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Abstract

:

Since the development of modern cultivation and sequencing techniques, the human microbiome has increasingly become the focus of scientific attention. Even in the bladder, long considered to be a sterile niche, a highly variable and complex microbial colonization has now been demonstrated. Especially in the context of diseases such as interstitial cystitis, whose etiopathogenesis is largely unknown, and whose diagnosis is based on a process of exclusion of confusable diseases, science hopes to gain far-reaching insights for etiology and diagnosis, including the identification of potential biomarkers. While for functional disorders such as urge urinary incontinence and overactive bladder syndrome, initial associations have been demonstrated between reduced microbial diversity and increased symptomatology, as well as shifts in the abundance of specific microorganisms such as Lactobacillus or Proteus, studies in interstitial cystitis show conflicting results and have failed to identify a putative organism or urotype that clearly distinguishes the urinary microbiome of patients with IC/BPS from that of healthy controls. At the present time, therefore, the new insights into the bladder microbiome and its potential influence on urologic disease cannot yet be used in the context of elucidating possible etiopathogenetic causes, as well as in the use of a biomarker for diagnostic or prognostic purposes. Further studies should focus primarily on uniform procedures and detection methods to achieve better comparability of results and increase the likelihood of detecting hidden patterns.






Keywords:


urinary microbiota; next-generation sequencing; enhanced quantitative urine culture (EQUC); 16S rRNA sequencing; Hunner lesion












1. Introduction


Recently, advances in molecular biology techniques and culture methods have made the study of the human microbiome increasingly important and have facilitated the definition of specific microbiomes in several physical areas of the human body. In a healthy state, the humans hosts a variety of microorganisms, including bacteria, fungi, viruses and protozoa [1,2]. It is now widely recognized and appreciated that there are associations between specific disease states and alterations in the microbiome and that the microbiome controls various physiological processes in both health and disease [2,3,4,5,6]. However, although the role of specific disease states with variations in cutaneous, gastric, colon, and gut microbiomes has been well explored by a large number of studies, the urinary tract was considered sterile for a long time [7,8,9]. Due to recent findings, however, it is now clear that even in a healthy state, the bladder does not represent a sterile niche [10,11,12], a point which has fundamentally changed our perspective toward the role of bacteria in the urinary tract and our perception of the health of the genitourinary system [13]. Although exact functions of the bladder microbiome remain to be elucidated, the results of many studies suggest that alterations in the urinary microbiome, both in abundance of specific organisms and/or overall diversity, may be triggers, amplifiers, or possible connecting factors for various functional disorders of the lower urinary tract [7,14,15].



Interstitial cystitis/bladder pain syndrome (IC/BPS) is a disease of unknown etiology, presenting symptoms of intermittent or chronic pelvic pain/bladder pain and lower urinary tract symptoms, such as frequency and urgency in the absence, respectively, without the verification of a typical urinary tract infection [16,17]. Measured in terms of the number of cases, interstitial cystitis (IC) by definition belongs to the rarer diseases (orphan diseases) in Europe, with a prevalence of <5/10,000 inhabitants. With a prevalence of 52–500/100,000, female IC/BPS patients are affected about nine times more often than male patients, where IC/BPS occurs in about 8–41/100,000 persons [18,19]. The symptoms themselves may be associated with or without disease-typical cystoscopically and/or histologically detectable changes in the urinary bladder. In the Hunner type, clear lesions can be detected by cystoscopy, whereas in the much more common non-Hunner type, such clearly detectable changes are absent [20,21].



To date, the pathogenesis and etiology of IC/BPS is largely unknown, and a variety of confounding conditions make it a diagnosis of exclusion [16]. Against proposed structural alterations in the bladder wall’s glycosaminoglycan (GAG) layer and urothelial permeability, an upregulation of neuroendocrine pathways, autoimmunity, a central dysregulation of bladder sensitivity with alterations in the central nervous system (particularly the sympathetic system) and sensory innervation, a cytokine-mediated inflammatory reaction and mast cell activation [16,22,23,24], in this context, even a microbiome-based etiology has never been ruled out as a mechanism in IC/BPS. Consequently, within the last years, an increasing number of studies have been trying to detect specific patterns or even specific bacteria or microorganisms that could be causative for the symptomatology of IC/BPS disease and possibly receive importance as biomarkers in diagnosis.



Therefore, in addition to a general overview of previous findings regarding the human bladder microbiome and possible associations with lower urinary tract symptomatology, in this narrative review, we particularly aim to present a comprehensive summary of previous findings regarding changes in the microbiome, specifically in IC/BPS patients, and to evaluate its potential suitability as a biomarker for diagnostic purposes.




2. The Human Urinary Microbiome


2.1. The Modern Way of Urinary Microbiome Determination


Standard urine cultures are designed to detect only the most common, fast-growing, aerobic uropathogens, such as Escherichia coli [11]. Anaerobic bacteria, bacteria that require specific nutrients and grow slowly, are present in low numbers (<103 colony-forming units per milliliter), or are embedded within biofilms. However, they are not detectable by conventional standard urine cultures [25]. Only by applying culture-independent metagenomic analysis using next-generation sequencing (NGS) or by enhanced quantitative urine culture (EQUC) with mass spectrometry a more comprehensive assessment of microorganisms within the bladder and rapid progress in urinary microbiome knowledge became possible [10,11,12].



NGS techniques can be based on both amplicon sequencing, and shotgun sequencing. Amplicon sequencing consists of PCR-based analysis focused on marker genes, such as the 16S rRNA subunit, to determine the evolutionary distance between different bacterial species and highly conserved interregional sequences for primer design [11,26]. As a highly conserved component of the transcription machinery of all DNA-based life forms [27], and large enough with sufficient interspecific polymorphisms to provide distinguishing and statistically valid measurements [28], the 16S rRNA gene is exceedingly suited as a target gene for sequencing samples containing a multiplicity of different species. Furthermore, the 16S rRNA gene is universal in bacteria; thus, relationships can be measured among all bacteria, and taxonomic and evolutionary associations could reliably be revealed [29,30]. Shotgun sequencing, in contrast, is based on whole-microbiome sequencing in a wide variety of samples. In addition to bacterial components, viruses or fungi can be recorded [31].



