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Abstract 

The microbiome of urinary tract (UT) is among the more recently recognized in humans. Although 

potentially playing an important role in UT health, fundamental knowledge namely in 

compositional pattern, longitudinal stability, and species and strain level diversity is lacking for 

future research studies leading to diagnostic and interventions in UT diseases.  

The main goals of this thesis were to comprehensively characterize the bacterial composition of 

the UT microbiome of reproductive-age asymptomatic women, its long-term stability and 

interconnection with vaginal microbiome, using high-resolution and accurate culturomic 

analysis, supported by DNA-based approaches. We evaluated the potential of female urinary 

microbiome (FUM) to act as a reservoir of putative uropathogens and unveiled features of 

microbiome members favoring their ability to colonize and persist in the asymptomatic UT. 

Complementing the studies in the asymptomatic population, a preliminary snapshot of FUM from 

diseased female cohorts (overactive bladder syndrome and recurrent UTI) was also conducted. 

The overall findings of this thesis demonstrate that FUM is highly diverse (297 species), with 

several community structure types that might be associated with healthy host. Application of both 

methodologies (culturomics and amplicon sequencing) was highly beneficial to depict more 

diverse bacterial communities than previously anticipated (median = 53 species/sample; only 

22% of species could be identified by both methodologies). Although at genus level Lactobacillus 

was present in all samples, at species level FUM does not have a specific bacterial core. This work 

also contributed to unveil the outstanding diversity of Lactobacillus, Gardnerella and 

Corynebacterium species inhabiting healthy UT. Moreover, although many potentially beneficial 

bacteria are usually present, healthy individuals are also often colonized by putative pathogens. 

Through fine-grained analysis we contributed to description of 3 novel species (Lactobacillus 

mulieris, Limosilactobacillus urinaermulieris, Limosilactobacillus portuensis) and detection of 

7 putative novel Corynebacterium species in healthy FUM. Moreover, we evaluated the MALDI-

TOF MS effectiveness for FUM characterization, since it is the most commonly applied 

identification technology in UT microbiome studies. This demonstrated that MALDI-TOF MS 

(using the current databases oriented for clinically relevant species) may often misidentify 

bacteria belonging to the most prevalent groups inhabiting UT (e.g., Lactobacillaceae, 

Gardnerella).   

Longitudinal study on our cohort revealed that FUM may shift overtime, although certain 

bacterial communities appear to be more stable (e.g., those with abundant L. crispatus), which 

could be a determinant for their high fitness abilities and lower susceptibility to dysbiosis. Thus, 
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there might be different microbiome structures during the individual lifespan with similar 

functions. Further characterization and comparison with paired vaginal microbiome 

demonstrated that although both niches are composed of highly similar taxa, the specific 

differences might be observed at species level (differential abundance of L. urinaemulieris, or 

species co-occurrence patterns e.g., Lactobacillus jensenii and Lactobacillus iners positively 

correlated in vaginal microbiome, while negatively correlated in FUM). Urinary and vaginal 

samples from the same woman were substantially different and shared an average of 38% species 

which also supports usage of mid-stream voided urine as representative sample for description of 

FUM. 

Our sneak peek data on UT disease cohort demonstrated that this group, even in the absence of 

symptoms, is more likely to be colonized with higher number of putative pathogens, including 

difficult to culture species (e.g., Ureaplasma parvum, Ureaplasma urealyticum). 

Additional whole genome sequencing (WGS) of selected isolates unveiled particular 

characteristics of FUM members at strain level. The work on Escherichia coli demonstrated that 

most strains inhabiting healthy UT belong to extraintestinal pathogenic E. coli lineages and are 

highly related to the strains causing UTI worldwide. Moreover, they might be resistant to 

antibiotics commonly used in the clinic which is of particular concern. Additional 

characterization of Prevotella corporis and Prevotella brunnea urogenital strains, unveiled

genomic features that could contribute to their pathogenic potential (e.g., sialic acid synthesis). 

WGS of L. urinaemulieris and L. portuensis added information regarding their potential 

contribution for urogenital health (e.g., predicted ability to produce lactic acid). These whole 

genome-based works provide the basis for further studies exploring these and other species’ 

roles in urinary tract homeostasis. 

In summary, this thesis contributed to an in-depth understanding of healthy FUM, 

demonstrating that it is composed of complex bacterial communities, and it is highly variable 

between and within individuals over time. Lack of a single bacterial species common to all 

asymptomatic individuals and, especially, the presence of putative uropathogenic species 

and without clinical signs of infection, suggest that microbial interactions within microbiome 

are likely to play crucial role in UT homeostasis. 

Keywords: Culturomics, amplicon-sequencing, midstream voided urine, novel species, 

uropathogens 
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Resumo 

O microbioma do trato urinário (TU) foi dos últimos a ser reconhecido no corpo humano. Embora 

desempenhe potencialmente um papel importante na saúde do TU, continua a não existir um 

conhecimento de base, nomeadamente na composição da comunidade bacteriana, diversidade de 

espécies e estirpes, estabilidade ao longo do tempo, essencial a estudos futuros que conduzam a 

diagnósticos e abordagens terapêuticas em doenças do TU. 

Os principais objetivos desta tese foram caracterizar de forma abrangente a composição 

bacteriana do microbioma do TU de mulheres assintomáticas em idade reprodutiva, a sua 

estabilidade a longo prazo e interligação ao microbioma vaginal, através de análise culturómica, 

apoiada por metodologias baseadas em DNA. Avaliou-se o potencial do microbioma urinário 

feminino (FUM) em atuar como um reservatório de uropatogénicos revelando características 

importantes de membros do microbioma que favorecem a sua capacidade de colonizar e persistir 

no TU assintomático. De forma a complementar os estudos na população assintomática, foi 

também realizado um estudo preliminar de FUM em coortes de mulheres doentes (síndrome da 

bexiga hiperativa e infeções recorrentes do TU).  

Os resultados gerais desta tese demonstram que o FUM apresenta uma grande diversidade (297 

espécies), com vários tipos de estrutura associados ao hospedeiro saudável. A aplicação das duas 

metodologias (culturómica e sequenciação) foi imprescindível para descrever comunidades 

bacterianas mais diversas do que o esperado (mediana = 53 espécies / amostra; apenas 22% das 

espécies puderam ser identificadas por ambas as metodologias). Embora o género Lactobacillus 

estivesse presente em todas as amostras, FUM não parece apresentar um núcleo bacteriano 

específico ao nível das espécies. Este trabalho também contribuiu para desvendar a notável 

diversidade de espécies de Lactobacillus, Gardnerella e Corynebacterium que residem no TU 

saudável. Além disso, apesar de muitas bactérias potencialmente benéficas estarem geralmente 

presentes, os indivíduos saudáveis também são frequentemente colonizados por potenciais 

patogénicos. 

Através de análises muito detalhadas foi possível descrever 3 novas espécies (Lactobacillus 

mulieris, Limosilactobacillus urinaermulieris, Limosilactobacillus portuensis) assim como 7 

potenciais novas espécies de Corynebacterium em FUM saudável. A avaliação da capacidade do 

MALDI-TOF MS na caracterização de FUM, uma vez que é a tecnologia de identificação mais 

comumente aplicada em estudos de microbioma UT demonstrou que MALDI-TOF MS (usando 

as bases de dados atuais contendo sobretudo espécies clinicamente relevantes) pode muitas vezes 

identificar erroneamente bactérias pertencentes aos grupos mais prevalentes que habitam o TU 
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(por exemplo, Lactobacillaceae, Gardnerella). Através de um estudo longitudinal verificou-se 

que o FUM pode mudar com o tempo, embora certas comunidades bacterianas pareçam mais 

estáveis (por exemplo, aquelas com maior abundância de L. crispatus), o que pode ser um 

determinante para menor suscetibilidade à disbiose. Assim, pode haver diferentes estruturas do 

FUM durante a vida do indivíduo com funções semelhantes. A caracterização e a comparação com 

o microbioma vaginal demonstraram que, embora os dois nichos sejam compostos por grupos

bacterianos semelhantes, as diferenças surgem sobretudo ao nível de espécie (abundância relativa 

de L. urinaemulieris ou padrões de co-ocorrência de espécies, por exemplo, Lactobacillus jensenii 

e Lactobacillus iners positivamente correlacionados no microbioma vaginal, enquanto 

negativamente correlacionados no FUM). As amostras urinárias e vaginais da mesma mulher 

foram substancialmente diferentes compartilhando uma média de 38% das espécies, o que 

também suporta o uso de urina de jato médio como amostra representativa para a descrição de 

FUM. 

Os dados obtidos com um pequeno coorte de doença do TU demonstraram que este grupo, mesmo 

na ausência de sintomas, é mais frequentemente colonizado com maior número de potenciais 

patogénicos, incluindo espécies difíceis de detetar em cultura (por exemplo, Ureaplasma 

parvum, Ureaplasma urealyticum). 

Adicionalmente, a sequenciação do genoma completo (WGS) de isolados selecionados revelou 

características particulares de estirpe. Por exemplo, verificou-se que a maioria das estirpes de 

Escherichia coli que habitam o TU saudável pertencem a linhagens patogénicas extraintestinais 

de E. coli e estão altamente relacionadas com estirpes que causam infeções do TU em todo o 

mundo. Além disso, podem apresentar resistência aos antibióticos comumente usados na clínica, 

o que é particularmente preocupante. Com a caracterização genómica adicional de estirpes de

Prevotella corporis e Prevotella brunnea identificaram-se possíveis características que poderão 

contribuir para o seu potencial patogénico (por exemplo, síntese de ácido siálico). WGS de L. 

urinaemulieris e L. portuensis adicionaram informações sobre sua potencial contribuição para a 

saúde urogenital (por exemplo, potencial para produzir ácido láctico). Todos estes trabalhos 

baseados no genoma fornecem a base para estudos adicionais que permitirão explorar os papéis 

dessas e de outras espécies na homeostase do trato urinário. 

Em suma, esta tese contribuiu para uma compreensão aprofundada do FUM saudável, 

demonstrando que a sua composição inclui comunidades bacterianas complexas e que é 

altamente variável intra- e inter-individualmente ao longo do tempo. A falta de uma única espécie 

bacteriana comum a todos os indivíduos assintomáticos e, especialmente, a presença de espécies 
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potencialmente uropatogénicas na ausência de sinais clínicos de infeção, sugere que as interações 

microbianas no microbioma provavelmente desempenham um papel crucial na homeostase do 

TU. 

Palavras-chave: Culturómica, sequenciação de amplicões, urina de jato médio, novas espécies, 

uropatogénicos 
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1.1. Urinary tract microbiome 

The first description of bacteria inhabiting healthy humans (then called “animalcules”) can be 

found in Antonie van Leeuwenhoek’s letters, reaching early 1680s1. Over the course of time, 

several more reports on healthy ‘microflora’ appeared in the literature2–4, however this 

research topic never gained much attention and, at that time, was not extensively explored. 

With technologies moving forward, the interdisciplinary research towards characterization of 

normal ‘flora’ fully emerged in 2007 with the Human Microbiome Project (HMP), launched 

by the National Institutes of Health5. Over the past 15 years, with data provided by HMP and 

other human microbiome projects, researchers observed a tremendous growth in the 

knowledge of microbial communities inhabiting different body sites (microbiota), their 

genomes (metagenome) and the entire habitat, including microorganisms, genomes and 

environmental conditions (microbiome)6. Nevertheless, currently the terms “microbiome” 

and “microbiota” have interchangeable use7. The main research focuses on composition and 

functional characteristics of healthy microbiome and the impact of microbiome balance 

(eubiosis) and imbalance (dysbiosis) on human health8,9. 

To date, several large-scale studies have already provided essential information into 

composition, diversity and function of the microbiome associated with multiple habitats 

across the human body, namely oral and nasal cavity, skin, vagina and gastrointestinal tract 

(e.g., HMP, HMP2, iHMP, MetaHIT)5,10–12. Their research efforts to investigate human 

microbiome diversity and host-microbiome interactions will likely contribute to a better 

understanding of microbiome involvement in health and disease states and, hence, to an 

earlier diagnosis of potentially related diseases and development of therapeutic strategies5,8,11. 

Currently, the most explored is the microbiome of human gastrointestinal tract - gut 

microbiome. For instance, it was demonstrated that dysbiosis in gut contributes to 

inflammatory bowel disease development, including Crohn’s disease and ulcerative colitis13,14. 

Additionally, changes in gut microbiome composition have been associated with diabetes type 

2 or obesity15,16. The available research also suggests that dysbiosis of intestinal microbial 

community might be involved in autism spectrum disorder development, as it is already 

known that several bacterial groups can influence brain activity, e.g., specific strains of 

Lactobacillus sp. or Bifidobacterium sp. producing gamma-aminobutyric acid (GABA) which 

act as a neurotransmitter in the central nervous system (CNS)16–19. The knowledge 
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improvements regarding gut microbiome triggered development of novel therapeutic 

strategy, i.e., fecal microbiota transplantation (FMT), that has been implemented as a 

treatment of certain microbiome-associated pathologies20–22. Insights from other human body 

niches are also available, such as dysbiosis of skin microbiome as an important risk factor for 

atopic dermatitis development, or bacterial vaginosis (BV) where the shift of dominant genus 

is observed, from protective Lactobacillus spp. to facultative or strict anaerobes23,24. Thus, it 

is expected that other disorders with not fully understood etiology, such as urinary tract (UT) 

disorders, may also be associated with the microbiome compositional shifts. However, despite 

the large range of the tested body niches, the UT was not initially included in the large-scale 

human microbiome projects, due to the long-standing belief that healthy UT is sterile. 

Breakthrough studies using DNA-based approaches to analyze voided urine samples from 

healthy male (2010) and female (2011) donors detected diverse microbial community in the 

urogenital tract (UGT)25,26. These studies were of great relevance for reassessing the existence 

of a healthy urinary tract microbiome, since healthy UT was considered sterile with exception 

of distal urethra. Further studies confirmed the presence of microbiome in the bladder, 

analyzing samples obtained by suprapubic aspiration and removing any doubts that the 

microorganisms observed were truly from the UT27. Similar to what occurs with other body 

sites, the urinary tract microbiome is thought to influence both health and disease 

susceptibilities through its collective metabolic activities, and microbe-microbe and microbe-

host interactions. Therefore, unveiling healthy urinary tract microbiome might contribute to 

a better understanding of disease conditions, including urinary disorders which were not 

previously associated with microorganisms (e.g., overactive bladder, urinary incontinence), 

as well as urinary tract infection (UTI).  

Importantly, the bacteria inhabiting urinary tract will encounter certain environmental 

challenges. Bladder is an environment with relatively low oxygen concentration, which could 

promote the growth of facultative or strict anaerobes. However, bladder urine oxygen 

concentration may vary among individuals (range of 0.47–51.5 mmHg), which depends on 

host’s associated environmental factors (e.g., level of hydration, inhaled oxygen)28. Urine is 

also limited in nutrients and in healthy human, besides water, it contains mainly urea, 

creatinine, uric acid, chloride, sodium, potassium, sulphate, ammonium, and phosphate29. 

Urine also contains some amino acids (e.g., D-serine) and low amounts of glucose and 

hormones (e.g., oxytocin). Thus, urinary tract environment will likely favor the bacteria that 
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are able to utilize these components (e.g., urease-producers) and with highly versatile 

metabolism (e.g., Escherichia coli)30,31. Furthermore, due to low levels of iron, the expression 

of siderophores for iron acquisition will also facilitate bacterial colonization and survival32. 

Concerning urinary tract cellular structure, the urothelium covered with a layer of 

glycosaminoglycans (e.g., hyaluronic acid, heparin, chondroitin sulfate) act as a barrier for 

urine and residing bacteria, limiting their interactions with extracellular matrix (ECM)33–35. 

However, when bacteria express certain features e.g., mucosal attachment, biofilm formation, 

they may directly interact with ECM components32,34. For instance, bladder ECM contains 

proteins, proteoglycans, proteases (e.g., collagens, fibronectins, laminins) that can be used as 

an additional carbon source by bacteria producing e.g., hyaluronidases or collagenases, 

allowing them to penetrate mucosal surfaces34. Importantly, urinary tract also produces 

certain molecules involved in host defense for instance antimicrobial peptides (e.g., 

uromodulin), secretory immunoglobulin A or may have immune cells residing in the bladder 

(macrophages, T cells, NK cells, dendritic cells)33. The defense mechanism against these 

protective cells and molecules is relatively known just for some bacteria (e.g., production of 

EsiB protein by E. coli that binds to secretory immunoglobulin A)36. Overall, factors that 

control immune system education to recognize commensal and pathogenic bacteria in urinary 

tract, as well as bacterial features allowing adaptation to urinary tract despite physiological 

barriers are not understood yet. 

Most studies that have been performed focused on the UT pathology, lacking information on 

bacteria colonizing UT and their features, thus UT host-microbiome interaction are still on a 

preliminary research stage.  

The following sections summarize recent developments in culture-independent and culture-

dependent methodologies for characterization of microbial communities and the current 

knowledge on urinary tract microbiome, its compositional fluctuations and potential impact 

on UT integrity and host health.  

1.2. Characterization of urinary tract microbiome 

To date, there are multiple strategies for characterization of urinary tract microbiome. This 

may apply to various sample collection methods, different methodological approaches that 
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may favorize detection of specific bacterial groups or processing largely heterogeneous 

cohorts.  

Since there are no yet clear methodological standards for this research field, a variety of 

protocols is being used.  

1.2.1. Sample collection 

The sample collection method is still one of the most controversial aspects of urinary 

tract microbiome studies. Collection of a voided midstream urine (MSU) sample, as an 

easy and not invasive method, increases the risk of vulvovaginal contribution37. Therefore, 

analysis of MSU will most likely represent microbiome of UGT. Additionally, MSU also 

captures urethral bacteria which may be important to understand UT conditions. 

Unquestionably, suprapubic bladder aspiration (SPA) seems to be the best method to 

avoid vulvovaginal contamination, however, due to its invasive character and demanding 

procedure cannot be easily applied, especially to the healthy population that voluntarily 

collaborate in those studies. Alternatively, transurethral catheterization (TUC) is being 

used by many groups, although this method presumably introduces urethral bacteria 

into the bladder while inserting catheter37,38. Nevertheless, comparison of the results 

obtained from urine of the same healthy women, collected by those three methods 

showed that indeed using TUC microbiome profile is more similar to SPA than MSU27. 

Thus, urine collected by TUC and SPA can be used to represent microbiome of the UT, 

while studying specifically bladder microbiome only urine collected by SPA should be 

used.  

Nevertheless, investigating urine samples collected by any of these methods is 

always performed for the purpose of interpretation of UT health, thus in the following 

chapters we will refer to the findings as urinary tract microbiome, independently of sample 

type used for the analysis. 

While these aspects are undoubtedly crucial for accurate reporting of scientific findings, 

from practical point of view, MSU is the sample used for diagnosis of UT conditions. 

Therefore, diagnostic interpretation of UT health is currently based on bacteria 

inhabiting UGT. In fact, it may be accurate considering the study published by Thomas-

White et al., which demonstrated interlink between vaginal and urinary tract microbiome, 

for both, pathogenic and health-associated species, suggesting that microbiome of 

UGT is interconnected39. Moreover,  most  prevalent taxa  (e.g.,  Lactobacillus, 
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Gardnerella) in UT have been detected by both MSU and TUC with the same efficiency40,41, 

and eventual differences observed would relate to relative abundance, rather than taxonomic 

profiling42. 

Since it is still a very controversial topic, sample collection method alternatives are being 

proposed e.g., Peezy® midstream device which is intended to reduce vulvo-vaginal and 

urethral contamination43. This innovative method has been evaluated and, so far, its efficacy 

is still controversial44,45. 

Noteworthy, there are also additional factors besides sample collection methods that can 

affect results. For instance, delay and storage before sample processing can significantly 

influence anaerobes recovery46,47. Additionally, temperature at which urine will be 

transported to the laboratory is crucial to avoid the overgrowth/death of bacteria in the sample 

or interference with sample stability48–50. It was recently demonstrated that urine should be 

stored in colder temperature for the shortest time possible, and addition of specific 

preservatives might improve preservation of urinary tract microbiome composition51,52.  

1.2.2. Methodologies 

The technological advances in the last decade enabled the application of next-generation 

sequencing technologies to DNA extracted directly from a sample, which led to identification 

of a greater number of microorganisms that previously recognized5,12. On the other hand, 

culturomics – improved microbial culture by using a set of different media, growth conditions 

and incubation times, combined with a comprehensive high-throughput identification – has 

also emerged as a successful tool to isolate a high number of living bacteria and to identify 

new species53. Both culture-dependent and culture-independent methods are quickly and 

continuously evolving in order to capture the nature of human microbiome and truly 

understand its role in human health46,47,54,55. 

Nevertheless, both have some limitations such as the inability to discriminate between live 

and dead cells for DNA-based methods, or inability to detect non-culturable bacteria for 

culture-based methods. For those reasons, the complementation of data obtained by DNA-

based methods and culturomics is vital for a comprehensive knowledge on urinary tract 

microbiome composition and function. In the next section the main advances that occurred 
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in these experimental approaches will be presented, focusing mainly on methodologies 

principles and their current contribution to urinary tract microbiome characterization.  

1.2.2.1. DNA-based approaches 

Popular among microbiome researchers, DNA-based approaches are time efficient and have 

the potential to deliver high-throughput data. Direct sequencing of targeted gene (amplicon 

sequencing) or whole bacterial genomes (shotgun metagenomic sequencing) of complex 

microbial community resulted in identification of a broad range of bacteria inhabiting human 

body55–58. These methods enabled the initial profiling of complex urinary bacterial 

communities and revealed existence of inter-individual differences, in contrast to the findings 

obtained by routine urine culture26,27,59,60. In general, these methodologies are based on 

following steps: DNA extraction, library preparation and sequencing (Box 1), sequencing data 

pre-processing (e.g., quality control, filtering) and data analysis steps. Each step of the 

workflow is of critical importance to the quality and reproducibility of the sequencing data61. 

Box 1 - Next-generation sequencing platforms 

In the past two decades, the development of next-generation sequencing (NGS), characterized by 

massive parallel sequencing process, together with developments on data analysis, allowed time and 

cost reductions for human microbiome studies. This high-throughput sequencing is currently divided 

in two significantly different approaches, namely 2nd generation sequencing also called short-read 

sequencing (usually fragments from 100 to 400 bp, with exception of 454 pyrosequencing that results 

in fragments up to 1000 bp) that requires amplification previous to sequencing, and 3rd generation 

sequencing where long length sequenced fragments (average read length > 15,000 bp) without 

previous template amplification are obtained with higher rate of sequencing errors. There are several 

short-read sequencing platforms available, however, the most used are MiSeq or HiSeq (Illumina), 

454 (Roche) and Ion Torrent (Thermo Fisher). They are based on sequencing by synthesis method, 

which can be divided in two types: cyclic reversible termination characterized by usage of terminator 

molecule to prevent elongation such as Illumina, or single-nucleotide addition described for Ion 

Torrent or used in the past 454 Roche for which elongation will be inhibited by absence of next 

nucleotide. Nowadays, availability of long-read sequencing, such as PacBio (Pacific Biosciences) or 

MinION, GridION or the most recent PromethION (Oxford Nanopore Technologies - ONT’s), allows 

sequencing of bigger length molecules and provide higher resolution of genomic structures62–65.  
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Although all steps can lead to biased results, DNA extraction is an essential and challenging 

step, namely due to the differences in cell wall composition and structure among the 

microbiome members (Figure 1). Optimal cell lysis is required to obtain sufficient quantity 

of high-quality DNA and thus detect all members of the bacterial community present in the 

sample48,66,67. 

 

 

 

Figure 1 – Differences in cell wall composition of the bacterial community 
members. 

 

The DNA extraction for microbiome studies is mostly processed based on enzymatic approach 

that may be supported with mechanical disruption i.e., adding bead-beating step to extraction 

protocols which may have beneficial effect for recovery of microbiome diversity68,69. 

Nevertheless, major approach is based on enzymatic cells’ disruption. The protocol used for 

Gram-positive bacteria usually contains enzymes that improve cell lysis (thickness of Gram-

positive cell wall may vary from 20 to 80 nm)70 such as lysozyme and mutanolysin acting on 
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N-acetylglucosamine linkages and/or lysostaphin acting on cross-linked peptide bridges in 

peptidoglycan structure. This enzyme mixture is commonly associated with a buffer 

containing soft non-ionic detergent Triton X-100 acting gently on the cell membrane71. 

Anionic sodium dodecyl sulfate (SDS) is another type of detergent added, which denature 

proteins and strongly causes disruption of the cell membrane. SDS is the first-choice lysis 

buffer for DNA extraction of Gram-negative bacteria, and it is often combined with chelator 

EDTA which increases permeability of the outer membrane72,73. Of note, urinary tract 

microbiome studies conducted in previous years applied mostly enzymatic extraction 

protocols targeting Gram-positive bacteria25,27,59,74–76 or occasionally used a mechanical 

extraction60. 

 

In fact, urine is a challenging type of sample and the DNA extraction method and kits used 

have to be carefully chosen as it may interfere with extraction of high-quality total DNA77,78. 

Moreover, as it is a relatively low-biomass sample, increased quantity of urine used for the 

DNA extraction will enhance chances to obtain sufficient DNA quantity to be suitable for 

sequencing48. 

 

1.2.2.1.1. Amplicon sequencing 

 

Targeted amplicon sequencing is the most applied method in urinary tract microbiome 

research over the past 10 years. It allows to target a specific marker gene in the entire microbial 

community, and it is relatively low-cost. The 16S ribosomal RNA (rRNA) gene is usually the 

marker of choice for this method, due to its ubiquitous presence in bacteria and specific 

structure that makes it useful for taxonomic profiling (Box 2). The complete gene with its 

hypervariable regions allows relatively wide bacterial taxonomic profiling, however its 

different regions separately (often used strategy due to availability of short-read sequencing) 

have much reduced taxonomic resolution (Box 2). Thus, lack of standardization for 

methodologies used in urinary tract microbiome studies caused development of multiple 

diverse protocols, focused on different 16S rRNA gene regions. For instance, the most 

common choices in urinary tract microbiome studies are V1-V3, only V4, or V1-V2 and 

V626,27,51,59,60,74,79–83 which resulted in biased results and more importantly, will challenge 

future data integration84,85. For example, it has been already shown that Prevotella may be 

underrepresented by V6-V9 region, Corynebacterium can be overrepresented by V1-V3 and 

V3-V5, while Gardnerella may not be detected at all by V1-V3 16S rRNA gene regions86. 
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Of note, for taxonomic profiling of eukaryotic microorganisms other genetic markers are being 

used, e.g., internal transcribed spacer 1 (ITS1) located between 18S and 5.8S rRNA genes87,88. 

Amplicon sequencing data analysis is performed after quality and chimera checking by 

clustering closely related sequences into operational taxonomic units (OTUs) according to 16S 

rRNA gene similarity55. Alternatively, a more recent approach may be used, i.e., amplicon 

sequence variant (ASV) identification that distinguishes sequences with the accuracy of one 

nucleotide, thus presenting higher taxonomic resolution than based on similarity threshold 

OTUs clustering89.  

Independently of the chosen approach, taxonomic assignment is only achieved using different 

databases56,90 (Ribosomal Database Project-RDP91, SILVA rRNA database project92, 

Greengenes93) in combination with bioinformatic tools (e.g., QIIME94, mothur95, DADA296). 

Statistical analysis for diversity and relative abundance can be performed using different 

statistical programs (e.g., SAS, SPSS, PRIMER-E with PERMANOVA) and free R 

packages97,98. Each of the above-mentioned data analysis steps could introduce the bias in 

amplicon sequencing data interpretation. 

The biggest flaw associated with this specific methodology is that it may overestimate or 

underestimate bacterial abundance by assuming that bacteria have the same number of copies 

of 16S rRNA gene per cell55,66,99. Furthermore, 16S rRNA gene might be highly similar for 

closely related species, thus it often allows for reliable identification only up to genus level90. 

Box 2 - The 16S ribosomal RNA gene 

The 16S ribosomal RNA gene (rrs), present in all Bacteria and Archaea, is widely used for amplicon 

sequencing analysis, due to its taxonomic classification potential. This gene is usually present in the 

bacterial genome in several copies and includes highly conserved regions interspersed by nine 

hypervariable regions. The 16S rRNA gene among bacteria displays variable discriminatory potential 

which is the main limitation of this marker gene. High similarity level of the sequences between 

certain species belonging to the same genus is frequent, preventing an accurate species identification. 

Each region separately has its own potential which may be used for selection purposes, e.g., V1 allows 

to distinguish Staphylococcus aureus from coagulase negative Staphylococci or common pathogenic 

Streptococcus species. Individually, V2, V3 and V6 are the hypervariable regions with the highest 

discriminatory potential, enabling identification of most of the bacterial groups, though are 

recognized to be insufficient to properly distinguish members of Enterobacteriaceae family. 
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Nonetheless, even if partial sequencing may result in identification, incomplete amplicon will 

significantly reduce discriminatory potential of the gene marker. Using short-read sequencing 

technologies, selected amplified regions have to be interpreted individually, as the assembly would 

generate random errors, however this limitation can be solved with recently available single-

molecule long-read sequencing that enables to sequence longer fragments. For an improved 

taxonomic identification (at genus or species level), it is essential the amplification of the entire 

variable region (V1-V9)66,100–104. 

Schematic representation of 16S rRNA gene (~1500 bp) comprising hypervariable (V1-V9) and 

conserved regions (marked in grey). 

1.2.2.1.2. Shotgun metagenomic sequencing 

While amplicon sequencing can provide initial taxonomic profiling of the microbiome, the 

shotgun metagenomic sequencing (or simply metagenomics) enables additional insights. 

Metagenomics allows for more accurate taxonomic profiling and provides information on 

whole genetic material i.e., genes that can be used to assess microbial functionality and 

characterization of e.g., virulence, metabolic pathways105,106. It does not limit detection only to 

bacteria allowing to obtain genetic information about all community members, including 

viruses and fungi which may also have an important role in the microbiome. Furthermore, it 

is also more efficient in detecting low-abundant and/or rare microbiome members105,107,108, 

however there are also studies reporting the opposite109.  

In this methodology the total genomic DNA extracted from the sample is randomly 

fragmented and sequenced61. Currently, the short-read sequencing platforms are more 

commonly used in metagenomic studies61,109, however long-reads will likely be more available 

for this purpose in the close future.  

Analysis of metagenomic data may be challenging, but there are many bioinformatic pipelines 

that allow to do it in a fast and accurate way. The first steps of analysis are not much different 
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from any genomics workflow: obtained reads must be trimmed, quality-checked and filtered 

(e.g., to remove human-derived sequences)58. Finally, reads might be used directly for 

taxonomic profiling using reference genomes databases with appropriate post-processing 

strategies e.g., lowest common ancestor (LCA) by MEGAN program110 or may be processed 

using discriminative markers e.g., unique clade-specific marker genes by MetaPhlAn 

(Metagenomic Phylogenetic Analysis)61,111. 

However, reads might also be assembled into contigs which will be further grouped to create 

draft genomes i.e., metagenome-assembled genomes (MAGs)112. There are many tools that can 

be used to perform these steps (e.g., MetaVelvet113, metaSPAdes114, MetaBAT115, GroopM116, 

Anvi’o117). Further genome exploration is also based on approaches widely used in genomics 

e.g., genes prediction, pangenome analysis and identification of core and accessory genome, 

predicting functionality with clusters of orthologous groups (COGs) functional categories, 

secondary metabolites search106,118,119. Noteworthy, tools chosen for data analysis may lead to 

differences in final results108,120. 

 

Although metagenomics allows to extract robust genomic information, it is still associated 

with relatively high cost and, although some human microbiome metagenomics studies are 

available, regarding UT, the majority was conducted based on targeted amplicon sequencing. 

To date, only few metagenomics studies have been performed on urine samples using Illumina 

HiSeq or Ion Torrent sequencing platforms39,76,121,122. They allowed initial observations that 

Bacteria are most abundant in urinary tract microbiome, followed by Eukarya (e.g., Candida 

albicans, Candida glabrata, Malassezia globosa) and Viruses (phages and human viruses 

e.g., herpesvirus, papillomavirus)76. There are also metagenomic studies focused only on viral 

population in urinary tract microbiome123,124 confirming phages (including many putative 

novel prophages) as the type of viruses most often identified from urine. Some studies also 

performed metagenomics on UTI cohorts125,126 demonstrating several benefits associated with 

using this approach for diagnostic purposes over culture-based methods. 

 

1.2.2.2. Culturomic approaches 

 

With the new insights from DNA-based methodologies, culture techniques have been 

improved with culturomic approach being more effective at isolation and identification of a 

large set of cultivable bacteria. Culturomics, high-throughput enhanced culturing, was 

initiated with fecal samples where a set of culture conditions (including nutrients, 
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atmospheric conditions, incubation time and temperature) coupled with high-throughput 

isolate identification such as MALDI-TOF MS (matrix-assisted laser desorption/ionization 

time-of-flight mass spectrometry) (Box 3) and/or 16S rRNA gene sequencing were used127,128. 

Culturomic approach allows in-vitro growth of various bacterial species for further 

phenotypical and/or genotypical characterization57. This opens multiple possibilities e.g., in-

depth characterization of isolates concerning microbe-microbe and host-microbe 

interactions, in-vitro virulence testing, identification of possible antimicrobial substances or 

other therapeutic compounds produced by bacterial species that might further contribute to 

live biotherapeutics development127,129,130. 

The urine culturing protocol and interpretation of bacterial growth from urine established by 

Kass in 1956, combined with clinical symptoms, have not been challenged for years and 

remained as the golden standard for a UTI diagnosis131. Estimation of 100.000 bacteria per 

mL still constitutes a border between contamination and infection. Later, it was added to the 

clinical guidelines that, under special circumstances, and depending on the detected 

pathogen, growth of 103 CFU/mL should also be considered as significant132. Standard urine 

culture (SUC) designed for most common uropathogens establishes the culture of 1 µL of urine 

in selective, but nutritionally poor media, under aerobic conditions, and overnight incubation. 

Increasing evidence of the presence of bacterial species detected from healthy UT by DNA-

based studies questioned this methodology. Comparison of SUC and improved urine culturing 

protocols performed on the same set of urine samples showed that most of tested urine 

samples had bacteria in urine, with SUC showing that more than 90% were negative75,133. 

Thus, the conventional microbiological methods, still used as routine diagnostic technique, 

have a limited scope to capture the full spectrum of bacterial species present in the urine 

samples. 

Box 3 – MALDI-TOF mass spectrometry 

Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry is an 

ultra-fast, relatively low-cost technique widely applied for identification of microorganisms. Besides 

identification purpose, this high-throughput analysis currently presents a variety of applications, for 

instance, reliable detection of common food-borne pathogens or bacteria responsible for UTI or 

detection of certain antibiotic resistant bacteria for instance methicillin-resistant S. aureus or 

14



carbapenem-resistant Gram-negative rods. The rationale of this methodology is based on soft 

ionization of the sample previously incorporated in matrix and under the laser stimulation charged 

molecules are being generated. While the single ions are released from the sample, due to their 

different molecular mass they will require different times to arrive to the detector. Collected 

information about mass-to-charge ratio (m/z) and time-of-flight (TOF) is processed by the specific 

software and converted to spectra called peptide mass fingerprint (PMF) that will be compared with 

PMFs available in the database for the final identification. Even if available databases are being 

constantly enlarged, some of bacterial species might have similar or no reference spectra and require 

further identification by other more specific methodologies134–137. 

 

 

 

 

 

During the past decade, culturomic protocols had been properly adapted and applied to the 

urine samples. Nutrient-rich media included in the protocols, such as Blood agar plates (BAP), 

MALDI-TOF mass spectrometry preparation and detection process. 
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constitute a valuable source of proteins and provide haemin (X factor) which contains iron 

required for some bacterial metabolic pathways, e.g., for Streptococcus sp., or Chocolate agar 

that provides additional growth factor, nicotinamide adenine dinucleotide (NAD or V factor) 

required to cultivate Haemophilus sp.. Additionally, Enterobacterales-inhibiting Colistin-

Nalidixic Acid agar is also being used to facilitate the growth of Gram-positive bacteria, or 

Schaedler agar, often supplemented with vitamin K1 to support the difficult to growth 

Lactobacillus sp. or anaerobic bacteria such as Prevotella sp.. These fastidious bacteria 

additionally require prolonged incubation time and atmospheric conditions adapted to their 

oxygen sensitivity. Probably, the most relevant adjustment concerns quantity of sampled 

urine which also differs among the studies, from 10 L to 100 L75,133, or even sampling re-

suspended urine sediment138. Bacterial pure culture obtained with those protocols are 

subjected to identification by MALDI-TOF MS and/or by 16S rRNA gene 

amplification40,75,133,138,139. 

