Reyes | Gnotobiotic mouse model of phage-bacterial host dynamics in the human gut[END_REF]. Although few studies have identified the viral components of the microbiome, the eukaryotic vaginal virome has now been characterised.

In one study by the Human Microbiome Project, many eukaryotic viruses were found in vaginal samples from healthy women of childbearing age [START_REF] Peterson | The NIH human microbiome project[END_REF]. Only DNA viruses have been characterised. Most studies indicate that there are many members of the Papillomaviridae family, followed by Herpesviridae, Anelloviridae, and Poliomaviridae in vaginal samples [START_REF] Wylie | Metagenomic analysis of double-stranded DNA viruses in healthy adults[END_REF].

Alphapapillomavirus was detected in 38% of subjects, as well as several types of herpes virus [START_REF] Wylie | Metagenomic analysis of double-stranded DNA viruses in healthy adults[END_REF]. In addition, a number of these were found in several sampling periods, leading to the assumption that the viruses were well established and replicating easily. Detection of these viruses in the vaginal samples was also associated with a large diversity of anaerobic bacteria [START_REF] Wylie | Metagenomic analysis of double-stranded DNA viruses in healthy adults[END_REF]. In contrast, a metagenomic study showed that there was no difference in viral composition among 180 participants. A distinct viral community was not identified among the four distinct cervicovaginal bacterial community types [START_REF] Gosmann | Lactobacillus-deficient cervicovaginal bacterial communities are associated with increased HIV acquisition in young South African women[END_REF].

Additionally, a second metagenomic study showed the presence of six phage families in the vagina of most second-trimester pregnant women. Members of the Siphoviridae family were the most prevalent (69.2%). The other families were Myoviridae, Microviridae, Podoviridae, Herelleviridae, and Inoviridae, as well as six additional phages whose families could not be identified [START_REF] Da Costa | Identification of bacteriophages in the vagina of pregnant women: a descriptive study[END_REF]. Diverse viruses of Caudovirales, the tailed bacteriophages, have also been identified [START_REF] Gosmann | Lactobacillus-deficient cervicovaginal bacterial communities are associated with increased HIV acquisition in young South African women[END_REF]. Interestingly, the composition of the vaginal phages, as well as the viral community, varied considerably from one woman to another but independently of the vaginal bacterial composition and pregnancy outcome. Furthermore, Jakobsen et al. performed a metagenomic sequencing of purified virus-like particles in vaginal specimens from 48 patients undergoing treatment for non-female factor infertility [START_REF] Jakobsen | Characterization of the vaginal DNA virome in health and dysbiosis[END_REF]. Most of the vaginal viruses found belonged to the class of double-stranded DNA bacteriophages, with eukaryotic viruses constituting 4% of the total reads. It should be noted that eukaryotic viral communities were also correlated with bacterial vaginosis. A further study assayed the presence of nucleic acids of six families of human DNA viruses in vaginal samples from pregnant women, including Papillomaviridae, Polyomaviridae, Herpesviridae, Poxviridae, Adenoviridae, and Anelloviridae viruses [START_REF] Jakobsen | Characterization of the vaginal DNA virome in health and dysbiosis[END_REF]. In addition, the presence of a very diverse virome may increase the risk of premature delivery. Changes within the vaginal virome have the same effects as vaginal bacterial changes during pregnancy, suggesting that pregnancy may be regulated not only by bacterial communities but also by viral communities [START_REF] Wylie | The vaginal eukaryotic DNA virome and preterm birth[END_REF].

As previously discussed, some eukaryotic viruses can be harboured in symptomatic and asymptomatic women and play a role in health and disease by influencing host physiology.

Many of them induce effects through the direct interaction of viruses with the host, while others do so through the interaction of the virus with other components of the microbiome, especially bacterial-viral correlation [START_REF] Zárate | Human Virome[END_REF][START_REF] Cadwell | The virome in host health and disease[END_REF]. It is likely that other effects of the viral presence, both acute and long-term, which may be associated with important outcomes, remain to be defined.