To overcome one limitation of the DNA sequencing-based methods, namely, its inability to show the viability of the identified bacteria, expanded quantitative urine culture (EQUC, [32,33]) has additionally been developed. With this modified culture protocol involving plating out larger and variable volumes of urine, incubation under different atmospheric conditions (including, e.g., aerobic and anaerobic conditions) and longer incubation times [32,33], a large spectrum of organisms identified in urine by 16S rRNA gene sequencing could be cultured. With up to 92% of species undetectable by standard urine culture and a 80% agreement between cultured genera and sequenced bacterial DNA [10], this method offers another excellent basis for microbiome studies.




2.2. Complex and Variable: The Healthy Human Urinary Microbiome


With the help of new and state-of-the-art techniques for the detection and characterization of the microbial colonization of the human body, the rejection of the pre-established concept of sterility in the urinary bladder has been reaffirmed. Although the microbiota in urine is less abundant (e.g.,~1/10 colony-forming unit (CFU)/mL in comparison to faces [34]) and less diverse than the microbiota in other sites of the body, a wide variety of microorganisms and bacteria have now been described for the urine microbiome [35]. Many of the taxa identified in the healthy urine microbiome include species commonly known as slow-growing microorganisms, which demand specific conditions of their environment [12,15]. They belong predominantly to the five major phyla: Firmicutes, Bacteroidetes, Actinobacteria, Fusobacteria, and Proteobacteria [36], frequently including the genera Lactobacillus, Corynebacterium, Prevotella, Gardnerella, Staphylococcus, Actinomyces, and Streptococcus both in men and women [10,34,35,37,38,39,40,41].



However, such a crudely described core microbiome does not begin to encompass the true individuality, complexity and variability in both abundance and diversity that could be detected for the human bladder microbiota. For example, one study was able to report up to 321 different genera that could be detected in samples from culture-negative patients [12]; however, in the vast majority of studies, significantly lower numbers of different species are detected. Furthermore, several studies have indicated the urinary microbiome to be different between men and women [35,37,40,42,43]. In general, the microbiome diversity of females seems to be more heterogeneous, with an increased occurrence of Actinobacteria and Bacteroidetes phyla [35,40]. In contrast, another study showed no significant differences for alpha-diversity (intrasample) but did for beta-diversity (intersample) between males and females [42]. Compared on a genus level, female samples showed the highest abundance of Lactobacillus and Prevotella, while in males Streptococcus, Veillonella, Staphylococcus, Gardnerella, Enterobacter sp., Neisseria, Haemophilus and Corynebacterium dominated [41,42,44]. Additionally, a reduction in relative abundance of Lactobacillus, Bifidobacteria, Sneathia, Shuttlewothia or Bacillus with increasing age has been shown for females [39,45,46], with a simultaneous increase in Mobiluncus, Oligella or Porphyromonas after entering menopause [45]. Jonquetella, Parvimonas, Proteiniphilum and Saccharofermentans, interestingly, have been exclusively identified in men and women over 70 years of age [40].





3. The Bladder Microbiome and Urological Disorders


Now that the old dogma of the sterile bladder has finally fallen in recent years, and the presence of a polymicrobial bacterial community is also accepted in the urinary tract, a new and broad field has opened for research. Unlike other areas of the human body, the role of bacteria in the urinary tract in health and urogenital diseases is largely unknown. In this context, several studies in recent years have been carried out to investigate possible correlations between the presence of specific microorganisms or alterations in the composition of the microbiome in the context of a particular disease or symptomatology [7,8,47,48,49].



3.1. Altered Bladder Microbiome in UUI and OAB


Despite large variability in diversity and richness among individual samples [49], a significant association between higher symptom severity (as measured by a higher UDI score and a higher percentage of urge incontinence episodes) with a lower microbial diversity was found in patients with urge urinary incontinence (UUI) [34,49]. Although Lactobacillus was isolated from both cohorts, healthy women showed more Lactobacillus sequences compared to women with UUI. In addition, there are differences at the species level, with Lactobacillus gasseri more frequently detected in the UUI cohort and Lactobacillus crispatus most frequently detected in the control group [34,50,51]. Both species are also regularly found in the vaginal microbiota, and both are considered protective in this niche. This finding suggests that these two species play distinct roles in the bladder [34]. Specific bacteria previously associated with UTIs (Alteromonadaceae spp., Stenotrophomonas spp., Brevundimonas spp., Elizabethkingia spp. and Methylobacterium spp. [52,53,54,55,56]) were also detected in increased abundance in women with UUI [49], suggesting a persistent low-grade infection of bacteria being responsible for the irritative symptoms of UUI, at least for some individuals.



Associations in symptomatology and altered bladder microbiome have also been described in overactive bladder disease (OAB). Based on the weighted UniFrac distance metric, significantly different bacterial communities of OAB and controls could be detected [57]. In the OAB group, 13 genera were underrepresented, namely Prevotella, Dialister, Fusobacterium, Jonquetella, Campylobacter, Finegoldia, Anaerococcus, Lactobacillus, Pyramidobacter, Ureaplasma, Enterococcus, Novosphingobium and Lactococcus. In contrast, seven genera were overrepresented in the OAB group, namely Sneathia, Staphylococcus, Proteus, Helcococcus, Gemella, Mycoplasma and Aerococcus. In particular, the less frequent detection of Lactobacillus DNA in women with OAB [58] and the clustered presence of Proteus, a genus with many uropathogenic species [59], were reconfirmed in additionally studies.




3.2. Conflicting Evidence for Associations between Alterations in the Bladder Microbiome and IC/BPS


Due to the largely unclear etiopathogenesis, the variability of symptoms and the multiplicity of confusable diseases, the diagnosis of interstitial cystitis has, to date, been based on a process of exclusion [16,17], which makes early recognition and treatment of affected patients difficult. Therefore, the current and initial findings of the bladder microbiome in the context of urologic symptoms, which also occur in interstitial cystitis, have also focused on the possible identification of triggering factors, an etiologic basis, but also on potential new diagnostic, prognostic or predictive biomarkers based on the microbiome in the context of IC/BPS.