So far, streamlined EQUC (enhanced quantitative urine culture) has been proposed for 

supplementary diagnostic procedures regarding urine culture, especially for the samples 

reported with “no growth” by SUC or for patients experiencing recurrent UTI139. Importantly, 

the variability among currently used protocols often results in data at different taxonomic 

level, difficult to integrate and compare. For an accurate diagnosis, a new standard protocol 

should be established, as was already settled for fecal samples66 (e.g., The International 

Human Microbiome Standards). Different culturomic protocols applied to the urinary tract 

microbiome studies are summarized in Table 1.  
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Table 1. Culturomic protocols applied to urinary tract microbiome studies 

Protocol Collection 
method 

Urine volume Culture media Atmospheric 
condition 

Temperature Incubation 
time 

Isolate 
identification 

Reference 

Culture of 
urinary 
sediment 

MSU, TUC NA BAP 5% CO2 37°C 48 h Standard 
biochemical tests 
and  
16S rRNA gene 

Khasriya et 
al, 201340 

NA Fastidious anaerobic 
agar 

anaerobic 37°C 7 days 

Enhanced 
quantitative 
urine culture 
EQUC 

TUC 100 μl BAP, Chocolate agar, 
CNA agar 

5% CO2 35°C 48 h MALDI-TOF MS Hilt et al, 
201475 

100 μl BAP aerobic 30°C 48 h 

100 μl BAP aerobic 35°C 48 h 

100 μl CDC anaerobe 5% 
sheep blood agar 

Campy gas 
mixture (5% O2, 

10% CO2, 85% N) 

35°C 48 h 

100 μl CDC anaerobe 5% 
sheep blood agar 

anaerobic 35°C 48 h 

1 ml thioglycolate 
medium* 

aerobic 35°C 5 days 

Streamlined 
EQUC  

TUC 100 μl BAP, CNA agar 5% CO2 35°C 48 h MALDI-TOF MS Price et al, 
2016139 

100 μl MAC aerobic 35°C 48 h 

Expanded 
urine culture 
EUC 

MSU 10 μl TSA with 5% sheep 
blood, Schaedler agar 

aerobic 35°C 7 days MALDI-TOF MS Coorevits 
et al, 
2017133 

10 μl TSA with 5% sheep 
blood, Schaedler agar 

anaerobic 35°C 7 days 

Culturomics 
of 
resuspended 
sediment of 
urine 

MSU resuspended 
pellet from 5 ml 

of urine 

Chocolate agar 5% CO2 37°C 48 h V9 region of 
16S rRNA gene 

Curtiss et 
al, 2017138 

resuspended 
pellet from 5 ml 

of urine 

Chocolate agar anaerobic 37°C 7 days 

NA - not available, TUC - transurethral catheter, MSU - midstream urine, BAP - Blood agar plate, MAC - MacConkey agar, CNA - Colistin and Nalidixic Acid 

agar, TSA - Tryptic Soy agar, *only in case of growth; MALDI-TOF MS - matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. 
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1.3. Urinary tract microbiome compositional fluctuations 

Over the past decade, many studies using DNA-dependent and -independent approaches 

confirmed that, undoubtedly, UT and specifically bladder contains its own resident 

microorganisms independently of presence of UT symptoms27,60,87,133,140. Available results 

point to a relatively low bacterial biomass in UT environment, comparing to other body sites 

like the gut48,80. Additionally, microbiome is often dominated by one or two bacterial genera 

(>50% of community), which allowed for more useful communities categorization in more 

general ‘urotypes’, similarly to ‘community state types’ in vagina or ‘enterotypes’ in the 

gut67,74,80,82,141–147. The name of ‘urotype’ represents the name of dominant genus e.g., 

Lactobacillus urotype is the most reported so far. Also, samples that did not present dominant 

genus are categorized as ‘diverse urotype’74,80. This microbiome classification however is based 

on most abundant genus, thus it may not reflect properly the microbiome diversity within the 

genus and especially, it may understate less abundant taxa. Moreover, recent comprehensive 

whole-genome analysis of bacteria isolated from female urinary, genital and gastrointestinal 

tract highlighted the importance of detailed analysis at the strain level39. Precisely, high 

similarity between some strains obtained from the UT and from vagina suggests that there is 

a continuum between those two body sites, thus the genital and urinary tract microbiome are 

interconnected39. The available data show that microbial community profiles determined by 

different methodologies complement each other and that urinary tract microbiome of 

individuals with LUT disorders differs from healthy controls40,74,75, and might be also 

influenced by host-associated factors e.g., hormonal status, menstruation, smoking status, 

BMI41,121,148–150. Importantly, all current findings demonstrate correlations only and, if there is 

causational relationship between urinary tract microbiome and LUT disorders, it remains to 

be determined. 

1.3.1 Urinary tract microbiome in health 

Over past decade, several studies focused exclusively on urinary tract microbiome of 

asymptomatic population, and they are summarized in Table 2. They investigated 

microbiome of males and females, in relatively wide age range. Some additional data on 

‘healthy’ population might be also extracted from control cohorts in the studies directing 

research focus on particular disease.  
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To date, the distribution of bacterial phyla among healthy population is relatively constant 

among the studies highlighting Firmicutes as the most dominant urinary tract microbiome 

members, followed by Actinobacteria, Bacteroidetes and Proteobacteria26,75,81. For instance, 

Lactobacillus sp. (Firmicutes) have been detected in almost all samples, being a dominant 

genus in more than half of investigated urine from healthy population26,74,80–82. Some of the 

Lactobacillus strains are known to be bacteriocin-producers, presenting inhibitory activity 

towards potential pathogens, thus it is possible that proper levels of lactobacilli inhibit 

overgrowth of Gram-negative putative pathogens also in the UT. Regarding Firmicutes, 

Streptococcus sp. and Staphylococcus sp. have been also often described. Actinobacteria 

phylum, which includes genera like Gardnerella sp., Corynebacterium sp., Cutibacterium sp., 

or Actinomyces sp., also seems to constitute an important part of urinary tract 

microbiome41,75,79,145. Finally, Prevotella sp., (from Bacteroidetes) and Escherichia coli (from 

Proteobacteria phylum) are also detected from healthy UT26,42,81,82,133. Apparently, urinary 

tract microbiome of asymptomatic individuals contains mostly commensal bacteria, however 

recognized uropathogens are also isolated133.  

Interestingly, although different sample collection may have an impact on the obtained 

results, it is suggested that the differences reflect mostly relative abundance of specific taxa 

rather than their prevalence42. Thus, the detection of above-mentioned bacteria is relatively 

consistent among studies, however different studies/protocols will likely report quantitative 

differences.  
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Table 2. A summary of studies and their compositional findings on urinary tract microbiome in health over past decade. 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

Female NA 8 MSU Sequencing V1-
V2 and V6 
regions of 16S 
rRNA gene 

- combination of more variable 16S rRNA gene regions allowed to capture
extended bacterial diversity

- urinary tract microbiome of asymptomatic women was characterized by
complex microbial composition with intra-individual variations

- 45 bacterial genera were identified with Lactobacillus sp., Prevotella sp. 
and Gardnerella sp. being most dominant

- most individual microbiome profiles were dominated by one taxon 
(>75% RA) and microbiome with different genera distributed more even 
were observed less often

Siddiqui et 
al, 201126 

Male 14-17 18 MSU, CS swab 

*Monthly
sample 
collection over
three-month
period

16S rRNA gene 
sequencing 

- urinary tract microbiome was rich in obligate and/or facultative
anaerobes

- in urinary tract microbiome Streptococcus sp. and Lactobacillus sp.
were most abundant, followed by Gardnerella sp. and Veillonella sp.

- Lactobacillus sp. and/or Streptococcus sp. were absent in only two
urine samples

- urinary tract microbiome was less stable than microbiome of the coronal
sulcus

- comparison of different 16S rRNA gene regions revealed that although
most taxa were detected in comparable RA, some might be influenced by
region selection (e.g., Prevotella is underrepresented by V6-V9;
Gardnerella is not detected by V1-V3; Corynebacterium is 
overrepresented by V1-V3 and V3-V5)

Nelson et al, 
201286 

Female NA 12 MSU, VS, TUC, 
SPA 

SUC, 
sequencing V1-
V3 regions of 
16S rRNA gene 

- microbiome composition obtained from urine collected by TUC was 
more similar to SPA than MSU

- MSU samples contained mixture of urinary and genital tract
microbiome

- samples positive for E. coli by SUC demonstrated other fastidious
bacteria in higher abundance than E. coli by culture-independent
method, which could question the current UTI diagnostic approaches and 
accuracy

Wolfe et al, 
201227 
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Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

- the findings were additionally supported with analysis of urine collected
by TUC and SPA from symptomatic women (n = 11 POP/IU patients)

Female 26-90 10 MSU Sequencing V1-
V3 regions of 
16S rRNA gene 

- female microbiome had higher diversity and was significantly different
than male

- phylum Firmicutes constituted 50% of bacteria in both genders 

- in females, 23 genera were detected in all age groups (e.g., 
Lactobacillus, Streptococcus, Corynebacterium, Enterococcus,
Finegoldia, Prevotella), while in males only genus present across all age
groups was Staphylococcus

- certain genera were detected only in population above 70 years old i.e.,
Jonquetella sp., Parvimonas sp., Proteiniphilum sp.,
Saccharofermentans sp.

Lewis et al, 
201360 

Male 39-83 6 

Female 23-65 86 MSU SUC, EUC - nearly all samples (91.1%) contained ≥104 CFU/mL of live bacteria

- higher diversity and bacteria load was observed in female samples
comparing to male

- most dominant genera in both genders were Lactobacillus sp.,
Streptococcus sp., Staphylococcus sp., Propionibacterium sp. and
Corynebacterium sp.

- from total of 98 species identified, the most prevalent were
Staphylococcus epidermidis, Streptococcus anginosus, Lactobacillus 
jensenii, Lactobacillus crispatus and Gardnerella vaginalis

- uropathogens constituted less than 5% of all detected bacteria

Coorevits et 
al, 2017133 

Male 15 

Female NA 12 MSU Sequencing 
with the ITS1 
fungal 
ribosomal 
primer set 

- first preliminary report on additional fungi in healthy urinary tract
microbiome to previously reported Candida sp. and Saccharomyces sp.

- fungi were detected in every urine sample from asymptomatic women

- there was a high interindividual variability in fungal population 

Ackerman 
et al, 201787 

Female in ranges 
of 10-19, 
20-29, 30-
39, 40-49,
50-59, 60-

79  MSU Culturomics of 
resuspended 
sediment of 
urine and 

- there was no correlation observed between age and number of genera
identified

- overall, 60 bacterial genera were identified with Streptococcus sp.,
Staphylococcus sp., Corynebacterium sp. and Lactobacillus sp. being 
most dominant, and present in both, pre- and post-menopausal women

Curtiss et 
al, 2018140 
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Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

69, 70-79, 
80-89

sequencing of 
16S rRNA gene 

- Lactobacillus sp. was found to be more common in pre-menopausal 
women, while Mobiluncus sp. was more common genus in post-
menopausal women

Female Mean 29.1 
(SD=5.2) 

8 MSU, PUS, 
RVS 

*Daily sample
collection over
three-month
period

EQUC - participants were randomized for Lactobacillus rhamnosus GR-1 and
Lactobacillus reuteri RC-14 oral probiotic use (~40 days)

- the use of oral probiotic did not change the ratio of
Lactobacillus/uropathogens in urinary tract microbiome 

- at least one species of Lactobacillus dominated in most samples (n=7), 
while remaining sample was dominated by Streptococcus agalactiae,
Staphylococcus epidermidis and Corynebacterium tuberculostearicum

- the probiotic species were never recovered from none of the sample
types 

Wolff et al, 
2019151 

Female Mean 40.4 
(SD=3.9) 

10 MSU Sequencing V3-
V4 regions of 
16S rRNA gene 

- significant differences were observed regarding microbiome
composition after storage with and without AssayAssure® preservative

- storage of urine without AssayAssure® led to RA variations in certain 
donors, especially regarding Escherichia, Bacteroides, Faecalibacterium,
Lactococcus, Gardnerella, Streptococcaceae, Stenotrophomonas

- overall, storage conditions also affected RA of Lactobacillus, Klebsiella,
Delftia, Gardnerella, Enterococcus 

- addition of AssayAssure®, storage in colder temperatures and for
shortest time possible was shown to be beneficial for preservation of
urinary tract microbiome composition

Jung et al, 
201952 

Female Mean 48 
(SD=14) 

224 
including 
52 
previously 
published 

TUC SUC, EQUC, 
sequencing V4 
region of 16S 
rRNA gene 

- Most common urotypes were Lactobacillus, Streptococcus, other
(urotypes representing less than 5 samples), mixed, Gardnerella and
Escherichia

- Gardnerella urotype was common in young (mean age 36 years old) 
women

- Escherichia urotype was more common in older (mean age 60 years old
potentially postmenopausal) women

- no correlation was found for Lactobacillus and age, menopausal status,
parity or vaginal intercourse

Price et al, 
2020145 
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Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

Female Mean 29 
(SD=5) 

8 
(previously 
published 
in Wolff et 
al., 2019) 

MSU, PUS  

*Daily sample
collection over
three-month
period

EQUC, 
sequencing V4 
region of 16S 
rRNA gene 
(n=2) 

- daily assessment for approximately 3 months showed that microbiome
of urinary tract is dynamic and resilient

- only MSU samples that demonstrated highly different microbiome from
PUS were chosen for analysis

- short-term changes in microbiome were related to personal factors e.g.,
menstruation, vaginal intercourse (e.g., increase in Streptococcus and
Staphylococcus species after vaginal intercourse)

- the most common patterns observed were Lactobacillus predominance 
(single species or changing species); changing Lactobacillus and
Gardnerella predominance; Streptococcus, Staphylococcus and
Corynebacterium in different ratios

Price et al, 
2020148 

Female 24-40 
(mean 
21.2) 

6 MSU, TUC SUC, 
sequencing V4 
region of 16S 
rRNA gene 

- MSU and TUC shared bacterial genera but in different RA, thus
quantitative differences were observed rather than taxonomical 

- MSU had higher abundance of Veillonella, Staphylococcus and
Neisseria while TUC had higher abundance of Lactobacillus,
Streptococcus and Gardnerella

- Lactobacillus and Prevotella were more abundant in female
microbiome than in male, while Streptococcus, Veillonella, 
Staphylococcus, Gardnerella, Enterobacter, Neisseria, Haemophilus 
were more abundant in male microbiome

Pohl et al, 
202042 

Male 20-61
(mean 
31.7)

14 

Female Mean 
66.4; in 
ranges: 

>50-54

55-59 

60-64

65-69

70-74 

75-79 

80-84

1600 twins MSU Sequencing V4 
of 16S rRNA 
gene, 
metagenomics 
(n=178) 

- urinary tract microbiome composition was distinct from proximal body
part and was not related to stool microbiome

- age was the main contributor to microbiome variance, followed by host
genetics, menopausal status, history of prior UTI

- urinary alpha diversity increased with increasing age

- beta-diversity differed according to age

- bacteria were the main microorganisms of urinary tract microbiome 
(99.64% of reads)

- taxonomic profiling for the most dominant bacteria was highly similar
from both DNA-based approaches used but metagenomics allowed to

Adebayo et 
al, 2020121 
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Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

85- identify much larger bacterial diversity within urinary tract microbiome, 
comparing to 16S rRNA gene profiling 

Female 18-50 4+5 MSU 

*Daily samples 
collection on 
weekday and 
weekend, 
morning and 
evening 

Sequencing V4 
region of 16S 
rRNA gene 

- urine storage in -20°C or -80°C temperatures up to 72 hours did not 
have a major impact on microbiome diversity, while storage at 4°C could 
influence low abundant species 

- in the short-term assessment, there was minor alpha-diversity 
difference between samples collected in the morning and evening and 
samples collected on weekday and weekends 

- beta-diversity was maintained in most samples independently of 
collection time point and overall, urinary tract microbiome appeared to 
be stable over-short time 

Bundgaard-
Nielsen et 
al, 202051 5-10 5 

Male 18-50 5 

5-10 5 

Female Mean 37 
(SD=9.5) 

41 TUC Sequencing V4 
region of 16S 
rRNA gene 
(n=54) 

- microbiome of pre- and postmenopausal women differed; 
postmenopausal women were characterized with higher alpha diversity 
than premenopausal women 

- based on microbiome composition, samples clustered into three 
urotypes 

- the most dominant genus in both group was Lactobacillus, and its RA 
decreased with advancing age 

- Gardnerella and Prevotella were more abundant in postmenopausal 
women 

Ammitzbøll 
et al, 
202182 

Mean 63 
(SD=6.9) 

42 

NA - not available, RA - relative abundance, MSU - midstream urine, TUC - transurethral catheter, SPA - suprapubic bladder aspiration, PUS - peri-urethral swab, VS - 
vaginal swab, CS - coronal sulcus, RVS - rectovaginal swab, UI - urinary incontinence, POP - pelvic organ prolapse, UTI - urinary tract infection, EQUC - enhanced quantitative 
urine culture, EUC - expanded urine culture, SUC - standard urine culture, SD - standard deviation, CFU - colony forming units, ITS - internal transcribed spacer
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1.3.1.1. Compositional fluctuations in gender 

Male and female seem to have similar set of bacterial genera in urinary tract microbiome 

but in different relative abundance (Table 2). Microbiome of healthy women seems to be 

more diverse comparing to men, presenting higher quantity of microorganisms60,133, 

however there are also studies reporting otherwise124,143. Nevertheless, currently there is 

more evidence supporting different microbiome according to gender, including microbial 

composition, bacterial abundance and alpha diversity measures42,59,60,76.  

Initially assumed, one of the main differences according to gender was that men are more 

prone to be colonized by species belonging to genus Corynebacterium, while in women 

Lactobacillus species seemed to dominate25,59,152. More recently, Lactobacillus domination 

in female urinary tract microbiome has been confirmed by additional reports, and also 

Prevotella sp. are being highlighted as more abundant in women, while observations 

regarding males are not so consistent. For instance, besides Corynebacterium, 

Staphylococcus and Streptococcus enriched male urinary tract microbiome59, some 

studies highlight Enterococcus and Pseudomonas76, or Streptococcus, Veillonella, 

Staphylococcus, Gardnerella42. This lack of congruence in the results is likely related to 

quantity of research done on male population. To date, female populations are more often 

studied (Table 2) probably due to the highest occurrence of lower urinary tract symptoms 

(LUTS) in women than men.  

1.3.1.2. Compositional fluctuations in age 

A few studies also suggested that changes in the urinary tract microbiome seem to occur 

with ageing (Table 2). To date, there is only scarce knowledge available on urinary tract 

microbiome in children which demonstrated that very young children (even neonates), 

have urinary tract microbiome153,154. Nevertheless, the research regarding urinary tract 

microbiome in babies and young children is in its infancy. In young girls, studies involving 

vaginal microbiome composition revealed the increasing abundance of Lactobacillus sp. 

with age, which contribute to lower vaginal pH and seems to confer a protective 

environment against UTI155–157. In fact, the recently demonstrated interlink of genital and 

urinary tract microbiome supports the fundamental role of microbiome in UGT health 

maintenance39. Till recently, it was thought that with ageing, the number of bacterial 

genera inhabiting female UT decreases e.g., lower incidence of Lactobacillus spp. in 

urinary tract microbiome in post-menopausal women comparing to pre-menopausal 

women140. However, the urinary tract microbiome study with the largest so far cohort 

(n=1600) published in middle 2020 demonstrated that alpha diversity increases in older 
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women and the age was recognized as a main contributor to microbiome variations121. 

Similar was concluded more recently, where post-menopausal women were characterized 

by higher alpha diversity, comparing to pre-menopausal women82. 

The different prevalence of UT disorders at different ages might be related to alterations 

in microbial community observed with ageing, however, the currently available 

correlation-based compositional findings are not sufficient to evaluate this hypothesis.  

 

1.3.1.3. Compositional fluctuations in pregnancy 

 

Noteworthy, within the healthy female population, pregnant women should be evaluated 

as individual cohort, due to physiological changes associated with ongoing pregnancy. To 

date, there are few studies available on urinary tract microbiome of pregnant women 

(Table 3), suggesting relatively similar compositions to a healthy state142. For instance, 

Lactobacillus and Gardnerella were the most common observed urotypes, but certain 

women were also dominated with Staphylococcus, Enterococcus or Escherichia coli142. 

Moreover, there are compositional differences observed in urinary tract microbiome of 

pregnant women with preterm delivery in comparison with women with term delivery or 

compositional fluctuations associated with cesarean delivery158–160.  
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Table 3. A summary of studies and their compositional findings on urinary tract microbiome in pregnant women. 

Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

Mean 32.2 73 non-
pregnant 

MSU Sequencing V1-V3 
regions of 16S 
rRNA gene 

- compositional differences of bacteria-derived extracellular vesicles (EVs) were
detected between non-pregnant and pregnant women

- Bacillus sp. Evs were enriched in pregnant women, while e.g., Pseudomonas sp. 
and Lactobacillus sp. Evs were enriched in non-pregnant women

- there were also Evs differences observed in pregnant women with normal and
preterm delivery e.g., Ureaplasma sp. Evs and Evs from family Veillonellaceae 
(e.g., Megasphaera sp.) were more enriched in samples of women with preterm
delivery comparing to woman with normal delivery

Yoo et al, 
2016159 

Mean 32.5 74 
pregnant 

Mean 24.5 
(SD=4.8) 

48 with 
term 
delivery 

MSU Sequencing V4 
region of 16S 
rRNA gene 

- Lactobacillus, Serratia, Prevotella, Atopobium and Gordonia were the most
abundant genera

- alpha and beta diversity measures did not differ between cohorts (term/preterm
delivery)

- sequences representing Prevotella, Sutterella, L. iners, Blautia, Kocuria,
Lachnospiraceae, and Serratia marcescens were enriched in preterm delivery 
cohort

- Serratia marcescens was also associated with preterm delivery cohort by
unsupervised clustering approach

- Lactobacillus, Shuttleworthia, and Atopobium vaginae were associated with
term delivery cohort

Ollberding 
et al, 
2016158 

Mean 26.8 
(SD=5.4) 

49 with 
preterm 
delivery 

19-41 
(mean 30)

51 
pregnant 

TUC SUC, EQUC, 
sequencing V4 
region of 16S 
rRNA gene  

- most pregnant women had detectable live bacteria in urinary tract

- the most common urotypes were Lactobacillus and Gardnerella

- Lactobacillus urotypes were less diverse than Gardnerella, while Gardnerella
urotypes were characterized by relatively even distribution of other genera e.g.,
Lactobacillus, Ureaplasma, Aerococcus, Atopobium 

- microbiome of some women was dominated with e.g., Staphylococcus,
Enterococcus, E. coli

- Lactobacillus urotypes were composed of following species: L. gasseri, L. 
jensenii, L. iners, L. johnsonii, L. crispatus

- SUC missed many potentially pathogenic species

Jacobs et 
al, 2017142 
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Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

19-43
(mean
31.43; 
SD=4.37)

30 
undergoing 
cesarean 
section 

TUC 

*Collected in 
pre-delivery
and post-
delivery period

SUC, Sequencing 
V3-V4 regions of 
16S rRNA gene 

- cesarean delivery influenced maternal urinary tract microbiome composition

- bacterial richness and diversity increased in post-delivery samples (209 bacterial 
genera) comparing to pre-delivery (181 genera identified)

- Lactobacillus was the most dominant genus in pre-delivery period, while
Prevotella was most dominant genus in post-delivery period

- comparing to pre-delivery, the post-delivery samples had decreased Lactobacillus 
and increased Pseudomonas, Bacteroides and Ruminococcus 

- there was a correlation observed in certain metabolic pathways and cesarean
delivery

Liu et al, 
2018160 

Evs - extracellular vesicles, MSU - midstream urine, TUC - transurethral catheter, EQUC - enhanced quantitative urine culture, SUC - standard urine culture, SD - standard 
deviation
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1.3.2. Urinary tract microbiome in disease 

Compositional fluctuations of urinary tract microbiome in specific disease conditions have 

been the subject of huge interest since the beginning of urinary tract microbiome studies. The 

summary of available studies investigating human urinary tract microbiome with the focus on 

LUT disorders and selected urinary conditions is provided in Table 4. 

One of the most investigated are LUT disorders, like urinary incontinence (UI), overactive 

bladder (OAB) or interstitial cystitis (IC) that have severe impact on the quality of life 

including health-related, social, psychological, and working functions. Lack of efficient 

therapeutic approaches, and the fact that patients are selectively responding to the available 

treatment, strengthen the need to better understand the etiology of these chronic disorders. 

Diagnosis of these persistent UT conditions is still primarily symptom-based, and treatment 

include antimuscarinic drugs which reduce contractions of the involuntary detrusor, 

decreasing the symptoms severity in some cases only161,162. 

The UI is a urinary disorder characterized by uncontrolled urine leakage, which affects 

patients’ psychological condition and significantly reduces quality of life163. This condition is 

divided into specific types which have additional characteristics e.g., urgency urinary 

incontinence (UUI) when is associated with excessive need to urinate or stress urinary 

incontinence (SUI) associated with the pressure on the bladder163. There might be also mixed 

urinary incontinence (MUI) which is characterized by all above mentioned symptoms150,163. 

Current findings suggest that microbiome detected from UUI and SUI is more diverse 

comparing to control group and enriched with bacterial species belonging to Firmicutes and 

Proteobacteria phyla. Stenotrophomonas sp., Methylobacterium sp., and other Gram-

negative bacteria previously reported as UT pathogens have been observed in higher quantity 

among UI patients than in non-affected controls79,80,149. Emerging uropathogens e.g., 

Actinotignum schaalii have been detected more likely from UI patients145. Additionally, 

decrease of relative abundance of Lactobacillus sp. in MUI cohorts150, or in parallel with 

increase of Gardnerella sp. among UUI samples was also observed74. Interestingly, comparing 

diversity only among UUI group, less diverse microbial profiles were found to be associated 

with more severe symptoms79. Culture-dependent approach allowed identification of isolates 

at species level, which revealed intra-genus differences in both cohorts, e.g., higher prevalence 

of Lactobacillus gasseri in UUI, and Lactobacillus crispatus in ‘healthy’ group74,80. Several 

evaluations regarding microbiome composition and the risk of developing UTI after surgery 

for SUI164,165 or response to incontinence treatment80 are also available, suggesting existence 
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of microbiome compositional patterns associated with different cohorts (e.g., UUI vs non-

UUI, responders vs. nonresponders). For instance, Atopobium vaginae and Finegoldia 

magna in higher abundance were associated with symptoms severity165 or presence of 

Lactobacillus iners in urinary tract microbiome was associated with protective role against 

developing post-operative UTI166. 

The OAB syndrome is also manifested by urinary urgency without UTI, usually associated with 

urinary frequency and nocturia161,162,167. In the past, OAB syndrome was not considered of 

microbial origin, however, bacterial community detected so far in urine from OAB patients 

seems to be different in comparison to healthy controls. Apparently, one of the main changes 

associated with this condition is the decrease in Lactobacillus sp., accompanied by the 

increase in Gram-negative bacteria, e.g., Proteus sp. or other recognized pathogens138,168. 

Some other bacterial genera might be overrepresented in OAB group like Sneathia sp., or 

Mycoplasma sp.75,81. However, not all these findings have been confirmed by other research 

groups, which emphasizes the need for further studies with enlarged cohorts and standardized 

methodologies. Interestingly, the research into possible new therapeutic strategies has already 

started e.g., vaginal estrogen therapy, which influenced increased level of Lactobacillus in UT 

and slightly contributed to symptoms improvements169. 

Another often investigated condition is IC or painful bladder syndrome (PBS) that could be 

associated with urinary tract microbiome as reported by a few studies170–172, however there are 

also reports saying that IC/PBS might not be associated with bacterial microbiome 

members83,144,173. Focusing on those that reported compositional changes, IC/PBS cohorts 

seem to have lower diversity and richness comparing to non-affected cohorts170,171. However, 

contrary to other LUT conditions, it was reported that IC/PBS cohort has microbiome 

enriched in Lactobacillus sp. and often contain bacteria belonging to Enterococcus, 

Atopobium, Proteus or Cronobacter genera170 and may also be associated with fungal 

composition and abundance174. Of note, other study reported low prevalence of Lactobacillus 

acidophilus in IC cohort and higher levels of proinflammatory cytokines171. There are also 

insights into symptoms flare event (sudden worsening of the symptoms, typical in chronic and 

inflammatory diseases175,176), which also seems to be associated with microbiome enriched in 

certain fungi i.e., Candida sp. and Saccharomyces sp.172.  

It is important to mention that compositional research on urinary tract microbiome has been 

expanded to other disease conditions such as different clinical manifestations of 
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UTI122,124,126,139,153,177–182, sexually transmitted infections25,152, type 2 diabetes146,183–185, bacterial 

vaginosis143 and neuropathic bladder59,186,187. Furthermore, there are also studies available on 

pathologies related to cancer e.g., bladder cancer188–200, prostate cancer201,202, breast cancer203; 

diseases related to upper UT such as kidney stones204–209, chronic kidney disease210, kidney 

transplant211–215 or other conditions e.g., gout216, prostatitis/chronic prostatitis/chronic pelvic 

pain syndrome88,217–219 and obstructive urinary retention220. 

 

Microbial colonization of the bladder and reported variation of bacterial communities among 

different cohorts strongly support the possibility that some of these dysfunctional conditions 

of UT have a bacterial etiology. Additionally, bacteria possess the ability to affect nervous 

system and to modulate immune system or even directly cause pain by nociceptors activation 

as it was already demonstrated for Staphylococcus aureus221. Presence of microbes with these 

properties in the UT may possibly modulate or stimulate nervous responses, since LUT 

functions are controlled by the CNS. 
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Table 4. A summary of studies and compositional findings on urinary tract microbiome in lower urinary tract disorders and additional selected 
urinary conditions. 

Status of 
urine donors 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

URINARY INCONTINENCE 

non-UUI Female Mean 49 
(SD=14) 

25 TUC EQUC, 
sequencing V4 
region of 16S 
rRNA gene 

- there were differences in median numbers of bacteria cultured
from both cohorts (higher number for UUI)

- increase in Gardnerella sp. and decrease in Lactobacillus sp. was 
observed in UUI group

- Actinobaculum schaalii, Actinomyces neuii, Aerococcus urinae,
Arthrobacter cumminsii, Corynebacterium coyleae, Gardnerella
vaginalis, Oligella urethralis and Streptococcus anginosus were 
more frequently identified in UUI cohort

- Lactobacillus species-level differences were observed according
with cohorts i.e., in healthy: L. crispatus, in UUI: L. gasseri 

Pearce et al, 
201474 

UUI Mean 63 
(SD=12) 

23 

UUI Female Mean 57.7 
(SD=11.3) 

155 TUC quantitative 
PCR 

- randomized double-blind trial for UUI treatment (onabotulinum 
toxin A and anticholinergic drug)

- nearly 40% of samples had detectable bacterial DNA

- the bacterial detection was more likely in patients with greater daily
UUI episodes

- presence of bacterial DNA was associated with risk to develop post-
treatment UTI

Brubaker et 
al, 2014222 

POP/UI Female 35-89 54 TUC SUC, 
Sequencing 
V1-V3 regions 
of 16S rRNA 
gene 

- microbiome diversity and abundance of some bacteria (e.g.,
Fulvimonas, Dyella, Klebsiella, Escherichia/Shigella, Pseudomonas,
Actinobaculum) were correlated to susceptibility to post-operative
UTI

- the risk of developing post-operative UTI was correlated with the
levels of b-defensin-1, psoriasin and lactoferrin

Nienhouse 
et al, 2014164 

UUI Female 31-85
(mean 
58.5)

90 TUC Sequencing V4 
region of 16S 
rRNA gene 

- Lactobacillus was the most dominating genus, followed by
Gardnerella, Gardnerella/Prevotella, Enterobacteriaceae,
Staphylococcus, Aerococcus and Bifidobacterium

Pearce et al, 
2015141 
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Status of 
urine donors 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

- the most common urotypes were “Lactobacillus”, “Gardnerella” 
and “diverse” 

- decrease of Lactobacillus was observed in women that developed 
UTI after UUI treatment 

Asymptomatic Female 42-68 9 TUC Sequencing V4 
region of 16S 
rRNA gene 

- there was a significant difference in RA of 14 bacteria between UUI 
and non-UUI cohort 

- decrease in microbiome diversity in UUI cohort was associated 
with increase in UUI symptoms severity 

- Alteromonadaceae sp, Stenotrophomonas sp., Brevundimonas sp, 
Elizabethkingia sp., Methylobacterium sp. were observed in higher 
RA in UUI cohort 

Karstens et 
al, 201679 

UUI 10 

non-UUI Female Mean 49 
(SD=14.7) 

26-33 TUC EQUC, 
Sequencing V4 
region of 16S 
rRNA gene 

- Most prevalent urotypes detected in both cohorts were 
Lactobacillus sp. (non-UUI: 45.5%, UUI: 22%) and diverse (non-
UUI: 6%, UUI: 32%) 

- UUI cohort had more bacteria and higher diversity 

- effectiveness of treatment in UUI cohort (responders) was 
corelated to less diverse microbiome community, while 
nonreponders had higher microbiome diversity 

- since microbiome composition seemed to influence clinical 
response to the treatment, microbiome diversity could be used to 
predict treatment responses 

Thomas-
White et al, 
201680 

UUI Mean 61.5 
(SD=11.5) 

37-50 

SUI Female Mean 51 
(SD=9.7) 

197 MSU 
(n=174), 
TUC 
(n=23) 

Sequencing V4 
region of 16S 
rRNA gene 

- microbiome diversity was associated with UI symptoms 

- urinary tract microbiome of women with urinary incontinence 
symptoms seemed to not be dominated by single taxa  

- Lactobacillus and Gardnerella urotypes were more frequent in 
premenopausal women and postmenopausal women under 
hormonal treatment 

- nonpredominant urotypes were more frequent in postmenopausal 
women without hormonal therapy  

Thomas-
White et al, 
2017149 

POP/SUI Female 30-85 
(mean 57) 

55 TUC, VS, 
PS 

Sequencing V4 
region of 16S 
rRNA gene 

- Lactobacillus, Corynebacterium, Gardnerella, Staphylococcus and 
Enterobacter were most abundant in urinary tract microbiome 

Fok et al, 
2018165 
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Status of 
urine donors 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

- Lactobacillus, Corynebacterium, Anaerococcus, Peptoniphilus and 
Gardnerella were the most abundant in vagina 

- Lactobacillus, Gardnerella, Prevotella, Anaerococcus, and
Corynebacterium were most abundant in perineum

- higher abundance of Atopobium vaginae and Finegoldia magna in 
urinary tract microbiome was associated with symptoms severity

- Atopobium vaginae was detected from urine, vagina and perineum,
suggesting they may act as reservoirs for this bacterium 

POP/SUI Female 25-85 
(mean 57)

104 TUC, VS, 
PS 

*twice - 6
weeks 
post-
operative
period
(TUC)

SUC, 
Sequencing V4 
region of 16S 
rRNA gene 

- Lactobacillus was the most common genus in all sample types
(TUC, VS, PS), followed by Gardnerella

- decrease of L. iners (prevalence and abundance) and increase in
certain pathogens (e.g., Escherichia coli, Klebsiella pneumoniae, 
Pseudomonas aeruginosa) was observed in women with post-
operative UTI comparing to from before surgery

- urinary tract microbiome composition at the day of surgery was
associated with risk for developing post-operative UTI

- L. iners could have protective activity against post-operative UTI 

Thomas-
White et al, 
2018166 

Asymptomatic Female Mean 53 
(SD=10.8) 

84 TUC Sequencing 
V4-V6 regions 
of 16S rRNA 
gene 

- the cohorts did not differ in Lactobacillus predominance

- overall microbiome composition differed according to presence of 
MUI

- it was possible to observe significant differences in microbiome
composition between cohorts only for younger women (<51 years 
old)

- microbiome with highly abundant Lactobacillus was characteristic
for asymptomatic women, while decrease in Lactobacillus was more
common for MUI cohort

- Lactobacillus was also more abundant in women <51

- BMI and menopausal status seem to be associated with MUI

Komesu et 
al, 2018150 

MUI Mean 53 
(SD=11.7) 

123 

Asymptomatic Female Mean 53 
(SD=11) 

84 TUC, VS Sequencing 
V1-V3 regions 
of 16S rRNA 
gene 

- 60% of OTUs detected in urinary and vaginal samples overlapped

- alpha diversity was higher in urine samples than vaginal

Komesu et 
al, 2020223 

MUI 128 
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Status of 
urine donors 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

- in both, urine and vagina, Lactobacillus was the most abundant
genus, followed by Gardnerella, Prevotella, Ureaplasma

- Lactobacillus sp. (mainly L. iners, L. crispatus, L. gasseri, L.
jensenii) were detected in similar proportion from urine and vaginal 
microbiome and they showed relatively strong correlation in paired
vaginal and urine samples

- Tepidimonas and Flavobacterium were detected only from urine
samples

non-UI Female Mean 47 
(SD=14) 

150 TUC EQUC - bacteria were detected in 70% of samples, and they were more 
often in UI cohorts, comparing to non-UI

- UI cohorts were characterized by higher species richness 
comparing to non-UI women

- Lactobacillus iners, Streptococcus anginosus, L. crispatus, and L.
gasseri were detected most often from non-UI cohort

- S. anginosus, L. iners, Staphylococcus epidermidis, and L. jensenii
were detected most often in SUI cohort, while S. anginosus, L.
gasseri, Aerococcus urinae and Gardnerella vaginalis in UUI cohort

- Actinotignum schaalii, Aerococcus urinae, A. sanguinicola, and
Corynebacterium lipophile group were unique species found in
significantly higher RA in at least one UI cohort, comparing to non-
UI women

Price et al, 
2020224 

SUI Mean 54 
(SD=14) 

50 

UUI Mean 61 
(SD=13) 

109 

OVERACTIVE BLADDER 

non-OAB Female NA 18 TUC SUC, EQUC, 
sequencing V4 
region of 16S 
rRNA gene 

- Lactobacillus sp., Streptococcus sp., Corynebacterium sp.,
Actinomyces sp. and Bifidobacterium sp. were identified in both
cohorts 

- Lactobacillus sp., Streptococcus sp., Bifidobacterium sp.,
Staphylococcus sp., Enterococcus sp., Micrococcus sp. were more
abundant in asymptomatic women

- Corynebacterium sp., Actinomyces sp. were more abundant in 
OAB cohort

Hilt et al, 
201475 

OAB 34 
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Status of 
urine donors 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

- Aerococcus sp., Actinobaculum sp. were identified only in OAB
cohort

OAB Female 61 1 NA 

*twice, 
repeated 
after one
year

SUC, 
Sequencing 
V1-V2 and V6 
regions of 16S 
rRNA gene 

- at the first sampling the patient showed negative analysis of urine 
dipstick, positive SUC with one single bacterium (Streptococcus 
viridians group), and diverse microbiome by 16S rRNA gene
sequencing (additional detection of Atopobium, Ureaplasma,
Prevotella, Bacteroides urealyticum)

- at the second sampling, still with persistent symptoms, urine
dipstick and SUC were negative but sequencing still showed diverse
microbiome (Streptococcus, Ureaplasma, Prevotella, trace of 
Bacteroides urealyticum)

- use of sequencing methods should be considered for patients with
chronic urinary symptoms

Siddiqui et 
al, 2014225 

Asymptomatic Female 41-83 35 MSU Culturomics of 
resuspended 
sediment of 
urine and 
sequencing V9 
region of 16S 
rRNA gene 

- overall, Staphylococcus sp., Streptococcus sp., Corynebacterium 
sp. and Lactobacillus sp. were most frequently identified

- significant differences in prevalence of certain bacteria was
observed between asymptomatic women and women with OAB

- Proteus sp. was identified more often in OAB cohort

- Lactobacillus sp. was identified more often in asymptomatic
controls

- recognized pathogens have been more likely identified from OAB
group

Curtiss et al, 
2017138 

OAB 14-87 60 

Asymptomatic Female Mean 26 25 TUC Sequencing V4 
region of 16S 
rRNA gene 

- microbiome composition was significantly different in 
asymptomatic comparing to OAB women

- higher diversity of urinary tract microbiome was observed in 
asymptomatic cohort

- Lactobacillus sp. was dominant genus in half of the asymptomatic
women

- in OAB cohort RA of 7 genera increased e.g., Bifidobacteriaceae,
Proteus sp. and Aerococcus sp. and RA of 13 genera decreased e.g.,
Lactobacillus sp. and Prevotella sp. 