Fungi

Like bacteria, fungi are part of the normal flora of the epithelium and endothelium of the human body [START_REF] Seed | The human mycobiome, Cold Spring Harb[END_REF]. The vaginal mycobioma, defined as the fungal component of the vaginal microbiome, is an important part of the vaginal microbial ecosystem in many healthy women, but has not been the subject of a great deal of study in relation to bacterial communities [START_REF] Bradford | The vaginal mycobiome: A contemporary perspective on fungi in women's health and diseases[END_REF]. The joint program of the National Institutes of Health Common Fund, the Human Microbiome Project and MetaHIT often prioritises the bacterial community and pays less attention to the fungal community [START_REF] Huttenhower | Structure, function and diversity of the healthy human microbiome[END_REF][START_REF] Methé | A framework for human microbiome research[END_REF][START_REF] Borruel | A human gut microbial gene catalogue established by metagenomic sequencing[END_REF]. In order to better understand contributions of the human fungal community to health and disease, several studies have been conducted. The first research on fungi residing in the vagina was based on culture [START_REF] Galask | Vaginal colonization by bacteria and yeast[END_REF][START_REF] Caster | A study of the vaginal flora in the normal female[END_REF].

With the emergence of genomic methods in the study of human fungi, which greatly expanded the ability to analyze human microbes, next-generation sequencing methods made it possible to determine the diversity of the characteristic commensal fungi in the vagina. However, despite advances in genomics, the characterisation of the mycobiome has been significantly limited due to the scarcity of databases used to classify fungal sequences, so many species cannot be classified and are difficult to analyse because the samples are extremely sensitive to environmental contamination. Therefore, the significant effects of the vaginal mycobiome on patient health may be poorly evaluated. To date, two studies have presented the vaginal mycobiome apart from culture, targeting 18S ribosomal DNA (rDNA) with small subunits and 28S rDNA with large subunits, termed internally transcribed spacer regions [START_REF] Guo | Increased diversity of fungal flora in the vagina of patients with recurrent vaginal candidiasis and allergic rhinitis[END_REF][START_REF] Drell | Characterization of the vaginal micro-and mycobiome in asymptomatic reproductive-age Estonian women[END_REF].

Nevertheless, the role of Candida spp. has long been recognised in the vagina as colonisers of the genital epithelium without causing infection, and several studies of the vaginal mycobiome using culture or sequencing have demonstrated that Candida spp., especially C. albicans, is found in the vaginal tracts of 20-70% of asymptomatic healthy women [START_REF] Bradford | The vaginal mycobiome: A contemporary perspective on fungi in women's health and diseases[END_REF][START_REF] Bauters | Prevalence of vulvovaginal candidiasis and susceptibility to fluconazole in women[END_REF][START_REF] Beigi | Vaginal yeast colonization in nonpregnant women: a longitudinal study[END_REF]. These yeasts are often transported asymptomatically, but after intense antibiotic use or when the host's immune system is attenuated, the balance between these fungi and the host can be disturbed, and the shift from the commensal phase (yeast morphology) to a pathogenic phase (hyphae form) becomes possible, making it the key element in the pathogenesis of vulvovaginal candidiasis.

In addition to immune abnormalities and dysbiosis of the flora, Candida spp. also expresses other virulence factors that lead to vulvovaginal candidiasis, such as extracellular hydrolytic enzymes and heat shock proteins, and the formation of microbial biofilms may play a role in this infection. It has been consistently shown that there is a correlation between vulvovaginal candidiasis and the luteal phase, leading to a high oestrogenic level [START_REF] Bradford | Understanding vulvovaginal candidiasis through a community genomics approach[END_REF][START_REF] Mayer | Candida albicans pathogenicity mechanisms[END_REF][START_REF] Garcia-Vidal | Pathogenesis of invasive fungal infections[END_REF][START_REF] Ferrer | Vaginal candidosis: epidemiological and etiological factors[END_REF]. However, Candida is able to adapt to changes in the nutritional microenvironment and use lactate as a dietary source [START_REF] Galask | Vaginal colonization by bacteria and yeast[END_REF]. This is very important in the vaginal context, given the abundance of glycogen and lactic acid, and Candida may have evolved to slow immune responses in order to facilitate its own persistence and commensalism [START_REF] Oever | The bacteriome-mycobiome interaction and antifungal host defense[END_REF][START_REF] Cauchie | Candida and its dual lifestyle as a commensal and a pathogen[END_REF].