Siddiqui and colleagues [60] used a high-throughput sequencing analysis of clean-catched midstream urine from women with interstitial cystitis. Compared to historical controls (data from a previous study [36]), the authors were able to show marked differences in taxonomic composition, richness, and diversity in the microbial profile between the two groups. There was a considerable reduction in the total numbers of genera identified in IC urine (31 genera vs. 45 genera in healthy women), and, indicated by rarefaction analysis, the number of OTUs, Shannon index and inverse Simpson index estimation, a significant decrease in overall richness and ecological diversity in IC/BPS-samples compared to healthy women could be determined. Furthermore, a decrease in abundance of Prevotella and Gardnerella, evidence of four genera exclusively identified in IC/BPS patients (Enterococcus, Atopobium, Proteus and Cronobacter), a group of 17 genera only associated in urine of healthy women and, interestingly, a significant increase in Lactobacillus in interstitial cystitis samples suggested a structural shift in the microbiota of IC/BPS-patients.



Abernethy et al. [61] performed a cross-sectional study by sequencing the catheterized urine of 40 participants. Similar to Siddiqui et al. [60], women with interstitial cystitis showed less microbial diversity and fewer distinct operational taxonomic units than those in the control group. Greatly varying from the aforementioned study, however, the researchers found urine from women with interstitial cystitis less likely to contain Lactobacillus species, specifically, L. acidophilus. In addition, this study has demonstrated associations between the presence of L. acidophilus and lower scores on the Interstitial Cystitis Symptoms Index and the Female Genitourinary Pain Index. The extent to which there might be a possible correlation with an already known anti-inflammatory effect of L. acidophilus [62,63,64], or whether an overall protective role of Lactobacillus, similarly known from the vaginal environment [65], is of significance for the documented patterns, remains elusive.



In a larger study with 181 females with IC/BPS and 182 female control participants enrolled in the National Institutes of Health (NIH) Multidisciplinary Approach to the Study of Chronic Pelvic Pain (MAPP) research network [66], an analysis of the relative abundances could not demonstrate significant differences within the two cohorts in most of the 92 detected species (in 41 genera). Nevertheless, on the species level, a tendency to a greater abundance of L. johnsonii and L. gasseri in the participants with interstitial cystitis and L. acidophilus in healthy controls and, on the genus level, a significant greater relative abundance of Corynebacterium sp. in controls could be detected. Furthermore, 29 species, including bacteria that are considered potentially uropathogenic (such as Escherichia coli, Proteus mirabilis and Pseudomonas aeruginosa), as well as potentially virulent organisms (such as Francisella tularensis, Mycoplasma hyorhinis, Helicobacter hepaticus, Clostridium perfringens and Candida dubliniensis), could be exclusively verified in the urine of IC/BPS patients.



Moreover, Xu et al. [67] were able to demonstrate a shift in several genera, with an overrepresentation of Serratia, Brevibacterium, Porphyromonas, and Citrobacter and with concomitantly underrepresented Senegalimassilia, Howardella, Gemella, Dialister, Moheibacter, Sphingobium, Fastidiosipila, Megasphaera, Thermovum, Mycobacterium and Atopobium in samples of the IC/BPS cohort. At the family level, Lactobacillaceae was significantly less abundant in IC/BPS. Missing significance in the Shannon and Simpson indices, with a concomitantly lower ace and Chao1 indices, indicated an overall lower microbial abundance in IC/BPS but no significant difference in diversity between the two groups.



On the other hand, there are also studies that could not demonstrate any correlation between interstitial cystitis and alterations in the urinary microbiome. In a study with premenopausal women performed by Meriwether et al. [68], the Chao1 and Simpson indices were similar in both urine and vaginal samples between IC/BPS and unaffected women. Furthermore, weighted and unweighted UniFrac analyses showed no differences between the groups. In contrast, there was a stronger correlation between the vaginal and urinary microbiome of women with interstitial cystitis, a fact which the researchers attribute to an altered function of the bladder epithelium. Bresler et al. [69] also failed to demonstrate clear significant differences in the urinary microbiome in the context of interstitial cystitis. Indicated by several alpha diversities, in his prospective, case-controlled study with 21 women with IC/BPS and 20 asymptomatic controls, and despite extending 16S rRNA analysis by a validated EQUC, control urine, IC/BPS vaginal swab and IC/BPS, urine did not differ significantly. Only at species level a marginally significant higher frequency of Staphylococcus lugdunensis and Streptococcus agalactiae in the urine of the control group and a tendency toward increased occurrence of Escherichia coli in IC/BPS patients could be demonstrated. Finally, even the results of Jacobs et al. [70] do not conclude that there is a connection between altered bladder microbiome and IC disease. The observed detection of Streptococcus only in the urine of affected participants, which also correlates with less severe symptoms, is difficult to explain. However, an important observation of this study is that there is a large discrepancy between urinated and catheterized samples, with up to 10,000-fold increased detected biomass in urinated samples. This confirms that voided urine does not accurately represent the bladder microbiota and that using voided samples to describe the bladder microbiome can lead to a significantly increased false positive rate.



An overview of the patterns of microbiome changes presented above for UUI, OAB, and IC/BPS is summarized in Table 1. It should be noted that the patterns described cannot represent a complete analysis of the bladder microbiome, as few studies have been performed to date, and the methods of microbiome determination do not yet follow uniform guidelines. Furthermore, the enormous individual, gender-dependent, and age-dependent variability of the bladder microbiome limits the ability to describe significant patterns.




3.3. No Microbiome-Based Etiology in Hunner Lesions


In approximately 10–20% of patients diagnosed with interstitial cystitis/bladder pain syndrome, so-called Hunner lesions (HLs) can be detected [71,72,73]. Visualized as a quite typical inflammatory reaction with a “circumscript”, reddened mucosal area in which small vessels are visible radiating to a central scar covered with a small central blood clot or fibrinous layer [19,74,75], the etiology of these lesions has never been definitively characterized [71]. As patients diagnosed with Hunner lesions appear to have more severe bladder-centric symptoms, are older, and show more severe symptomatology compared to patients without lesions [72,75,76], together with the observable inflammatory pathology, a correlation with specific bacterial species or microbial patterns associated within this subgroup in interstitial cystitis patients could be assumed. However, only one study has currently investigated possible changes between the microbiome in HL and non-HL interstitial cystitis patients [77]. Overall, 12 species have been shown to be differentially abundant between HL and non-HL patient samples; however, after applying Bonferroni adjustment, none of these species reach significantly differentially abundance between all HL vs. all non-HL patients and between female HL vs. non-HL patients. In contrast, in male subanalyses, a significant increase in Negativicoccus succinivorans, Porphyromonas somerae and Mobiluncus curtisii in HL patients, and in Corynebacterium renale in non-HL patients, could be determined. Further, Shannon diversity metrics showed a slightly significant higher alpha diversity among HL male patients than HL female patients, but not between HL and non-HL patients overall. Currently, it cannot be explained why these differences are found only between HL and non-HL men; however, it seems unlikely that these specific bacterial species are associated with HL pathogenesis in male patients only and not in females.