Wu et al, 
201781 

OAB Mean 27,5 30 
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Status of 
urine donors 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

Asymptomatic Female Mean 59 22 MSU  

*4 times, 
each 4
weeks

SUC, 
urothelial-cell 
sediment 
culture 

- significant differences in microbiome, pyuria counts, and infected
urothelial cells were observed in both groups

- Staphylococcus sp., Streptococcus sp., Citrobacter sp. and
Lactobacillus sp. were most dominant genera in asymptomatic
cohort

- recognized uropathogens were more often detected in OAB i.e., E. 
coli, E. faecalis, Proteus, Klebsiella-Enterobacter-Serratia group

- SUC did not allow to distinguish samples from asymptomatic and
OAB cohort

Gill et al, 
2018168 

OAB Mean 63 23 

Asymptomatic Female NA 10 TUC metagenomics - twelve recovered metagenomes contained sequences of phages
and/or eukaryotic viruses

- contigs homologous to putative prophage of Gardnerella vaginalis,
Streptococcus agalactiae or some Lactobacillus sp. were identified
but also novel sequences with no homology in GenBank database 

- human polyomavirus JC was identified only in OAB cohort

Garretto et 
al, 2018123 

OAB 20 

OAB Female 62-73 41 TUC, MSU EQUC - 12 weeks on estrogen therapy did not cause decrease in diversity of 
urinary tract microbiome

- after estrogen treatment significant increase in Lactobacillus was
observed in urine collected by TUC, but not in MSU

- increase in Lactobacillus was also correlated with modest
improvement of urgency incontinence symptoms severity

- hormonal therapy also contributed to increase in urinary
antimicrobial peptides which correlated with higher abundance of
Corynebacterium

Thomas-
White et al, 
2020169 

INTERSTITIAL CYSTITIS/PAINFUL BLADDER SYNDROME 

IC/PBS Female 27-67 8 MSU Sequencing 
V1-V2 and V6 
regions of 16S 
rRNA gene 

- urinary tract microbiome composition of IC patients differs from
asymptomatic controls

- 93% of detected microbes belonged to Firmicutes phylum

Siddiqui et 
al, 2012170 
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Status of 
urine donors 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

- Lactobacillus sp. was significantly enriched in IC patients,
comparing to asymptomatic women

- Enterococcus sp., Atopobium sp., Proteus sp. and Cronobacter sp.
were found only in IC patients

- microbiome of IC patients showed lower diversity and richness

IC/BPS Female Mean 41 213 ISU, MSU SUC, culture-
independent 
using 16 
primer pair 
BAC/Fungal 
detection 
system 

- more bacterial species were detected in ISU (81) than in MSU (73) 
samples

- evaluation of patients with and without symptom flare showed the
higher prevalence of fungi (Candida sp. and Saccharomyces sp.) in 
patients who reported a flare

- no significant difference of bacterial species/genus occurrence and
uropathogens detection was observed between flare and non-flare
cohorts

Nickel et al, 
2016172 

non-IC/PBS Female Median 34 
(SD=10) 

18 MSU, VS Sequencing 
V3-V4 region 
of 16S rRNA 
gene 

- Lactobacillus was the most dominant taxa in both cohorts

- no significant compositional differences of urogenital microbiome
between non-IC/PBS and IC/PBS cohorts

Meriwether 
et al, 2019173 

IC/PBS Median 34 
(SD=8) 

23 

non-IC/PBS Female in groups: 
<35, 

35-50,

50+ 

182 MSU culture-
independent - 
using 16 
primer pair 
BAC/Fungal 
detection 
system and 
Plex-ID 
molecular 
diagnostic 
platform 

- Lactobacillus gasseri and Corynebacterium were the species 
responsible for most compositional variations (e.g., L. gasseri was
more prevalent in IC/PBS cohort) 

- 29 species were identified only in IC/PBS cohort (e.g., Proteus
mirabilis, Pseudomonas aeruginosa, Mycoplasma hyorhinis,
Helicobacter hepaticus)

- there was no statistically significant difference between 
microbiome composition (species, nor genus level) of non-IC/PBS 
and IC/PBS cohort

Nickel et al, 
2019226 

IC/PBS 181 

Asymptomatic Female Mean 48 
(SD=12) 

20 MSU EQUC and 
sequencing V4 
region of 16S 
rRNA gene 

- urotypes from both cohorts did not differ

- alpha diversity, principal component analysis and hierarchical
clustering found no statistical significance between cohorts

Bresler et al, 
2019144 

IC/PBS Mean 50 
(SD=13) 

21 
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Status of 
urine donors 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

- putative uropathogenic species were detected in both cohorts, with
no statistical significance

- IC/PBS may not be related to bacterial members of urinary tract
microbiome

IC/BPS Female Mean 
41.25 

202 MSU 

*Sampling
repeated 
after 6 and 
12 months

culture-
independent 
using 16 
primer pair 
BAC/Fungal 
detection 
system 

- the fungi were detected in 92.4% samples tested

- fungi-positive urinary tract microbiome demonstrated 8 or 45
different fungal genera (depending on analysis)

- there was no association between fungal taxa detected and flare
status or pain severity, however fungi were more likely detected in 
patients with severe symptoms

- there might be an association of increasing RA of Candida and
Malassezia in patients with higher symptoms severity

Nickel et al, 
2020174 

non-IC/PBS Female Mean 51 
(SD=15) 

40 TUC, MSU 
(n=10) 

EQUC, 
sequencing V4 
region of 16S 
rRNA gene 
(n=66) 

- more than half of the IC/PBS samples did not grow live bacteria by
EQUC which could question microbiome involvement in this 
pathology

- distribution of the urotypes was different between non-IC/PBS and 
IC/PBS cohort (e.g., Streptococcus urotype was observed only in
IC/PBS group)

- Lactobacillus was the most common urotype (and L. iners was the
most common species) in both cohorts

Jacobs et al, 
202183 

IC/PBS Mean 45 
(SD=13) 

49 

LOWER URINARY TRACT SYMPTOMS 

Asymptomatic Female Mean 43 
(SD=17) 

26 MSU, TUC SUC, Culture 
of urinary 
sediment, 
sequencing of 
16S rRNA gene 

- LUTS patients demonstrated polymicrobial colonization of the
urothelium (quantitatively different from controls) with many
uropathogens being likely intracellular or close to urothelium (e.g.,
only in LUTS cohort E. coli was closely associated with cells)

- E. coli, Enterococcus sp., Staphylococcus sp., Streptococcus sp.
were found in both asymptomatic and LUTS cohort

- Proteus sp., Micrococcus sp. were specific to LUTS cohort

- Actinomyces sp., Prevotella sp. were specific to asymptomatic
cohort

Khasriya et 
al, 201340 

LUTS Mean 48 
(SD=16) 

55 
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Status of 
urine donors 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

- Lactobacillus sp. were more often detected from TUC than from
MSU, which supports previous findings on these bacteria residing
urinary tract 

- the initial cohort was further enlarged with MSU samples of 47
asymptomatic controls and 165 patients, including women and men,
which confirmed the previous findings

Asymptomatic NA NA previously 
published 

MSU or 
TUC 

whole genome 
sequencing 

- examining 181 genomes from previous female urinary tract
microbiome studies (asymptomatic and LUTS cohort)

- at least one phage was found in 86% of examined genomes

- 457 phage sequences were found, with 226 predicted with high
confidence and many of which were novel with no homology with
known sequences deposited in public databases

- Lactobacillus strains had frequently more than one phage

- novel prophages were found in species of e.g., Actinomyces,
Varibaculum, Bifidobacterium, Gardnerella, Streptococcus 

- there was a difference in phages abundance observed in 
microbiome of asymptomatic and OAB cohorts

Miller-
Ensminger 
et al, 
2018227 

LUTS 

Asymptomatic Female NA 77, all 
previously 
published 

TUC whole genome 
sequencing, 
metagenomics 
(n=12) 

- examining 149 genomes from previous female urinary tract
microbiome studies 

- highly similar strains were isolated from urinary tract and vagina

- urinary and vaginal microbiome appeared to be interconnected 

- interlink applied to putative pathogenic species (e.g., Escherichia
coli, Streptococcus anginosus) as well as health-associated 
commensals (e.g., Lactobacillus crispatus, Lactobacillus iners)

Thomas-
White et al, 
201839 

Symptomatic/
LUTS 

Asymptomatic 
and LUTS 

Female 21-85
(median
55)

49 TUC, MSU, 
PUS, US 

EQUC - microbiome obtained by TUC was different from PUS, US and MSU

- urethral microbiome was different from MSU

- the same genera were grown from all sample types, however in 
different distributions

- prevalence of Lactobacillus and Gardnerella was similar in all 
sample types

- Staphylococcus and Escherichia were more prevalent in MSU

Chen et al, 
202041 
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Status of 
urine donors 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

- Escherichia was more abundant and Lactobacillus was less 
abundant in TUC, while the Corynebacterium and Streptococcus 
was more abundant in other types of samples

- younger women were more prone to have Lactobacillus and
Gardnerella in urethral samples

- Corynebacterium and Streptococcus were more abundant in all
samples but TUC

- no association was found for LUTS and abundance and/or
prevalence of urethral bacteria

- the microbial load in urogenital samples increases with more distal 
location

LUTS/BPE Male 40-85 49 MSU, TUC EQUC, 
sequencing of 
16S rRNA gene 

- microbiome was detected in 98% of MSU, and 39% of urine
collected by TUC by both methodologies (EQUC and sequencing)

- microbiome was detected most often in men with severe LUTS, and
less often from men with mild LUTS

- microbiome of MSU and urine collected by TUC differed
significantly

Bajic et al, 
2020228 

SYMPTOMATIC POPULATION AND OTHER CONDITIONS 

Asymptomatic 
and 
symptomatic 

Female NA 92 MSU SUC, 
Sequencing 
V1-V3 regions 
of 16S rRNA 
gene (n=116), 
metagenomics 
(n=49) 

- Bacteria were dominating microbes in urinary tract microbiome
(94.6%), followed by eukarya (0.05%), viruses (0.0027%) and trace
of archea (0.0001%)

- contamination of reads with human-derived data was in a range 1.3
- 99.9%

- although shotgun metagenomics and 16S rRNA gene profiling gave
similar results, some bacterial detection (e.g., Gardnerella) was
improved with metagenomics approach 

- the median of 2 (range 1-8) for eukaryotic species per sample was
identified (e.g., Candida albicans, Candida glabrata)

- the median of 3 (range 1-9) viruses per sample were identified
(phages and human viruses)

Moustafa et 
al, 201876 

Male 29 
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Status of 
urine donors 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

- the biggest differences between female and male microbiome were 
related to high numbers of reads for Lactobacillus and Prevotella in 
women, and Enterococcus and Pseudomonas in men  

Prepubertal 
boys who 
required 
elective 
urologic 
procedures 

Male 3 months - 
8 years 
(median 15 
months) 

20 TUC 
(n=10) and 
rectal swab 
(n=20) 

Sequencing V6 
region of 16S 
rRNA gene 

- urinary tract microbiome in prepubertal boys contained several 
genera reported in microbiome of adults 

- the cohort was divided into boys without (n=5) and with (n=5) 
prior antibiotic treatment 

- the higher bacterial load was observed in group previously exposed 
to antibiotics 

- alpha diversity measures did not differ in both cohorts 

Kassiri et al, 
2019154 

NA 

*volunteers 
had conditions 
that were not 
known to 
involve 
infections 

Female 22-48 
(median 
31.6) 

147 MSU 
(n=137), 
TUC 
(n=10) 

Sequencing 
V4-V5 of 16S 
rRNA gene, 
culturmics, 
quantitative 
real-time PCR 

- Chinese reproductive-age population was studied and 
Streptococcus and Lactobacillus was the most dominant bacteria in 
urinary tract microbiome 

- additional six locations had been sampled within female 
reproductive tract 

- vaginal samples were mostly dominated by one taxa, while urinary 
tract microbiome showed higher diversity 

- urinary tract microbiome was shown to be more similar to cervix 
and uterine cavity, than to vaginal microbiome in the same women 

- the bacteria were also identified from urine collected by TUC (3/10) 
and included Lactobacillus, Staphylococcus, Clostridium, 
Enterococcus and Propionibacterium 

Chen et al, 
2020229 

Asymptomatic  Female 19-62 
(median 
29) 

 

49 MSU, 
vaginal 
fluid 

Sequencing 
V1-V2 regions 
of 16S rRNA 
gene  

- it was not possible to differentiate healthy female and male 
microbiome by clustering based on bacterial composition 

- female samples contained bacteria not detected in males, while 
male samples showed the largest diversity 

- unique urotype present only in healthy female was characterized by 
Lactobacillus crispatus 

- there was no urotype characteristic only for male 

Gottschick 
et al, 2017143 

Male 23-59 
(median 
29) 

31 
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Status of 
urine donors 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

BV Female 18-51
(median
31)

109 - female urinary tract microbiome differed in healthy women and
women with BV 

UTI-RELATED SYMPTOMS 

Symptomatic 
(suspected 
cystitis) 

Female 18-49
(median
22)

202 MSU, TUC culture-based - Escherichia coli was the major pathogen identified (65%), with
slightly higher detection from MSU (131 episodes) than from TUC
(120 episodes)

- strong correlation was observed for colony counts from MSU and
TUC regarding E. coli cases, Klebsiella pneumoniae (n=10 cases) and
Staphylococcus saprophyticus (n=6)

- Enterococcus was better detected from MSU (20 episodes) than 
TUC (2 episodes). The same was observed for Streptococcus group B
with 25 cases detected from MSU and just 2 from TUC

- in 61% of episodes where Enterococcus and/or Streptococcus was 
detected, E. coli was also identified

- additionaly some Lactobacillus and Gardnerella vaginalis were
isolated from TUC 

Hooton et 
al, 2013177 

urethritis Male NA 38 MSU Sequencing of 
16S rRNA 
gene, PCR for 
selected 
species 

- most frequently identified were Propionibacterium,
Staphylococcus, Corynebacterium, Streptococcus, Pseudomonas,
Gardnerella vaginalis, Anaerococcus, Peptoniphilus, Finegoldia,
Bacteroides

- the detection of Neisseria gonorrhoeae, Chlamydia trachomatis,
Mycoplasma genitalium was less efficient by 16S rRNA gene
sequencing than by traditional PCR

- Neisseria gonorrhoeae, Chlamydia trachomatis, Mycoplasma
genitalium were often identified as predominant bacterial species in 
the sample

You et al, 
2016180 

non-idiopathic 
urethritis 

Male 19-51
(median
28)

46 MSU, US Sequencing 
V3-V4 regions 
of 16S rRNA 
gene 

- Lactobacillus (50% of the samples) and unclassified
Alphaproteobacterium (71%) were highly present in non-idiopathic
urethritis cohort

- the microbiome composition of both cohorts could not be properly
distinguished by hierarchical clustering

Frølund et 
al., 2018179 

idiopathic 
urethritis 

39 
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Status of 
urine donors 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

- several patients had microbiome dominated with single genus of
putative relevance e.g., Gardnerella, Haemophilus, Ureaplasma

cystitis Female Mean 
54.10 
(SD=12.69) 

42 TUC SUC, 
Sequencing V4 
region of 16S 
rRNA gene 

- the microbiome composition of acute uncomplicated cystitis (AUC)
and recurrent cystitis (RC) cohort was significantly different (e.g., 
Pseudomonas, Acinetobacter, Enterobacteriaceae in AUC cohort;
Sphingomonas, Staphylococcus, Streptococcus, Rothia in RC 
cohort)

- RC cohort was characterized by higher microbiome diversity

- culture-independent methodology significantly improved bacterial 
detection, comparing to SUC, and may be useful in the clinical 
diagnostics

Yoo et al, 
2021181 

Symptomatic 
(suspected 
UTI) 

NA NA 35 MSU SUC, whole 
genome 
sequencing, 
metagenomics 

- metagenomics allows to identify additional bacteria of putative
relevance present in the samples and missed by SUC (e.g.,
Aerococcus urinae, in addition to Proteus and E. coli)

- detection of certain species that might be involved in UTI was only
possible with metagenomics (e.g., Lactobacillus iners, Gardnerella 
vaginalis, Prevotella sp., and A. urinae)

- metagenomics may be used for clinical purposes as a fast and more
accurate approach comparing to culture

Hasman et 
al, 2014122 

non-UTI Female 25-54 5 NA viral 
metagenomics 
and 
sequencing V3 
region of 16S 
rRNA gene 

- bacteriophages were the most common viruses identified
- both cohorts had herpesviruses, polyomaviruses, and human 
papillomaviruses (HPV)
- HPV seemed to be common in urinary tract microbiome
- alpha and beta diversity for viral community did not differ between 
non-UTI and UTI cohort, however it significantly differed for
bacterial communities
- no significant differences in viral and bacterial composition were
observed according to gender

Santiago-
Rodriguez et 
al, 2015124 Male 47-94 5 

UTI Female 18-69 5 

Male 52-78 5 

non-UTI Female Mean 60.6 
(SD=12.3) 

75 TUC - greater microbiome diversity was observed in non-UTI cohort Price et al, 
2016139 
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Status of 
urine donors 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

UTI Mean 64 
(SD=17.1) 

75 SUC, EQUC, 
streamlined 
EQUC 

- Streptococcus (S. mitis/oralis/pneumoniae, S. parasanguinis, S.
salivarius, S. sanguinis) and Gardnerella vaginalis were detected 
more often in non-UTI cohort, while Escherichia coli was more
prevalent in UTI cohort
- UTI cohort had uropathogens in the higher load than non-UTI 
- streamlined EQUC (simplified EQUC protocol) can greatly improve
detection of clinically relevant bacteria comparing to SUC

UTI/urosepsis NA NA 10 NA metagenomics - additional urine samples from asymptomatic controls but heavily
inoculated with known Escherichia coli strain were tested
- metagenomics performed with MinION allowed for the correct
identification of pathogens directly from urine and showed high
accuracy with detection of acquired resistance genes (51/55)
- gene mutations and allelic variants could not be reliably identified
by this method
- metagenomics would be attractive alternative for diagnostic
purposes with few hours to obtain results

Schmidt et 
al, 2017125 

UTI-related 
sepsis 

NA NA 40 NA SUC, 
metagenomics 

- metagenomics was shown to accurately detect microbiome and
resistome from urine samples
- Escherichia coli was the most pathogenic agent identified
- detection of Actinotignum schaalii in one patient was only possible 
with metagenomics
- metagenomics could be a suitable and time-saving tool in clinical 
diagnostics

Barraud et 
al, 2019126 

non-UTI and 
UTI 

Female < 48 
months 

59 TUC Sequencing 
V3-V4 regions 
of 16S rRNA 
gene 

- urinary tract microbiome was identified in every children, even in
neonates
- children with UTI had lower alpha diversity (than non-UTI)
- microbiome of children with UTI clustered separately from those
without UTI
- alpha diversity decreased in group who had been given antibiotics 
within 2 weeks of the urine sample collection
- the significant beta-diversity differences were found between
antibiotic use, but not between age, gender, maternal ethnicity,
country of origin, delivery mode, probiotic use
- 5 most abundant genera were Prevotella, Peptoniphilus,
Escherichia, Veillonella, Finegoldia

Kinneman 
et al, 
2020153 

Male 26 
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Status of 
urine donors 

Gender Age 
(years) 

Number 
of donors 

Sample 
collection 
method 

Methodology 
used 

Main findings Reference 

- non-UTI samples had heterogenous patterns of the most abundant
taxa 
- the phylum Actinobacteria was more commonly found in boys
- a strong correlation was detected between age and abundance of 
Mobiluncus (mainly driven by female group)

rUTI Female Mean 67 
(SD=14.2) 

43 MSU, TUC SUC, EQUC - EQUC detected more uropathogens and more unique bacterial
species than SUC
- E. coli and E. faecalis were most commonly detected in both
sample types
- emerging uropathogens were detected only by EQUC e.g.,
Actinotignum schaalii, Streptococcus anginosus 
- comparing to TUC, voided urine had high false-positive rates

Hochstedler 
et al, 2021182 

NA - not available, RA - relative abundance, OTU - operational taxonomic unit, MSU - midstream urine, ISU - initial stream urine, TUC - transurethral catheter, SPA - 
suprapubic bladder aspiration, SPC - suprapubic catheter, US - urethral swab, PUS - peri-urethral swab, VS - vaginal swab, RVS - rectovaginal swab, PS - perineal swab, TUR 
- transurethral resection, CS - coronal sulcus, IC/PBS - interstitial cystitis/painful bladder syndrome, OAB - overactive bladder, UI - urinary incontinence, UUI - urge urinary
incontinence, SUI - stress urinary incontinence, MUI - mixed urinary incontinence, POP - pelvic organ prolapse, LUTS - lower urinary tract symptoms, BPE - benign prostate
enlargement, NB - neuropathic bladder, CP/CPPS - chronic prostatitis/chronic pelvic pain syndrome, UTI - urinary tract infection, rUTI - recurrent urinary tract infection,
BV - bacterial vaginosis, T2DM - type 2 diabetes mellitus, EQUC - enhanced quantitative urine culture, EUC - expanded urine culture, SUC - standard urine culture , SD -
standard deviation.
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1.4. Properties of certain bacterial groups of urinary tract microbiome 

Despite continuous efforts, the ‘core’ urinary tract microbiome has not yet been established. 

As suggested for other niches, the existence of ‘core set of genes’ reflecting urinary tract 

microbiome functionality is more likely than simply a set of taxonomically identical profiles15. 

Nevertheless, several bacterial groups have been consistently reported by the urinary tract 

microbiome studies, suggesting that they are more likely to inhabit UT and may have specific 

role in UGT health and disease. To date, prevalent and/or abundant members are 

Lactobacillaceae, Gardnerella sp., Enterobacterales, Streptococcus sp., Staphylococcus sp., 

Corynebacterium sp. and Prevotella sp.27,42,75,133,145,148.  

1.4.1. Lactobacillaceae 

Lactobacillaceae family (phylum Firmicutes) comprises ubiquitous Gram-positive, coccoid or 

rod-shaped bacteria, that are isolated from various sources (e.g., humans, animals, food 

products)230,231. Genera included in Lactobacillaceae belong to the heterogenous group of 

lactic acid bacteria (LAB) which is characterized by production of lactic acid as the main 

fermentation end-product232. LAB present capsular exopolysaccharides that can modulate 

adhesion, microbe-microbe or host-microbe interaction233–236.  

Its biggest genus was Lactobacillus, however, it comprised species with significant genomic 

diversity, e.g., variable genome size and G+C content, thus, there was a need to re-evaluate its 

taxonomic classification237. Indeed, in early 2020, the Lactobacillus taxonomy has been 

revisited based on a polyphasic approach, which resulted in its reclassification to 25 genera231. 

Among those ‘novel’ genera, three seem to be of particular interest regarding human 

microbiome i.e., Lactobacillus, Limosilactobacillus gen. nov. (former Lactobacillus reuteri 

group) and Lacticaseibacillus gen. nov. (former Lactobacillus casei group)231. They are widely 

isolated from vagina, gut or mouth cavity as part of human microbiome238–241. Moreover, many 

of their species are Generally Recognized As Safe (GRAS), and are under constant 

investigation due to their diverse useful properties and have been used for years as probiotics 

or in the food industry242–245. Interestingly, they also represent the most prevalent bacterial 

group isolated from healthy human urinary tract microbiome39,74,75,133,145. 
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Lactobacillus sp., Limosilactobacillus sp. and Lacticaseibacillus sp. use carbon as an electron 

acceptor instead of oxygen232 and are commonly found in nearly anaerobic conditions (e.g., 

vagina). Apparently, due to relatively low oxygen concentration in the bladder, varying from 

4 to 5.5%, also UT is an advantageous environment for these species28,246. They produce lactic 

acid that may be present in two isomeric forms, D- and L-lactic acid and it is fundamental for 

Lactobacillaceae beneficial activity (Box 5). The vaginal epithelial cells are only able to 

produce the L-form of lactic acid under hormonal stimulation238. However, it is the D-chiral 

isomer, only produced by microorganisms, that represents the lactic acid form more active in 

various metabolic pathways, such as down-regulation of matrix metalloproteinase-8 (MMP-

8), histone acetylation, damaged DNA reparation or gene transcription238. Some specific 

strains can also produce bacteriocins – low molecular mass peptides that have antimicrobial 

activity, thus with protective features232. 

Box 4 – Lactic acid role in vaginal environment 

Healthy vaginal microbiome is usually abundant in Lactobacillus sp. and, in a smaller extent, in 

Limosilactobacillus sp. and Lacticaseibacillus sp.247. The end product of their glycolysis - lactic acid, is 

an organic acid that ensures maintenance of low vaginal pH, which together with high glycogen deposit 

promotes an environment convenient for Lactobacillaceae proliferation and creates difficulties in 

opportunistic pathogens colonization238. Dominance of Lactobacillus sp. in this body site presents a 

protective activity not only by lactic acid production, but also hydrogen peroxide, strain-specific 

bacteriocin production or competition for the epithelium attachment23. 

Lactic acid also contributes to various health-beneficial actions such as antimicrobial defense or 

immunomodulatory activities. Besides the differences between both isomeric forms of lactic acid where 

D-isomer presents higher protective activity and stability for vaginal environment than L-isomer, its

efficacy is significantly dependent on dissociated state of this organic compound, as it influences the 

ability to cross plasma membrane and act inside the targeted cell23. Uncharged or protonated form of 

lactic acid present in acidic pH (pH < 3.8) can easily permeate membrane and by cytosol acidification 

cause lysis of other bacterial cells, comparing to lactate anion which requires transporters support. 

Protonated form of both isomers contributes also to immunological action, for instance, by increasing 

production of anti-inflammatory cytokines or inhibiting production of inflammatory cytokines23,248. 

The most prevalent Lactobacillus species detected in healthy vagina and UT so far are 

Lactobacillus crispatus, Lactobacillus gasseri, Lactobacillus jensenii, and Lactobacillus 

iners39,75,83,133,142,223,238,249. Among them, only L. iners does not possess ability to produce D-
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lactic acid238 but produce inerolysin – a toxin similar to cytolysin produced by Gardnerella 

vaginalis – main pathogen involved in BV250,251. Unsurprisingly, although also present in 

healthy UGT, L. iners seems to be associated with vaginal dysbiosis and has been previously 

reported as opportunistic pathogen associated with UTI development252–254. Occasionally, 

Lactobacillus delbrueckii, Lactobacillus johnsonii and Lactobacillus paragasseri are 

detected in urinary tract microbiome39,75,133,255.  

L. crispatus is the most prevalent Lactobacillus in the microbiome of UGT, and it contributes

to healthy state of female genital tract e.g., seems to promote autophagy in vaginal epithelial 

cells, in the higher level than other Lactobacillus species256. In L. crispatus ST1, expression of 

LEA-1 – strain-specific Lactobacillus epithelium adhesins – provides efficient binding to 

epithelial cells, for instance, of human vagina257. Other proteins involved in epithelium 

colonization, for instance in gut, are surface layer proteins (S-layer proteins, SLP), relatively 

small surface molecules present in many Lactobacillus species258–260. Specific strains of L. 

crispatus possess genes coding for CbsA or SlpB which are S-layer proteins binding to the 

collagens (type I and IV) in intestinal mucosa which is also the main component of 

extracellular matrix (ECM) of bladder basement cells34,259,261,262. Moreover, certain L. 

crispatus strains compete for the adhesion to the vaginal epithelial cells with the species G. 

vaginalis, frequently associated with BV, by overlapping with the proteins’ domains 

associated with hyaluronate or fibronectin-bindings245,263. Furthermore, some L. crispatus 

and L. jensenii strains showed inhibitory effect against Escherichia coli and various L. 

crispatus and L. gasseri demonstrated activity against Streptococcus agalactiae232,264–267. 

Additional strain-specific Lactobacillus activity is production of GABA, inhibitory 

neurotransmitter that regulates many CNS functions. Certain gut Lactobacillus in the 

presence of monosodium glutamate can secrete this substance which can potentially benefit 

brain function268–271.  

Species belonging to Limosilactobacillus gen. nov. are also found in urinary tract microbiome, 

however less often and less abundant than Lactobacillus sp.. Most reported are 

Limosilactobacillus fermentum, Limosilactobacillus reuteri, Limosilactobacillus vaginalis 

and Limosilactobacillus mucosae39,75,133,247,272,273. Interestingly, in microbiome, they often 

seem to be present in combination with Lactobacillus sp.39,274. Various surface layer proteins 

have been reported also for those species, allowing adhesion to collagen – component of 

bladder submucosa ECM e.g., Cnb protein of L. reuteri NCIB 11951 or CBP from L. fermentum 

387234,245,261,262. Furthermore, certain L. reuteri strains may have a role in bacterial auto-
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aggregation (L. reuteri ATCC 53608) or immunomodulatory activity (L. reuteri ATCC 

PTA6475)261. Although available insights are from gut, L. reuteri 17938 or ATCC 23272 seems 

to reduce inflammation by e.g., reduction of proinflammatory cytokines levels275,276. L. 

fermentum however has demonstrated beneficial activity in genital tract e.g., strain LF15 can 

inhibit G. vaginalis and improve Nugent score – a classification used to estimate vaginal 

health based on dominating bacterial morphotypes277.  

Finally, Lacticaseibacillus gen. nov. is occasionally identified among urinary tract 

microbiome, especially Lacticaseibacillus rhamnosus and Lacticaseibacillus 

paracasei39,75,133. Similarly to other Lactobacillaceae, species of Lacticaseibacillus showed 

adhesion abilities to ECM proteins e.g., collagen IV and fibronectin, that are likely involved in 

host UGT colonization278,279. Specific Lacticaseibacillus strains are used as probiotics and they 

are promising bacteriocin producers e.g., lactocin 160 produced by L. rhamnosus vaginal 

strain280. They also present potent outcompeting skills, for instance, L. rhamnosus 160 

inhibits G. vaginalis234,280, while L. rhamnosus HN001 showed antagonistic activity also 

against e.g., E. coli, Staphylococcus aureus and Streptococcus agalactiae that may be 

involved in aerobic vaginitis (AV)281. Furthermore, L. rhamnosus GG was shown to have 

inhibitory activity against Candida albicans, by production of lactic acid and hydrolase Msp1 

(major secreted protein 1)234,282. Strains of both species were also found to have antibacterial 

activity against carbapenem-resistant E. coli and Klebsiella pneumoniae283. It was also 

demonstrated that strain-specific EPS-SJ produced by L. paracasei subsp. paracasei BGSJ2-

8 has ability to reduce E. coli association with Caco-2 human cell line233.  

Interestingly, a mix of L. rhamnosus GR-1 and L. reuteri RC-14 or L. rhamnosus DSM 

14870 and L. gasseri DSM 14869 are common probiotic combinations which may improve 

vaginal health284–286. Although potential beneficial effect for vaginal health of these 

probiotics was demonstrated with oral and vaginal administration, oral capsules might not 

be the effective way to improve UT health284. To date, one double-blinded randomized 

controlled trial was performed to observe effect of oral administration of GR-1 and 

RC-14 probiotic on ratio between Lactobacillus and uropathogens in UT151. This 

preliminary trail on asymptomatic pre-menopausal women showed no effect on 

Lactobacillus/uropathogens ratio and absence of strains delivered with probiotic in 

participants’ voided urine151. Nevertheless, further research is needed to validate the 

usefulness of oral or vaginal probiotics on UT health improvement.  
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Considering the Lactobacillaceae features in the other body niches mentioned above, these 

bacteria express several mechanisms that could facilitate colonization of the bladder and 

provide protective activity on the UT, as interact with components of bladder ECM such as 

collagens, hyaluronic acid or fibronectin34. Possibly, the assumption that the decrease of 

protective Lactobacillaceae in microbiome leads to health complications observed in vagina, 

can be similarly applied to UT, as several studies reported lower detection of these species 

from people suffering from UT disorders74,81. Referring to the UT, changes in prevalence 

and/or abundance of Lactobacillaeae are not understood yet, however, it is suggested that 

proper level of specific strains inhibit overgrowth of Gram-negative bacteria and contributes 

to UT health maintenance.  

Noteworthy, most studies investigating human urinary tract microbiome apply identification 

methods insufficient for proper species level Lactobacillaceae taxonomic classification 

(MALDI-TOF MS, 16S rRNA amplicon sequencing). Thus, it is expected, that presence and 

diversity of Lactobacillaceae in urinary tract microbiome is highly underrated. 

1.4.2. Gardnerella 

Genus Gardnerella belongs to Actinobacteria phylum and was previously associated with only 

one species i.e., Gardnerella vaginalis. However, it was reported since several years that 

within available G. vaginalis collections there is significant diversity of genomic features 

suggesting taxonomical subgroups, likely associated with different pathogenic potential, since 

it might be present both in healthy and diseased women287,288. Recently, the taxonomy of 

Gardnerella has been revisited which resulted in description of 3 novel species in addition to 

the ‘real’ G. vaginalis (Gardnerella leopoldii sp. nov., Gardnerella piotii sp. nov. and 

Gardnerella swidsinskii sp. nov.) and several putative novel genomospecies287,289.  

This taxonomic update is truly relevant for understanding health of urogenital tract, and raises 

basic questions related to urogenital Gardnerella diversity and its contribution to disease 

state, particularly BV287,289,290. For instance, newly described species differ in ability to 

produce sialidase, which translates into host-microbe interaction and could be an important 

feature contributing to colonization capacity. However, initial research on Gardnerella sp. did 

not show association between sialidase production and BV symptoms287,289. 
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Importantly, most strains of Gardnerella encodes pore-forming toxin called vaginolysin 

which together with inerolysin produced by L. iners belong to cholesterol-dependent 

cytolysins which are capable of damaging cell membranes and are found in some Gram-

positive bacteria causing diseases at mucosal surfaces250,291,292  

Another potent feature of Gardnerella sp. is the ability to form biofilm which is a complex 

structure of bacterial community surrounded by self-produced extracellular matrix293. 

Gardnerella biofilm promotes bacterial persistence, resistance to hydrogen peroxide and 

lactic acid, and may express toxic activity towards vaginal epithelium294,295. It is often 

suggested that Gardnerella promotes early colonization and biofilm formation in BV, which 

facilitates further attachment of other, secondary BV-associated species289,293,296,297. Indeed, 

Gardnerella-associated biofilms are often polymicrobial which unveil important microbe-

microbe interactions with bacterial species commonly detected in vagina and UT (e.g., 

Enterococcus faecalis, Actinomyces neuii)296,297. It was also demonstrated that in dual-species 

biofilm, Gardnerella transcriptome may change and thus, to influence its virulence. For 

instance, dual-species biofilm with E. faecalis or A. neuii may stimulate increased expression 

of genes coding for vaginolysin or sialidase. Some species may also cause contrary effect, thus 

reducing virulence (e.g., reduced expression of gene coding for sialidase in biofilm with S. 

anginosus)297. 

 

Noteworthy, several independent studies demonstrated that Gardnerella sp. was widely 

present in the kidneys of hospitalized patient, thus Gardnerella is occasionally referred to as 

‘underestimated’ putative uropathogen298. Indeed, there is some important research done on 

Gardnerella contribution to UTI pathogenesis299,300. For instance, in animal model, exposure 

to ‘G. vaginalis’ caused bladder epithelial exfoliation and kidney injury, which activated 

intercellular reservoirs of E. coli and caused severe rUTI300. Interestingly, the initial damage 

caused by G. vaginalis remained even after G. vaginalis was cleared from UT which created 

the paradigm called “covert pathogenesis”300,301. Moreover, it was demonstrated that 

Gardnerella strain used had capacity of causing kidney damage itself, even without E. coli 

contribution299.  

 

According to current understanding of prevalence of different Gardnerella species, all novel 

species were found in vaginal microbiome, however with different frequency and 

abundance289. Curiously, G. vaginalis and G. swidsinskii were observed in higher relative 

abundance among women with vaginal discharge and abnormal odor289. 
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Although ‘G. vaginalis’ had been widely reported from healthy and diseased UT41,42,82,148,223,224, 

until now very few studies have explored genomic differences supporting the existence of 

distinct Gardnerella species and their occurrence in the UT302,303. The initial whole genome 

sequencing of urinary Gardnerella isolates indeed revealed distinguishable clades based on 

core genome phylogeny and existence of numerous prophages in these genomes303.  

Unfortunately, current methodological approaches widely used in urinary tract microbiome 

studies are limiting proper Gardnerella identification. Although it was shown to be possible 

to distinguish novel species by MALDI-TOF MS287, their reference spectra are not yet included 

in the databases. Furthermore, high 16S rRNA gene similarity does not allow to identify them 

at species level289, thus 16S rRNA amplicon sequencing cannot resolve this limitation. 