A recent study of 294 healthy Estonian women of childbearing age was carried out on the vaginal microbiome to clarify its fungal composition. ITS1-2 sequencing was performed on 251 of these samples [START_REF] Seed | The human mycobiome, Cold Spring Harb[END_REF]. In total, Ascomycota constituted 58% of the human fungi and Saccharomycetales 37%, including 16 different original taxonomic units of Candida spp., which were the most abundant (34% of the total). One percent of the total was Cladosporium, Eurotium, Alternaria, and Basidomycota Rhodotorula. A large percentage of the total sequences were not classified in the fungal community [START_REF] Seed | The human mycobiome, Cold Spring Harb[END_REF]. Many sequences could not be mapped to specific taxa. This underlines the need to increase our knowledge in this field.

Candidate phyla radiation

Candidate phyla radiation is a group of microorganisms that are abundantly distributed in many environments, including acidic, alkaline, and hypersaline habitats, and in the human body. In 2016, Hug et al. presented a new version of the tree of life using culture-independent genomic methods. The genomes of the microorganisms were reconstructed without prior culture [START_REF] Hug | A new view of the tree of life[END_REF].

The first genome projects for this group were reported in 2012. They appear to be monophyletic, corresponding to a significant fraction of the bacterial domain, with at least 74 lineages mainly at the phylum level. Therefore, it is possible that the root of the bacterial domain may be placed between well-known bacteria and new organisms known as candidate phyla radiation (CPR) [START_REF] Brown | Unusual biology across a group comprising more than 15% of domain Bacteria[END_REF][START_REF] Castelle | Major new microbial groups expand diversity and alter our understanding of the tree of life[END_REF]. Due to poor coupling of primers and/or introns, the detection of certain groups within the CPR is difficult. To date, we estimate the identification of 73 CPR groups. The term "CPR" is simply a representation of this considerable radiation. Several studies should be undertaken in order to better describe this radiation before proposing an official name for it. In fact, the phylum Saccharibacteria, formerly known as TM7, is part of the CPR.

Compared to bacteria, TM7x has a very small genome and ultra-small cell size, as well as an episymbiotic lifestyle on the surface of its host bacterium, and it is important to note that these ultra-small bacteria have limited metabolic capacity. Having minimal amino acids, they are unable to synthesise new nucleotides and lack the essential components to produce the membrane lipids required for the cell envelope, which other bacteria must parasitise [START_REF] Bor | Saccharibacteria (TM7) in the Human Oral Microbiome[END_REF][START_REF] Mclean | Evidence of independent acquisition and adaption of ultra-small bacteria to human hosts across the highly diverse yet reduced genomes of the phylum Saccharibacteria[END_REF][START_REF] Sizova | TM7 detection in human microbiome: Are PCR primers and FISH probes specific enough?[END_REF].

Depending on environmental situations, these enigmatic bacteria associated with humans can affect the structure and functionality of the bacterial host and lead to their destruction, resulting in disruption of the microbiome as well as induction of infectious diseases.

Following a study based on the analysis of vaginal secretions of women with bacterial vaginosis compared to women with normal flora by 16S rRNA PCR and fluorescence in situ hybridisation (FISH), the results show the presence of TM7 members of the uncultured bacteria in women with bacterial vaginosis [START_REF] Fredricks | Molecular identification of bacteria associated with bacterial vaginosis[END_REF].