4. Conclusion—Is There Microbiome-Based Biomarker Potential in Interstitial Cystitis?


The detection of microbial colonization of the bladder, even in a healthy state, opens up a new and exciting field for science, especially in the investigation of etiological and diagnostic findings associated with urological diseases. Until a few years ago, the bladder was considered a sterile niche in the human body, and the detection of uropathogenic microorganisms was usually associated with the presence of urologic disorders. Interstitial cystitis/bladder pain syndrome is considered a diagnosis of exclusion because the etiological background is still unknown and no diagnostic markers are available to date. However, among many other factors, the microbiome has never been excluded as a possible regulator or trigger of this chronic disease. With the development of culture-independent metagenomic analyses by next-generation sequencing (NGS) or by enhanced quantitative urine culture (EQUC), alterations in the bladder microbiome associated with this disease have increasingly become the focus of current research. Shifts in the microbiome diversity and richness, as well as patterns of over- or under-representation of specific microorganisms, offer great potential to act as biomarkers for diagnosis, prognosis, risk profiling, and precision therapy, and would represent a milestone in IC/BPS research. However, the overall number of studies conducted in this field is still quite limited, and differences in the design of the study, sequencing technique, or level of organism identification make it difficult to compare the results obtained.



Another important factor that strongly influences the comparability of microbiome data received from different studies is the way of collecting urinary samples. To date, studies to determine the IC/BPS microbiome have analyzed both clean-captured midstream urine [60,67,68,69] and catheterized urine [61,66,70]. However, it should be noted that urethral and posturethral contamination, e.g., by vulvovaginal microbes in women or an overrepresentation of urethral microbes in men due to the anatomical feature of the longer urethra, must be considered in voided urine sampling. Thus, comparability between voided and catheterized microbiome samples is not meaningful, and for further studies, standardization of the collection technique as described, e.g., in [78], should be strived for.



In addition, the fact that the bladder microbiome is highly complex, individual, and age and sex dependent, as well as the fact that variability within a cohort may be greater than between affected and healthy persons, further complicates the disaggregation of possible patterns. Some study results suggest that the microbiome may play a protective role, for example, through higher levels of Lactobacilli in healthy individuals, and that the absence or reduced abundance of this genus in IC/BPS patients may have significance in the etiology of IC/BPS. A relationship between lower diversity or richness of the microbiome and IC/BPS disease has also been supposed. However, other studies have failed to uncover such relationships and do not currently allow us to identify a putative organism or urotype that clearly distinguishes the urinary microbiome of patients with IC/BPS from healthy controls and, thus, cannot actually act as a potential microbiome-based biomarker for diagnostic or prognostic purposes.







Author Contributions


Conceptualization, T.B. and I.K.; methodology, T.B. and I.K.; formal analysis, T.B. and I.K.; writing—original draft preparation, T.B. and I.K.; writing—review and editing, T.B. and I.K.; visualization, T.B. and I.K.; project administration, T.B. and I.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



iHMP. The Integrative Human Microbiome Project. Nature 2019, 569, 641–648. [Google Scholar] [CrossRef] [PubMed]

	



Huttenhower, C.; Gevers, D.; Knight, R.; Abubucker, S.; Badger, J.H.; Chinwalla, A.T.; Creasy, H.H.; Earl, A.M.; FitzGerald, M.G.; Fulton, R.S.; et al. Structure, function and diversity of the healthy human microbiome. Nature 2012, 486, 207–214. [Google Scholar] [CrossRef]

	



Altveş, S.; Yildiz, H.K.; Vural, H.C. Interaction of the microbiota with the human body in health and diseases. Biosci. Microbiota Food Health 2020, 39, 23–32. [Google Scholar] [CrossRef]

	



Cho, I.; Blaser, M.J. The human microbiome: At the interface of health and disease. Nat. Rev. Genet. 2012, 13, 260–270. [Google Scholar] [CrossRef] [PubMed]

	



Gomaa, E.Z. Human gut microbiota/microbiome in health and diseases: A review. Antonie Van Leeuwenhoek 2020, 113, 2019–2040. [Google Scholar] [CrossRef]

	



Young, V.B. The role of the microbiome in human health and disease: An introduction for clinicians. BMJ Clin. Res. Ed. 2017, 356, j831. [Google Scholar] [CrossRef] [PubMed]

	



Aragón, I.M.; Herrera-Imbroda, B.; Queipo-Ortuño, M.I.; Castillo, E.; Del Moral, J.S.; Gómez-Millán, J.; Yucel, G.; Lara, M.F. The Urinary Tract Microbiome in Health and Disease. Eur. Urol. Focus 2018, 4, 128–138. [Google Scholar] [CrossRef]

	



Magistro, G.; Stief, C.G. The Urinary Tract Microbiome: The Answer to All Our Open Questions? Eur. Urol. Focus 2019, 5, 36–38. [Google Scholar] [CrossRef] [PubMed]

	



Thomas-White, K.; Brady, M.; Wolfe, A.J.; Mueller, E.R. The bladder is not sterile: History and current discoveries on the urinary microbiome. Curr. Bladder Dysfunct. Rep. 2016, 11, 18–24. [Google Scholar] [CrossRef]

	



Hilt, E.E.; McKinley, K.; Pearce, M.M.; Rosenfeld, A.B.; Zilliox, M.J.; Mueller, E.R.; Brubaker, L.; Gai, X.; Wolfe, A.J.; Schreckenberger, P.C. Urine is not sterile: Use of enhanced urine culture techniques to detect resident bacterial flora in the adult female bladder. J. Clin. Microbiol. 2014, 52, 871–876. [Google Scholar] [CrossRef]

	



Wolfe, A.J.; Brubaker, L. “Sterile Urine” and the Presence of Bacteria. Eur. Urol. 2015, 68, 173–174. [Google Scholar] [CrossRef] [PubMed]

	