Alternatively, usage of other, more specific marker gene e.g., cpn60 for targeted amplicon 

sequencing could be a solution289. From the available methods for microbiome profiling, 

shotgun metagenomic sequencing can provide high taxonomic resolution data for species and 

strain-level identification and hopefully will be applied more often in near future to study 

urinary tract microbiome. 

1.4.3. Enterobacterales 

Proteobacteria is another phylum usually reported from healthy UT, mostly as a minor 

contributor. It contains many bacteria often classified as pathogens and is the most explored 

due to the order Enterobacterales. It comprises bacterial families that include Gram-negative 

species relevant to UT health e.g., Escherichia coli, Klebsiella pneumoniae, Citrobacter 

koseri, Enterobacter cloacae (all belonging to family Enterobacteriaceae) and Proteus 

mirabilis (from Morganellaceae fam. nov.)30,304. They are common uropathogens however 

most of them are not or are rarely (e.g., K. pneumoniae133) reported from healthy urinary tract 

microbiome. E. coli however is often present in healthy urinary tract microbiome and can be 

there as scarce community member or less often, as dominating species27,40,41,133,139,145. 

Interestingly, of all recognized uropathogens, E. coli is the most frequent cause of UTI (>80%) 

worldwide305,306.  

Thus, with discovery of urinary tract microbiome and initial knowledge on E. coli prevalence 

in healthy population, the reservoirs of E. coli causing infection need to be reevaluated. 
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Although the behavior of E. coli in healthy UT is not clear yet307, it is established that E. coli 

can grow well and fast in urine and UT308–310.  

A variety of E. coli genetic determinant are known to contribute to colonization and survival 

in UT. E. coli strains with the ability to cause UTI are referred as uropathogenic E. coli 

(UPEC)310. Majority of the UPEC strains belong to globally spread lineages causing UTI 

worldwide. The most predominant lineages include e.g., sequence type (ST) 131, ST95, ST73, 

ST69, ST127 or ST12, they are often antibiotics resistant and they are enriched in virulence-

associated traits311–314. For instance, the production of adhesins (e.g., fimH – type 1 fimbriae, 

papG – P fimbriae, csgA – curli) by many E. coli strains promote bacterial survival and 

attachment to urothelium30,306,315,316. Many strains are also able to secrete toxins (e.g., α-

hemolysin, HlyA; cytotoxic necrotizing factor 1, CNF1) which were linked to pathogenesis of 

UTI and were shown to be involved in cell invasion, host cells damage and inflammation 

induction310,314,316. 

To date, there are established E. coli reservoirs within the human body i.e., gut and vagina, 

however, E. coli is also capable to establish intracellular reservoirs that play a role in 

pathogenesis of rUTI. Several types are proposed by now i.e., intracellular bacterial 

communities (IBCs) which are replicating biofilm-like structures; quiescent intracellular 

reservoirs (QIRs) – small structures composed of few bacterial cells which are not replicating; 

and recently proposed vaginal intracellular communities (VICs) which are reservoirs inside 

vaginal epithelial cells305,317. Moreover, its ability to create biofilms additionally contribute to 

its persistence within inhabiting niche246,318. 

Noteworthy, whether infection is established or not (and its outcome) may also depend on 

interactions with other bacteria, for instance, the previously mentioned example of E. coli and 

G. vaginalis contribution to infection development and severity299,300. Additionally,

interactions with the host cells will also have an important impact. It was demonstrated that

bladder tissue pathophysiology changes after E. coli infection and modulates its susceptibility

for the future recurrent UTIs319. Nevertheless, whether just colonization with E. coli may also

stimulate changes in epithelium, gene expression and further host-microbe interactions

remains to be evaluated.
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1.4.4. Other bacterial groups of urinary tract microbiome 

 

Streptococcus sp., Staphylococcus sp., Corynebacterium sp. (Gram-positive) and Prevotella 

sp. (Gram-negative) are other bacteria often reported from healthy urinary tract microbiome.  

 

Streptococcus sp. (phylum Firmicutes) also belong to LAB and dominate in oral cavity. These 

Gram-positive, catalase-negative cocci constitute around 35% of oral bacteria from healthy 

controls but are also detected from nasal cavity, gut, and vagina, however in lower 

abundance5,320. Due to variable expression of several adhesins or structures facilitating 

adhesion to the human cells or to ECM components among different Streptococcus species, 

they demonstrate selective site preferences for colonization in the human body321. 

Additionally, ability to create biofilm, as well as presence of the polysaccharide capsule 

contribute to their persistence and ability to reproduce in different environments322,323. All 

Streptococcus species express fibronectin binding proteins (FnBP) which could also facilitate 

their adhesion to the bladder mucosa34,323. Among members of that genus, Streptococcus 

anginosus is the most often isolated species from female UT39,75,133,224. However, increased 

detection of this species has been observed among UUI patients comparing to healthy 

individuals74. Recently reported as an emerging pathogen, S. anginosus, similarly to other oral 

streptococci can co-aggregate with other microorganisms, not necessarily commensals, such 

as Candida albicans and due to this mechanism contribute to yeast colonization322. 

 

Members of Staphylococcus genus, mostly coagulase-negative Staphylococcus (CoNS), are 

the other group of bacteria from the phylum Firmicutes often reported from healthy UT. 

Coagulase-positive Staphylococcus aureus is reported less often. They are catalase-positive 

cocci and they are widely found commensals in various human body niches and constitute 

major part of skin and mucosal surfaces flora. They are sometimes reported as causative 

agents of UTI (mainly Staphylococcus saprophyticus, less often S. aureus and Staphylococcus 

epidermidis298). Some CoNS are known to produce antimicrobial substances, such as 

antimicrobial peptides (AMPs), that can be efficient against a broad-spectrum of Gram-

positive bacteria, including strains of methicillin-resistant S. aureus (MRSA). For instance, 

epidermin from S. epidermidis or hominicin produced by Staphylococcus hominis324,325. 

Lugdunin, obtained from S. lugdunensis is another potent bactericidal peptide with potential 

activity against some pathogenic bacteria including strains of MRSA or vancomycin-resistant 

Enterococcus sp.326. Additionally, extracellular serine proteases Esp secreted by those two 
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species can provide beneficial effect on skin or nasal cavity by inhibiting colonization with S. 

aureus327,328. Staphylococcus species possess various genes coding for adhesion and 

contributing to their colonization potential. For instance, polysaccharide intracellular 

adhesins (PIA), biofilm-associated protein (Bap) or extracellular matrix-binding proteins 

(Embp) are molecules facilitating bacterial adhesion to the ECM components (such as 

collagen, fibrinogen or fibronectin) or to host tissue and mediate biofilm formation329–332. 

Moreover, ability to form biofilm is one of the most relevant particularity of the 

Staphylococcus genus, as biofilm protects bacteria from host immunological defense, 

increases their antimicrobial resistance and facilitates colonization, persistence and chronic 

infection development333,334. 

 

From the phylum Actinobacteria, it is important to refer to the ubiquitous genus 

Corynebacterium sp. which encompasses Gram-positive bacteria presenting genomic high 

G+C content and a particular cell wall that includes a layer of mycolic acids connected to an 

additional polysaccharides layer on the top of peptidoglycan – arabinogalactan. This cell wall 

layer, called mycomembrane, is similar to outer membrane typical for Gram-negative bacteria 

by acting as permeability barrier and being involved in the host-microbe interactions335–337. 

Moreover, it provides protection from detergents, chemicals and enzymes including lysozyme 

but also antibiotics or physical factors. Beside structures characteristic to all members of 

Corynebacterium sp., like particular cross-linked peptidoglycan, lacking interpeptide bridges 

typical of other Gram-positive bacteria, this genus is highly diverse with variety of commensal 

and pathogenic species being able to adapt to distinct niches. One of the main differences 

includes lipid requirements by which members of this genus are classified as lipophilic or non-

lipophilic Corynebacterium species, which also contributes for niche specificity, for instance 

Corynebacterium species from skin are mainly from the lipophilic group338–340. Interestingly, 

one of the most prevalent in urinary tract microbiome is lipophilic Corynebacterium 

tuberculostearicum, a common skin colonizer which can induce inflammation in human skin 

cell lines and is occasionally reported from diseased humans341–343.  

Other structures or molecules expressed in Corynebacterium cell wall could facilitate host 

colonization including pili or non-pilus adhesins, as Corynebacterium cell surface beside 

proteins is also enriched with lipoglycans (lipomannan, lipoarabinomannan) that may 

interact with host epithelial cells and favor adhesion335,336,344,345. Moreover, co-existence of 

Corynebacterium sp. and Staphylococcus sp. in the same niche (e.g., nasal cavity or skin) has 

unveiled interesting insights into microbe-microbe interactions. For instance, 
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Corynebacterium striatum can modify expression of genes involved in colonization and 

virulence of S. aureus, increasing adhesion to murine epithelial cells but reducing the 

virulence, in particular decreasing hemolysin activity346,347. Those features strongly support 

importance of Corynebacterium species as a part of microbiome, possibly also in the UT. 

Another intriguing bacteria often found in urinary tract microbiome is Prevotella (phylum 

Bacteroidetes). These genus is characterized by high intra and inter species diversity, which 

reflects specific adaptations to different niches and diverse virulence potential348. Prevotella 

species are often found in healthy microbiome e.g., in oral cavity, gut349. Since they are 

inhabiting human body, some are considered commensal organisms, however they are also 

often associated with human infections. Interestingly, the same species found in healthy 

microbiome might be associated to disease condition (e.g., Prevotella intermedia in oral 

microbiome associated with periodontal disease, Prevotella copri in gut might be associated 

with immunological conditions)349,350. Currently, due to large strains variability, virulence 

factors conferring Prevotella pathogenicity are not clear.  

For instance, the ability of Prevotella species to attach to the human mucosa could be consider 

virulence factor, however it is also required for colonization of the human body, even for the 

good purpose. Many species, including those often found in urinary tract microbiome e.g., 

Prevotella bivia, Prevotella disiens39,75,133 has been shown to bind well to ECM351. 

Interestingly, in vaginal environment, abundant presence of Prevotella species is usually 

associated with the disease state352. Indeed, it seems to be important contributor to BV and 

there are various reports on possible microbe-microbe interactions that supports pathogen’s 

growth and contribute to infection development352–356. 

However, with available data on urinary tract microbiome, Prevotella is reported as often 

detected bacteria, in asymptomatic and symptomatic populations42,59,81. Additional 

associations have been observed for its abundance and prevalence, which seems to be higher 

in women, especially in post-menopausal age42,59,76,82. 

Noteworthy, in gut microbiome, host’s diet, lifestyle and other factors may have a strong 

influence on Prevotella diversity and prevalence349, thus it is not excluded that in urinary tract 

microbiome, particular host specificities will play similar role.   
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1.5. Microbiome as a source of antimicrobial resistance genes 

 

The extensive research on human microbiome every day improves our understanding of 

microbial communities inhabiting human body. However, in the context of human 

microbiome, antimicrobial resistance is also an important subject to be explored. Globally 

raising rate of microbes resistant to antibiotics constitute a threat for current and future 

centuries357,358. 

 

One of the evolutionary advantages of bacteria is horizontal gene transfer, which allows them 

to share specific gene content among each other359. This often relates to antimicrobial 

resistant genes (ARGs) mobilization, consequently contributing to increasing number of 

resistant bacteria. Considering that human body is naturally occupied by a large loads of 

diverse bacterial species, the possibility of ARGs spread between permanent and transient 

microbiome members (including putative pathogenic bacteria) is huge360. Thus, the 

microbiome is considered a reservoir of ARGs and its ‘resistome’ should be extensively 

studied360,361. 

 

Although some data on microbiome resistome is already available from widely studied human 

body niches (e.g., wide array of ARGs directed against antibiotics used in the clinic in gut 

microbiome or β-lactamases found in respiratory microbiome361), this matter has not yet been 

explored in urinary tract microbiome. 
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1.6. Current challenges in urinary tract microbiome research 

Overall, over the past ten years, a significant progress has been made in urinary tract 

microbiome research. However, as this research field is still in its infancy, many fundamental 

questions remain unclear, and several limitations may be easily identified.  

For instance, major part of data presented in available studies refer to genus level bacterial 

identification or does not apply identification methods sensitive enough to accurately identify 

bacteria at species level, which could be crucial to understand specific microbial interactions. 

Likewise, the understanding of population diversity at strain level is also essential and only 

now starts to be explored.  

Moreover, common trend to report ‘urotypes’ focusing on most dominant taxa may contribute 

to undervalue low abundant microbiome members that might be potentially relevant. The 

urotype-based data representation is indeed most convenient for fast comparison of main 

findings however, microbiome is a complex community and eubiosis may be achieved due to 

various microbe-microbe, microbe-host and microbe-environment interactions, thus the 

complete composition of microbiome should be always provided.  

Another important aspect would be understanding on how urinary tract microbiome shifts 

over time. To date, very few studies investigated temporal variations of urinary tract 

microbiome, with the focus on short-term shifts in asymptomatic population51,148, however 

these initial insights are based on only few heterogenous individuals in each cohort. There are 

also single reports available on population with LUT syndromes e.g., OAB168, IC174 or UI166. 

Overall, the longitudinal studies on asymptomatic cohorts, investigating to which degree 

urinary tract microbiome may shift over time, especially in the perspective of its long-term 

stability, are still lacking.  

Although several important studies had already been published, the urinary tract microbiome 

still needs some fundamental research focusing on robust characterization of microbiome 

members at species and at strain level, reliable identification methods, understanding of novel 

species inhabiting UT and temporal dynamics. Correcting this knowledge gaps may allow to 

translate urinary tract microbiome findings into diagnostics improvement and clinical 

practices.
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Objectives 
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Our hypothesis was that an enhanced characterization of the female urinary tract microbiome 

(with in-depth species and strains’ characterization) in asymptomatic individuals will allow 

the healthy urinary tract community profiling and/or identify members with pathogenic 

potential. Additionally, we hypothesized that an extensive interconnection between urinary 

and vaginal community may exist. 

 

 
 

The main goals of this work were: 

I. To comprehensively characterize the bacterial composition of the urinary tract microbiome 

of reproductive-age asymptomatic women, its long-term stability and interconnection with 

vaginal microbiome, using high-resolution culturomic analysis, supported with DNA-based 

approaches. 

II. To unveil features of urinary tract microbiome members favoring their ability to colonize 

and persist in the asymptomatic urinary tract. 

III. To evaluate the relevance of female urinary tract microbiome as a reservoir of putative 

uropathogens.  

 

 

 

To accomplish these goals, reproductive-age European women were enrolled to participate in 

the study, and they each provided first morning mid-stream voided urine sample and vaginal 

swab. For the investigation of the temporal stability of urinary tract microbiome, a subset of 

women provided additional first morning urine and vaginal sample within 2,5 year since the 

previous sample collection. Additionally, 6 OAB and 3 rUTI patients provided first morning 

mid-stream voided urine for FUM analysis. Genomes available in public databases were 

included for comparative genomics study on Escherichia coli, Limosilactobacillus sp. and 

Prevotella sp. isolates.  
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The specific objectives were the following: 

- To improve FUM structure characterization, throughout:

i) Improvement of the culturomic and amplicon-based protocol, ensuring enhanced

recovery of bacteria from urine samples and their reliable identification at species level; 

ii) critical appraisal of MALDI-TOF MS performance for accurate identification of FUM

members;

iii) detailed characterization (e.g., phylogenetic, genomic, biochemical analyses) of

putatively new species. 

- To explore infra-species diversity through genomic comparisons and to characterize their

functional activities that might be related to colonization, resilience, and ability to cause

infection.
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Results 

65



3.1. Healthy Female Urinary Tract Microbiome 

Moving beyond genus to bacterial species clustering: community structure types of the 

healthy female urinary microbiome 

Long-term stability of the urogenital microbiota of asymptomatic European women 

Step towards understanding interconnection between vaginal and urinary tract microbiome 
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Abstract 

The recognition of a microbiota inhabiting the healthy bladder engendered the need 

for comprehensive characterization of the urinary microbiota in health and disease. Still, 

insufficient sensitivity of methodological approaches is hindering this knowledge. Moreover, 

a proper species identification of key players is critical in exploring the urinary tract 

microbiota under eubiotic and dysbiotic state. 

The aim of this study was to uncover bacterial species combinations in midstream 

urine of healthy reproductive-age European women by extended culturomics and a cutting-

edge long-reads third generation sequencing of the 16S rRNA gene V1-V8 regions to 

comprehensively characterize female urinary tract microbiota (FUM). 

A wide bacterial species diversity was identified (297 species) by both methodologies, 

and there was not a single species present in all samples, although the genus Lactobacillus 

was detected in all. Instead, 14 bacterial species represented mostly by low abundant members 

were present in > 50% of samples, with at least 1% of abundance in one sample. Also we 

identified 16 uropathogens among healthy FUM. At genus level, the most prevalent 

community structure types were characterized by combinations of Lactobacillus spp. and 

other genera, while at species level a higher number of community structure types were 

identified by both methodologies. By moving beyond MALDI-TOF MS to sequencing of 

reliable gene markers, we unveiled identification of bacterial species from different genera not 

previously reported from healthy FUM and putative novel species.  

This study revealed important details on the FUM composition at genus and species 

level, which is critical to unveil the potential relationship between specific community 

structure members and urogenital diseases/disorders. 

Background 

Emerging studies in female urinary microbiota (FUM) have suggested the importance 

of this unique bacterial community in maintaining urinary tract (UT) healthy (1–6). The 

current progress in investigating FUM through next generation sequencing and culture-based 

methodologies has allowed identification of FUM members and indication of their 

involvement in various UT conditions. These breakthrough findings have triggered the 

reassessment of current diagnosis practice of urinary tract infection (UTI) (7, 8) and 

investigation of still poorly understood etiologies of UT disorders (e.g., overactive bladder 

syndrome, urgency urinary incontinence and interstitial cystitis/bladder pain syndrome) (9–

11). 
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Up to date, studies have described healthy FUM as a community dominated by certain 

genera such as Lactobacillus, Gardnerella or Streptococcus, or a mixed community without a 

single dominant genus involving, for example the combination of Staphylococcus, 

Corynebacterium and Prevotella genera (10, 12–14). Lactobacillus crispatus, Lactobacillus 

jensenii, and Gardnerella vaginalis are examples of bacterial species that have been reported 

as dominant in the lower urinary tract of healthy women of different age and menopausal 

status (13, 15), and the presence of certain potential pathogens such as Escherichia coli and 

Enterococcus faecalis were identified usually in low amounts (7, 13). 

Notably, previous studies on healthy FUM were based on age-heterogeneous study 

cohorts, making difficult data systematization (1, 2, 13, 16–18). Moreover, so far applied DNA 

sequencing methodologies, targeting individual short hyper-variable regions of the 16S rRNA 

gene, are often limited to a reliable identification of FUM members only at genus level (19). 

On the other hand, culture-based methodologies with isolates’ identification of insufficient 

resolution power still do not fully capture bacterial species diversity.  

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) is commonly used identification methods for cultured isolates and is often 

not sufficient for species level discrimination e.g., Lactobacillus (unpublished data). 

Moreover, the recent taxonomic reassessment of the Gardnerella genus unveiled 4 new 

species and 13 genomic species (20), highlighting the need to revise the previous findings in 

healthy FUM that considered Gardnerella as Gardnerella vaginalis. Although some studies 

demonstrated that MALDI-TOF MS can be used to differentiate Gardnerella species (20, 21), 

commonly used MALDI-TOF MS spectral databases do not include reference spectra for novel 

species, thus the accurate identification of Gardnerella species is still challenging.   

Considering the above, there is a critical need for accurate and sensitive 

characterization of the urinary tract microbiota of asymptomatic, healthy individuals to fully 

support future action in deciphering the microbial community shifts from a eubiotic to 

dysbiotic state, in order to guide the development of approaches to maintain or restore healthy 

FUM composition. 

To improve our understanding of FUM, we analyzed midstream urine samples of 

twenty reproductive-age healthy women using a complementary approach of an extended 

culturomics supported in a deep bacterial taxonomic resolution and 16S rRNA long-reads 

sequencing. Our complementary approaches for a reliable bacterial taxonomic profiling, 

together with a rigorous study design, enabled identification of community structure types 

represented by species combinations, including well-known uropathogenic bacteria. With 
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improved identification methods based on amplification of reliable gene markers, we also 

provided evidence on a high diversity of species within the genera Lactobacillus, Gardnerella, 

and Corynebacterium (including putative novel species) in the healthy lower urinary tract, 

indicating their potential essential contribution in shaping urinary microbiota structure. 

Methods 

Participants and sample collection 

This study was approved by the Faculty of Pharmacy (University of Porto, Porto, 

Portugal) Ethics Committee and written informed consent was obtained from all study 

participants. Twenty women of reproductive age were recruited between November 2016 and 

July 2018, following strict criteria: no pregnancy, no symptoms nor diagnosis of current UTI, 

and no antibiotic exposure in the previous month. A questionnaire was conducted concerning 

personal and health information that was encrypted, ensuring data confidentiality. 

Participants were carefully instructed in the collection technique. In the third week of 

menstrual cycle, each participant provided a first-morning midstream voided urine sample by 

self-performed non-invasive procedure via 40 ml sterile containers. Sampling procedure 

included vaginal swabbing, prior to urine collection, for minimizing cross-contamination. 

Urinary dipstick (Combur-Test, Roche) analysis and microscopic examination of the re-

suspended sediment of centrifuged urine (1 ml) were performed. Up to 2 hours after 

collection, urine samples were subjected to extended culturomic protocol, concurrently pre-

treated for amplicon sequencing analysis, and stored at -80 oC. The FUM culturomic data from 

ten women published in the context of urinary tract microbiome temporal stability (22), were 

included in this study. Since this manuscript includes novel data from amplicon sequencing 

performed on the same samples, previous culturomic data was used for comparison of efficacy 

of two methodologies and accurate assessment of community structure types. 

Extended culturomics 

The extended culturomic protocol included inoculation of 0.1 ml of urine onto the large 

plate surface (140 mm diameter) of Columbia agar with 5% sheep blood (blood agar plates - 

BAP, Biogerm, Portugal) and chromogenic agar (CAP, HiCrome UTI, HiMedia, India) 

supplemented as previously described (23, 24). BAPs and CAPs were incubated under aerobic 

and microaerophilic conditions (GENbox MICROAER, bioMérieux, France) at 37 °C for 48 h. 

Additionally, BAPs were incubated under anaerobic conditions (GENbox ANAER, 

bioMérieux, France) at 37 °C for 48 h. In case of a suspected high bacterial load based on 
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microscopic observation, ten-fold serial dilutions (up to 0.001) were performed using saline 

solution (0.9% NaCl) to obtain a countable range of colony forming units (CFU/ml). Each 

morphologically distinct colony type was counted, and 1-5 colonies of each morphology were 

further identified. The plate presenting the higher CFU count was considered as the 

representative count of each isolate in a sample. Relative abundance (RA; %) was calculated 

by generating the percent of total CFU/sample.  

 

Identification of cultured bacteria 

MALDI-TOF MS with the in vitro diagnostic (IVD) database version 3.0 (VITEK MS 

automation control and Myla software, bioMérieux, France) was used to identify the bacterial 

isolates. Isolates with no identification, with discrepant results between MALDI-TOF MS 

identification and phenotypic characteristics, or with known insufficient resolution power for 

species identification were further subjected to sequencing of 16S rRNA gene, other genetic 

markers (pheS for Lactobacillus and Limosilactobacillus, cpn60 for Gardnerella, rpoB for 

Acinetobacter, Corynebacterium or Staphylococcus, and recN for Citrobacter) and/or PCR 

assays for the detection of species-specific genes (dltS for Group B Streptococcus, sodA for 

Enterococcus faecalis, and malB for Escherichia coli) (Additional file 1: Table S1). 

Phylogenetic analysis based on individual gene were performed to access putative novel 

species by using MEGA version 7.0 (25), constructed according to neighbour-joining method, 

and genetic distances were estimated using Kimura's 2-parameter model. The reliability of 

internal branches was assessed from bootstrapping based on 1000 resamplings. 

 

DNA extraction and amplicon sequencing 

Samples were pretreated prior to DNA extraction, which included centrifugation of 20 

ml of urine at 5,500 rpm for 15 min, with resulting pellet suspended in 1 ml of phosphate 

buffered saline, and stored at -80 °C until further processing. Genomic DNA from urine 

samples was extracted using Qiagen DNeasy Blood and Tissue Kit (Qiagen, Germany), 

according to the manufacturer’s protocol. DNA was eluted into 50 μl of Tris-HCl [pH 8.0]) 

and stored at 4°C. DNA quality was analyzed by agarose gel electrophoresis, and quantity was 

measured on Qubit dsDNA HS Assay Kit (Invitrogen, Life Technologies, UK). Controls 

consisting of reagent blanks (washing buffer, lysis buffer and kit reagents) were processed as 

the urine samples. Because extraction controls showed no traceable amounts of DNA they 

were not included for sequencing. PCR amplification of the hypervariable 16S rRNA gene V1-

V8 regions sequenced with universal primers (27F:AGAGTTTGATCCTGGCTCAG, and BS-
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R1407:GACGGGCGGTGWGTRC), library construction and sequencing with SMRT® 

technology on PacBio RS II sequencing system was provided as a custom service of Eurofins 

GATC Biotech GmbH (Germany). 

Sequencing data analysis 

After sequencing, primers, sequence adaptors, and low base quality calls were removed 

by Cutadapt. Chimera sequences were checked, and removed by UCHIME (version 4.2.40) 

(26). The non-chimera and unique sequences were subjected to BLASTn (27) analysis using 

non-redundant 16S rRNA reference sequences with an E-value cutoff of 1e-06. Reference 16S 

rRNA gene sequences were obtained from the Ribosomal Database Project Classifier (28). 

Only good quality and unique 16S rRNA sequences which have a taxonomic assignment were 

considered and used as a reference database to assign operational taxonomic unit (OTU) 

status with a 97% similarity. Taxonomic classification was based on the NCBI Taxonomy (29). 

All the hits to reference 16S rRNA database are considered and specific filters are applied to 

the hits to remove false positives. The thresholds applied were: ≥ 97.00% identity, ≥ 95.00% 

alignment coverage, 1000 minimum query length, 10% bitscore threshold for multiple hits, 

and 250 maximum hits to consider for multiple hits. If the final number of high-quality reads 

after all filtering steps was less than 1000, the corresponding sample was excluded. Finally, 

RA was calculated by generating the percent of total reads for each sample. 

Statistical analysis 

Community structural analyses were done using relative proportions of CFU/ml and 

reads for each genus and species within individual urine samples. Based on similarity (or 

dissimilarity) of community composition between samples and taking into account all 

members and their proportion in a community, we identified community structure types 

performing hierarchical clustering of Bray-Curtis dissimilarity distance matrices with a cutoff 

of 0.8, via the package vegan (version 2.5-2) (30) in R (version 3.4.4) (31). Alpha diversity was 

estimated using the Shannon index. Principal coordinates analysis (PCoA) and Mantel test 

between the dissimilarity distance matrices (based on Bray-Curtis index) were performed to 

compare structure types obtained by both methodologies. To identify species responsible for 

community structure differences, biplot of the PCoA was created using a weighted average of 

the species scores, based on their RA in the samples. Data visualisation was carried out using 

the gplots (version 3.0.1.1) (32), ggplot2 (version 3.2.1) (33) and eulerr (version 5.1.0) R 

packages. 
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Results 

Overview of the healthy female study cohort 

Our study cohort included twenty female participants aged 24-38 years (average = 31; 

standard deviation = 4). Most women identified themselves as Portuguese nationality (80%) 

followed by other European nationalities (20%). Average body mass index was 21.9 kg/m2. 

Most women had a normal menstrual cycle (90%) with the use of contraceptives (85%), with 

few having experienced at least one pregnancy (25%). Characteristics of our study cohort 

comprised of healthy highly educated women, including clinical and behavioral questionnaire 

data (personal medical history, UT health and infection history, pregnancy history, 

demographic and lifestyle information), and results of urine dipstick and sediment 

microscopic analysis are available in Additional file 1: Table S2-S3.  

 

Characterization of community structure types by culturomics 

Using extended culturomics we observed a high bacterial load in urine samples (10^3-

10^8 CFU/ml, ≥ 10^4 CFU/ml in 80% of samples). Two thousand and forty-three isolates 

were studied (median = 103 isolates/sample) and assigned to 131 species (median = 20 

species/sample), and 54 genera, as identified either by MALDI-TOF MS and/or sequencing of 

most suitable genes (Additional file 1: Table S4). We identified for the first time 4 bacterial 

species from different genera [Gardnerella leopoldii, Globicatella sulfidifaciens, 

Limosilactobacillus mucosae (former Lactobacillus mucosae), and Staphylococcus 

equorum], and 5 putative novel Corynebacterium species that were not reported previously 

in the urinary tract of asymptomatic non-pregnant women (Additional file 1: Table S4, 

Additional file 2: Figure S4). The alpha diversity varied from 0.001 to 2.65 (median H′ = 1.5). 

Bacterial species detected by culturomics and their RA per sample are listed in Additional file 

1: Table S4. 

Clustering FUM into community structure types (CST) was performed at genus and 

species level (samples in the same CST shared >80% similarity by Bray-Curtis distance). 

Hierarchical clustering at genus level identified 3 CST (Additional file 2: Fig. S1). The most 

common CST was CST3 (n=15/20) largely dominated by Lactobacillus in combination with 

other genera (e.g., Staphylococcus, Corynebacterium, Streptococcus and Cutibacterium), 

followed by CST2 (n=4) characterized mostly by Gardnerella, and CST1 dominated by 

Citrobacter (n=1). On the other hand, species-level clustering resulted in 13 CST (Fig. 1, Table 

1), most representing individual urine specimens as only 5 CST included more than one 

sample. With exception of 2 clusters dominated by a single bacterial species [CST1-
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Citrobacter koseri, and CST2-Gardnerella vaginalis, >90%), the remaining CST were mostly 

represented by an extraordinarily diverse bacterial community (different combinations and 

RA of bacterial species), which varied widely from 1.21±0.05 to 2.65 as calculated by the 

Shannon diversity index (Figure 1, Table 1). For instance, CST5 was characterized by 

combination of Lactobacillus iners with other bacterial species, and CST12 included 

Lactobacillus crispatus, Lactobacillus mulieris and other bacterial species (Figure 1). 

Characterization of community structure types by amplicon sequencing 

A total of 58,534 reads were generated, with most of them being assigned to the species 

level (88%; 51,317 reads). One sample (U6a) had <1000 reads and was excluded from the 

analysis, while for the remaining a median of 2493 reads/sample (interquartile range, IQR 

1625 - 3920) was generated. A total of 231 species (IQR 5-115, median = 39 species/sample) 

belonging to 107 genera and 8 phyla were identified. The alpha diversity varied from 0.135 to 

2.79 (median H′ = 0.90). Bacterial species detected by amplicon sequencing and their RA are 

listed in Additional file 1: Table S5. 

The same FUM clustering approach was applied to amplicon sequencing data. Genus-

level clustering resulted in 5 CST (Additional file 2: Fig. S2). The Lactobacillus genus in 

combination with other bacterial genera (e.g., Prevotella, Dialister, and Corynebacterium) 

represented the most prevalent CST (CST5; 79%, n=15/19). Contrariwise, species-level 

clustering resulted in 7 CSTs (Fig. 2, Table 2), with the most common 3 CSTs (n=15) being 

characterized by combination of a highly abundant Lactobacillus species (CST3-L. iners, 

CST5-Lactobacillus gasseri, CT7-L. crispatus) with species from other genera (Fig. 2). 

Remarkably, the Lactobacillus iners enriched CST was characterized by a reduced species 

diversity (CST3, H′=0.56±0.42) comparing to other Lactobacillus CSTs. The remaining CST 

included highly abundant C. koseri (CST1; n=1/19), Atopobium vaginae (CST2; n=1/19), or 

combination of different species (CST4: Anaerococcus tetradius and Prevotella timonensis; 

CST6: Ralstonia mannitolilytica and Streptococcus agalactiae; n=1 each). 

Correlation between community structure types assigned by culturomics and 

amplicon sequencing 

A moderate correlation was observed using the Mantel test (r = 0.5, p< 0.05) between 

the CST assigned by culturomics and amplicon sequencing. Congruence was observed for the 

types of highly abundant C. koseri and combinations of different Lactobacillus species (Fig. 1, 

Fig. 2), while Lactobacillus amongst others were responsible for the reduction in correlation 
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between CST detected by different methodologies (e.g., Lactobacillus iners was more 

frequently detected in a higher RA by amplicon sequencing, while Cutibacterium acnes by 

culturomics) (Fig. 3).  

Overview of bacterial species in healthy FUM 

In total we captured an extended set of bacteria belonging to 8 phyla, 116 genera and 

297 species (median = 53 species/sample) in healthy FUM (Additional file 1: Table S4-S5; 

Additional file 2: Figure S3). Out of 297 species, we have identified by both methodologies 65 

species (22% of total species) belonging to 35 genera and 5 phyla. We could not identify a 

single species present in all samples, although the genus Lactobacillus was detected in all. 

Instead, we were able to unveil a core of 14 bacterial species by selecting its presence in more 

than 50% of samples, with at least 1% of abundance in one sample (Fig. 4, Additional file 1: 

Table S6). Staphylococcus epidermidis was the most common species (n=18/20), followed by 

Finegoldia magna (n=16/20), Corynebacterium tuberculostearicum (n=15/20), and 

Prevotella bivia (n=15/20) (Additional file 1: Table S6). Remarkably, this common species 

were mostly low-abundant members (RA < 5%) (Fig. 4).  

Additionally, we looked for the presence of opportunistic pathogens associated with 

the urogenital tract health and found 16 bacterial species largely varying in their RAs (IRQ 

0,03-96.62%), among which Enterococcus faecalis, Streptococcus anginosus, and 

Ureaplasma parvum were the most frequently identified by both methodologies (Table 3). 

Noteworthy, C. koseri was a highly abundant member detected by both methodologies, while 

Atopobium vaginae was by amplicon sequencing. All opportunistic pathogens associated with 

the urogenital tract detected by culturomics and/or amplicon sequencing in healthy FUM are 

listed in Table 3. 

Discussion 

Understanding the microbial composition of the lower urinary tract in healthy 

individuals is essential so that microbial changes associated with urinary disorders can be 

recognized and modulated as a therapeutic strategy. In this study, using a complementary 

approach of two methodologies (extended culturomics and amplicon sequencing), we 

expanded the knowledge on compositional patterns of the female lower urinary tract 

microbiome. 

Each technique detected similar but not identical microbiome profiles, and only 22% 

of bacterial species were detected by both methodologies. Predictably, amplicon sequencing 
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allowed more frequent detection of slow-growing species (e.g., Campylobacter ureolyticus), 

and obligate anaerobes (e.g., Finegoldia magna) that require particular culturing conditions 

(34). On the other hand, the cultured isolates could be accurately identified to the species level, 

thus providing a higher level of resolution, and allowing further investigation to unveil their 

symbiotic or pathogenic potential. Some species detected in low-reads count (e.g., 

Staphylococcus aureus and Actinomyces urogenitalis, RA < 0.1%) were also identified by 

extended culturomics. Thus, our findings support previous studies highlighting the possible 

underestimation of bacterial diversity from exclusively DNA-based studies, and that the 

complementarity of both methodological approaches ensures a more comprehensive 

description of the FUM diversity (34). 

Clustering FUM at genus level reveal that the most prevalent CST was characterized 

by the combination of highly abundant Lactobacillus and other genera, which was detected 

by amplicon sequencing and extended culturomics, confirming previously reported high 

occurrence of this genus in urinary microbiota (10, 13, 22). At species level, the majority of the 

CST were represented by different Lactobacillus or Gardnerella species in different RA, and 

in combination with species from other genera, including low-abundant FUM members (both 

methodologies or extended culturomic, respectively), as observed in our previous study (22).  

Remarkably, we identified for the first time a CST dominated by Atopobium vaginae 

(RA ~ 87%) based on amplicon sequencing in an asymptomatic individual (U15a) (Fig. 2), 

which was also isolated (RA ~ 33%) in combination with Gardenerella swidsinskii (RA ~ 49%) 

(Fig. 1) (Additional file 1: Table S4, Table S5). Atopobium vaginae is associated with bacterial 

vaginosis and rarely occurs in the absence of Gardnerella vaginalis (35, 36). However, the 

woman did not report any symptom associated with urogenital diseases, suggesting that 

Atopobium vaginae and other identified opportunistic uropathogens (e.g. E. coli, C. koseri, 

or E. faecalis), or species more frequently isolated from women with specific urinary disorders 

(e.g., Aerococcus urinae, Lactobacillus gasseri) (Table 3, Fig. 1) (37, 38), might not be the 

cause or biomarkers of urogenital infections/disorders, but rather correlated with strains’ 

specific pathogenicity factors. Further elucidation of the function of urinary microbiota, 

including characterization of virulence factors sensu stricto playing a significant role in 

pathogenesis, and not found in commensal bacteria occupying the same body or niche might 

help to understand the development of urogenital dysbiosis (39, 40).  

Looking into more detail to the Gardnerella species identified in this study by 

culturomics (Additional file 1: Table S4), we detected Gardnerella vaginalis, Gardnerella 

leopoldii, Gardnerella swidsinskii, and Gardnerella genomospecies 3 among the 14 
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Gardnerella species/groups described to date (20, 21). Interestingly, we did not find 

Gardnerella piotii among our urinary samples, further reinforcing previous evidence that 

Gardnerella piotii seems to be a commensal of vagina (21, 41). Although Gardnerella was also 

identified by the 16S rRNA gene amplicon sequencing, species cannot be delineated on the 

basis of this gene (20). 

Interestingly, we detected a high diversity of Corynebacterium species (25 species; 10 

by extended culturomics - including 5 putative novel species, 7 by amplicon sequencing, and 

8 by both methodologies), and Lactobacillaceae members (3 genera; 13 species; 4 by extended 

culturomics, 2 by amplicon sequencing, and 7 by both methodologies) that was never reported 

in previous studies characterizing the asymptomatic FUM (Additional file 1: Table S4, Table 

S5) (1–3, 7, 10, 13, 42, 43), which demonstrates that the reliable identification of isolated 

strains by specific genotypic markers rather than only MALDI-TOF MS, and by the use of 

cutting-edge long-reads third generation sequencing of the 16S rRNA gene rather than short-

reads increase the knowledge on the composition of bacterial community to the species level 

in microbiome studies (22, 44).  