In addition, recent research on the vaginal microbiome and prematurity based on extensive longitudinal analyses of 16S ribosomal rRNA, metagenomics, metatranscriptome, cytokine, and lipid profiles indicates that women who gave birth prematurely showed reduced levels of Lactobacillus crispatus and higher levels of TM7-H1 and other anaerobic bacteria [START_REF] Fettweis | The vaginal microbiome and preterm birth[END_REF]. In addition, identification of the same TM7-H1 taxon (i.e., BVAB-TM7) in samples from preterm infants was demonstrated. While TM7-H1 has been associated with adverse health conditions, this is the first reported association between preterm birth and TM7-H1 [START_REF] Fettweis | The vaginal microbiome and preterm birth[END_REF]. Indeed, with the ~0.72 megabase genome, TM7-H1 has been classified as Phylum Candidatus Saccharibacteria, and shows approximately 66% nucleotide identity with the recently described oral TM7x isolate.

It denotes α-amylase and can use glycogen as a carbon source. Like TM7x, TM7-H1 does not have new biosynthetic capabilities and may survive at the expense of other vaginal organisms that are yet unknown. However, this microorganism can produce pyruvate, acetate, l-lactate, and propionate. This production reduces antimicrobial activity and promotes the formation of pro-inflammatory cytokines in the vagina, leading to disease. These results highlight new possibilities for assessing the risk of premature birth [START_REF] Fettweis | The vaginal microbiome and preterm birth[END_REF].

Conclusions and perspectives

It has always been thought that the presence of microorganisms in the human body was unwanted due to their ability to cause infection, and many studies are part of the Human Microbiome Project, which aims to describe and analyse the different microbiota that make up our body and their impact on human health and disease. A global view of the vaginal microbiome represents a primordial issue in women's public health, namely that a better understanding of its composition allows for improved diagnosis and therapeutic management of patients. Various studies confirm that the term "normal vaginal flora" is relative and can be wrongly applied, depending on the case, given that the vast majority of these studies have always been oriented towards bacterial communities due to their abundance in our bodies and the challenges of searching for other organisms. It is therefore essential to consider all other organisms that exist in the vagina, including fungi, viruses, archaea, and CPR. Focusing on their identification is crucial in order to look for correlations between changes in the microbiome and human health, and may open new therapeutic avenues.

In order to fully understand the whole iceberg rather than simply the top, it is time to revisit the subject in the light of technological progress. An improved use of biological tools allows for a better identification of the vaginal microbiota and their association with disease. Nevertheless, many questions remain unanswered. Future work concerning the structure of the complete vaginal microbiota, the physiological conditions of the vagina, immune regulation and, above all, the clinical picture, could lead to a comprehensive characterisation of the microbiome, as well as a better elucidation of the balance of microbiome-host dynamics. Indicators of success will be a new definition of the normal vaginal microbiome, based on the functional status and properties of the individual microorganisms that compose it.
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 1 Figure 1.The vagina comprises different microorganisms.The vaginal microbiome can be described by the microorganisms that compose it: bacteria, fungi, viruses, archaea and recently, candidate phyla radiation (CPR). To date, bacteria are the best known and described. The vaginal bacteriome contains mainly Firmicutes with a strong predominance of Lactobacilli as well as Bacteroidetes, Actinobacteria, Fusobacteria. The mycobiome is mainly composed of Ascomycota and Saccharomycetales, and one percent of the total is Cladosporium, Eurotium, Alternaria, and Basidomycota Rhodotorula. The virome is composed of Papillomaviridae, Polyomaviridae, Herpesviridae, Poxviridae, Adenoviridae, and Anelloviridae. The archeome is composed of Methanobrevibacter smithii. Finally, the CPR contains Saccharibacteria.
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 2 Figure 2. Main characteristics of the five types of vaginal bacterial community states

Acknowledgements

We are very grateful to the Fondation Infectiopole Sud for the thesis grant awarded to Linda Abou Chacra.

Declaration of competing interest

The authors declare no conflicting interest in the present study.