Wolfe, A.J.; Toh, E.; Shibata, N.; Rong, R.; Kenton, K.; Fitzgerald, M.; Mueller, E.R.; Schreckenberger, P.; Dong, Q.; Nelson, D.E.; et al. Evidence of uncultivated bacteria in the adult female bladder. J. Clin. Microbiol. 2012, 50, 1376–1383. [Google Scholar] [CrossRef] [PubMed]

	



Javan Balegh Marand, A.; Van Koeveringe, G.A.; Janssen, D.; Vahed, N.; Vögeli, T.A.; Heesakkers, J.; Hajebrahimi, S.; Rahnama’i, M.S. Urinary Microbiome and its Correlation with Disorders of the Genitourinary System. Urol. J. 2021, 18, 259–270. [Google Scholar] [CrossRef] [PubMed]

	



Govender, Y.; Gabriel, I.; Minassian, V.; Fichorova, R. The Current Evidence on the Association Between the Urinary Microbiome and Urinary Incontinence in Women. Front. Cell. Infect. Microbiol. 2019, 9, 133. [Google Scholar] [CrossRef] [PubMed]

	



Brubaker, L.; Wolfe, A.J. The female urinary microbiota, urinary health and common urinary disorders. Ann. Transl. Med. 2017, 5, 34. [Google Scholar] [CrossRef] [PubMed]

	



Bschleipfer, T.; Doggweiler, R.; Schultz-Lampel, D.; de Jong, J.; Gonsior, A.; Hensen, J.; Heßdörfer, E.; Kaftan, B.T.; Kuhn, A.; Kunzendorf, U.; et al. [Diagnosis and treatment of interstitial cystitis (IC/PBS): S2k guideline of the German Society of Urology]. Der Urologe. Ausg. A 2019, 58, 1313–1323. [Google Scholar] [CrossRef]

	



Hanno, P.M.; Burks, D.A.; Clemens, J.Q.; Dmochowski, R.R.; Erickson, D.; Fitzgerald, M.P.; Forrest, J.B.; Gordon, B.; Gray, M.; Mayer, R.D.; et al. AUA guideline for the diagnosis and treatment of interstitial cystitis/bladder pain syndrome. J. Urol. 2011, 185, 2162–2170. [Google Scholar] [CrossRef]

	



Davis, N.F.; Brady, C.M.; Creagh, T. Interstitial cystitis/painful bladder syndrome: Epidemiology, pathophysiology and evidence-based treatment options. Eur. J. Obstet. Gynecol. Reprod. Biol. 2014, 175, 30–37. [Google Scholar] [CrossRef]

	



van de Merwe, J.P.; Nordling, J.; Bouchelouche, P.; Bouchelouche, K.; Cervigni, M.; Daha, L.K.; Elneil, S.; Fall, M.; Hohlbrugger, G.; Irwin, P.; et al. Diagnostic criteria, classification, and nomenclature for painful bladder syndrome/interstitial cystitis: An ESSIC proposal. Eur. Urol. 2008, 53, 60–67. [Google Scholar] [CrossRef]

	



Homma, Y. Hypersensitive bladder: A solution to confused terminology and ignorance concerning interstitial cystitis. Int. J. Urol. Off. J. Jpn. Urol. Assoc. 2014, 21 (Suppl. 1), 43–47. [Google Scholar] [CrossRef]

	



Akiyama, Y.; Hanno, P. Phenotyping of interstitial cystitis/bladder pain syndrome. Int. J. Urol. Off. J. Jpn. Urol. Assoc. 2019, 26 (Suppl. 1), 17–19. [Google Scholar] [CrossRef] [PubMed]

	



Homma, Y.; Akiyama, Y.; Tomoe, H.; Furuta, A.; Ueda, T.; Maeda, D.; Lin, A.T.; Kuo, H.C.; Lee, M.H.; Oh, S.J.; et al. Clinical guidelines for interstitial cystitis/bladder pain syndrome. Int. J. Urol. Off. J. Jpn. Urol. Assoc. 2020, 27, 578–589. [Google Scholar] [CrossRef] [PubMed]

	



Marcu, I.; Campian, E.C.; Tu, F.F. Interstitial Cystitis/Bladder Pain Syndrome. Semin. Reprod. Med. 2018, 36, 123–135. [Google Scholar] [CrossRef] [PubMed]

	



Patnaik, S.S.; Laganà, A.S.; Vitale, S.G.; Butticè, S.; Noventa, M.; Gizzo, S.; Valenti, G.; Rapisarda, A.M.C.; La Rosa, V.L.; Magno, C.; et al. Etiology, pathophysiology and biomarkers of interstitial cystitis/painful bladder syndrome. Arch. Gynecol. Obstet. 2017, 295, 1341–1359. [Google Scholar] [CrossRef] [PubMed]

	



Schneeweiss, J.; Koch, M.; Umek, W. The human urinary microbiome and how it relates to urogynecology. Int. Urogynecology J. 2016, 27, 1307–1312. [Google Scholar] [CrossRef] [PubMed]

	



Aguilera-Arreola, M.G.; Martínez-Peña, M.D.; Hernández-Martínez, F.; Juárez Enriques, S.R.; Rico Verdín, B.; Majalca-Martínez, C.; Castro-Escarpulli, G.; Albarrán-Fernández, E.; Serrano-López, S.C. Cultivation-independent approach for the direct detection of bacteria in human clinical specimens as a tool for analysing culture-negative samples: A prospective study. SpringerPlus 2016, 5, 332. [Google Scholar] [CrossRef]

	



Cox, M.J.; Cookson, W.O.; Moffatt, M.F. Sequencing the human microbiome in health and disease. Hum. Mol. Genet. 2013, 22, R88–R94. [Google Scholar] [CrossRef]

	



Clarridge, J.E., 3rd. Impact of 16S rRNA gene sequence analysis for identification of bacteria on clinical microbiology and infectious diseases. Clin. Microbiol. Rev. 2004, 17, 840–862, table of contents. [Google Scholar] [CrossRef]

	



Fraser, C.; Alm, E.J.; Polz, M.F.; Spratt, B.G.; Hanage, W.P. The bacterial species challenge: Making sense of genetic and ecological diversity. Science 2009, 323, 741–746. [Google Scholar] [CrossRef]

	



Gupta, S.; Maiden, M.C. Exploring the evolution of diversity in pathogen populations. Trends Microbiol. 2001, 9, 181–185. [Google Scholar] [CrossRef]

	