The strengths of this study include the sample processing up to 2 hours after collection, 

allowing us to identify anaerobic bacteria that seems to significantly contribute to urinary 

microbiota repertoire (34), but are rarely or not reported by other healthy FUM culturomics 

studies (e.g., Prevotella corporis) (3, 7, 45). The study was further strengthened through the 

use of a larger volume sample size (20 ml), compared to previously used urine volume (mostly 

1 ml) in DNA extraction protocols, which increased high-quality microbial DNA yield required 

for high-resolution sequencing, and unveiled detection of species not previously reported in 

DNA-based studies (e.g., Alistipes putredinis) (1, 10, 12, 34). Another important strength of 

this study was the use of a cutting-edge sequencing technique, including near full-length 16S 

rRNA gene sequencing using PacBio SMRT cell technology (46–48), and appropriate gene 

markers to identify cultured isolates at species level, which enable increased taxonomic 

resolution, as well as validation of several low-read sequencing data (< 0.1% RA) by our 

extended culturomic protocol.  

One limitation of this study was the small cohort size, yet our strictly selected participants 

(e.g., no antibiotics for any medical reason within the month prior to urine collection and 

samples collected on 3rd week of menstrual cycle) represented a homogenous healthy female 

group. Another limitation of this study was the use of voided urine instead of suprapubic 

aspiration or transurethral catheterization specimen urine may have contributed to an 
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increased diversity in the urinary microbiome owing to possible genital contribution (49, 50). 

However, careful vaginal swabbing was employed, and suprapubic aspiration or 

catheterization of participants who were not at a high risk of bacterial infection or not with 

any clinical urinary symptoms was not ethically feasible as per our local ethics committee. 

Additionally, voided urine samples capture urethral bacteria, which can play important role 

in urinary conditions. 

Conclusions 

Our study substantially enlarged the knowledge on bacterial species diversity and low 

abundant members of healthy FUM, highlighting the importance of detection and 

characterization of low-abundant members that also build FUM community structure types. 

We provided extensive taxonomic characterization of Gardnerella, Lactobacillus, and 

Corynebacterium which are prevalent members in this niche. We also demonstrated that 

healthy FUM is composed of various combinations of species, thus should be described in 

detail, rather than just by dominant genus. Finally, our findings provide essential species level 

information for further studies on microbiota dysbiosis associated with urinary tract infection 

and lower urinary tract symptoms, required for development of more effective diagnostic 

and/or therapeutic strategies. As we begin to understand composition and diversity of urinary 

microbiota, future studies accessing the functionality of resident microbiota in human urinary 

tract should be considered high priority research. 
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Table 1. Overview of all healthy community structure types and their characteristic species 
by culturomics. Shared species within a structure type are presented in order of decreasing 
RA (RA > 1%, only top 5 shown). 

Structure 
type 

Characteristic species Samples Shannon index  
(mean H′ ± Standard Deviation) 

1 Citrobacter koseri U26a 0.001 

2 Gardnerella vaginalis 
Lactobacillus gasseri 

U29a 0.33 

3 

Gardnerella leopoldii 
Alloscardovia omnicolens 
Bifidobacterium spp. 
Winkia neuii 
Streptococcus anginosus 

U1b 1.61 

4 

Streptococcus mitis/oralis 
Staphylococcus haemolyticus 
Micrococcus luteus 
Actinomyces spp. 
Lactobacillus crispatus 

U4b 1.85 

5 

Lactobacillus iners 
Corynebacterium tuberculostearicum 
Staphylococcus epidermidis 
Staphylococcus hominis 
Staphylococcus capitis 

U5a, U22a, U25a 1.61±0.20 

6 

Streptococcus agalactiae 
Streptococcus salivarius/vestibularis 
Micrococcus luteus 
Staphylococcus haemolyticus 

U3b,  
U6a 1.40±0.35 

7 

Lactobacillus paragasseri 
Lactobacillus delbrueckii 
Brevibacterium spp. 
Pseudoglutamicibacter cumminsii 
Corynebacterium jeikeium 

U7a 1.87 

8 

Enterococcus faecalis 
Staphylococcus epidermidis 
Lactobacillus gasseri 
Streptococcus anginosus 
Corynebacterium aurimucosum 

U2a 1.97 

9 

Lactobacillus jensenii 
Staphylococcus haemolyticus 
Staphylococcus epidermidis 
Corynebacterium amycolatum 
Corynebacterium coyleae 

U12a 2.65 

10 Atopobium vaginae 
Streptococcus anginosus 

U15a, U23a 1.21±0.05 

11 

Corynebacterium striatum 
Dermabacter hominis 
Staphylococcus aureus 
Corynebacterium sp. nov. 4 
Lactobacillus crispatus 

U9a 1.72 

12 

Lactobacillus crispatus 
Lactobacillus mulieris 
Staphylococcus epidermidis 
Cutibacterium avidum 

U8a, U10a, U19a  1.77±0.45 

13 
Lactobacillus crispatus 
Corynebacterium tuberculostearicum 
Finegoldia magna 

U11a, U24a 1.52±0.58 
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Table 2. Overview of all healthy community structure types and their characteristic species 
by amplicon sequencing. Shared species within a structure type are presented in order of 
decreasing RA (RA > 1%, only top 5 shown).   

Structure 
type 

Characteristic species 
Samples 

Shannon index  
(mean H′± Standard Deviation) 

1 
Citrobacter koseri 
Citrobacter spp. 
Lactobacillus iners 

U26a 0.21 

2 
Atopobium vaginae 
Sneathia sanguinegens U15a 0.59 

3 
Lactobacillus iners 
Prevotella timonensis 

U1b, U8a, U5a, U11a, 
U2a, U22a, U12a, U25a 0.56±0.42 

4 

Anaerococcus tetradius 
Prevotella timonensis 
Lactobacillus jensenii 
Atopobium vaginae 
Ureaplasma parvum 

U23a 1.78 

5 

Lactobacillus gasseri 
Prevotella timonensis 
Dialister propionicifaciens 
Campylobacter ureolyticus 

U7a, U29a 1.70±1.13 

6 
Ralstonia mannitolilytica 
Streptococcus agalactiae 
Kocuria spp. 

U3b 2.12 

7 

Lactobacillus crispatus 
Corynebacterium spp. 
Corynebacterium 
tuberculostearicum 
Peptoniphilus spp. 

U4b, U9a, U19a, U10a, 
U24a 

1.86±0.85 
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Table 3. Opportunistic pathogens associated with the urogenital tract. Species are listed in 
order of decreasing detection frequency in FUM. 

Species Frequency 
in FUM* (%) 

Culturomics Amplicon sequencing 

Frequency in 
20 samples (%) 

RA (%) Frequency in 19 
samples (%) 

RA 
(%) 

Enterococcus faecalis 12/20 
(60%) 

11/20 
(55%) 

0.01-20 3/19 
(16%) 

0.04-
0.22 

Streptococcus anginosus 11/20 
(55%) 

10/20 
(50%) 

0.06-
13.33 

7/19 
(37%) 

0.03-
1.31 

Ureaplasma parvum 8/20 
(40%) 

ND ND 8/19 
(42%) 

0.10-
15.10 

Escherichia coli 6/20 
(30%) 

4/20 
(20%) 

0.02-
0.28 

4/19 
(21%) 

0.04-
1.54 

Streptococcus agalactiae 6/20 
(30%) 

6/20 
(30%) 

0.03-
55.96 

2/19 
(10%) 

0.85-
23.20 

Ureaplasma urealyticum 5/20 
(25%) 

ND ND 5/19 
(26%) 

0.08-
1.38 

Atopobium vaginae 4/20 
(20%) 

2/20 
(10%) 

21.66-
36.44 

4/19 
(21%) 

0.09-
86.63 

Staphylococcus aureus 3/20 
(15%) 

3/20 
(15%) 

0.33-
16.68 

1/19 
(5%) 

0.04 

Staphylococcus 
saprophyticus 

3/20 
(15%) 

3/20 
(15%) 

0.79-
6.67 

ND ND 

Corynebacterium coyleae 3/20 
(15%) 

3/20 
(15%) 

0.08-
12.70 

3/19 
(16%) 

0.09-
1.54 

Citrobacter koseri 3/20 
(15%) 

1/20 
(5%) 

99.98 3/19 
(16%) 

0.03-
96.62 

Actinotignum schaalii 2/20 
(10%) 

1/20 
(5%) 

0.28 2/19 
(10%) 

0.08-
0.55 

Aerococcus urinae 2/20 
(10%) 

2/20 
(10%) 

0.12-
3.17 

ND ND 

Alloscardovia omnicolens 1/20 
(5%) 

1/20 
(5%) 

24.55 ND ND 

Pseudomonas putida 1/20 
(5%) 

1/20 
(5%) 

14.72 ND ND 

Stenotrophomonas 
maltophilia 

1/20 
(5%) 

1/20 
(5%) 

0.13 ND ND 

*Total detection in FUM of 20 participants by both methodologies.
ND - not detected; RA - relative abundance
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Figure 1. Species-level community structure types of healthy FUM by culturomics.  
(i) Hierarchical clustering of Bray-Curtis dissimilarity distance matrices on the relative 
proportions of CFU/ml within individual urine samples. (ii) Bars below dendrogram denote 
community structure types. (iii) Heatmap of RA of bacterial species within each urinary 
microbiota. Only species that are at least 1% abundant in at least one sample are shown in 
order of decreasing prevalence (from top to bottom). Asterisk denotes detection only by 
culturomics and not by amplicon sequencing. 
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Figure 2. Species-level community structure types of healthy FUM by amplicon sequencing. 
(i) Hierarchical clustering of Bray-Curtis dissimilarity distance matrices on the relative
proportions of reads for each OTU within individual urine samples. (ii) Bars below
dendrogram denote community structure types. (iii) Heatmap of RA of bacterial species
within each urinary microbiota. Only species that are at least 1% abundant in at least one
sample are shown in order of decreasing prevalence (from top to bottom). Asterisk denotes
detection only by amplicon sequencing and not by culturomics.
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Figure 3. Biplot of the principal coordinate analysis (PCoA) based on the species-level Bray-
Curtis dissimilarity matrices. Two-dimensional distances identify dissimilarities between 
bacterial community structures detected by culturomics and amplicon sequencing. The biplot, 
based on weighted average of the species scores, shows the top 10 species with the largest 
contributions to dissimilarities. Same colour indicates the same sample. 
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Figure 4. Common bacterial species of healthy FUM detected by culturomics and amplicon 
sequencing.  
(a) RA per sample of species present in more than 50% of samples by culturomics and 
amplicon sequencing. Only species that are detected by culturomics or amplicon sequencing 
with at least 1% abundance in at least one sample are presented in order of decreasing 
prevalence (from left to right). Same colour indicates the same sample. (b) Close-up of section 
of Fig. 4(a) showing the RA range 0.01-5%. 
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Additional material associated with the manuscript entitled “Moving beyond genus to 

bacterial species clustering: community structure types of the healthy female urinary 

microbiome” is available through the following links: 

 

Additional file 1: 

https://docs.google.com/spreadsheets/d/1sj0dHIxoyqxNFiuD6cLVpRaTLSvv2E8E/edit?us

p=sharing&ouid=115798665925427872829&rtpof=true&sd=true 

 

Additional file 2: 

https://docs.google.com/document/d/1WuB7Z3SG8RUiLViTA05GMmATSio3sWnR/edit?u

sp=sharing&ouid=115798665925427872829&rtpof=true&sd=true 
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Abstract

Background: To date, information on healthy female urinary microbiota is available mostly at genus level and at
one time point. However, profound species-level characterization of healthy urinary microbiome and its stability
over time are essential for further correct interpretation of its role in healthy urogenital tract. In this study, we
investigated female urogenital microbiome (FUM) at two timepoints (within 2.5-year interval) in young
asymptomatic European women. We used culturomics with accurate isolates’ identification (MALDI-TOF MS and
gene markers sequencing) to understand species stability within healthy FUM.

Results: Extended culturomics of voided midstream urine sample pairs revealed a mean Shannon diversity index of
1.25 and mean of 19 species/sample (range 5–39 species; total of 115 species; 1830 isolates). High overall species
variability between individuals was captured by beta diversity and a variety of community structure types, with the
largest cluster characterized by Lactobacillus crispatus, often in combination with Gardnerella vaginalis or Gardnerella
genomospecies 3. Significant FUM composition differences, related to Finegoldia magna and Streptococcus
anginosus, according to smoking status were found.
A high species variability within individuals (Shannon index SD > 0.5 in 7 out of 10 sample pairs) with a mean of
29% of shared species (range 9.1–41.7%) was observed. Moreover, 4 out of 10 sample pairs clustered in the same
community structure type. The stable FUM sample pairs presented high abundance of Lactobacillus crispatus,
Streptococcus agalactiae or Lactobacillus paragasseri and Bifidobacterium spp.. Moreover, Gardnerella vaginalis,
Gardnerella genomospecies 3 or Gardnerella swidsinskii were often maintained within individuals in high abundance.

Conclusions: Shift in species composition at two distant timepoints was frequently observed among urogenital
microbiome of European asymptomatic women. This suggests possible interchange of particular species in healthy
FUM and the existence of multiple health-associated FUM compositions in certain individuals.
Additionally, we provided additional evidence on resilience of particular bacterial communities and identified
certain species more prone to persist in urogenital tract.
This study revealed important details on the FUM composition complexity relevant for studies aiming to
understand microbiota role in the urogenital tract health and for identification of eubiotic and dysbiotic FUM.
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Background
In the recent years, novel high-throughput culture- and
DNA-based studies revealed the existence of a microbial
community inhabiting the human lower urinary tract
[1–8]. The majority of available observations have been
made in female urogenital microbiota (FUM) compos-
ition under disease state and, simultaneously, data origi-
nated from asymptomatic controls provided a broad
overview at high taxonomic levels on healthy FUM [2, 6,
9–11].
To date, a set of microbiota profiles based on domin-

ant taxa, with interpersonal differences in bacterial load,
diversity and abundance of specific bacteria, has been re-
ported. Lactobacillus, Gardnerella and Streptococcus
genera have been often highlighted as most prevalent
healthy FUM members, in combinations with other gen-
era such as Staphylococcus, Corynebacterium or Escheri-
chia [2, 12–16]. A few studies indicated species such as
Lactobacillus crispatus, Lactobacillus jensenii, Gardner-
ella vaginalis or Streptococcus anginosus, identified by
MALDI-TOF MS analysis, as the most prevalent within
healthy FUM [2, 12, 16, 17].
Since it is widely recognized in other body niches

that microbiota dysbiosis, i.e., significant change in
microbiota composition, may contribute to disease de-
velopment [18, 19], it is important to assess the scale
of microbiota compositional shifts occurring naturally
in healthy urogenital tract and evaluate resilience of
urogenital microbiota. To date, three-months daily as-
sessment of female urinary microbiota demonstrated
that it can be both dynamic and resilient. Moreover,
changes in urinary microbiota composition may occur
daily and certain shifts are associated with particular
physiological or lifestyle factors, such as increased de-
tection of Streptococcus and Staphylococcus genus
associated with vaginal intercourse, or increased de-
tection of e.g., Corynebacterium and Actinomyces dur-
ing menstruation [14].
Therefore, fundamental knowledge on urogenital

microbiota compositional stability remains incomplete
and needs to be enlarged by long-term studies, address-
ing adequately the species shifts occurring in the uro-
genital tract and preferably eliminating factors known to
alter microbiota structure.
To evaluate compositional stability of healthy FUM at

two timepoints within a long period of time (2.5-year
interval), we performed a comprehensive culturomic-
based analysis (extended number of characterized
isolates and improved methodologies for bacterial identi-
fication) of voided midstream urine samples of ten
reproductive-age asymptomatic women. To the best of
our knowledge, this is the first study assessing long-term
FUM compositional stability at two distant timepoints in
urogenital tract of asymptomatic women.

Results
Cohort overview
Ten asymptomatic reproductive-age women (24–40
years old) provided voided midstream urine samples
(n = 20) at two time points within the 2.5-year interval.
All participants were residents of Portugal, declared to
have a balanced diet, and reported good or very good
general health conditions according to their individual
interpretation. None of the participants had symptoms
or discomfort associated with their urogenital tract at ei-
ther sampling time. Although some participants declared
to have had UTI in the past, none of them reported to
suffer from recurrent UTIs. Additionally, 2 participants
acquired UTI (U7, U23) in the time between first and
second sampling. One participant resigned from hormo-
nal contraception (U4) in the interval between sam-
plings. Three individuals reported themselves as active
smokers (U9, U15, U26). Detailed demographic informa-
tion about participants at the first and second sampling
time is provided in Table 1.

Culturomic analysis overview
The bacterial load varied from 10^4 to 10^8 CFU/ml
with maximum difference of 10^2 CFU/ml for sample
pair (4 out of 10 sample pairs). A range of 17–321
(mean = 103, median = 63) isolates per sample was char-
acterized. Identification of 1830 bacterial isolates re-
sulted in detection of 5 phyla, 48 genera and 115 species.
Overall, identified taxa distribution at phylum level was
characterized by dominance of the Firmicutes (50–51%
of total species for first and second sampling, respect-
ively) and Actinobacteria (40%; 30%), and less prevalent
Proteobacteria (6%; 11%), Bacteroidetes (3%; 3%) and
Fusobacteria (1%; 2%). A list of species detected in each
participant during first and second sampling can be
found in Additional file 1: Table S1.

Diversity of healthy FUM over time
Overall, alpha diversity represented by mean Shannon
index was 1.25 (standard deviation = 0.79; SD), species
richness varied within range of 5 to 39 species/sample
(mean = 19, SD = 8) and species evenness (Pielou’s even-
ness index) varied within range of 0.0002 to 0.29 per
sample (mean = 0.18, SD = 0.1). All values of species
richness, evenness and Shannon index per each sample
are presented in Additional file 1: Table S2. Species rich-
ness for sample pairs differed in a range of 2 to 18 spe-
cies. Shannon index SD for sample pairs was ranging
from 0.12 to 1.44. In 7 out of 10 sample pairs Shannon
index SD was higher than 0.5. Graphic representation of
alpha diversity measures is presented in Fig. 1.
Sample pairs presented a range of 1–12 (median of 10)

species in common. Percentage of shared species within
individual over time was in a range of 9.1–41.7%
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(mean = 29%), with changes in their relative abundance
(Fig. 2). Species observed in both samples of at least one
participant, corresponded to 38 out of 115 species
detected. Those included prevalent Staphylococcus epi-
dermidis, Micrococcus luteus, Streptococcus anginosus
and Staphylococcus haemolyticus (in more than 5 sample
pairs) mostly present in low relative abundance. Add-
itionally, Lactobacillus crispatus, Gardnerella vaginalis,
Gardnerella swidsinskii, Gardnerella genomospecies 3
and Streptococcus agalactiae were among shared species
however usually present in high relative abundance
(range of 29–44% average relative abundance).
Beta diversity is presented with Bray-Curtis dissimilar-

ity matrix (Fig. 3a) and two-dimension non-metric
ordination (Fig. 3b). Most samples between individuals
(6/10) were different based on Bray-Curtis dissimilarity

> 0.5. In NMDS ordination (stress value 0.2) U26 sample
pair was observed as the more dissimilar pair and was
previously characterized by particularly low species rich-
ness. ANOSIM test revealed statistically significant
differences between bacterial communities and smoking
status of the individuals (R = 0.25, p = 0.03). Multilevel
pattern analysis identified 2 species associated with
smoking status and FUM variance, namely Finegoldia
magna (p < 0.05) and Streptococcus anginosus (p < 0.05).
Remaining factors tested did not show statistically
significant microbiota composition differences.

Healthy FUM community structure types over time
FUM structure types identified in asymptomatic women
are presented in Fig. 4. Ten community structure types
(dendrogram representing samples hierarchical

Table 1 Demographic characteristics of participants

METRIC First sampling Second sampling

Age (years) mean = 30.7 (SD = 4.97) mean = 32.5 (SD = 4.97)

BMI (kg/m2) mean = 21.74 (SD = 2.18) mean = 21.76 (SD = 2.24)

Smokers 30% 30%

Sexually active 100% 100%

Regular menstrual cycle 90% 90%

Previous pregnancy 40% 40%

Hormonal contraception 90% 80%

Anti-inflammatory drugs usage in week before sampling 30% 20%

UTI in the past 40% 60%

Age and BMI expressed in mean and standard deviation (SD). Remaining parameters expressed in % of positive women

Fig. 1 Alpha diversity among samples measured by observed number of species and Shannon index
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clustering based on species level identification is avail-
able in Additional file 2: Fig. S1) were identified. The lar-
gest cluster (6 out of 20 samples) was characterized by
Lactobacillus crispatus, often in combination with Gard-
nerella spp. namely, Gardnerella vaginalis or Gardner-
ella genomospecies 3. The other more common clusters
presented abundant Streptococcus agalactiae or abun-
dant Bifidobacterium spp. and Lactobacillus paragasseri,
with other Gram-positive bacteria in lower abundance.
Summary of clusters with different bacterial combina-
tions characterizing community structure types are pre-
sented in Table 2.
Gardnerella vaginalis and the recently described

Gardnerella species (Gardnerella swidsinskii or Gard-
nerella genomospecies 3) were observed in 5 individuals,
usually with single species per individual (4/5) and
Gardnerella vaginalis was the more prevalent one.
Moreover, the recently described Lactobacillus mulieris,
originally isolated from other cohort of our FUM study
[20], was also identified in one individual (U26b). Fur-
thermore, two putatively new species close to Limosilac-
tobacillus vaginalis were also depicted in 2 individuals
(U9a and U11a) (data not shown).
Different community structure types were observed

within 6 out of 10 sample pairs, with changes related to
genus or species presence and abundance [e.g., Lactoba-
cillus jensennii, Staphylococcus haemolyticus, Staphylo-
coccus epidermidis type (U12a) converted to
Lactobacillus crispatus type (U12b) or Gardnerella swid-
sinskii, Atopobium vaginae and Dialister microaerophilus
type (U15a) converted to Gardnerella vaginalis, Bifido-
bacterium spp., Cutibacterium avidum community
structure type (U15b)]. Noteworthy, an individual with
highly abundant Enterobacteriaceae members (U26) pre-
sented a shift in the community structure type

(Citrobacter koseri to Escherichia coli) and shared just
one species, the Lactobacillus jensenii.
Stable community structure types within individuals

were observed in 4 (U3, U7, U11, U23) out of 10 individ-
uals and were represented by Lactobacillus crispatus,
Bifidobacterium spp. with Lactobacillus paragasseri or
Streptococcus agalactiae, in combination with other
Gram-positive bacteria.
Interestingly, two of those sample pairs (U7 and U23)

are from individuals that acquired UTI, followed by anti-
biotic treatment, in the interval between samplings.
Maintenance of 9 species (23.7%) including Lactobacillus
paragasseri was observed in U7 sample pair, and 10
species (41.7%), including Lactobacillus crispatus and
Gardnerella genomospecies 3 was observed in U23 sam-
ple pair, despite changes in their relative abundance.
Additional analysis based on genus level revealed

higher stability, with 6 out of 10 individuals comprising
sample pairs in the same clusters. Overall, the highest
number of samples belonged to the cluster represented
by Lactobacillus genus, followed by clusters character-
ized by abundant Gardnerella or Streptococcus genera.
Heatmap and dendrogram representing hierarchical
clustering at genus level is available in Additional file 2:
Fig. S2 and Fig. S3, respectively.

Discussion
In this study, using a comprehensive and extended cul-
turomic approach, we enlarged the knowledge on diver-
sity of FUM and its bacterial community structures in
asymptomatic individuals. We also demonstrated FUM
stability in two timepoints within long period of time.
Most of FUM studies are based on genus level classifi-

cation and on most dominant taxa [12–16], while
particular functional characteristics are often species

Fig. 2 Summarized relative abundance (%) of shared species in each sample. Sample pairs are ordered next to each other
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specific, e.g., antimicrobials or metabolites production
[21, 22].
In our study, due to the higher number of morpho-

types characterized per sample and the higher taxo-
nomic resolution conferred by genotypic markers used
(e.g, pheS), we captured a slightly higher amount of
species, however reflecting a similar diversity as previous
reports [2, 12]. For instance, Gardnerella swidsinskii and
Gardnerella genomospecies 3 were here identified for

the first time within urogenital microbiota of asymptom-
atic individuals, in addition to Gardnerella vaginalis,
suggesting their frequent occurrence in healthy FUM.
Moreover, higher species diversity within Lactobacilla-
ceae was captured with the recently described Lactoba-
cillus mulieris infrequently observed among the samples
tested [20].
Although alpha diversity measures (mean Shannon

index < 1.5) suggest that FUM is less diverse than other
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Fig. 3 Beta diversity among samples. a Heatmap representing Bray-Curtis dissimilarity matrix between the samples. b Relationship between
samples presented by 2-dimension NMDS ordination based on Bray-Curtis distance matrix, with 0.2 stress value
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human body niches [17], we observed a high overall spe-
cies variability and diverse community structure types.
Hierarchical community clustering based on Bray-Curtis
dissimilarity matrix enabled to capture various commu-
nity structure types based on bacterial species combina-
tions. The largest cluster was characterized by the
commonly described Lactobacillus crispatus, often in
combination with Gardnerella vaginalis or Gardnerella
genomospecies 3. Gardnerella species were also ob-
served in other community structure types, usually with
only one species present in individual FUM, confirming
previously reported high occurrence of this genus in
urinary microbiota [16, 17]. The remaining community

structure types were characterized by many diverse spe-
cies, including species commonly associated with UTI.
Of interest, FUM composition differences, related to

Finegoldia magna and Streptococcus anginosus, accord-
ing to smoking status were observed, requiring further
validation. Those species were previously associated with
urinary symptoms presence and/or severity [17, 23].
Within individuals, FUM changes were frequently de-

tected at two distant timepoints (e.g., Gardnerella
swidsinskii, Atopobium vaginae and Dialister microaerophi-
lus community type converted to Gardnerella vaginalis,
Bifidobacterium spp., Cutibacterium avidum type). This
data suggests, the possibility of interchange between certain

Fig. 4 Heatmap based on abundance (%) of species detected at least once in abundance more than 1%. Species are ordered in decreasing
prevalence. Dendrogram presents hierarchical clustering of microbiota profiles into community structure types, based on 0.8 cutoff. Colorful bar
below the dendrogram stands for different community structure types
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bacterial groups that might share common metabolic func-
tions. Additionally, few communities that maintained their
composition at two timepoints were detected and charac-
terized by combinations of Lactobacillus crispatus, Bifido-
bacterium spp. with Lactobacillus paragasseri or
Streptoccocus agalactiae. Further evidence on the resilience
of those communities is the maintenance of Lactobacillus
crispatus or Bifidobacterium spp. with Lactobacillus para-
gasseri community structure type in women after antibiotic
treatment for a UTI. Studying short-term FUM dynamics,
Price et al. also reported resilience of lower urinary tract
microbiota in communities with dominance of e.g., Lacto-
bacillus or Lactobacillus and Gardnerella combination [14].
Similarly to their findings, at the genus level, changes in
relative abundance of Lactobacillus, Gardnerella or Strepto-
coccus were observed in three individuals, leading to change
in community structure type [14].
Moreover, maintenance of Gardnerella species, Lacto-

bacillus gasseri and Lactobacillus jensenii was also ob-
served in certain sample pairs, for which different FUM
composition was observed at two time points tested.

The protective role of particular strains belonging to
Lactobacillus jensenii [24, 25], can possibly contribute to
the health maintenance of an individual with high abun-
dance of Enterobacteriaceae, including an uropathogenic
ST131 Escherichia coli (UPEC) according to its gene
content [26] (unpublished data). This data also high-
lights the relevance of strain level characterization to
understand FUM role in health and disease, as previ-
ously noticed [27, 28].
It is notable that our study focused on the group of

well characterized young age European women, contrary
to most urinary and urogenital microbiota studies [4, 6,
9–12, 17]. Moreover, samples were collected only on the
3rd week of women’s menstrual cycle to prevent inter-
ferences (e.g., menstrual discharge), which was recently
demonstrated by Price et al., [14] as factor influencing
microbiota composition. Women providing samples over
time were under similar lifestyle and physiological
conditions.
Although our cohort included a small number of

participants, we believe that detailed description of a

Table 2 Summary of community structure types detected within healthy FUM

Community
structure type

Characteristic species combination (ordered by decreasing relative
abundance, only top 3 shown)

Samples Shannon index (mean, SD –
standard deviation)

1 Citrobacter koseri
Enterococcus faecalis
Lactobacillus jensenii

U26a 0.002

2 Escherichia coli
Micrococcus luteus
Lactobacillus jensenii

U26b 0.33

3 Bifidobacterium spp.
Lactobacillus paragasseri
Enterococcus faecalis

U4c
U7a, U7b

1.38 (SD 0.47)

4 Gardnerella swidsinskii
Atopobium vaginae
Dialister microaerophilus

U15a 1.33

5 Gardnerella vaginalis
Bifidobacterium spp.
Cutibacterium avidum

U15b
U29a

0.75 (SD 0.59)

6 Corynebacterium striatum
Dermabacter hominis
Staphylococcus aureus

U9a 1.77

7 Lactobacillus crispatus U9b
U11a, U11b
U12b
U23a, U23b

1.11 (SD 0.84)

8 Streptococcus mitis/oralis
Staphylococcus haemolyticus
Micrococcus luteus

U4b 1.90

9 Lactobacillus jensenii
Staphylococcus haemolyticus
Staphylococcus epidermidis

U12a 2.72

10 Streptococcus agalactiae
Staphylococcus epidermidis
Corynebacterium tuberculostearicum

U3b, U3c
U29b

1.53 (SD 0.83)
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small group of women may substantially enlarge
knowledge originated from studies with large scale
cohorts but less detailed analysis. Additionally, we are
aware that our choice of using voided urine samples
brings a risk of genital contamination, thus represent-
ing more accurately the urogenital microbiome. How-
ever, Chen et al., recently reported that prevalence of
Lactobacillus and Gardnerella were detected with
equal sensitivity in voided urine and urine collected
by catheter [15]. Moreover, we are convinced that
characterizing microbiota from samples routinely used
for screening and diagnosis is highly valuable to facili-
tate accurate results interpretation and potentiate
their use in future diagnostics. Undoubtedly, knowing
also genital tract microbiota composition would be
highly beneficial to enlarge our understanding of
health-associated and pathogenic strains similarity be-
tween urinary and vaginal microbiota [28].
Another potential limitation could be the lack of

culture-independent DNA-based data, however current
diagnostic procedures for urine samples are based on
culturing. Moreover, culturomic approach is necessary
to assess alive bacterial communities and provide isolates
for further characterization.

Conclusions
In this study, we characterized species level stability of
the FUM of reproductive age women at two timepoints
within a long period of time. We present further evi-
dence that FUM can be dynamic over time and multiple
FUM communities may be associated with urogenital
tract of some asymptomatic individuals.
Additionally, at 2 sampling points with long time

interval, we identified community structure types that
seem to indicate persistence of certain species in healthy
FUM and provides further evidence on resilient bacterial
communities.
We also revealed previously unknown diverse commu-

nity structure types in healthy FUM. These findings may
challenge further identification of eubiotic and dysbiotic
states and consequently, diagnostic and treatment strat-
egies for urogenital and urinary tract pathologies.
Moreover, our results support that culturomic analysis

with the large-scale isolates characterization is a valuable
tool for microbiota diversity description and provides
isolates for further analysis.
The future studies focusing on strain level

characterization to discern functions contributing to
health maintenance in urogenital tract are required.
Furthermore, healthy FUM structures characterized by
highly abundant species commonly associated with UTI,
as here reported, highlight the need for a better under-
standing of microbiota-host interactions.

Methods
Participant information
Ten asymptomatic women (24–40 years old) were re-
cruited to voluntarily participate in the FUM study con-
ducted at the Faculty of Pharmacy, University of Porto,
Portugal, at two time points. All women provided in-
formed written consent for participation in the study
and fulfilled a detailed questionnaire containing demo-
graphic, health-associated and lifestyle information be-
fore both sampling times. The study was developed
according to the Helsinki Declaration principles and the
protocol was submitted and approved by the Ethical
Commission of Faculty of Pharmacy, University of Porto.
Inclusion criteria at both sampling times were no preg-
nancy, no antibiotic treatment in the previous month
and no current symptoms or diagnosis of urinary tract
infection (UTI).

Sample collection
Ten women provided first morning voided midstream
urine samples at two time points (total number of sam-
ples = 20; sample pairs = 10). Interval between first and
second sample collection varied in a range of 11 and 28
months, depending on donors’ availability. Samples were
collected in the 3rd week of the menstrual cycle. Partici-
pants also provided vaginal swab collected prior to urine
sample collection (data not shown). Detailed verbal and
written instructions were provided to each woman be-
fore sampling. Flyer included written and graphical in-
formation on proper wash prior to sampling and vaginal
swab collection in order to minimize possible vulvo-
vaginal contamination.

Sample analysis
Urine samples were subjected to an extended culturomic
analysis within 2 h from sample collection. The extended
culturomic protocol is a modification of the expanded
quantitative urine culture (EQUC) previously described
[2]. Culture included plating of 100 μl of urine into 140
mm diameter-Petri dishes. Protocol included Columbia
Agar with 5% sheep blood (Biogerm, Portugal) and
chromogenic agar typically used for uropathogens detec-
tion (HiCrome UTI, HiMedia, India) supplemented with
previously described nutrients i.e., 2% (w/v) gelatin, 0.5%
(w/v) yeast extract, 0.1% (w/v) starch, 0.1% (w/v) glucose
and 0.1% (v/v) Tween 80 [29, 30]. Incubation at 37 °C
for 48 h was performed under aerobic, microaerophilic,
and anaerobic atmospheric conditions for Columbia
Agar plates, and aerobic and microaerophilic condition
for supplemented chromogenic agar (GENbox MICRO-
AER and GENbox ANAER, bioMérieux, France). Besides
culture, dipstick test (Combur-Test, Roche) and micros-
copy examination were performed. Additionally, when
during microscopic examination a higher bacterial load
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was suspected, diluted volume of urine was plated and
incubated following the same protocol. Each colony
morphotype was quantified to obtain a most approxi-
mate number of colony forming units per milliliter
(CFU/ml) and up to 5 colonies of the same morphotype
were isolated, stored and subjected to identification.
Multiple representatives were isolated to ensure reliable
microbiota profiling. Many species belonging to genera
widely present within urogenital microbiota e.g., Lacto-
bacillus, Staphylococcus, Corynebacterium have very
similar or equal colony morphology, thus their diversity
may be easily underestimated.

Isolates identification
Firstly, all isolates were subjected to matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) VITEK MS system (bioMérieux,
France), using in-vitro diagnostic database version 3.0.
In case of no identification by MALDI-TOF MS isolates
were subjected to 16S rRNA gene sequencing and/or
other suitable genotypic biomarkers (pheS, rpoB, recN)
[31–34]. Additionally, due to recent taxonomic reclassifi-
cation of genus Gardnerella, all isolates identified as
Gardnerella vaginalis by MALDI-TOF MS were sub-
jected to cpn60 gene sequencing [35, 36].

Statistical analysis
Continuous and categorical variables referring to partici-
pants’ demographic and lifestyle characteristics were
interpreted based on descriptive statistics. All commu-
nity analyses were based on relative abundance (%)
calculated as the CFU percentage of identified species
from total CFU/ml count. Alpha-diversity (within-sam-
ples diversity) represented by the number of observed
species and Shannon index (increases when species rich-
ness and evenness increase), was performed and visual-
ized using phyloseq package (version 1.30.0) [37] R
version 3.6.1 [38]. Pielou’s evenness index was calcu-
lated; evenness refers to the distribution of species in
terms of relative abundance. Pielou’s index comprises
values between 0 and 1, where lower values stand for
lower degree of evenness. Figure representing cumula-
tive relative abundance of shared species was created
with phyloseq package. Beta-diversity (between-samples
diversity) was represented by Bray-Curtis dissimilarity
matrix with values comprised between 0 and 1, where 0
states for high similarity and 1 for high dissimilarity, and
2-dimension Non-metric Multi-dimensional Scaling
(NMDS) with samples ordination based on dissimilarity
matrix. Stress value was measured using vegan (version
2.5.6) [39] package. Heatmap representing Bray-Curtis
dissimilarity matrix was generated with lattice package
(version 0.20.38) [40]. NMDS plot was performed using
phyloseq package. Statistical significance for age, body

mass index, smoking status, previous UTI, usage of anti-
inflammatory drugs in a week before sampling, hormo-
nal contraceptives usage, previous pregnancies and
presence or absence of menstrual cycle was accessed
with analysis of similarities (ANOSIM) performed with
vegan package, based on Bray-Curtis dissimilarity matrix.
ANOSIM analysis result in significance level (p value)
and R value where number close to 0 stands for similar-
ity, and close to 1 stand for dissimilarity. Multilevel pat-
tern analysis for identification of bacterial species
responsible for community divergence was accessed
using indicspecies package (version 1.7.9) [41]. A heat-
map including a dendrogram for hierarchical clustering
with cutoff value of 0.8 to define the clusters was gener-
ated using vegan (version 2.5.6) and gplots (version
3.0.1.2) [42] R packages. Hierarchical clustering was
performed using unweighted pair group method with
arithmetic mean (UPGMA) based on Bray-Curtis dis-
similarity matrix. Additionally, ggplot2 (version 3.2.1)
package [43] was used for data visualization.
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ABSTRACT 

With the increasing knowledge on the composition of microbial communities residing in the 

urinary tract (UT) it became more clear the need to better understand the relationship and 

reciprocity between the vaginal and UT microbiomes.  