Moustafa, A.; Li, W.; Singh, H.; Moncera, K.J.; Torralba, M.G.; Yu, Y.; Manuel, O.; Biggs, W.; Venter, J.C.; Nelson, K.E.; et al. Microbial metagenome of urinary tract infection. Sci. Rep. 2018, 8, 4333. [Google Scholar] [CrossRef]

	



Gasiorek, M.; Hsieh, M.H.; Forster, C.S. Utility of DNA Next-Generation Sequencing and Expanded Quantitative Urine Culture in Diagnosis and Management of Chronic or Persistent Lower Urinary Tract Symptoms. J. Clin. Microbiol. 2019, 58. [Google Scholar] [CrossRef]

	



Price, T.K.; Dune, T.; Hilt, E.E.; Thomas-White, K.J.; Kliethermes, S.; Brincat, C.; Brubaker, L.; Wolfe, A.J.; Mueller, E.R.; Schreckenberger, P.C. The Clinical Urine Culture: Enhanced Techniques Improve Detection of Clinically Relevant Microorganisms. J. Clin. Microbiol. 2016, 54, 1216–1222. [Google Scholar] [CrossRef] [PubMed]

	



Pearce, M.M.; Hilt, E.E.; Rosenfeld, A.B.; Zilliox, M.J.; Thomas-White, K.; Fok, C.; Kliethermes, S.; Schreckenberger, P.C.; Brubaker, L.; Gai, X.; et al. The female urinary microbiome: A comparison of women with and without urgency urinary incontinence. mBio 2014, 5, e01283-14. [Google Scholar] [CrossRef] [PubMed]

	



Perez-Carrasco, V.; Soriano-Lerma, A.; Soriano, M.; Gutiérrez-Fernández, J.; Garcia-Salcedo, J.A. Urinary Microbiome: Yin and Yang of the Urinary Tract. Front. Cell. Infect. Microbiol. 2021, 11, 617002. [Google Scholar] [CrossRef]

	



Siddiqui, H.; Nederbragt, A.J.; Lagesen, K.; Jeansson, S.L.; Jakobsen, K.S. Assessing diversity of the female urine microbiota by high throughput sequencing of 16S rDNA amplicons. BMC Microbiol. 2011, 11, 244. [Google Scholar] [CrossRef]

	



Gottschick, C.; Deng, Z.L.; Vital, M.; Masur, C.; Abels, C.; Pieper, D.H.; Wagner-Döbler, I. The urinary microbiota of men and women and its changes in women during bacterial vaginosis and antibiotic treatment. Microbiome 2017, 5, 99. [Google Scholar] [CrossRef] [PubMed]

	



Kogan, M.I.; Naboka, Y.L.; Ibishev, K.S.; Gudima, I.A.; Naber, K.G. Human urine is not sterile-shift of paradigm. Urol. Int. 2015, 94, 445–452. [Google Scholar] [CrossRef]

	



Komesu, Y.M.; Dinwiddie, D.L.; Richter, H.E.; Lukacz, E.S.; Sung, V.W.; Siddiqui, N.Y.; Zyczynski, H.M.; Ridgeway, B.; Rogers, R.G.; Arya, L.A.; et al. Defining the relationship between vaginal and urinary microbiomes. Am. J. Obstet. Gynecol. 2020, 222, 154.e1–154.e10. [Google Scholar] [CrossRef]

	



Lewis, D.A.; Brown, R.; Williams, J.; White, P.; Jacobson, S.K.; Marchesi, J.R.; Drake, M.J. The human urinary microbiome; bacterial DNA in voided urine of asymptomatic adults. Front. Cell. Infect. Microbiol. 2013, 3, 41. [Google Scholar] [CrossRef]

	



Price, T.K.; Hilt, E.E.; Thomas-White, K.; Mueller, E.R.; Wolfe, A.J.; Brubaker, L. The urobiome of continent adult women: A cross-sectional study. BJOG Int. J. Obstet. Gynaecol. 2020, 127, 193–201. [Google Scholar] [CrossRef]

	



Pohl, H.G.; Groah, S.L.; Pérez-Losada, M.; Ljungberg, I.; Sprague, B.M.; Chandal, N.; Caldovic, L.; Hsieh, M. The Urine Microbiome of Healthy Men and Women Differs by Urine Collection Method. Int. Neurourol. J. 2020, 24, 41–51. [Google Scholar] [CrossRef]

	



Whiteside, S.A.; Razvi, H.; Dave, S.; Reid, G.; Burton, J.P. The microbiome of the urinary tract—A role beyond infection. Nat. Rev. Urol. 2015, 12, 81–90. [Google Scholar] [CrossRef] [PubMed]

	



Fouts, D.E.; Pieper, R.; Szpakowski, S.; Pohl, H.; Knoblach, S.; Suh, M.J.; Huang, S.T.; Ljungberg, I.; Sprague, B.M.; Lucas, S.K.; et al. Integrated next-generation sequencing of 16S rDNA and metaproteomics differentiate the healthy urine microbiome from asymptomatic bacteriuria in neuropathic bladder associated with spinal cord injury. J. Transl. Med. 2012, 10, 174. [Google Scholar] [CrossRef]

	



Curtiss, N.; Balachandran, A.; Krska, L.; Peppiatt-Wildman, C.; Wildman, S.; Duckett, J. Age, menopausal status and the bladder microbiome. Eur. J. Obstet. Gynecol. Reprod. Biol. 2018, 228, 126–129. [Google Scholar] [CrossRef]

	



Komesu, Y.M.; Richter, H.E.; Carper, B.; Dinwiddie, D.L.; Lukacz, E.S.; Siddiqui, N.Y.; Sung, V.W.; Zyczynski, H.M.; Ridgeway, B.; Rogers, R.G.; et al. The urinary microbiome in women with mixed urinary incontinence compared to similarly aged controls. Int. Urogynecol. J. 2018, 29, 1785–1795. [Google Scholar] [CrossRef] [PubMed]

	



Bhide, A.; Tailor, V.; Khullar, V. Interstitial cystitis/bladder pain syndrome and recurrent urinary tract infection and the potential role of the urinary microbiome. Post Reprod. Health 2020, 26, 87–90. [Google Scholar] [CrossRef]

	



Drake, M.J.; Morris, N.; Apostolidis, A.; Rahnama’i, M.S.; Marchesi, J.R. The urinary microbiome and its contribution to lower urinary tract symptoms; ICI-RS 2015. Neurourol. Urodyn. 2017, 36, 850–853. [Google Scholar] [CrossRef]

	



Karstens, L.; Asquith, M.; Davin, S.; Stauffer, P.; Fair, D.; Gregory, W.T.; Rosenbaum, J.T.; McWeeney, S.K.; Nardos, R. Does the Urinary Microbiome Play a Role in Urgency Urinary Incontinence and Its Severity? Front. Cell. Infect. Microbiol. 2016, 6, 78. [Google Scholar] [CrossRef] [PubMed]

	



Pearce, M.M.; Zilliox, M.J.; Rosenfeld, A.B.; Thomas-White, K.J.; Richter, H.E.; Nager, C.W.; Visco, A.G.; Nygaard, I.E.; Barber, M.D.; Schaffer, J.; et al. The female urinary microbiome in urgency urinary incontinence. Am. J. Obstet. Gynecol. 2015, 213, 347.e1–347.e11. [Google Scholar] [CrossRef] [PubMed]

	



Darbro, B.W.; Petroelje, B.K.; Doern, G.V. Lactobacillus delbrueckii as the cause of urinary tract infection. J. Clin. Microbiol. 2009, 47, 275–277. [Google Scholar] [CrossRef]

	



Kumar, S.; Bandyopadhyay, M.; Chatterjee, M.; Banerjee, P.; Poddar, S.; Banerjee, D. Stenotrophomonas maltophilia: Complicating treatment of ESBL UTI. Adv. Biomed. Res. 2015, 4, 36. [Google Scholar] [CrossRef] [PubMed]

	



Han, X.Y.; Andrade, R.A. Brevundimonas diminuta infections and its resistance to fluoroquinolones. J. Antimicrob. Chemother. 2005, 55, 853–859. [Google Scholar] [CrossRef]

	



Zong, Z. Elizabethkingia meningoseptica as an unusual pathogen causing healthcare-associated bacteriuria. Intern. Med. 2014, 53, 1877–1879. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.H.; Tang, Y.F.; Liu, J.W. Underdiagnosis of urinary tract infection caused by Methylobacterium species with current standard processing of urine culture and its clinical implications. J. Med. Microbiol. 2004, 53, 755–759. [Google Scholar] [CrossRef] [PubMed]

	



Hagiya, H.; Ogawa, H.; Takahashi, Y.; Hasegawa, K.; Iwamuro, M.; Otsuka, F. A Nephrostomy-associated Urinary Tract Infection Caused by Elizabethkingia meningoseptica. Intern. Med. 2015, 54, 3233–3236. [Google Scholar] [CrossRef]

	



Wu, P.; Chen, Y.; Zhao, J.; Zhang, G.; Chen, J.; Wang, J.; Zhang, H. Urinary Microbiome and Psychological Factors in Women with Overactive Bladder. Front. Cell. Infect. Microbiol. 2017, 7, 488. [Google Scholar] [CrossRef]

	



Curtiss, N.; Balachandran, A.; Krska, L.; Peppiatt-Wildman, C.; Wildman, S.; Duckett, J. A case controlled study examining the bladder microbiome in women with Overactive Bladder (OAB) and healthy controls. Eur. J. Obstet. Gynecol. Reprod. Biol. 2017, 214, 31–35. [Google Scholar] [CrossRef]

	



Drzewiecka, D. Significance and Roles of Proteus spp. Bacteria in Natural Environments. Microb. Ecol. 2016, 72, 741–758. [Google Scholar] [CrossRef]

	



Siddiqui, H.; Lagesen, K.; Nederbragt, A.J.; Jeansson, S.L.; Jakobsen, K.S. Alterations of microbiota in urine from women with interstitial cystitis. BMC Microbiol. 2012, 12, 205. [Google Scholar] [CrossRef]

	



Abernethy, M.G.; Rosenfeld, A.; White, J.R.; Mueller, M.G.; Lewicky-Gaupp, C.; Kenton, K. Urinary Microbiome and Cytokine Levels in Women With Interstitial Cystitis. Obstet. Gynecol. 2017, 129, 500–506. [Google Scholar] [CrossRef]

	



Borthakur, A.; Bhattacharyya, S.; Kumar, A.; Anbazhagan, A.N.; Tobacman, J.K.; Dudeja, P.K. Lactobacillus acidophilus alleviates platelet-activating factor-induced inflammatory responses in human intestinal epithelial cells. PLoS ONE 2013, 8, e75664. [Google Scholar] [CrossRef]

	



Li, H.; Zhang, L.; Chen, L.; Zhu, Q.; Wang, W.; Qiao, J. Lactobacillus acidophilus alleviates the inflammatory response to enterotoxigenic Escherichia coli K88 via inhibition of the NF-κB and p38 mitogen-activated protein kinase signaling pathways in piglets. BMC Microbiol. 2016, 16, 273. [Google Scholar] [CrossRef]

	



Zhang, P.; Han, X.; Zhang, X.; Zhu, X. Lactobacillus acidophilus ATCC 4356 Alleviates Renal Ischemia-Reperfusion Injury Through Antioxidant Stress and Anti-inflammatory Responses and Improves Intestinal Microbial Distribution. Front. Nutr. 2021, 8, 667695. [Google Scholar] [CrossRef] [PubMed]

	



Lamont, R.F.; Sobel, J.D.; Akins, R.A.; Hassan, S.S.; Chaiworapongsa, T.; Kusanovic, J.P.; Romero, R. The vaginal microbiome: New information about genital tract flora using molecular based techniques. BJOG Int. J. Obstet. Gynaecol. 2011, 118, 533–549. [Google Scholar] [CrossRef]

	



Nickel, J.C.; Stephens-Shields, A.J.; Landis, J.R.; Mullins, C.; van Bokhoven, A.; Lucia, M.S.; Henderson, J.P.; Sen, B.; Krol, J.E.; Ehrlich, G.D. A Culture-Independent Analysis of the Microbiota of Female Interstitial Cystitis/Bladder Pain Syndrome Participants in the MAPP Research Network. J. Clin. Med. 2019, 8, 415. [Google Scholar] [CrossRef]

	