In this study we aimed to analyze microbiome community state types (CSTs) from 29 vaginal 

samples (20 women) and compare them with their paired UT microbiome data. In ten women 

the sampling procedures were performed in two different moments (within 2.5-year interval), 

which allowed to investigate the long-term stability of vaginal microbiome. 

Overall, vaginal and urinary microbiome were composed of highly similar taxa and highly 

similar structure (based on alpha and beta diversity indices). However, the specific differences 

might be observed regarding species abundance and co-occurrence patterns. For instance, 

highly abundant Gardnerella genomospecies 3, Citrobacter koseri or Escherichia coli could 

be more specific for urinary tract microbiome while e.g., Limosilactobacillus urinaemulieris 

or Corynebacterium putative novel species 5 could be more specific to vaginal microbiome. 

Moreover, certain species combinations demonstrated opposite pattern in both niches e.g., 

positive correlation for Lactobacillus jensenii and Lactobacillus iners in vaginal microbiome 

and negative in urinary tract microbiome. We also demonstrated that, besides currently 

recognized 4 Lactobacillus CST (L. crispatus, L. gasseri, L. jensenii, L. iners), vaginal 

microbiome may be also dominated by Lactobacillus mulieris, Lactobacillus paragasseri and 

Limosilactobacillus urinaemulieris. Comparison of vaginal microbiome at two distant time 

points unveiled that the most stable CST was dominated by Bifidobacterium sp..  

We demonstrated that paired urinary and vaginal samples were substantially different, 

sharing an average of 38% of species, which also supports the usage of mid-stream voided 

urine as representative sample for lower urinary tract microbiome characterization. 

These findings are essential to better understand the impact of vaginal and urinary 

microbiomes in the health of both niches, a critical knowledge that may guide in the future 

the development of microbiome-based modulation therapies.  

 

INTRODUCTION 

The existence of urinary microbiome among healthy persons was confirmed by Wolfe et al in 

2012 (1), leading to an intensive research aiming to define healthy urinary tract (UT) 

microbiome composition and evaluate if dysbiosis may be involved in urinary disorders with 

unknown etiology.  
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To date, characterization of urinary tract microbiome composition pointed for Lactobacillus, 

Gardnerella, Streptococcus as the most prevalent and abundant microbiome members (2–6, 

Perovic SU in preparation), being highly variable among individuals and influenced by certain 

physiological or behavioral factors e.g., age, menstrual cycle, smoking status (3, 5, 7, 8). 

Primary longitudinal data for urinary tract microbiome is also available, which suggests that 

microbiome can undergo both daily as well as long-time compositional variations (3, 5). 

Available longitudinal studies (short- and long-term) point to certain community structures 

that seem to be more resilient in UT composed by e.g., Lactobacillus crispatus, Lactobacillus 

paragasseri, and/or Streptococcus agalactiae.  

According to current knowledge, many species detected in urinary tract microbiome are also 

common members of vaginal microbiome. Although healthy vaginal microbiome was initially 

associated mostly with Lactobacillus species (e.g., L. crispatus, L. iners, L. gasseri), nowadays 

more community state types (CSTs) involving other genera, including many anaerobes (e.g., 

Atopobium vaginae, Gardnerella sp., Prevotella bivia) are detected among asymptomatic 

women (9–11). Noteworthy, the same bacterial species are reported from microbiome of UT, 

independently of urine sample collection method (voided urine or transurethral 

catheterization) (3–5, 12).  

In fact, urinary and genital tract are anatomically linked, and their proximity likely promotes 

bacterial transition, as already demonstrated for Escherichia coli and urinary tract infections 

(13). Indeed, it was reported that the existing interlink between female urinary and vaginal 

microbiome refer not only to common uropathogens but also commensal species (12). 

Thomas-White et al. focused on genomic similarity of selected representatives of urinary tract 

microbiome members (e.g., Escherichia coli, Streptococcus anginosus, Lactobacillus 

crispatus) and demonstrated phylogenetic relationship for strains residing in both niches. 

However, detailed composition of urinary tract and vaginal microbiome have been scarcely 

characterized. A recent study by Komesu et al. investigated microbiome composition from 

both niches by sequencing of 1-3 variable regions of 16S rRNA gene (14). It was shown that 

many bacterial taxa (e.g., Lactobacillus, Gardnerella, Prevotella) have high correlation 

coefficients between urinary tract and vaginal microbiome and overall Lactobacillus are the 

most abundant bacteria in both niches (14). Due to the limitations of 16S rRNA sequencing, 

this study presented data mostly at genus level, and only Lactobacillus were preliminary 

identified to species level.  
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Nevertheless, it is anticipated that the presence of certain bacteria in vaginal environment can 

have an impact on urinary tract homeostasis (15), being important to comprehensively 

characterize the bacterial interlink between vaginal and urinary tract microbiome. 

 

This study aimed to characterize at species level the compositional patterns, and evaluate the 

similarity, of microbiome of healthy vaginal and urinary tracts. A meticulous culturomic 

analysis of vaginal microbiome composition and over-time stability from reproductive-age 

European women was performed with further integration of the data from paired voided urine 

and vaginal samples (originating from the same individual) to understand species-level 

interlink between vaginal and urinary tract microbiome. 

 

METHODS 

Sample collection 

Twenty women enrolled in the Female Urogenital Microbiome study (3, Perovic SU in 

preparation) provided a total of twenty-nine paired urine and vaginal samples. Data regarding 

urine samples has been previously published (3, Perovic SU in preparation). Also, in a 

previous study (3), ten women provided two set of samples within 2.5-year interval. Samples 

were collected in the 3rd week of the menstrual cycle, being collected in the same day the 

vaginal swabs followed immediately by the urine samples. All participants received 

TransystemTM collection swab (Copan, Italy) with amies agar gel, without charcoal, and an 

Eppendorf tube with 1ml of sterile tryptic soy broth (Liofilchem, Italy) supplemented with 

20% (v/v) glycerol. Participants were instructed to immerse swab (shortly and gently) directly 

after sample collection into the Eppendorf tube with microbiological media mixed with 

glycerol, and just after insert the swab into TransystemTM collection tube. This step was 

performed to support long-term preservation of putatively sensitive species (internal 

validation). Collected swabs were stored at -80℃ until further processing.   

 

Sample analysis 

Immediately before culturing, vaginal swabs were extracted into primary 1ml sterile solution 

of 0.9% NaCl that constituted the base for further dilutions and quantification (colony forming 

units/1ml of extracted swab; CFU/ml). The basic protocol included sampling of 0.1µl, 1µl and 

100µl of primary solution, but when high bacterial load was suspected after microscopic 

examination, appropriate dilutions (up to 100 x) were additionally sampled. Prepared aliquots 

were subjected to an extended culturomic analysis, as previously published (3, Perovic SU in 
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preparation). In brief, each sample was plated on Columbia agar with 5% sheep blood 

(bioMérieux, France) and supplemented chromogenic agar (HiCrome UTI, HiMedia, India). 

Plates were incubated for 48h at 37℃ under different atmospheric conditions (3, Perovic SU 

in preparation). After incubation, each colony morphotype was quantified and up to 3 colonies 

of the same morphotype were isolated, stored and subjected to identification. 

 

Isolates identification 

Isolates were identified by matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry (MALDI-TOF MS) VITEK MS system (bioMérieux, France), using in-vitro 

diagnostic database version 3.0. In case of no identification by MALDI-TOF MS, the isolates 

were further subjected to 16S rRNA gene sequencing and/or other suitable genotypic 

biomarkers (pheS, cpn60, rpoB, recN) (3, Perovic SU in preparation). 

 

Data analysis 

Compositional analyses were performed based on relative abundance (RA) data (raw CFU per 

species/ total CFU observed in the sample). Samples similarity was assessed using Bray-Curtis 

distances (values between 0 to 1, where the lowest value stands for the highest similarity) and 

hierarchical clustering using unweighted pair-group method (UPGMA) and applying a cutoff 

of 0.8 distance for clusters delineation. Diversity analysis included alpha (within samples) and 

beta diversity (between samples). Alpha diversity was represented by following measures: 

richness defined by species number, evenness defined by Pielou index (values between 0 to 1, 

where the lowest values stand for not even distribution) and by Shannon index which 

combines evenness and richness (value of Shannon index increases when evenness and 

richness increases). Beta diversity was assessed using Bray-Curtis distances. Samples 

ordination was performed by nonmetric multidimensional scaling (NMDS) algorithm using 

original Bray-Curtis and Jaccard distance data as inputs. Samples ordination was visualized 

in 2-dimensional space and stress function was outputted (values between 0 to 1, where the 

lowest stress value stands for confident fit). Comparison of differential abundances according 

to specific metadata variable and its statistical interpretation was performed using 

permutational multivariate analysis of variance (PERMANOVA; adonis function available in 

vegan package) and analysis of similarities (ANOSIM; vegan package). Statistical means 

comparisons were performed with nonparametric Kruskal-Wallis or Wilcoxon test, wherever 

appropriate. 
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All analyses and visualizations were performed in R version 4.0.3 (16) using following 

packages: microbiome v1.12.0, phyloseq v1.34.0, gplots v3.1.1, ggplot2 v3.3.5, vegan v2.5.7, 

readxl v1.3.1, dplyr v1.0.7, plyr v1.8.6, Heatplus v2.36.0, RColorBrewer v1.1.2, dendextend 

v1.15.1, tidyverse v1.3.1, patchwork v1.1.1, ggpubr v0.4.0, reshape2 v1.4.4, corrplot v0.9 (17–

21). 

 

RESULTS 

Vaginal microbiome of asymptomatic women 

A total of 1084 isolates from 29 vaginal samples were identified to 5 phyla, 45 genera and 104 

species (Supplementary Table S1). Bacterial load varied from ~ 10^2-10^8 (mean 10^7, 

median 10^5) CFU/ml. Bacteria belonging to Firmicutes covered for most of bacterial load 

(RA = 69.4%), followed by Actinobacteria (28.7%) and in smaller extent by Proteobacteria 

(1.8%) and others. The highest species diversity was observed among Firmicutes (53 species) 

and Actinobacteria (38 species), followed by less diverse Proteobacteria (10 species), 

Bacteroidetes (2 species) and Fusobacteria (1 species).  

Alpha diversity of vaginal microbiome was represented by richness (species number), 

evenness (Pielou index) and Shannon index. We detected from 5 to 22 species/sample 

(median 16 species/sample), that had a highly variable evenness (Pielou index range 0.03-0.9, 

median 0.46). Shannon index also appeared to be highly divergent (range 0.08-2.25), with 

most samples presenting relatively low diversity (median 1.22). We also investigated the trend 

of alpha diversity measures and associated metadata, as shown in Figure 1. Two samples 

from one donor using a contraceptive implant (without menstrual cycle) showed significantly 

lower species evenness based on Pielou index (Wilcoxon test, p=0.02) and significantly lower 

diversity based on Shannon index (Wilcoxon test, p=0.01) of vaginal microbiome, comparing 

to women with menstrual cycles (Figure 1). For the other variables (age, BMI, contraceptive 

usage, previous pregnancy, usage of anti-inflammatory drugs a week before sampling, 

smoking status or previous urinary tract infections) we did not observe statistically significant 

differences.  

 

Overall, the most abundant species were Lactobacillus crispatus (11.9% of total RA), 

Lactobacillus iners (7.9%) and Streptococcus agalactiae (6.8%) (Supplementary Table 

S1). However, the most prevalent species (present in >50% of the samples) were 

Staphylococcus epidermidis (n=27 samples), Staphylococcus haemolyticus (n=21) and 
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Enterococcus faecalis (n=21), followed by Corynebacterium tuberculostearicum (n=18), 

Corynebacterium amycolatum (n=18) and Actinomyces neuii (n=16). 

 

Comparison between samples (beta diversity) assessed by clustering of vaginal microbiome 

based on Bray-Curtis distance matrix and UPGMA algorithm revealed 13 community state 

types (CSTs) (Figure 2). Almost 50% of the samples were dominated by Lactobacillus species 

(6/13 CSTs), i.e., L. crispatus (VS24a, VS11a, VS4c, VS9a; mean RA 76.6%), L. iners (VS5a, 

VS10a, VS22a, VS26a; mean RA 42%), L. mulieris (VS8a, VS26b; mean RA 44.6%), L. gasseri 

(VS25a, VS29a; mean RA 29.9%), L. paragasseri (VS7a; RA 89.2%) and L. jensenii (VS12a; 

RA 90.7%). Additionally, one sample was dominated by related Limosilactobacillus 

urinaemulieris (VS9b; RA 99%).  

We also observed dominance of Streptococcus agalactiae (VS3c, VS29b; mean RA 81.4%), 

CSTs with abundant anaerobic species i.e., Anaerococcus tetradius and Finegoldia mangna 

(VS23a, VS23b; mean RA 26.4% and 21.6%, respectively), CSTs with abundant 

Staphylococcus epidermidis (VS19a, VS12b, VS6a, VS3b, VS11b; mean RA 25.9%) in 

combination with Actinomyces neuii and often Corynebacterium sp..  

As per other CSTs, 3 samples (VS15b, VS7b, VS15a) were characterized by highly abundant 

Bifidobacterium sp. (mean RA 63.1%) and/or Gardnerella sp. (mean RA 35.8%), specifically 

G. swidsinskii and G. vaginalis and low abundant Staphylococcus epidermidis and 

Streptococcus anginosus (mean RA <0.01%). Remaining 2 samples demonstrated unique 

microbiome composition, with one of them (VS1b) being dominated by Actinomyces neuii and 

the second one (VS4b) by Cutibacterium acnes. 

 

Stability of vaginal microbiome of asymptomatic women 

Since our 20 vaginal swabs originated from 10 women sampled at two different times (within 

2,5-year interval), we assessed compositional similarity of paired swabs obtained from the 

same individuals. By the hierarchical clustering analysis, we observed that only 2 pairs of 

samples (VS15a/b and VS23a/b) clustered into the same CST while the remaining 8 did not 

(Supplementary Figure S1 and S2). However, some paired samples clustered relatively 

close, suggesting that their CST did not shift drastically. Two most stable pairs represent a 

community composed by i) highly abundant Bifidobacterium sp. and ii) abundant anaerobic 

species i.e., Anaerococcus tetradius and Finegoldia magna (CST defined also in previous 

paragraph). 
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Compositional (dis)similarities of paired urinary and vaginal microbiome 

In order to better understand the link between urinary and vaginal microbiome, 29 urine 

samples processed and analyzed as previously reported (3, Perovic SU in preparation) were 

included for comparison. 

 

The comparison of 29 paired urinary tract and vaginal microbiomes at phylum level 

demonstrated divergent phyla distribution for many sample pairs (Supplementary Figure 

S3). Overall, we observed less abundant Proteobacteria and Actinobacteria, and more 

abundant Firmicutes in vaginal microbiome, comparing to urinary tract microbiome 

(Supplementary Figure S3). Dissimilarity between sample pairs increased with more 

specific taxonomic ranks e.g., order and family level (Supplementary Figure S4 and S5, 

respectively). In Table 1 we present species level comparison of CSTs of paired vaginal and 

urinary tract microbiome obtained from the same women. CSTs are shortly defined as top3 

species shared between all members of CST, ordered by decreasing abundance (complete list 

of species detected in each microbiome is presented in Supplementary Table 1). We 

assessed the number of species overlapping in both sample pairs and identified that 12 to 59% 

of species were detected in both paired samples (mean=39%; Table 1).  

Additionally, in Figure 3 relative and absolute abundance for paired samples of 10 most 

abundant genera are presented, which slightly differed for RA and CFU data. For instance, 

Bifidobacterium, Gardnerella, Lactobacillus and Streptococcus were consistently found 

among the most abundant genera in both sites (Figure 3). Noteworthy, absolute abundance 

data demonstrated also that most urinary and vaginal samples presented low bacterial load, 

with exception of samples characterized by Bifidobacterium, Gardnerella, and occasionally 

Lactobacillus. Moreover, Citrobacter and Escherichia were detected in high load in two 

urinary microbiomes of asymptomatic women (3). 

 

We further performed hierarchical clustering for paired urinary and vaginal samples based on 

Bray-Curtis distance matrix (Supplementary Figure S6). Using UPGMA and cutoff of 0.8 

we identified 18 clusters (Supplementary Figure S7) comprising the 29 paired urine and 

vaginal samples. While 62% of the sample pairs (n=18/29) were considered dissimilar, as 

vaginal and urine samples from the same women were found in different clusters, the 

remaining (n=11/29; sample pairs: 15a, 15b, 7a, 7b, 8a, 11a, 24a, 3c, 12a, 5a, 22a) presented 

similar community structure (Supplementary Figures S6 and S7).  
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Alpha diversity of urinary and vaginal microbiome 

Alpha diversity indices i.e., richness defined by species number, evenness defined by Pielou 

index and combined abundance and evenness by Shannon index for urinary and vaginal 

samples are presented in Figure 4. The alpha diversity was only significantly different 

(p=0.002) concerning the species richness, with mean of 19.7 species/sample (median 19) in 

urinary microbiome and mean of 15.2 species/sample in vaginal microbiome. We did not 

observe significant differences for Pielou evenness and Shannon index.  

As per overall species detection, from total of 166 species, 80 were identified in both sample 

types, 62 species were detected only from urine samples (e.g., Acinetobacter pittii, Klebsiella 

oxytoca, Oligella urethralis) and 24 species were identified only from vaginal samples (e.g., 

Anaerococcus vaginalis, Atopobium rimae, Enterococcus faecium, Limosilactobacillus 

fermentum).  

Beta diversity of urinary and vaginal microbiome 

We assessed samples’ beta diversity by using two different indices, Jaccard distance was used 

to visualize community composition (including only data on species presence/absence) and 

Bray-Curtis distance to visualize community structure (including species abundance). We 

performed samples ordination using non-metric multi-dimensional scaling (NMDS) with 

1000 iterations, using both distance matrices. NMDS based on Jaccard and Bray-Curtis 

distances is presented in Figure 5. The stress value for both 2-dimensional representations 

was ~ 0.26 which correspond to weak ties. Differences between vaginal and urinary tract 

microbiome communities were not significant statistically (p<0.05) for both Jaccard 

(ANOSIM p=0.06, adonis p=0.17) and Bray-Curtis distances (ANOSIM p=0.39, adonis 

p=0.55). 

Differential abundance in urinary and vaginal microbiome 

Although overall diversity between urinary and vaginal microbiome was not statistically 

significant, we explored further most abundant taxa, particularly their distribution in both 

sample types. We compared total RA of 5 most abundant genera identified from urinary and 

vaginal samples (Figure 6). Although visually we could assume higher abundance of 

Lactobacillus and lower abundance of Gardnerella in vaginal microbiome comparing to 

urinary, the Wilcoxon test showed that differences observed are not statistically significant 

(p=0.93 and p=0.067). There were also no differences for remaining top 3 genera i.e., 

Streptococcus, Corynebacterium and Staphylococcus. We also observed cumulative relative 
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and absolute abundance species level trend among most variable genera i.e., Lactobacillus 

and Gardnerella (Figure 7).  

While RA of various Lactobacillus species were on similar levels in vaginal and urinary tract 

microbiome, higher CFU of Lactobacillus were observed in vaginal microbiome. Gardnerella 

genomospecies 3 was detected in high RA and only in urinary tract microbiome. Gardnerella 

swidsinskii and Gardnerella vaginalis presented higher load (CFU) in vaginal microbiome 

(Figure 7).  

 

Co-occurence patterns in urinary and vaginal microbiome 

We further extracted model coefficients from PERMANOVA analysis and identified species 

that contributed the most to compositional differences between urinary and vaginal 

microbiome (Figure 8). Besides previously mentioned urine specific Gardnerella 

genomospecies 3, based on species abundance, urinary microbiome was likely enriched in e.g., 

Citrobacter koseri, Escherichia coli and Gardnerella vaginalis, while vaginal microbiome had 

more Staphylococcus epidermidis, Limosilactobacillus urinaemulieris and Actinomyces 

neuii, among the others (Figure 8). 

We also performed Spearman correlation to assess taxonomic co-occurrence in vaginal and 

urinary tract microbiome (Supplementary Figure S8). Looking only at 5 top abundant 

genera, Lactobacillus and Gardnerella showed negative correlation (rs=-0.25) in both urinary 

and vaginal microbiome, similarly to Lactobacillus and Streptococcus (rs=-0.10 urinary, rs=-

0.23 vaginal), Gardnerella and Corynebacterium (rs=-0.31), and Gardnerella and 

Staphylococcus (rs=-0.30 urinary, rs=-0.37 vaginal). Strong positive correlation was observed 

for Corynebacterium and Staphylococcus in both niches (rs=0.68 urinary, rs=0.62 vaginal) 

and weaker for Corynebacterium and Streptococcus (rs=0.2 urinary, rs=0.35 vaginal). 

Species level co-occurrence analysis revealed additional within-genus patterns such as 

positive correlation of Gardnerella vaginalis and Gardnerella swidsinskii or relatively strong 

positive correlation of Lactobacillus delbruecki and Lactobacillus paragasseri, in both 

niches. We also observed differences between niches at species level, e.g., positive correlation 

for Lactobacillus jensenii and Lactobacillus iners in vaginal (rs=0.43) while negative (rs=-

0.20) in urinary microbiome or stronger positive correlation for Lactobacillus mulieris and 

Lactobacillus iners in vaginal (rs=0.47) than urinary microbiome (rs=0.05). Additionally, in 

urinary microbiome Gardnerella leopoldii and other Gardnerella sp. were negatively 

correlated. Species level Spearman correlation plots for vaginal and urinary tract microbiome 

are available in Supplementary Figures S9 and S10, respectively. 
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DISCUSSION 

In this study we analyzed microbiome composition from 29 vaginal samples and compare it 

with their paired urinary tract microbiome data. We compared those niches including their 

alpha and beta diversity, differential abundance of top taxa, and species co-occurrence, 

evaluating interconnection patterns. 

Our data on vaginal microbiome highlight diversity of CST that can be observed among 

asymptomatic women. Similarly to what is currently known on vaginal microbiome (9, 22, 

23), a Lactobacillus dominating community was the most commonly observed. However, we 

identified more CST comprised by Lactobacillus species than previously reported i.e., L. 

mulieris and L. paragasseri. This difference may be easily explained as those two species are 

relatively novel (24, 25) and they are closest relative of L. jensenii and L. gasseri, respectively. 

However, usually reported lower diversity of Lactobacillus in vaginal microbiome may be a 

consequence of widely applied 16S rRNA community sequencing for microbiome 

characterization (22, 23, 26, 27) since this methodology does not allow to reliably distinguish 

those closely related species due to high homology of their 16S rRNA gene sequences (24, 25). 

Besides Lactobacillus dominated CST, we identified CST with highly dominant 

Limosilactobacillus urinaemulieris - novel species of Limosilactobacillus sp. (former 

Lactobacillus sp.)  (28) and several CST composed of various facultative or obligate anaerobic 

bacteria. Some of them e.g., Anaerococcus tetradius, Finegoldia magna or Streptococcus 

anginosus, may be involved in vaginal infections (bacterial vaginosis or aerobic vaginitis) (29, 

30). Indeed, communities composed of non-Lactobacillus bacteria were previously associated 

with higher susceptibility to bacterial vaginosis and sexually transmitted infections (31, 32). 

Interestingly, some of these species are also currently investigated to understand their 

contribution to urinary tract health e.g., Finegoldia magna and Streptococcus anginosus 

putative involvement in urinary incontinence (33, 34). We also observed Gardnerella 

vaginalis and Gardnerella swidsinskii in vaginal microbiome of asymptomatic women, 

however their contribution to vaginal and urinary tract health needs to be evaluated and is 

currently the subject of high interest. 

We also observed higher alpha diversity (Pielou evenness and Shannon index) in women with 

menstrual cycle, comparing to the one without. This data can be linked to previous reports 

showing higher Shannon index during menses (26), however due to our small sample size, it 

needs to be further evaluated.  
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We further evaluated the long-term stability of vaginal microbiome at two time points (within 

2,5-year interval). The temporal dynamics of vaginal microbiome has been studied previously 

by several groups (22, 23, 26, 35–38) but they assessed multiple samples daily over maximum 

period of 4 months (22). These previous reports suggested that vaginal communities 

dominated by most of Lactobacillus species tend to be more stable (specifically L. crispatus) 

(39) and shifts were observed more often in microbiomes dominated by L. iners or non-

Lactobacillus genera (22). Curiously, in our cohort the most stable vaginal communities were 

composed by abundant Bifidobacterium, but also anaerobic bacteria. These discrepancies 

may be the result of methodologies applied for CST delineation. Here, we subjected complete 

microbiome community for hierarchical clustering, which may result in CST characterized by 

species combinations instead of most abundant taxa. Moreover, with our study design 

(sampling specifically at 3rd week of menstrual cycle) we eliminated possible variations 

according to menstrual cycle (22, 26). In fact, during menstrual cycle, vaginal microbiome 

diversity increases while abundance of Lactobacillus may decrease and Gardnerella increase 

(26, 35). Song et al also demonstrated that vaginal microbiome variations might be associated 

with usage of hormonal contraceptives and menstrual cycle, but also diet and exercise (26). 

Interestingly, Gajer et al demonstrated that metabolome, especially lactate level, did not 

change in woman undergoing CST shift from Lactobacillus to Streptococcus, demonstrating 

that although taxonomic variation was observed, in some individuals the microbiome 

functionality did not change (22).  

 

Here we reported that more than half paired vaginal and urinary tract microbiome were 

classified in different CST (3, this study), which demonstrated that microbiome composition 

identified from voided urine and vaginal swabs from many individuals is substantially 

different. Moreover, approximately one third of species overlapped between sample pairs. 

These data suggest that contrary to what have been proposed by Brown et al (40), microbiome 

characterized from voided urine should not be used as a reliable proxy for estimation of 

vaginal microbiome composition. Notably, Brown et al followed CST classification, which 

determines low-Lactobacillus communities as one group. Considering high diversity of 

communities non-dominated by Lactobacillus sp. presented here, we believe they should be 

reported separately. Moreover, Brown et al and the other studies (26, 40) analyzed the data 

by 16S rRNA sequencing, which is prone to misidentified Lactobacillus species closely related 

to those commonly reported from vaginal environment (see above).  
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We report here that overall, both microbiomes show high similarity regarding most dominant 

taxa, similarly to findings by Komesu et al (14). Moreover, our alpha and beta diversity 

analysis shows that overall vaginal and urinary tract microbiome are highly similar, with only 

lower species richness detected for vaginal microbiome. Ranges of Pielou’s evenness 

suggested more uneven species distribution in microbiome of both niches and Shannon index 

was slightly higher for urinary tract microbiome, however in our cohort was not found to be 

statistically significant. Lack of significance may be here explained by small sample size, since    

higher mean Shannon index for urinary tract microbiome than for vaginal microbiome was 

observed in other cohorts (14).   

 

Despite high overall similarity (e.g., species often detected in both niches such as 

Lactobacillus crispatus, Streptococcus anginosus, Escherichia coli (12, this study), 

microbiome of vagina and urinary tract seem to have certain specific particularities. We 

observed that our vaginal samples have Lactobacillus species in higher RA, comparing to 

urinary tract microbiome, which is in agreement with previous findings (14). We also observed 

that Gardnerella sp. could be in higher RA in urinary tract microbiome than in vaginal 

microbiome. Although in our cohort this observation was not significant statistically, it was 

previously reported that Lactobacillus and Gardnerella are inversely related in microbiome 

(35). Nevertheless, this correlation should be further investigated. Of note, most species from 

both genera (Lactobacillus and Gardnerella) were in much higher bacterial load (CFU) in 

vaginal microbiome, confirming that urinary samples have low bacterial biomass. 

 

Importantly, the similarities and differences between these niches are more clear at species 

level. For instance, Gardnerella genomospecies 3 and Gardnerella leopoldii were identified 

only in urinary tract microbiome. These findings require validation on larger cohort, since it 

seems that these Gardnerella species were previously isolated from vagina in other study (41). 

Further identification of species contributing to compositional differences between both 

microbiomes highlighted species specificity and abundance according to niche e.g., highly 

abundant Gardnerella genomospecies 3, Citrobacter koseri or Escherichia coli being more 

specific for urinary tract microbiome, and e.g., Limosilactobacillus urinaemulieris or 

Corynebacterium putative novel species 5 (Perovic SU in preparation) being more specific to 

vaginal microbiome.  

Furthermore, with co-occurrence analysis and Pearson correlation we shown positive 

correlation in both niches for Corynebacterium with Staphylococcus and Streptococcus, 
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while negative for the other most abundant genera. This was expected since non-Lactobacillus 

dominated communities are often composed of species belonging to these Gram-positive 

genera (3). We found that Lactobacillus and Gardnerella are negatively correlated in both 

niches, which support their previously mentioned inverse relation (35) and dominance of one 

or another in vaginal and urinary tract microbiome. Moreover, we reported that certain 

species are likely to co-occur in both niches e.g., Gardnerella vaginalis and Gardnerella 

swidsinskii, while other species combinations demonstrated opposite pattern e.g., positive 

correlation for Lactobacillus jensenii and Lactobacillus iners in vaginal microbiome and 

negative in urinary tract microbiome. These might be particularly important since L. iners 

role in urogenital health is controversial (42). Unveiling these bacterial interactions and co-

occurrence patterns in vaginal and urinary tract microbiome will likely contribute to further 

understanding of their function.  

 

Noteworthy, although the use of voided urine as a representative of lower urinary tract 

microbiome is still controversial, here we demonstrated that the microbiome composition 

identified from voided urine and vaginal swab differs. Moreover, Komesu et al analyzed 

microbiome of urine obtained by transurethral catheterization which resulted in highly 

similar results to ours (genus level) (14).  

 

CONCLUSIONS 

Here we present data regarding interlink of vaginal and urinary tract microbiome obtained 

from well-characterized cohort of reproductive-age asymptomatic women. We demonstrate 

specific patterns of bacterial abundance and species co-occurrence that might be 

characteristic to urinary tract or vaginal microbiome. Our findings also suggest that overall 

structure of both bacterial communities is similar, thus urogenital microbiome may function 

as a whole, and specific microbes likely may interchange their exact location and act 

complementary in both niches. Moreover, our data demonstrate that usage of midstream 

voided urine is suitable for lower urinary tract microbiome investigation. 

This data supports existence of interconnection between vaginal and urinary tract microbiome 

and will contribute to further development of therapeutic approaches involving microbiome 

interventions   
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Table 1. Species level comparison of community structure types (CSTs) of paired vaginal and 
urinary tract microbiome obtained from the same women. CSTs are shortly defined as top 3 
species shared between all members of CST, ordered by decreasing abundance. 

Donor/ 
sampling 

Vaginal CSTs Urinary CSTs Nr of 
overlapping 
species (%) 

1b Actinomyces neuii 
Staphylococcus haemolyticus 
Escherichia coli 

Gardnerella leopoldii 
Alloscardovia omnicolens 
Bifidobacterium spp. 

3 (12) 

3b Staphylococcus epidermidis 
Actinomyces neuii 

Streptococcus agalactiae 
Staphylococcus epidermidis 
Corynebacterium 
tuberculostearicum 

12 (37.5) 

3c Streptococcus agalactiae 
Finegoldia magna 
Streptococcus anginosus 

Streptococcus agalactiae 
Staphylococcus epidermidis 
Corynebacterium 
tuberculostearicum 

13 (57) 

4b Cutibacterium acnes 
Corynebacterium sp. nov. 5 
Staphylococcus epidermidis 

Streptococcus mitis/oralis 
Staphylococcus haemolyticus 
Micrococcus luteus 

5 (17) 

4c Lactobacillus crispatus 
Staphylococcus epidermidis 
Corynebacterium 
tuberculostearicum 

Bifidobacterium spp. 
Lactobacillus paragasseri 
Enterococcus faecalis 

9 (43) 

5a Lactobacillus iners 
Staphylococcus epidermidis 

Lactobacillus iners 
Corynebacterium 
tuberculostearicum 
Staphylococcus epidermidis 

8 (38) 

6a Staphylococcus epidermidis 
Actinomyces neuii 

Streptococcus agalactiae 
Streptococcus 
salivarius/vestibularis 
Micrococcus luteus 

5 (28) 

7a Lactobacillus paragasseri 
Lactobacillus delbruecki 

Bifidobacterium spp. 
Lactobacillus paragasseri 
Enterococcus faecalis 

13 (54) 

7b *Bifidobacterium spp. 
Streptococcus anginosus 
Staphylococcus epidermidis 

Bifidobacterium spp. 
Lactobacillus paragasseri 
Enterococcus faecalis 

12 (48) 

8a Lactobacillus mulieris 
Lactobacillus iners 
Staphylococcus epidermidis 

Lactobacillus crispatus 
Lactobacillus mulieris 
Staphylococcus epidermidis 

10 (27) 

9a Lactobacillus crispatus 
Staphylococcus epidermidis 
Corynebacterium 
tuberculostearicum 

Corynebacterium striatum 
Dermabacter hominis 
Staphylococcus aureus 

6 (25) 

9b Limosilactobacillus 
urinaemulieris 
Staphylococcus warneri 
Staphylococcus epidermidis 

Lactobacillus crispatus 5 (29) 

10a Lactobacillus iners 
Staphylococcus epidermidis 

Lactobacillus crispatus 
Lactobacillus mulieris 
Staphylococcus epidermidis 

13 (48) 

11a Lactobacillus crispatus 
Staphylococcus epidermidis 

Lactobacillus crispatus 11 (44) 
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Corynebacterium 
tuberculostearicum 

11b Staphylococcus epidermidis 
Actinomyces neuii 

Lactobacillus crispatus 9 (53) 

12a Lactobacillus jensenii 
Corynebacterium amycolatum 
Staphylococcus haemolyticus 

Lactobacillus jensenii 
Staphylococcus haemolyticus 
Staphylococcus epidermidis 

10 (24) 

12b Staphylococcus epidermidis 
Actinomyces neuii 

Lactobacillus crispatus 9 (36) 

15a *Bifidobacterium spp. 
*Gardnerella swidsinskii 
Streptococcus anginosus 

Gardnerella swidsinskii 
Atopobium vaginae 
Dialister microaerophilus 

13 (46) 

15b *Gardnerella vaginalis 
*Gardnerella swidsinskii 
Streptococcus anginosus 

Gardnerella vaginalis 
Bifidobacterium spp. 
Cutibacterium avidum 

10 (34) 

19a Staphylococcus epidermidis 
Actinomyces neuii 

Lactobacillus crispatus 
Lactobacillus mulieris 
Staphylococcus epidermidis 

14 (58) 

22a Lactobacillus iners 
Staphylococcus epidermidis 

Lactobacillus iners 
Corynebacterium 
tuberculostearicum 
Staphylococcus epidermidis 

10 (37) 

23a Finegoldia magna 
Corynebacterium sp. nov. 5 
Anaerococcus tetradius 

Lactobacillus crispatus 6 (21) 

23b Finegoldia magna 
Corynebacterium sp. nov. 5 
Anaerococcus tetradius 

Lactobacillus crispatus 14 (52) 

24a Lactobacillus crispatus 
Staphylococcus epidermidis 
Corynebacterium 
tuberculostearicum 

Lactobacillus crispatus 
Corynebacterium 
tuberculostearicum 
Finegoldia magna 

15 (50) 

25a Lactobacillus gasseri 
Corynebacterium 
tuberculostearicum 
Actinomyces neuii 

Lactobacillus iners 
Corynebacterium 
tuberculostearicum 
Staphylococcus epidermidis 

13 (59) 

26a Lactobacillus iners 
Staphylococcus epidermidis 

Citrobacter koseri 
Enterococcus faecalis 
Lactobacillus jensenii 

4 (20) 

26b Lactobacillus mulieris 
Lactobacillus iners 
Staphylococcus epidermidis 

Escherichia coli 
Micrococcus luteus 
Lactobacillus jensenii 

4 (29) 

29a Lactobacillus gasseri 
Corynebacterium 
tuberculostearicum 
Actinomyces neuii 

Gardnerella vaginalis 
Bifidobacterium spp. 
Cutibacterium avidum 

10 (42) 

29b Streptococcus agalactiae 
Finegoldia magna 
Streptococcus anginosus 

Streptococcus agalactiae 
Staphylococcus epidermidis 
Corynebacterium 
tuberculostearicum 

12 (50) 

*dominant in the sample, but not common to all samples in CST 
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Figure 1. Alpha diversity measures and associated metadata. 
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Figure 2. Heatmap representing vaginal community structure types (CSTs) assessed by 
UPGMA hierarchical clustering based on Bray-Curtis distance matrix. Colorful bar below the 
dendrogram define CSTs. 
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Figure 3. Relative and absolute abundance of 10 most abundant genera detected in paired samples. 
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Figure 4. Distribution of alpha diversity indices for urinary tract and vaginal microbiome. 

 

 
 
Figure 5. NMDS urinary and vaginal samples ordination based on Jaccard and Bray-Curtis 
distances. The stress value for both 2-dimensional representations was ~0.26. 
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Figure 6. Distribution of relative abundance of 5 most abundant genera identified from 
urinary and vaginal samples. 
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Figure 7. Cumulative relative and absolute abundance of Lactobacillus and Gardnerella 
species. 
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Figure 8. Species that contributed the most to compositional differences between urinary 
and vaginal microbiome. 
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Additional material associated with the manuscript entitled “Step towards understanding 

interconnection between vaginal and urinary tract microbiome” is available through the 

following links: 

 

Supplementary Table S1: 

https://docs.google.com/spreadsheets/d/1J1_6g0QkIsNNGfITvsaOU-

tR_cRpL7Ye/edit?usp=sharing&ouid=115798665925427872829&rtpof=true&sd=true 

 

Supplementary Figures S1-S10: 

https://drive.google.com/drive/folders/1RneYTXyxeCBU_325vheuw1PgEwHOXYSZ?usp=s

haring 
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3.2. Female Urinary Tract Microbiome in diseased host 

 
 
 
 
 

A sneak peek at recurrent urinary tract infections in young adult women 

 

 

 

Urinary microbiome of overactive bladder: toward a better understanding through improved 

high-throughput community analyses 
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Sir, 

 

Urinary tract infections (UTIs) are one of the most common infections, being estimated 

that 50% of women will develop at least one UTI in their lifetime (1). Regarding recurrent 

urinary tract infections (rUTIs) there is no consensus on their definition in the existing 

literature; however, for the purpose of this study we will consider the European 

Association of Urology guidelines that refer rUTI as recurrences of uncomplicated and/or 

complicated UTIs, with a frequency of at least three UTIs per year or two UTIs in six 

months (2). 

Although incidence of rUTI greatly increases at postmenopausal age, which is explained 

as the result of estrogen levels decrease with consequent reduction of glycogen, leading to 

female urogenital microbiome changes (e.g., decrease in Lactobacillus sp. relative 

abundance - RA), rUTI affect women at different ages with great impact on their well-being 

(1). Still, there is no universally accepted treatment algorithm (nor truly effective) for rUTI 

in women, with current approaches varying among broadening the antibiotic spectrum, 

increasing treatment length, and/or increasing antibiotic dosage. 

The increasing knowledge on the female urogenital microbiome (FUM) also grew the 

interest in investigating its compositional differences in both healthy and patients 

suffering from rUTI. This study constitutes another step forward in the understanding of 

rUTI, and how FUM may contribute for this impactful condition in women’s life. 

This study included four urine samples from three reproductive-age women (range 25-36 

years) suffering from rUTIs. Samples 13a, 14b and 32a were obtained in the absence of UTI 

symptoms while 32b was obtained from a woman during the course of UTI. First morning 

voided midstream urine samples were subjected to an extended culturomic analysis within 

2 hours from sample collection (3). Each colony morphotype was quantified to 

approximate number of colonies forming units per milliliter (CFU/ml) and up to 5 colonies 

of the same morphotype were isolated and subjected to identification. In addition, dipstick 

test (Combur-Test, Roche) and microscopy examination were performed. All isolates were 

subjected to matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 

(MALDI-TOF MS) VITEK MS system (bioMérieux, France), using in-vitro diagnostic 

database version 3.0. In case of no identification by MALDI-TOF MS isolates were 

subjected to 16S rRNA gene sequencing and/or other suitable genotypic biomarkers (pheS, 

rpoB, recN, cpn60). All community analyses were based on RA-% calculated as the CFU 

percentage of identified species from total CFU/ml count. The bacterial load varied 

between 10^4-10^6 CFU/mL, with a range of 17-30 of isolates being characterized per 

sample. It is of note that it was observed a slightly increased in the mean number of 

species/sample detected in comparison with our previous study with a healthy cohort (24 
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vs 19 species/sample, respectively), with all but one (14b, dominance of Corynebacterium 

coyleae) presenting community structures dominated by Lactobacillus: Lactobacillus 

iners (13a - RA 49%), Lactobacillus crispatus (32a – RA 34%), L. iners and Lactobacillus 

jensennii (32b – RA 38% and 19%, respectively) (Table S1) (3). The great abundance of L. 

iners in the analyzed samples has already been linked with vaginal dysbiosis, being 

speculated that its presence is not always indicative of a balanced microbiome (3, 4). 

Moreover, the community analysis also revealed some UTI-associated species such as 

Escherichia coli, Klebsiella pneumoniae or Varibaculum sp.. 

The comparison of the two samples belonging to the same donor but obtained without 

symptoms (32a) and during the course of UTI (32b) revealed that, during symptomology, 

was observed a marked increase in the bacterial load, from 10^4 to 10^6 CFU/ml together 

with an increase in species diversity (17 to 22 species). Moreover, although E. coli absolute 

abundance increased during the course of UTI, its relative abundance decreased, 

comparing to the state where no symptoms were present (from 25.4% to 13.4%, Fig.1)., 

associated with appearance of L. iners and Lactobacillus jensennii in high abundance (32b 

– RA 38% and 19% respectively (Fig.1; Table S1) and reduction in L. crispatus abundance 

This could imply that, similarly to what is known for vaginal microbiome, increased FUM 

diversity may be associated with particular urological conditions. Remarkably, E. coli 

detected in both samples of this donor represented the same strain of extraintestinal 

pathogenic E. coli belonging to ST12 and B2 phylogenetic group (5). These E. coli 

possessed a variety of virulence-associated determinants, for instance adhesins e.g., fimH, 

sfa/focDE, papC, papG or toxins e.g., hlyA, cnf1, vat that could contribute to their 

attachment to urothelium and putative pathogenicity in urinary tract (5). Thus, the 

symptoms may result not only from E. coli activity but also from the synergistic action of 

other microbiome members. 

This pilot study’s results reinforce the idea that FUM may be a target for evaluation, 

prevention and treatment approaches for rUTI. Nevertheless, data needs to be further 

explored, namely concerning functional characterization, and also involving larger well-

characterized cohorts. 
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Figure 1. Urinary tract microbiome composition (relative abundance) in rUTI woman in the 
absence of symptoms (sample 32Ua) and during a course of rUTI (32Ub). 
 
 
 

32Ua - absence of symptoms 

 
 

32Ub - during a course of UTI 
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Additional material associated with the manuscript entitled “A sneak peek at recurrent 

urinary tract infections in young adult women” is available through the following links: 

 

Supplementary Material: 

Table S1 
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sri8VjnVTsUa/edit?usp=sharing&ouid=115798665925427872829&rtpof=true&sd=true 
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Abstract  

Introduction. Recent studies based on advanced culture-independent and -dependent 

methodological approaches have suggested possibility of urinary tract microbiome dysbiosis 

contributing to overactive bladder syndrome (OAB). However, compositional data on OAB 

microbiome at species level is still critically lacking, and the pathogenesis of OAB remains 

unclear.  

Aim. In this preliminary study, we aim to comprehensively characterize the urinary tract 

microbiome of heterogeneous group of OAB patients, using two complementary 

methodologies. 

Methodology. Mid-stream urine samples were collected from 6 pre- and postmenopausal 

women diagnosed with OAB symptoms in Hospital São João (Porto, Portugal). Symptoms 

severity was assessed with Overactive Bladder Symptom Score (OBSS). To characterize 

urinary tract microbiome, we used extended culturomics – different media and incubation 

conditions, MALDI-TOF/MS and/or genotypic biomarkers for isolate identification. 

Concurrently, all samples were subjected to amplicon sequencing using V1-V8 regions of 16S 

rRNA by PacBio SMRT cell technology. 

Results: In all patients (OBSS range = 7 - 9), 217 species were identified, with high richness 

(median=58) and high load of bacteria (10^4-10^8 CFU/ml), although no criteria for urinary 

tract infection were found based on routine urinalysis and standard culture. We identified a 

dominance of Lactobacillus iners, Gardnerella leopoldii, Gardnerella vaginalis and 

Gardnerella genomospecies 3 and diverse putative urogenital pathogens (e.g., Escherichia 

coli, Klebsiella pneumoniae, Enterococcus faecalis, Ureaplasma urealyticum, Ureaplasma 

parvum) and others more recently recognized (e.g., Atopobium vaginae, Actinotignum 

schaalii). Each patient had at least one opportunistic pathogen (median=5). Preliminary 

molecular screening showed that some strains possessed virulence-associated features (E. 

coli). The patient with the most severe symptoms had 71 species of which some are putatively 

relevant e.g., Gardnerella vaginalis, Ureaplasma urealyticum, Atopobium vaginae.  

Conclusion. All OAB patients presented a diverse urinary microbiome enriched in bacterial 

species known to be involved in urinary tract infection. Analysis of our small cohort indicated 

that OAB urinary tract microbiome can be characterized by high abundance of Lactobacillus 

iners and diverse Gardnerella species.  
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Introduction 

Healthy bladder has its own distinct community of bacteria – urinary microbiome – that has 

been detected by advanced culture-independent sequencing techniques and enhanced urine 

culturing (1–3), but missed by standard urine culture (4). Furthermore, there is growing 

evidence that the urinary microbiome may play a critical role in human urinary tract health 

and disease state, including common lower urinary tract conditions [(e.g., urinary tract 

infection (UTI) and overactive bladder syndrome (OAB)] (4–9). Although OAB causes 

significant distress and impairment on quality of life, this complex symptom with a higher 

prevalence in women than men is still of unknown etiology and undefined effective treatment 

plan (10–12).  

In women with OAB, a particular urinary microbiome with an increase in abundance of 

Gardnerella and decrease of Lactobacillus was evidenced (4, 7). Also, OAB studies have 

reported associations between urinary symptom severity and several genera, e.g., Proteus (7) 

and Aerococcus (8), and several emerging urogenital pathogens, e.g., Actinotignum schaalli 

(4, 13) and Atopobium vaginae (14). Interestingly, previously recognized commensal species, 

Lactobacillus gasseri, has been also reported as a OAB specific member (4). Moreover, a study 

conducted by Wu et al. (8) suggested the connection between urinary microbiome and central 

nervous system. Nevertheless, further evidence of particular urinary tract microbiome and 

accurate bacterial species identification in OAB patients that could guide diagnostic and 

treatment are required. Moreover, it is a prerequisite for the diagnoses of OAB the absence of 

UTI obtained by standard urine culture protocol, which has recognized detection limitations 

(15, 16) may lead to flaws in OAB diagnoses. In this study, we aim to comprehensively 

investigate the bacterial composition of urinary tract microbiome in an age-heterogeneous 

group of women diagnosed with OAB, using extended culturomics and improved amplicon 

sequencing approaches.  

 

Methods 

Participant recruitment and sample collection 

This study was approved by ethical committee of the Hospital São João (Porto, Portugal). Mid-

stream urine samples were collected between September 2017 and June 2018 from 6 female 

patients (36-80 years) diagnosed with OAB. Symptoms severity was assessed with Overactive 

Bladder Symptom Score (5). Exclusion criteria included: current UTI (based on urine dipstick, 

microscopic exam, and standard urine culture), antibiotic exposure in the past 4 weeks, 

pregnancy, history of pelvic radiotherapy, bladder tumour, urolithiasis, and neurogenic 
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voiding dysfunction. A questionnaire was conducted concerning personal and health 

information that was encrypted, ensuring data confidentiality. Urine samples were subjected 

to standard urine culture at the hospital microbiology laboratory, whereas extended 

culturomic protocol was performed at the research laboratory (Faculty of Pharmacy, 

University of Porto, Porto, Portugal) up to 2 hours after sample collection and transport at 4 

°C. Concurrently, samples were pre-treated for community amplicon sequencing analysis and 

stored at -80 °C. 

 

Standard culture and extended culturomic analysis 

The standard culture protocol involved inoculation of ChromID CPS Elite chromogenic 

culture medium (bioMérieux, France) with 1 μl of uncentrifuged urine and aerobic incubation 

at 37 °C, for 24 hours. Only the confluent growth of a single organism, with a count of ≥ 105 

colony forming units (CFU)/ml, was presumed as relevant growth. 

The extended culturomic protocol included distribution of 100 l of the urine samples on 

Columbia agar with 5% sheep blood (BAP, Biogerm, Portugal) and chromogenic agar plate 

(CAP, HiCrome UTI, HiMedia, India) supplemented with gelatine, yeast extract, starch, 

glucose and Tween 80 as previously described (17, 18). BAPs and CAPs were incubated under 

aerobic and microaerophilic conditions (GENbox MICROAER, bioMérieux, France), at 37 °C 

for up to 48 h. Additionally, BAPs were incubated under anaerobic conditions (GENbox 

ANAER, bioMérieux, France), at 37 °C for 48 h. Each morphologically distinct colony type was 

counted. All selected isolates (1-5 colonies of each morphology) were subjected to matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), 

using the VITEK® MS and In-Vitro Diagnostic database version 3.0 (bioMérieux, France). 

Unidentified isolates and isolates belonging to species for which MALDI-TOF MS has 

insufficient resolution power (Perovic SU in preparation) were further subjected to 16S rRNA 

gene and other genetic markers (pheS, cpn60, rpoB or recN) and/or PCR assays for the 

detection of species-specific genes (dltS, sodA and malB). 

 

DNA extraction and community amplicon sequencing 

Sample pre-treatment, prior to DNA extraction, included 20 ml of urine centrifuged at 5,500 

rpm for 15 min, with the resulting pellet suspended in 1 ml of phosphate buffered saline and 

stored at -80 °C until further processing. Genomic DNA was extracted using Qiagen DNeasy 

Blood and Tissue Kit (Qiagen, Germany), according to the manufacturer’s protocol and 

following the pre-treatment protocol for Gram-negative bacteria. Extracted DNA was stored 
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at 4 °C until sent for targeted amplicon sequencing of V1-V8 hyper-variable regions of the 16S 

rRNA gene using the Pacific Biosciences Single-Molecule Real-Time technology (PacBio 

SMRT, GATC Biotech AG, Germany). The obtained sequences were quality filtered by 

UCHIME (version 4.2.40) (19). Chimera-free sequences were subjected to BLASTn analysis 

using non-redundant 16S rRNA reference sequences with an E-value cutoff of 1e-06 (20). If 

the final number of high-quality reads after all filtering steps was less than 1000, the 

corresponding sample was excluded. Reference 16S rRNA gene sequences were obtained from 

the Ribosomal Database Project Classifier (21). Taxonomic classification was based on the 

NCBI Taxonomy (22).  

 

Results  

In all patients (OBSS range = 7 - 9, median = 8), we detected a high species richness (217 

species, range = 16-105 species/sample, median = 58 species/sample), with community 

amplicon sequencing revealing a higher number of species than extended culturomics (Table 

S1, S2). High bacterial load (1x10^4 - 1x10^8 CFU/ml) was observed in all samples. The 

information on OAB patients and species detected by extended culturomics and community 

amplicon sequencing are provided in Table S1 and Table S2, respectively. 

The most abundant five species per urine sample detected by culturomics and amplicon 

sequencing are presented in Figure 1A and 1B, respectively. We detected a predominance of 

Gardnerella genomospecies 3 and Gardnerella leopoldii by culturomics, and Lactobacillus 

iners by amplicon sequencing in OAB1 and OAB2 (Figure 1A and 1B), and Bifidobacterium 

spp. and Corynebacterium aurimucosum by culturomics with Lactobacillus gasseri detected 

in high relative abundance by amplicon sequencing in OAB5 (Figure 1A and B). Remarkably, 

predominance of Escherichia coli (1x10^6 CFU/ml) and Enterococcus faecalis (1x10^8 

CFU/ml), recognized as putative uropathogens, were identified in two samples (OAB4 and 

OAB6, respectively; Figure 1A). One urine sample collected from a patient with the most 

severe OAB symptoms (OBSS = 9) presented a urinary microbiome dominated by Gardnerella 

vaginalis (46% by culturomics) and Ureaplasma urealyticum (44% relative abundance by 

sequencing) (OAB3; Figure 1A and 1B, respectively).  

In most samples diverse bacterial species with urogenital pathogenic potential were detected 

(Table 1). Each sample had at least one (median = 5) urogenital opportunistic pathogens 

detected in a range of 10^1-10^8 CFU/ml. The most prevalent urogenital pathogenic species 

among patients were Enterococcus faecalis (n=5) and Streptococcus anginosus (n=5), 

followed by Campylobacter ureolyticus (n=4) and Ureaplasma parvum (n=4). The 
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community amplicon sequencing of OAB5 sample revealed the highest species richness (105 

species), including a high diversity of emerging pathogens Campylobacter ureolyticus, 

Ureaplasma parvum, Oligella urethralis and Alloscardovia omnicolens that were missed by 

extended culturomics. In other samples, emerging urogenital pathogens were detected with 

more than 1x10^3 CFU/ml, such as Atopobium vaginae and Corynebacterium coyleae, while 

others, namely Morganella morganii and Proteus mirabilis, were detected in less than 

1x10^3 CFU/ml. Noteworthy, many of these putative pathogenic species were not detected in 

our cohort of asymptomatic women such as Morganella morgani, Klebsiella pneumoniae, 

Proteus mirabilis, Pseudomonas luteola and Citrobacter portucalensis (Perovic SU in 

preparation, Ksiezarek 2021 BMC). 

Preliminary strain level analysis of E. coli isolated from OAB women revealed that only E. coli 

from OAB5 belong to phylogenetic group B2 and was predicted as extraintestinal pathogenic 

E. coli (ExPEC), with several virulence-associated features e.g., fimH, sfa/focDE, cnf1, vat, 

fyuA, iroN, usp, ompT, malX (unpublished data). Remaining E. coli strains from OAB2 

sample were not classified as ExPEC and presented just a few putatively virulence-associated 

genes (unpublished data).   

 

Discussion 

In the present study, we capture a higher number of bacterial species than previously reported 

for OAB patients (4, 7). Moreover, each patient had at least one recognized urogenital 

pathogen, occasionally in high load (up to 10^8 CFU/ml).  

Contrary to the previous findings of a low Lactobacillus abundance in OAB patients (4) we 

detected Lactobacillus iners in high relative abundance. It is important to note that, beside 

Gardnerella vaginalis and Gardnerella leopoldii, we identified, for the first time in OAB 

patients Gardnerella genomospecies 3 with still unknown pathogenicity (23, 24). Significant 

impact of the virulence potential of diverse bacterial strains on UTI risk and outcome was 

already observed (25), stressing the ambiguity of strain level pathogenicity that should be 

explored especially in OAB-associated microbiome. We demonstrated a sneak peek data on 

genomic characteristics of E. coli strains isolated from OAB microbiome. Interestingly, not all 

E. coli strains demonstrated equally relevant pathogenic potential. However, our additional 

genomic analysis of Prevotella brunnea isolated from OAB1 sample (RA 2%) showed that this 

strain was predicted as a human pathogen and possessed a variety of virulence-associated 

traits e.g., proteins required for sialic acid synthesis, outer membrane proteins, clostripain 

family protein, proteins involved in lipopolysaccharide modification (Ksiezarek et al., in 
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preparation). P. brunnea appear to be able to stimulate host-microbe interactions that might 

lead to an unhealthy status. This could support hypothesis that microbial interactions and/or 

low abundant members play a role in OAB aetiology.   

 

Comparing to the healthy urinary microbiome (Perovic SU in preparation, 3), although of not 

similarly aged women, OAB patients presented slightly higher median of species/sample (58 

vs 53). Microbiome composition enriched in L. iners identified here in OAB women was also 

identified in asymptomatic cohort (Perovic SU in preparation). L. iners seems to have a variety 

of genomic determinants for both, promotion of health status and those associated with host 

disease, thus its activity is likely strain specific and should be further investigated (26). OAB 

microbiome was also characterized by different Streptococcus and Staphylococcus species 

and some species were only detected in OAB patients, e.g., Proteus mirabilis, Citrobacter 

portucalensis. This preliminary comparison would suggest that OAB microbiome has more 

and/or higher prevalence of putative pathogens, however this must be verified on larger 

cohort with appropriately selected control group.  

Our study based both on 16S rRNA gene amplicon sequencing and advanced urine culture 

showed that OAB urinary microbiome is diverse and enriched in members carrying potential 

virulent features. Species detection by third generation DNA sequencing using PacBio 

technology confirmed and complemented detection by extended culturomics, but it still lacks 

quantitative specificity. Moreover, some pathogenic species were missed by extended culture, 

likely due to special culture and metabolic requirements (e.g., Ureaplasma parvum) (27). 

 

Conclusions 

Our preliminary study provides a detailed composition of heterogeneous bacterial community 

in urine samples from female OAB patients. All OAB patients presented a diverse urinary 

microbiome enriched in bacterial species known to be involved in urinary tract infection. For 

the first time, we identified Gardnerella genomospecies 3 in OAB women. Our findings 

indicated that OAB urinary community can be characterized by high abundance of 

Lactobacillus iners and diverse Gardnerella species. Finally, our study based on accurate and 

reliable species level profiling stress the importance on further strain level exploration in 

order to understand bacterial involvement in OAB syndrome. 
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Table 1. Opportunistic pathogens associated with the urogenital tract. Species are listed in 
order of decreasing detection frequency in OAB samples. ND - not detected; RA - relative 
abundance. 

Species 
Culturomics Amplicon sequencing 

Samples CFU/ml RA (%) Samples RA (%) 

Enterococcus  
faecalis 

OAB2, OAB3, 
OAB4, OAB5, 

OAB6 
10^1-10^8 0.01-66.9 

OAB3, OAB4, 
OAB5 0.16-34.04 

Streptococcus 
anginosus 

OAB1, OAB2, 
OAB3, OAB5 

10^2-10^3 0.2-4.3 
OAB1, OAB3, 
OAB4, OAB5 

0.04-3.68 

Campylobacter 
ureolyticus 

OAB4 10^2 <0.01 OAB1, OAB2, 
OAB4, OAB5 

0.11-2.37 

Ureaplasma  
parvum 

ND ND ND 
OAB1, OAB2, 
OAB4, OAB5 

0.07-6.68 

Corynebacterium 
coyleae 

OAB1, OAB2, 
OAB5 10^2-10^4 0.23-5.48 

OAB1, OAB2, 
OAB5 0.06-3.07 

Escherichia  
coli 

OAB2, OAB5, 
OAB6 

10^2-10^6 0.06-99.82 OAB3, OAB5, 
OAB6 

0.03-99.35 

Ureaplasma 
urealyticum 

ND ND ND 
OAB1, OAB2, 

OAB3 
0.09-44.37 

Gardnerella 
genomospecies 3 

OAB1, OAB2 10^4-10^5 16.85-59.78 ND ND 

Pseudoglutamicibacter 
cumminsii 

OAB1, OAB2 10^3 0.52-1.47 OAB1 0.57 

Corynebacterium 
urealyticum OAB2 10^3 2.95 OAB1, OAB2 0.06-0.12 

Klebsiella  
pneumoniae 

OAB5, OAB6 10^1-10^3 0.04-0.15 OAB5 0.09 

Morganella  
morganii 

OAB2, OAB3 10^1 0.02-0.03 OAB3 0.03 

Pseudomonas 
aeruginosa OAB6 10^1 <0.01 OAB3 0.08 

Staphylococcus  
aureus 

OAB2, OAB3 10^1-10^2 0.04-0.13 OAB3 0.05 

Atopobium  
vaginae OAB3 10^4 23.16 OAB3 1.07 

Aerococcus  
urinae 

OAB5 10^1 0.15 OAB5 0.04 

Gardnerella  
leopoldii 

OAB2 10^5 50.54 ND ND 

Proteus  
mirabilis OAB2 10^2 0.34 ND ND 

Gardnerella  
vaginalis 

OAB3 10^4 46.32 ND ND 

Anaerococcus  
vaginalis OAB5 10^3 4.98 ND ND 

Actinotignum  
schaalii 

OAB5 10^2 0.8 ND ND 

Pseudomonas  
luteola 

OAB5 10^1 0.02 ND ND 

Staphylococcus 
saprophyticus OAB6 10^2 0.01 ND ND 

Oligella  
urethralis 

ND ND ND OAB1 0.12 

Pseudomonas  
putida ND ND ND OAB3 0.03 

Stenotrophomonas 
maltophilia 

ND ND ND OAB3 0.03 
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Streptococcus 
agalactiae ND ND ND OAB3 0.03 

Aerococcus 
sanguinicola 

ND ND ND OAB5 0.09 

Alloscardovia 
omnicolens 

ND ND ND OAB5 0.17 

 

156



Figure 1. The most abundant species detected by culturomics (A) or community amplicon 
sequencing (B). The most abundant 5 species per urine sample detected by culturomics (A) or 
community amplicon sequencing (B) were selected and listed in order of 
decreasing prevalence. Asterisk denotes species detected only by culturomics and amplicon 
sequencing. 
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Additional material associated with the manuscript entitled “Urinary microbiome of 

overactive bladder: toward a better understanding through improved high-throughput 

community analyses” is available through the following links: 

 
Supplementary Material: 

Table S1 

https://docs.google.com/spreadsheets/d/14Es55_QbkLW73GWyGTyzIH3jceVJNe9r/edit?u

sp=sharing&ouid=115798665925427872829&rtpof=true&sd=true 

 

Table S2 

https://docs.google.com/spreadsheets/d/1MfiHyzGHHhuEuzBP7aZwHI5WR8swwKHz/edi

t?usp=sharing&ouid=115798665925427872829&rtpof=true&sd=true 
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3.3. Novel species in Female Urinary Tract Microbiome 

 
 
 
 

Limosilactobacillus urinaemulieris sp. nov. and Limosilactobacillus portuensis sp. nov. 

isolated from urine of healthy women 

 

 

Lactobacillus mulieris sp. nov., a new species of Lactobacillus delbrueckii group 

 

 

The status of the species Lactobacillus fornicalis Dicks et al. 2000. Request for an opinion 

 

 

Effectiveness Of MALDI-TOF Mass Spectrometry For Bacterial Identification In The 

Urogenital Microbiome Studies 
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Abstract

Two Gram- stain- positive strains, c9Ua_26_MT and c11Ua_112_MT, were isolated from voided urine samples from two healthy 
women. Comparative 16S rRNA gene sequences demonstrated that these novel strains were members of the genus Limosi-
lactobacillus. Phylogenetic analysis based on pheS gene sequences and core genomes showed that each strain formed a 
separated branch and are closest to Limosilactobacillus vaginalis DSM 5837T. The average nucleotide identity (ANI) and Genome- 
to- Genome Distance Calculator (GGDC) values between c9Ua_26_MT and the closest relative DSM 5837T were 90.7 and 42.9 %, 
respectively. The ANI and GGDC values between c11Ua_112_MT and the closest relative DSM 5837T were 91.2 and 45.0 %, and 
those among the strains were 92.9% and 51,0 %, respectively. The major fatty acids were C

12 : 0
 (40.2 %), C

16 : 0
 (26.7 %) and C

18 : 1
 ω9c 

(17.7 %) for strain c9Ua_26_MT, and C
18 : 1

 ω9c (38.0 %), C
16 : 0

 (33.3 %) and C
12 : 0

 (17.6 %) for strain c11Ua_112_MT. The genomic DNA 
G+C content of strains c9Ua_26_MT and c11Ua_112_MT was 39.9 and 39.7 mol%, respectively. On the basis of the data presented 
here, strains c9Ua_26_MT and c11Ua_112_MT represent two novel species of the genus Limosilactobacillus, for which the names 
Limosilactobacillus urinaemulieris sp. nov. (c9Ua_26_MT=CECT 30144T=LMG 31899T) and Limosilactobacillus portuensis sp. nov. 
(c11Ua_112_MT=CECT 30145T=LMG 31898T) are proposed.

The genus Lactobacillus was recently reclassified into 25 gen-
era, including the novel genus Limosilactobacillus proposed 
by Zheng et al. in 2020 [1]. Limosilactobacillus is classified 
in the phylum Firmicutes, class Bacilli, order Lactobacillales, 
family Lactobacillaceae, and comprises 17 species. The genus 
includes Gram- positive, rod- or coccoid- shaped, catalase- 
negative, heterofermentative, anaerobic or aerotolerant 
micro- organisms. Although members of this genus are found 
in fermented cereals and other fermenting plant materials, 
dairy products, manure and sewage, the majority are verte-
brate host adapted microorganisms [1].

Limosilactobacillus comprises species generally included 
in the qualitative presumption of safety list (Limosilactoba-
cillus reuteri, Limosilactobacillus panis, Limosilactobacillus 
pontis, Limosilactobacillus mucosae, Limosilactobacillus 
fermentum) with several strains being widely used in food 
and human nutrition, due to their contribution to fermented 

food production or their probiotic usage [2, 3]. Recently, 
Limosilactobacillus species (Limosilactobacillus reuteri, 
Limosilactobacillus fermentum, Limosilactobacillus vaginalis, 
Limosilactobacillus coleohominis) were also detected as 
members of the human urinary tract microbiota, although 
not identified in the list of the top 10 most prevalent bacteria 
retrieved from urinary samples from both male and female 
specimens [4]. In the present study, we characterized two 
strains of the genus Limosilactobacillus isolated from the urine 
of healthy women based on a polyphasic approach.

ISOLATION AND ECOLOGY
Two bacterial strains, c9Ua_26_MT and c11Ua_112_MT, 
were isolated from voided urine samples from two healthy 
women within the scope of an ongoing Female Urinary 
Microbiota project at the Faculty of Pharmacy, University 
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of Porto, Portugal (2017). Urine samples were inoculated on 
Columbia agar with 5 % sheep blood (Biogerm), and colo-
nies were selected after 48 h at 37 °C under microaerophilic 
conditions (GENbox MICROAER, bioMérieux). The strains 
were subjected to MALDI- TOF MS (VITEK MS; bioMérieux) 
analysis with in vitro diagnostic database version 3.0, but 
could not be identified at species or genus level. The strains 
were maintained on de Man, Rogosa and Sharpe medium 
(MRS; Liofilchem) for short- term storage and in tryptic soy 
broth (Liofilchem) supplemented with 20% (v/v) glycerol at 
−80 °C for long- term storage.

16S rRNA AND PHES GENES PHYLOGENY
PCR amplification of rrs (16S ribosomal RNA) and pheS 
(phenylalanyl- tRNA synthetase alpha subunit) genes was 
performed using primers described previously [5, 6]. The 
sequences of the two genes were subsequently confirmed 
from the genomic sequences, aligned and the similarity 
scores were generated using mega software version 7.0  
( www. megasoftware. net) [7]. Phylogenetic trees based on 16S 
rRNA or pheS gene sequences were reconstructed according 
to the neighbour- joining method [8], and genetic distances 
were estimated using Kimura’s two- parameter model [9]. The 
reliability of internal branches was assessed from bootstrap-
ping based on 1000 resamplings [10]. Phylogenetic analysis 
based on 16S rRNA gene sequences revealed that strains 
c9Ua_26_MT and c11Ua_112_MT clustered with the type 
strain of L. vaginalis (Fig. S1). 16S rRNA gene sequence 
similarities between the two novel strains c9Ua_26_MT 
and c11Ua_112_MT was 99.9 %, between c9Ua_26_MT and 
their closest neighbours L. vaginalis or Limosilactobacillus 
frumenti were 99.4 and 98.5 % (respectively), and between 
c11Ua_112_MT and their closest neighbours L. vaginalis or  
L. frumenti were 99.5 and 98.6 % (respectively). The phyloge-
netic tree based on pheS gene revealed that strains c9Ua_26_
MT and c11Ua_112_MT clustered with the type strains of  
L. vaginalis and L. frumenti, and were 93.3 % similar between 
them (Fig. S2). Additionally, sequence similarity between 
strain c9Ua_26_MT and its closest neighbours L. vaginalis or 
L. frumenti were 92.1 and 77.5 % (respectively), while strain 
c11Ua_112_MT was 93.9 and 77.2% similar to L. vaginalis 
and L. frumenti, respectively (Fig. S2). Based on these results, 
L. vaginalis was considered the closest relative species of 
c9Ua_26_MT, and c11Ua_112_MT.

GENOME FEATURES
Whole- genome sequencing of strains c9Ua_26_MT and 
c11Ua_112_MT was performed using an Illumina HiSeq 
system (2×150 nt). Reads were trimmed by Trimmomatic 
version 0.39 [11] and quality checked using FastQC 0.11.9 
( www. bioinformatics. babraham. ac. uk/ projects/ fastqc/). De 
novo assembly was performed by SPAdes version 3.13.0 [12], 
and quality assessed by quast 5.0.2 [13]. Annotation of the 
draft genome was provided by the NCBI Prokaryotic Genome 
Annotation Pipeline [14]. Average nucleotide identity (ANI) 
based on BLAST+ was calculated by JSpeciesWS [15] and 

genome- to- genome comparison was performed with the 
Genome- to- Genome Distance Calculator (GGDC) following 
the recommended Formula 2 [16].

The genome size of isolate c9Ua_26_MT was 1 898259 bp and 
assembled in 66 contigs with an N50 value of 90957 bp, while 
the genome size of isolate c11Ua_112_MT was 2 115452 bp 
and assembled in 169 contigs with an N50 value of 64968 bp. 
The ANI value between strains c9Ua_26_MT and c11Ua_112_
MT was 92.90 %, and between strains c9Ua_26_MT and 
c11Ua_112_MT and the closest related type strain of L. vagi-
nalis DSM 5837T it was below the species cut- off level of 95 % 
(90.7 % and 91.2 %, respectively). Likewise, the intergenomic 
distance between strains c9Ua_26_MT and c11Ua_112_MT 
revealed a GGDC value of 51%, and between strain c9Ua_26_
MT or c11Ua_112_MT and the closest related type strain of  
L. vaginalis presented GGDC values of 42.9 and 45.0 %, 
respectively, which is clearly below the proposed criterion for 
bacterial species delineation (70 %) [17]. Bioinformatics anal-
yses of these genomes predicted a G+C content of 39.9 mol% 
for strain c9Ua_26_MT, 39.7 mol% for c11Ua_112_MT and 
39.1 mol% for L. vaginalis.

A core- genome analysis derived from the genomes of 16 
Limosilactobacillus species that were available in NCBI 
Assembly database, as well as the genomes of strains 
c9Ua_26_MT and c11Ua_112_MT, was carried out. The 
genomes were annotated with Prokka version 1.14.6 [18], 
and the Roary pan genome pipeline (version 3.13.0) [19] was 
used to identify core genes with a 70 % nucleotide identity 
cut- off. A phylogenetic tree was generated by FastTree version 
2.1.10 [20], using the maximum- likelihood model (General-
ized Time- Reversible+CAT), and 1000 resamples based on 
the Shimodaira–Hasegawa test (SH- like local support values). 
A total of 264 core genes of Limosilactobacillus species were 
included in the analysis (Fig.  1) . The phylogenomic tree 
based on the core genome confirmed the positioning of the 
two isolated strains within the genus Limosilactobacillus, as 
observed in the phylogenetic analyses based on 16S rRNA 
gene. These analyses demonstrated a close phylogenetic relat-
edness of strains c9Ua_26_MT and c11Ua_112_MT, which 
formed a distinct cluster from L. vaginalis, despite 99.4 and 
99.5 % identity observed at the 16S rRNA level.

PHYSIOLOGY AND CHEMOTAXONOMY
Cell and colony morphology were observed with cells 
grown on Columbia agar with 5 % sheep blood agar plates 
(bioMérieux) at 37 °C under anaerobic conditions (GENbox 
ANAER, bioMérieux) for 48 h. Gram- staining was carried 
out using Gram- staining kit (bioMérieux). Motility, catalase 
activity, spore formation and gas production from glucose 
were determined using established procedures [21]. Growth 
at different oxygen conditions (aerobic, microaerophilic and 
anaerobic) were evaluated on MRS agar, and estimated by 
monitoring the optical density at 600 nm after 48 h of incuba-
tion. Growth at different temperatures (20, 25, 30, 37, 40 and 
45 °C), pH (pH 3.0, 3.5, 4.0, 5.0, 6.0, 7.0, 7.5, 8.0, 8.5, 9.0, 
10.0, 11.0 and 12.0) and NaCl concentrations (0.5, 1.0, 1.5, 
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2.0, 3.0, 4.0 and 5.0 %, w/v) were evaluated for cultures in 
MRS broth incubated for 7 days under anaerobic conditions, 
and estimated by monitoring the optical density at 600 nm 
after 72 h of incubation and after 7 days. Biochemical char-
acterization was performed using standardized API 50 CH, 
API 20 A and API ZYM strips (bioMérieux) following the 
manufacturer’s instructions (incubation at 37 °C). The results 
were recorded after 24 h, 48 h and 7 days for API 50 CH and 
API 20 A and after 4.5 h for API ZYM. Different phenotypic 
characteristics of strains c9Ua_26_MT and c11Ua_112_MT 
as compared to the type strains of closely related species are 
summarized in Table 1. Limosilactobacillus species ferment 
a relatively broad spectrum of carbohydrates in comparison 
with other heterofermentative lactobacilli [1], yet strain 
c11Ua_112_MT was only able to metabolize l- arabinose, 
contrasting with strain c9Ua_26_MT and L. vaginalis. Strain 
c9Ua_26_MT was nonreactive for all of the tests in the API 
50 CH and API 20 A systems, which is in agreement with 
phenotypic reports of some Limosilactobacillus strains [22]. 
However, some genes associated with carbohydrate utiliza-
tion [e.g. sucrose phosphorylase (scrP), fructokinase (fruK) 
and the operon repressor scrR genes associated with sucrose 
fermentation] were detected by in silico analysis in the genome 
of strains c11Ua_112_MT and c9Ua_26_MT, questioning the 
data obtained with API 50 CH/API 20 A. Future assays using 
different media and incubation conditions could clarify the 
carbohydrate utilization profiles of the proposed Limosilac-
tobacillus novel species here described.

Fatty acid profiling of strains c9Ua_26_MT and c11Ua_112_
MT and the closest related type strain of L. vaginalis LMG 
12891T was performed and analysed at the BCCM/LMG 
Bacteria collection (Ghent, Belgium; https:// bccm. belspo. be/ 
lmg/ fame- characterization), with cells grown on Columbia 
agar with 5 % sheep blood for 48 h. Cellular fatty acid profiles 
revealed that strains c9Ua_26_MT and c11Ua_112_MT 
contain major fatty acids C12 : 0, C16 : 0 and C18 : 1 ω9c, consistent 

with the analysis of representative closely relative L. vaginalis 
(Table 2). There was no particular fatty acid that could provide 
a taxonomically useful marker for the differentiation of these 
two isolates, but the difference in their amounts might be an 
indicator to discriminate between and among them from the 
most closely related valid species such as L. vaginalis (Table 2).

Our data support the conclusion that the two novel strains, 
c9Ua_26_MT and c11Ua_112_MT, represent independent 

Fig. 1. Maximum- likelihood tree based on a core genome derived from 264 genes showing the phylogenetic relationships between 
Limosilactobacillus urinaemulieris c9Ua_26_MT, Limosilactobacillus portuensis c11Ua_112_MT and type strains of the genus 
Limosilactobacillus. The tree displayed is unrooted and branch labels indicate SH- like local support values. The scale bar represents 0.1 
substitutions per nucleotide position. Genome sequence accession numbers are indicated in parentheses.