Xu, H.; Tamrat, N.E.; Gao, J.; Xu, J.; Zhou, Y.; Zhang, S.; Chen, Z.; Shao, Y.; Ding, L.; Shen, B.; et al. Combined Signature of the Urinary Microbiome and Metabolome in Patients With Interstitial Cystitis. Front. Cell. Infect. Microbiol. 2021, 11, 711746. [Google Scholar] [CrossRef]

	



Meriwether, K.V.; Lei, Z.; Singh, R.; Gaskins, J.; Hobson, D.T.G.; Jala, V. The Vaginal and Urinary Microbiomes in Premenopausal Women With Interstitial Cystitis/Bladder Pain Syndrome as Compared to Unaffected Controls: A Pilot Cross-Sectional Study. Front. Cell. Infect. Microbiol. 2019, 9, 92. [Google Scholar] [CrossRef] [PubMed]

	



Bresler, L.; Price, T.K.; Hilt, E.E.; Joyce, C.; Fitzgerald, C.M.; Wolfe, A.J. Female lower urinary tract microbiota do not associate with IC/PBS symptoms: A case-controlled study. Int. Urogynecol. J. 2019, 30, 1835–1842. [Google Scholar] [CrossRef] [PubMed]

	



Jacobs, K.M.; Price, T.K.; Thomas-White, K.; Halverson, T.; Davies, A.; Myers, D.L.; Wolfe, A.J. Cultivable Bacteria in Urine of Women With Interstitial Cystitis: (Not) What We Expected. Female Pelvic Med. Reconstr. Surg. 2021, 27, 322–327. [Google Scholar] [CrossRef]

	



Doiron, R.C.; Tolls, V.; Irvine-Bird, K.; Kelly, K.L.; Nickel, J.C. Clinical Phenotyping Does Not Differentiate Hunner Lesion Subtype of Interstitial Cystitis/Bladder Pain Syndrome: A Relook at the Role of Cystoscopy. J. Urol. 2016, 196, 1136–1140. [Google Scholar] [CrossRef]

	



Lai, H.H.; Pickersgill, N.A.; Vetter, J.M. Hunner Lesion Phenotype in Interstitial Cystitis/Bladder Pain Syndrome: A Systematic Review and Meta-Analysis. J. Urol. 2020, 204, 518–523. [Google Scholar] [CrossRef] [PubMed]

	



Peters, K.M.; Killinger, K.A.; Mounayer, M.H.; Boura, J.A. Are ulcerative and nonulcerative interstitial cystitis/painful bladder syndrome 2 distinct diseases? A study of coexisting conditions. Urology 2011, 78, 301–308. [Google Scholar] [CrossRef]

	



Nickel, J.C.; Doiron, R.C. Hunner Lesion Interstitial Cystitis: The Bad, The Good, and The Unknown. Eur. Urol. 2020, 78, e122–e124. [Google Scholar] [CrossRef] [PubMed]

	



Whitmore, K.E.; Fall, M.; Sengiku, A.; Tomoe, H.; Logadottir, Y.; Kim, Y.H. Hunner lesion versus non-Hunner lesion interstitial cystitis/bladder pain syndrome. Int. J. Urol. Off. J. Jpn. Urol. Assoc. 2019, 26 (Suppl. 1), 26–34. [Google Scholar] [CrossRef]

	



Fall, M.; Nordling, J.; Cervigni, M.; Dinis Oliveira, P.; Fariello, J.; Hanno, P.; Kåbjörn-Gustafsson, C.; Logadottir, Y.; Meijlink, J.; Mishra, N.; et al. Hunner lesion disease differs in diagnosis, treatment and outcome from bladder pain syndrome: An ESSIC working group report. Scand. J. Urol. 2020, 54, 91–98. [Google Scholar] [CrossRef]

	



Nickel, J.C.; Ehrlich, G.D.; Krol, J.E.; Ahmed, A.; Sen, B.; Bhat, A.; Mell, J.C.; Doiron, R.C.; Kelly, K.L.; Earl, J.P. The bacterial microbiota of Hunner lesion interstitial cystitis/bladder pain syndrome. BJU Int. 2021, 129, 104–112. [Google Scholar] [CrossRef] [PubMed]

	



Brubaker, L.; Gourdine, J.F.; Siddiqui, N.Y.; Holland, A.; Halverson, T.; Limeria, R.; Pride, D.; Ackerman, L.; Forster, C.S.; Jacobs, K.M.; et al. Forming Consensus To Advance Urobiome Research. mSystems 2021, 6, e0137120. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Patterns of species, genera and/or diversity microbiome changes for UUI (urge urinary incontinence), OAB (overactive bladder) and IC/BPS (interstitial cystitis/bladder pain syndrome) as demonstrated by cited studies.
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	Urological Disorder
	Species/Genera and Diversity/Abundance Patterns
	References





	UUI
	
	Increased: 

	
Lactobacillus gasseri, Alteromonadaceae spp., Stenotrophomonas spp., Brevundimonas spp., Elizabethkingia spp., Methylobacterium spp.




	Decreased: 

	
Microbial diversity, Lactobacillus crispatus, Lactobacillus sp.






	[34,49,50]



	OAB
	
	Increased: 

	
Sneathia, Staphylococcus, Proteus, Helcococcus, Gemella, Mycoplasma, Aerococcus




	Decreased: 

	
Prevotella, Dialister, Fusobacterium, Jonquetella, Campylobacter, Finegoldia, Anaerococcus, Pyramidobacter, Ureaplasma, Enterococcus, Novosphingobium, Lactococcus, Lactobacillus






	[57,58]



	IC/BPS
	
	Increased: 

	
Lactobacillus johnsonii, Lactobacillus gasseri, Serratia, Brevibacterium, Porphyromonas, Citrobacter




	Decreased: 

	
Number of detected genera, overall richness Lactobacillus acidophilus, Corynebacterium sp. Senegalimassilia, Howardella, Gemella, Dialister, Moheibacter, Sphingobium, Fastidiosipila, Megasphaera, Thermovum, Mycobacterium, Prevotella, Gardnerella




	Exclusively shown in IC/BPS: 

	
 




	 

	
Francisella tularensis, Mycoplasma hyorhinis, Helicobacter hepaticus, Clostridium perfringens, Candida dubliniensis, Enterococcus, Cronobacter, Escherichia coli, Proteus mirabilis, Pseudomonas aeruginosa




	Conflicting data: 

	
Atopobiom, species abundances and ecological diversity






	[60,61,66,67,68,69,70]
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