Table 1. Differential phenotypic characteristic of Limosilactobacillus 
urinaemulieris sp. nov., Limosilactobacillus portuensis sp. nov. and their 
closest related species

Strains: 1, c9Ua_26_MT (this study); 2, c11Ua_112_MT (this study), 3, 
Limosilactobacillus vaginalis DSM 5837T [23]. +, Positive; w, weakly 
positive; −, negative reaction. nd, not determined.

Characteristics 1 2 3

Isolation source Urine Urine Vaginal swab

Growth at:   

  45 °C − − +

API 50 CH:   

  l- Arabinose − + −

  d- Galactose − − +

  d- Glucose − − +

  d- Fructose − − +

  d- Mannose − − +

  Sucrose − − +

  Raffinose − − +

API ZYM:   

  Esterase lipase (C 8) w − nd
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two novel species within the genus Limosilactobacillus, for 
which the names Limosilactobacillus urinaemulieris sp. nov. 
(c9Ua_26_MT=CECT 30144T=LMG 31899T) and Limosi-
lactobacillus portuensis sp. nov. (c11Ua_112_MT=CECT 
30145T=LMG 31898T) are proposed.

DESCRIPTION OF LIMOSILACTOBACILLUS 
URINAEMULIERIS SP. NOV.
Limosilactobacillus urinaemulieris ( u. ri. nae. mu. li′e.ris. L. fem. 
n. urina urine; L. gen. n. mulieris of a woman; M. L. gen. 
n. urinaemulieris pertaining to female urine from which the 
bacterium was first isolated).

Cells are Gram- stain- positive, non- spore- forming and motile 
bacilli (1.5–2.0 µm long). Colonies are circular, smooth and 
flat. Growth is observed under anaerobic and microaero-
philic conditions. After 48 h of incubation on Columbia 
agar with 5 % sheep blood, colonies are white to grey and 
0.5 mm in diameter. Catalase and oxidase are not produced. 
Growth occurs between 30–40 °C (optimum, 37 °C) until 
the maximum of 3.0 % (w/v) NaCl and in the range of pH 
5.0–7.5. In the API 50 CH panel, acidification is not observed 
for carbohydrates included in the panel, which is congruent 
with the results in the API 20 A system. Acid is not produced 
from glycerol, erythritol, d- arabinose, l- arabinose, d- ribose, 
d- xylose, l- xylose, d- adonitol, methyl β- d- xylopyranoside, 
d- galactose, d- glucose, d- fructose, d- mannose, l- sorbose, 
l- rhamnose, dulcitol, inositol, d- mannitol, d- sorbitol, 
methyl α- d- mannopyranoside, methyl α- d- glucopyranoside, 
N- acetylglucosamine, amygdalin, arbutin, aesculin ferric 
citrate, salicin, cellobiose, maltose, lactose, melibiose, sucrose, 
trehalose, inulin, melezitose, raffinose, starch, glycogen, 
xylitol, gentiobiose, turanose, d- lyxose, d- tagatose, d- fucose, 
d- arabitol, l- arabitol, potassium gluconate, potassium 
2- ketogluconate and potassium 5- ketogluconate. Addition-
ally, cells give negative reactions to l- tryptophane, urea 

and gelatin. In the API ZYM test system, cells are positive 
for esterase (C4), leucine arylamidase, acid phosphatase, 
α-galactosidase and β-galactosidase and weakly positive for 
esterase lipase (C8) and naphthol- AS- BI- phosphohydrolase. 
Cells are negative for alkaline phosphatase, lipase (C14), valine 
arylamidase, cysteine arylamidase, trypsin, α-chymotrypsin, 
β-glucuronidase, α-glucosidase, β-glucosidase, N- acetyl-
β-glucosaminidase, α-mannosidase and α-fucosidase. The 
major cellular fatty acids are C12 : 0, C16 : 0 and C18 : 1 ω9c.

The type strain is c9Ua_26_MT (=CECT 30144T=LMG 
31899T), isolated from the urine of a healthy woman in 
Portugal, 2017. The DNA G+C content of the type strain 
is 39.9 mol%. 16S rRNA and pheS nucleotide sequences are 
deposited in the GenBank database under the accession 
numbers MW016377 and MW014289, respectively. The 
annotated genomic sequence of strain c9Ua_26_MT was 
deposited in the DDBJ/ENA/GenBank databases and is avail-
able under accession number JABUXR000000000, BioSample 
SAMN15159665 (BioProject PRJNA548360).

DESCRIPTION OF LIMOSILACTOBACILLUS 
PORTUENSIS SP. NOV.
Limosilactobacillus portuensis ( por. tu. en′sis. N.L. masc. adj. 
portuensis referring to the city of Porto, Portugal, from where 
the bacterium was isolated).

Cells are Gram- stain- positive, non- spore- forming and motile 
bacilli (2.0–2.5 µm long). Colonies are circular, smooth and 
flat. Growth is observed under anaerobic and microaero-
philic conditions. After 48 h of incubation on Columbia 
agar with 5 % sheep blood, colonies are white to grey and 
0.5 mm in diameter. Catalase and oxidase are not produced. 
Growth occurs between 30–40 °C (optimum, 37 °C) until the 
maximum of 2.0 % (w/v) NaCl, and in the range of pH 4.0–8.0. 
In the API 50 CH and API 20 A panels, acid is produced from 
l- arabinose. Acid is not produced from glycerol, erythritol, 
d- arabinose, d- ribose, d- xylose, l- xylose, d- adonitol, methyl 
β- d- xylopyranoside, d- galactose, d- glucose, d- fructose, 
d- mannose, l- sorbose, l- rhamnose, dulcitol, inositol, 
d- mannitol, d- sorbitol, methyl α- d- mannopyranoside, 
methyl α- d- glucopyranoside, N- acetylglucosamine, amyg-
dalin, arbutin, aesculin ferric citrate, salicin, cellobiose, 
maltose, lactose, melibiose, sucrose, trehalose, inulin, melezi-
tose, raffinose, starch, glycogen, xylitol, gentiobiose, turanose, 
d- lyxose, d- tagatose, d- fucose, d- arabitol, l- arabitol, potas-
sium gluconate, potassium 2- ketogluconate and potassium 
5- ketogluconate. Additionally, cells give negative reactions 
to l- tryptophane, urea and gelatin. In the API ZYM test 
system, cells are positive for esterase (C4), leucine arylami-
dase, acid phosphatase, naphthol- AS- BI- phosphohydrolase, 
α-galactosidase and β-galactosidase. Cells are negative for 
alkaline phosphatase, esterase lipase (C8), lipase (C14), valine 
arylamidase, cysteine arylamidase, trypsin, α-chymotrypsin, 
β-glucuronidase, α-glucosidase, β-glucosidase, N- acetyl-
β-glucosaminidase, α-mannosidase and α-fucosidase. The 
major cellular fatty acids are C18 : 1 ω9c, C16 : 0 and C12 : 0.

Table 2. Comparative cellular fatty acid content (%) of strains c9Ua_26_
MT and c11Ua_112_MT and their closest related type strain L. vaginalis 
LMG 12891T

Strains: 1, c9U_a26MT; 2, c11Ua_112_MT; 3, L. vaginalis LMG 12891T. All 
data are from this study. Fatty acids present at >10 % are indicated in 
bold. –, Not detected.

Fatty acid 1 2 3

C12 : 0 40.2 17.6 74.0

C16 : 0 26.7 33.3 12.0

C18 : 0 5.9 7.6 5.2

C18 : 1 ω9c 17.7 38.0 8.8

Summed feature 7* 9.6 3.6 –

*Summed features consist of one or more fatty acids that cannot 
be separated by the Sherlock Microbial Identification system. 
Summed feature 7: C

19 : 0
 cyclo ω10c/19 ω6, C

19 : 1
 ω6c and/or 

unknown 18.846.
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The type strain is c11Ua_112_MT (=CECT 30145T=LMG 
31898T), which was isolated from the urine of a healthy 
woman in Portugal, 2017. The DNA G+C content of the type 
strain is 39.7 mol%. 16S rRNA and pheS nucleotide sequences 
are deposited in the GenBank database under accessions 
numbers MW016036 and MW014290, respectively. The 
annotated genomic sequence of strain c11Ua_112_MT was 
deposited in the DDBJ/ENA/GenBank and is available 
under accession number JABUXQ000000000, BioSample 
SAMN15159667 (BioProject PRJNA548360).
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Abstract

One Gram- stain- positive, non- motile, non- spore- forming, catalase- negative, and coccobacilli- shaped strain, designated 
c10Ua161MT, was isolated from a urine sample from a reproductive- age healthy woman. Comparative 16S rRNA gene 
sequence analysis indicated that strain c10Ua161MT belonged to the genus Lactobacillus. Phylogenetic analysis based on pheS 
and rpoA gene sequences strongly supported a clade encompassing strains c10Ua161MT and eight other strains from public 
databases, distinct from currently recognized species of the genus Lactobacillus. In silico Average Nucleotide Identity (ANI) and 
Genome- to- Genome Distance Calculator (GGDC), showed 87.9 and 34.3 % identity to the closest relative Lactobacillus jensenii, 
respectively. The major fatty acids of strain c10Ua161MT were C

18 : 1
ω9c (65.0%), C

16 : 0
 (17.8%), and summed feature 8 (10.2 %; 

comprising C
18 : 1
ω7c, and/or C

18 : 1
ω6c). The DNA G+C content of the strains is 34.2 mol%. On the basis of data presented here, 

strain c10Ua161MT represents a novel species of the genus Lactobacillus, for which the name Lactobacillus mulieris sp. nov. is 
proposed. The type strain is c10Ua161MT (=CECT 9755T=DSM 108704T).

The genus Lactobacillus is a paraphyletic group of lactic acid 
bacteria comprising more than 200 species [http://www. 
bacterio. net/ lactobacillus. html], belonging to the phylum 
Firmicutes. Lactobacillus species are anaerobic, facultative 
anaerobic or microaerophilic, Gram- stain- positive, non- 
spore- forming rods, with a wide habitat range attributed to 
their metabolic versatility [1, 2].

Lactobacillus comprises a high number of species gener-
ally recognized as safe and/or included in the qualitative 
presumption of safety list, with several strains being widely 
used in food and human nutrition, due to their contribu-
tion to fermented food production or their probiotic usage 
[3, 4]. Members of this genus contribute to the health status 
of different body sites, namely the gastrointestinal tract and 
vagina [5].

Recently, Lactobacillus species (e.g. Lactobacillus crispatus, 
Lactobacillus gasseri, Lactobacillus jensenii, Lactobacillus 
iners), amongst other bacterial genera, were also detected as 
members of the human urinary tract microbiota, changing 

the prevailing dogma that urine from healthy individuals is 
sterile [6, 7]. In the present study, we characterized a novel 
species of the genus Lactobacillus isolated from the urine of 
a healthy female individual based on a polyphasic approach.

Strain c10Ua161MT was isolated from a urine sample in 
the course of a study on the urinary microbiota of healthy 
reproductive- age women in Porto, Portugal (2017). Urine was 
inoculated on blood agar, and colonies were selected after 48 h 
at 37 °C under microaerophilic conditions. Strain was prelimi-
narily identified as Lactobacillus jensenii (99.9%) by matrix- 
assisted laser desorption/ionization time- of- flight mass 
spectrometry (MALDI- TOF MS), analysis using VITEK MS 
(bioMérieux, France) system and In Vitro Diagnostic database 
version 3.0. The strain was maintained on de Man Rogosa 
Sharpe medium (MRS; Liofilchem) for short- term storage 
and in tryptic soy broth (TSB; Liofilchem) supplemented with 
20 % (v/v) glycerol at −80 °C for long- term storage.

Complete nucleotide sequences of the housekeeping genes 
rrs (16S rRNA), pheS (phenylalanyl- tRNA synthase alpha 
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subunit), and rpoA (RNA polymerase alpha subunit) of strain 
c10Ua161MT and closely related Lactobacillus species were 
extracted, after genome annotation provided by the NCBI 
Prokaryotic Genome Annotation Pipeline [8], aligned and 
similarity scores were generated using mega version 7.0 
(http://www. megasoftware. net/) [9]. Phylogenetic trees based 
on 16S rRNA gene sequences were constructed according to 
two different methods, neighbour- joining and maximum- 
likelihood [10], and genetic distances were estimated using 
Kimura's two- parameter model [11]. The reliability of internal 
branches was assessed from bootstrapping based on 1000 resa-
mplings [12]. The 16S rRNA gene sequence variation provides 
limited resolution to discriminate among closely related 
species of the genus Lactobacillus [13, 14]. Indeed, phyloge-
netic analysis based on 16S rRNA gene sequences, obtained by 
the two methods, revealed that strain c10Ua161MT clustered 
with type strains of Lactobacillus jensenii and Lactobacillus 
psittaci (Figs 1 and S1, available in the online version of this 
article). Phylogenetic analyses based on pheS or rpoA genes 
were constructed according to the neighbour- joining method 
[10], and genetic distances were estimated using Kimura's 
two- parameter model [11]. The reliability of internal branches 
was assessed from bootstrapping based on 1000 resamplings 
[12]. The phylogenetic trees based on pheS or rpoA genes 
showed that strain c10Ua161MT and eight other strains with 

currently available genomes in public databases were grouped 
together and shared high similarity (100 % sequence simi-
larity), representing a well- separated lineage supported by 
bootstrap values of 100 % (Figs 2 and 3). Furthermore, Figs 2 
and 3 clearly delineate strain c10Ua161MT and closely related 
strains in a separate and distinct cluster from the type strains 
of Lactobacillus jensenii, and Lactobacillus psittaci (91.6 and 
80.3 % of pheS sequence similarity and 97.7 and 88.7 % of 
rpoA sequence similarity, respectively). These pheS and rpoA 
sequence divergence values observed indicate that strain 
c10Ua161MT represents a novel species within the genus 
Lactobacillus [13, 15].

Whole- genome sequencing of strain c10Ua161MT was 
performed by Illumina MiSeq 2×250 nt. The draft- genomes 
were obtained using INNUca- INNUENDO Reads Control 
and Assembly (https:// github. com/ INNUENDOCON/ 
INNUca), which provides a pipeline to check reads quality 
using FastQC (http://www. bioinformatics. babraham. ac. 
uk/ projects/ fastqc/), followed by de novo assembly with 
SPADes [16]. Annotation of the draft- genome was provided 
by the NCBI Prokaryotic Genome Annotation Pipeline [8]. 
In silico genome- to- genome comparison was assessed by 
ANI based on BLAST+ using PyANI v0.2.7 (https:// github. 
com/ widdowquinn/ pyani) [17], and Genome- to- Genome 

Fig. 1. Neighbour- joining tree (Kimura's two- parameter model and pairwise- deletion option) based on 16S rRNA gene sequences 
showing the phylogenetic relationships of Lactobacillus mulieris c10Ua161MT (boldface type), and type strains of the genus Lactobacillus. 
Lactobacillus mellis Hon2 was used as the outgroup. Bootstrap percentages (based on 1000 replications) are shown at nodes. Only 
values above 90 % are shown. Bar, 0.01 substitutions per nucleotide position.

169

http://doi.org/10.1601/nm.5320
http://www.megasoftware.net/
http://doi.org/10.1601/nm.5320
http://doi.org/10.1601/nm.5383
http://doi.org/10.1601/nm.5422
http://doi.org/10.1601/nm.5422
http://doi.org/10.1601/nm.5383
http://doi.org/10.1601/nm.5422
http://doi.org/10.1601/nm.5320
https://github.com/INNUENDOCON/INNUca
https://github.com/INNUENDOCON/INNUca
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/widdowquinn/pyani
https://github.com/widdowquinn/pyani
http://doi.org/10.1601/nm.5320
http://doi.org/10.1601/nm.5320
http://doi.org/10.1601/nm.25788


3

Rocha et al., Int. J. Syst. Evol. Microbiol. 2019

Distance Calculator (GGDC 2.1) under the recommended 
Formula 2 (http:// ggdc. dsmz. de/ distcalc2. php) [18]. The 
ANI value between strain c10Ua161MT and type strain of 
L. psittaci (80.5%) and even L. jensenii (87.9%) were below 
the species cut- off level of 95 % [19]. Remarkably, publicly 
available genomes of strains IM1, IM3, TL2937, 115–3- CHN, 
JV- V16, IM11, IM59, 27–2- CHN deposited as L. jenseni 
should be reclassified as L. mulieris based on whole- genome 
relatedness, since ANI values were all above 95 % (99.7 %, 
99.5 %, 99.5 %, 99.6 %, 99.9 %, 99.6 %, 99.7 %, 99.6 %, respec-
tively). Likewise, the intergenomic distance between strain 
c10Ua161MT and the closest relative type strain of L. jensenii 
presented a GGDC value of 34.3 %, which is clearly below 
the proposed criterion for bacterial species delineation (70 
%) [20], and supports our findings of strain c10Ua161MT as 
a new species.

Cell and colony morphology were observed with cells grown 
on MRS agar plates at 37 °C under anaerobic conditions for 
72 h. Gram- staining was carried out using Gram- Staining kit 
(bioMérieux). Motility, catalase activity, spore formation, and 
gas production from glucose were determined using estab-
lished procedures [21]. Growth at different temperatures [4, 
10, 20, 30, 37, 40, 45 and 50 °C], pH [3.0, 3.5, 4.0, 5.0, 6.0, 7.0, 
7.5, 8.0, 8.5 and 9.0] and NaCl concentrations [0.5, 1.0, 1.5, 
2.0, 3.0, 4.0, 4.5 and 5.0 % (w/v)] were evaluated for cultures 
in MRS broth incubated for 7 days under aerobic conditions. 
Growth was estimated by monitoring the optical density at 
600 nm. Biochemical characterization was performed using 
the standardized API 50 CH and API ZYM strips (incubation 
at 37 °C for 48 h) (bioMérieux) following the manufacturer’s 
instructions. The novel isolates stained as Gram- positive. The 
coccobacilli to rod- shaped cells (0.9–3.0 µm) were non- motile. 

Fig. 2. Neighbour- joining tree (Kimura's two- parameter model and pairwise- deletion option) based on pheS gene sequences showing the 
phylogenetic relationships between Lactobacillus mulieris c10Ua161MT (boldface type), closely related strains, and type strains of the 
genus Lactobacillus. Lactobacillus mellis Hon2 was used as the outgroup. Nucleotide sequences were extracted from draft/complete 
genomes obtained from the NCBI Assembly Database, for which the accession numbers are shown in the parenthesis. Bootstrap 
percentages (based on 1000 replications) are shown at nodes. Only values above 90 % are shown. Bar, 0.05 substitutions per nucleotide 
position.
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Growth occurred between 30–45 °C, with optimum tempera-
ture at 37 °C, until the maximum of 3.0 % (w/v) NaCl, and in 
the range of pH 5.0–8.5. Different biochemical characteristics 
of strain c10Ua161MT as compared to type strains of closely 
related species are summarized in Table 1. In particular, strain 
c10Ua161MT was able to metabolize melibiose and starch, 
contrasting to L. jensenii and L. psittaci.

The fatty acid profile of strain c10Ua161MT and closely related 
type strains of L. jensenii and L. psittaci were performed and 
analysed at the Leibniz Institute DSMZ (German Collection 
of Microorganisms and Cell Cultures GmbH) [22, 23, https://
www. dsmz. de/ services/ microorganisms/ microbiological- 
analysis/ fatty- acid- fingerprint]. The major cellular fatty 
acids contained by c10Ua161MT were C18 : 1ω9c (65.0 %), C16 : 0 
(17.8 %), and summed feature 8 (10.2 %; comprising C18 : 1ω7c, 
and/or C18 : 1ω6c) (Table  2). The fatty acid composition of 

c10Ua161MT was similar to that of type strains of L. jensenii 
and L. psittaci, with small variations in the proportion. 
(Table 2).

Our data support the conclusion that strain c10Ua161MT 
represents a novel species of the genus Lactobacillus, for which 
the name Lactobacillus mulieris sp. nov. is proposed. The type 
strain is c10Ua161MT.

DESCRIPTION Of LactobaciLLus muLieris 
SP. NOv.
Lactobacillus mulieris ( mu. li′. e. ris. L. gen. n. mulieris of a 
woman, from where the bacterium was isolated).

Gram- stain- positive, non- motile, non- spore- forming, 
catalase- negative, coccobacilli- shaped bacterium. Colonies 

Fig. 3. Neighbour- joining tree (Kimura's two- parameter model and pairwise- deletion option) based on rpoA gene sequences showing 
the phylogenetic relationships between Lactobacillus mulieris c10Ua161MT (boldface type), closely related strains and type strains of the 
genus Lactobacillus. Lactobacillus mellis Hon2 was used as the outgroup. Nucleotide sequences were extracted from draft/complete 
genomes obtained from the NCBI Assembly Database, for which the accession numbers are shown in the parenthesis. Bootstrap 
percentages (based on 1000 replications) are shown at nodes. Only values above 90 % are shown. Bar, 0.05 substitutions per nucleotide 
position.
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are circular white, glossy, and 1.0–2.0 mm in diameter. They 
are facultative anaerobic and microaerophilic, homofer-
mentative, and do not produce gas from glucose. Acids are 
produced from d- glucose, d- fructose, d- mannose, amygdalin, 
aesculin ferric citrate, salicin, cellobiose, maltose, melibiose, 
sucrose, raffinose, starch, N- acetyl- glucosamine but not 
from glycerol, erythritol, d- arabinose, l- arabinose, d- ribose, 
d- xylose, l- xylose, d- adonitol, methyl β- d- xylopyranoside, 
d- galactose, l- sorbose, l- rhamnose, dulcitol, inositol, 
d- mannitol, d- sorbitol, methyl α- d- mannopyranoside, 
methyl α- d- glucopyranoside, lactose, trehalose, inulin, 
melezitose, glycogen, xylitol, turanose, d- lyxose, d- tagatose, 
d- fucose, l- fucose, d- arabitol, l- arabitol, gluconate, 
2- keto- gluconate, 5- keto- gluconate, arbutin or gentiobiose. 
In the API ZYM test system, cells are positive for d- glucose, 
d- fructose, d- mannose, N- acetylglucosamine, amygdalin, 
aesculin, maltose, cellobiose, melibiose, Sucrose, raffinose, 
starch, leucine arylamidase and α-glucosidase. The major fatty 

acids are C18 : 1ω9c, C16 : 0, and summed feature 8 (comprising 
C18 : 1ω7c, and/or C18 : 1ω6c).

The type strain is c10Ua161MT (=CECT 9755T=DSM 
108704T), isolated from human urine. The DNA G+C content 
is 34.2 mol%.

The annotated genome data was deposited in GenBank under 
the accession number SDGL00000000. The 16S rRNA, pheS 
and rpoA nucleotide sequences data from Lactobacillus 
mulieris c10Ua161MT isolate are available in the GenBank 
database under accession numbers MK775269, MN176183 
and MN176184, respectively.
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Strains: 1 - c10Ua161MT (this study); 2 L. jensenii DSM 20557T [24], 3 L. 
psittaci CCUG 42378T [25]. +, Positive; −, negative; w, weakly positive; nd, 
no data available

Characteristics 1 2 3

Isolation source urine vaginal 
discharge

bird lung

Morphology coccobacilli rod- shaped coccobacilli to 
rod- shaped

Growth at/with:

  15 °C − nd +

  45 °C + − +

G+C content (mol%) 34.2 34.3 35.65

API 50 CH:

  Ribose − + −

  N- Acetylglucosamine + − nd

  Arbutin − + nd

  Aesculin/ferric citrate + + −
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Alkaline phosphatase − nd +
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Table 2. Comparative cellular fatty acid content (%) of strain c10Ua161MT 
and related type strains of species of the genus Lactobacillus. Strains: 
1, L. mulieris c10Ua161MT; 2, L. jensenii DSM 20557T; 3, L. psittaci DSM 
15354T. All data are from this study. Fatty acids present at >10 % are 
indicated in bold. -, Not detected
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Summed Features*

3: C16 : 1ω7c/C16 : 1ω6c/C15 : 0 iso 
2- OH

1.0 0.9 1.0

8: C18 : 1ω7c/C18 : 1ω6c 10.2 9.4 8.9

*Summed features consist of one or more fatty acids that cannot 
be separated by the Sherlock Microbial Identification system.
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Abstract

During a recent study on members of the genus Lactobacillus we realized that cultures of Lactobacillus fornicalis TV 1018T 
(=DSM 13171T=ATCC 700934T) are no longer available from the online catalogue of the German Collection of Microorganisms 
and Cell Cultures GmbH, being displayed as Lactobacillus plantarum at the American Type Culture Collection. Based on data cur-
rently available, the organism deposited as ATCC 700934T is a member of the species Lactobacillus plantarum subs. plantarum. 
Therefore, the type strain of Lactobacillus fornicalis cannot be included in any further scientific comparative study. This matter 
is referred to the Judicial Commission, asking for an opinion on the status of the species.

The species Lactobacillus fornicalis was proposed by Dicks 
et al. [1], based on the description of four strains (TV 1018T, 
TV 1010, TG 1013 and TV 1045) isolated from the posterior 
fornix fluid of the human vagina. The GenBank/EMBL/DDBJ 
accession number for the 16S rRNA gene sequence of strain 
TV 1018T is Y18654, and the type strain TV 1018T was depos-
ited in two culture collections, namely the German Collection 
of Microorganisms and Cell Cultures GmbH (DSM 13171T) 
and the American Type Culture Collection (ATCC 700934T). 
Moreover, strain TV 1018T is also available in the Culture 
Collection University of Gothenburg (CCUG 43621T), The 
Biological Resource Center of Institut Pasteur (CIP 106679T) 
and in the Japan Collection of Microorganisms (JCM 12512T).

During characterization of Lactobacillus mulieris sp. nov., a 
new species of the Lactobacilllus delbrueckii group isolated 
from a urine sample [2], the type strain Lactobacillus forni-
calis TV 1018T was required for comparative taxonomic 
studies and the availability of the original type strain (TV 
1018T) was checked in different culture collections (DSM, 
ATCC, CIP and tJCM).

It was found that strains DSM 13171T and TV 1010 (=DSM 
13172) deposited as L. fornicalis are no longer listed on the DSM 
online catalogue, and a communication from DSM staff stated 
that those strains did not match the properties of L. fornicalis, 
being identified as members of the Lactobacillus plantarum 
group by automated ribotyping. The type strain of L. fornicalis 

is displayed as Lactobacillus plantarum in the ATCC ( www. 
lgcstandards- atcc. org/ products/ all/ 700934. aspx? geo_ country= 
ro) and in the CCUG ( www. ccug. se/ strain? id= 43621) online 
catalogues and as Lactobacillus sp. in the JCM ( www. jcm. riken. 
jp/ cgi- bin/ jcm/ jcm_ number? JCM= 12512) online catalogue. 
Subsequent correspondence with Dr L.M. Dicks on 8 January 
2020 to obtain an authentic culture was unsuccessful.

Further, the available 16S rRNA gene sequence of CIP 106679T 
(=DSM 13171T=ATCC 700934T; https:// catalogue- crbip. 
pasteur. fr/ resultatRecherche. xhtml) is not identical to the 
sequence Y18654 deposited by Dicks et al. [1] (89.4 % sequence 
similarity; 143 differences; comparison based on 1380 nt). In 
fact, a comparison of the published 16S rRNA gene sequences 
of type strains of members of the genus Lactobacillus allowed the 
sequence of the strain preserved as type strain of L. fornicalis in 
the CIP to be clearly allocated to Lactobacillus plantarum subsp. 
plantarum JCM 1149T, with 0 nt divergence out of 1380 to the 
respective 16S rRNA sequence.

The authentic strain described by Dicks et al. [1] showing the 
16S rRNA gene sequence deposited under Y18654 seems to have 
been lost, since it cannot be found either in public or private 
collections. In accordance with Rule 18 g of the International 
Code of Nomenclature of Prokaryotes [3], we are referring to the 
Judicial Commission the unavailability of strain TV 1018T and, 
therefore, its unsuitability as the type strain of L. fornicalis. Rule 
18c of the International Code of Nomenclature of Prokaryotes 
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[3] states that ‘if a strain on which the original description was 
based cannot be found, a neotype strain may be proposed’. 
Unfortunately, all the existing strains of L. fornicalis are not 
present in major culture collections. Since, according to Rule 30 
of the International Code of Nomenclature of Prokaryotes [3], 
the name of a species is not validly published if a culture of a type 
strain is not readily available in at least one of the established 
culture collections, the status of the whole species L. fornicalis 
is also referred to the Judicial Commission.

On the basis of the presented evidence, we suggest the rejec-
tion of the species name, at least until a neotype strain will be 
proposed and confirmed as belonging to the species L. fornicalis.
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Abstract 

Background 

Reliable high-throughput identification of bacterial species is critical for human microbiome 

studies and their interpretation, both in health and disease. MALDI-TOF mass spectrometry 

(MS) is a commonly employed identification method in culturomics microbiome 

characterization, however, in the context of female urogenital microbiome (FUM), its accuracy 

has not been yet evaluated. In this study, we assessed the effectiveness of MALDI-TOF MS in 

the identification of bacterial species isolated from FUM. 

Methods 

We selected 719 FUM bacterial isolates, representing abundant and/or frequent species in 46 

midstream urine samples of 30 women. Isolates were identified by sequencing of 16S rRNA 

gene and/or appropriate species-specific marker genes (e.g. pheS, cpn60, dltS, rpoB) and by 

MALDI-TOF VITEK® MS (bioMérieux), with prior direct colony deposition and/or on-slide 

extraction.  

Results 

The isolates collection represented 77 species (32 genera) comprising mostly Lactobacillus 

spp. (23.5% of total isolates), Streptococcus agalactiae (15.7%), Corynebacterium spp. 

(15.2%), and Gardnerella spp. (13.3%), including putative novel species. Using MALDI-TOF 

MS, we were able to identify 89.4% of isolates (58 species of 23 genera). The unassigned 

identification of the remaining isolates (10.6%; 19 species of 9 genera) was mostly due to lack 

of spectra in the database from recently described species. Notably, most of isolates could be 

identified only with on-slide extraction, e.g., Klebsiella pneumoniae and Escherichia coli. We 

observed MALDI-TOF MS misidentifications for 14 bacterial species, mostly from the 

Lactobacillus (e.g., L. mulieris), Gardnerella (e.g., G. leopoldii) and Corynebacterium genus 

(e.g., C. pyruviciproducens). Most of these cases were related to lack of representative 

reference spectra in the database. 

Conclusion 

Overall, we demonstrated a high-level performance of Vitek® MS however the accurate and 

robust identification of certain prevalent and/or FUM abundant bacterial species (particularly 

Lactobacillaceae and Gardnerella members) still requires other procedures. Noteworthy, 

accuracy of Vitek® MS can be greatly improved by extending spectral reference databases. 
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Background 

Besides next-generation sequencing technologies, high-throughput culture-

dependent characterization of the human microbiome has been enabling significant progress 

in investigating the composition and diversity of human microbiome (1–3). In 2014, Hilt et al. 

(4) uncovered the presence of viable bacteria in the adult female bladder using both 16S rRNA 

gene amplicon sequencing and advanced urine culture technique. Since then, various 

culturomics approaches, e.g., enhanced quantitative urine culture, have been used to describe 

diversity of urogenital microbiome profiling by isolation and identification of both pathogenic 

and commensal bacteria (5–12). In this microbiome diversity characterization, a reliable high-

throughput bacterial identification to the species level is critically required for determining 

the key members of the microbiome under healthy and unhealthy conditions.  

Currently, MALDI-TOF mass spectrometry (MS) is the most frequently employed 

isolates’ identification method in characterization of urogenital microbiome (5, 6, 10, 11, 13). 

The application of MALDI-TOF MS for the accurate and fast species identification has been 

reported for well-characterized bacteria isolated from diverse environments (14, 15), including 

successful bacterial typing (16). MALDI-TOF MS has been undoubtedly useful for high-

throughput identification, but this technique still has a limited reference database and low 

discriminatory power for some relevant bacterial species. Therefore, an identification of 

certain bacterial species by MALDI-TOF MS may be still problematic (17–22).  

Previous female urogenital microbiome (FUM) studies employing MALDI-TOF MS 

isolates identification already reported a high bacterial species diversity within urogenital 

microbiome (6, 10, 11). However, since 2019, several studies have contributed to important 

improvements in taxonomic classification of potentially relevant FUM members, suggesting 

that previously reported FUM diversity may be still underestimated. For instance, taxonomic 

reassessment of Gardnerella genus (23) demonstrated the existence of at least four distinct 

species instead of unique previously known Gardnerella vaginalis; or reorganization of 

Lactobacillaceae family (24) and descriptions of novel species [Lactobacillus mulieris (25), 

Limosilactobacillus urinaemulieris and Limosilactobacillus portuensis (26)]. Considering 

these taxonomic advances, further studies are needed to clarify FUM members identification 

by MALDI-TOF MS at species level. 

Aim of this study was to assess the effectiveness of MALDI-TOF MS (VITEK MS, bioMerieux) 

in the identification of bacterial species from FUM that were previously reliably identified by 

genotypic markers. Here we evaluated a collection of over 700 bacterial isolates, representing 

abundant and prevalent species selected from our large FUM culture collection (46 midstream 
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urine samples of 30 women). To the best of our knowledge, this work presents the first study 

evaluating the MALDI-TOF MS performance in the (urogenital) microbiome characterization. 

 

Methods 

Bacterial isolates.  

The selected FUM isolates (n=719) occurring with a high relative abundance and/or frequency 

were obtained from 46 first-morning midstream urine samples of 31 women (20 healthy, 

asymptomatic women; 7 women with overactive bladder; 3 women with urinary tract 

infection) in the course of Female Urogenital Microbiome project at Faculty of Pharmacy, 

University of Porto, Portugal (2016-2020) (Table 1). The urine samples were cultured onto 

the Columbia agar with 5% sheep blood plate (BAP, Biogerm, Portugal) and chromogenic agar 

plate (CAP, HiCrome UTI, HiMedia, India) supplemented as previously described (27, 28). 

BAPs and CAPs were incubated under aerobic and microaerophilic conditions (GENbox 

MICROAER, bioMérieux, France), at 37 °C, for up to 48 h. Additionally, BAPs were incubated 

under anaerobic conditions (GENbox ANAER, bioMérieux, France), at 37 °C for 48 h. Each 

morphologically distinct colony type was selected and reisolated on Columbia Agar with 5% 

Sheep Blood agar plates (bioMérieux, France), and stored at −80 °C in Tryptic Soy Broth 

(Liofilchem) supplemented with 20 % (v/v) glycerol. 

 

Isolate preparation for MALDI-TOF MS analysis.  

Bacterial isolates freshly grown on Columbia agar with 5% sheep blood plate were used for 

MALDI-TOF MS analysis. Firstly, we performed the direct colony technique applying the pure 

colony as a thin film on a spot of the target slide (disposable 48 wells target slide, bioMérieux) 

and after the addition of 1 μl CHCA (alpha-cyano-4-hydroxycinnamic acid) matrix 

(bioMérieux, France) allowing it to completely dry at room temperature. In the case of an 

unsuccessful identification, the on slide formic acid extraction technique was applied adding 

0.5 μl of 25% formic acid (bioMérieux, France) on the bacterial spot and allowing it to 

completely dry before the addition of 1 μl CHCA matrix. Applied slide preparation techniques 

for slide preparation for bacterial isolates of different species are given in Table 1. 

 

MALDI-TOF MS analysis.  

Measurement was performed on a VITEK MS system (bioMérieux, France) using the 

manufacturer's suggested settings using automated collecting spectra. A standard 

(Escherichia coli ATCC 8739) was included to calibrate the instrument and validate the run. 
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Captured spectra were analyzed using VITEK MS automation control with Myla software. The 

library used for identification of the mass spectra was Knowledge Base database of the in vitro 

diagnostic (IVD) system version 3.2.0. Confident genus- and species-level identification were 

defined as a genus and species result scoring 99.9  %, respectively. Challenging isolates i.e., 

scoring below this threshold, not identified, multi-identified (with different identification 

outcomes) or misidentified isolates were reanalyzed another two times to check the 

repeatability of these results.  

 

Genotypic-based isolate identification.  

DNA of selected isolates was extracted mostly through alkaline lysis (SDS + NaOH) or 

alternatively InstaGene matrix (Bio-Rad) according to manufacturer recommendations in 

case of insufficient DNA amount or quality. The isolates identification was performed by 

sequencing of 16S rRNA gene and/or appropriate species-specific gene markers (pheS, cpn60, 

dltS, rpoB, rpoD, andsodA, recN, malB and Kp50233) or specific PCR and direct amplicon 

detection (dltS, sodA, malB, Kp50233). Detailed information on genetic markers used for 

bacterial species identification is given in Table 1. For the reliable identification, we 

performed phylogenetic analysis of the bacterial genera with large number of sequenced 

isolates and often questionable identification i.e., pheS phylogenetic analysis for 

Lactobacillaceae, cpn60 for Gardnerella spp. and rpoB for Corynebacterium spp. (Perovic 

SU in preparation). Additionally, Sanger sequencing of sequenced isolates were released to 

NCBI database and their accession numbers can be found in Ksiezarek et al (13) and Perovic 

SU in preparation.  

 

Results 

Accuracy of identification of isolates from female urogenital microbiome by 

VITEK MS 

By genotyping, we identified a total of 77 species (32 genera) from our selected collection 

(n=719 isolates), comprising mostly Lactobacillus spp. (23.5% of total isolates), Streptococcus 

agalactiae (15.7%), Corynebacterium spp. (15.2%), Gardnerella spp. (13.3%) including 

putative novel species, Escherichia coli (10.7%), Enterococcus faecalis (6.5%) and 

Limosilactobacillus spp. (5.4%). Using MALDI-TOF MS, we were able to identify 58 species 

(23 genera) (Table 2) which correspond to 89.4% (n=643 of total 719) of the isolates from 

the same collection. Besides the well-known putative pathogens (e.g., Klebsiella pneumoniae, 

Escherichia coli, Enterococcus faecalis and Streptococcus agalactiae) also Lactobacillus 
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crispatus, Lactobacillus delbrueckii and Lactobacillus iners were correctly identified by 

MALDI-TOF MS. The remaining 10.6% (76/719) of the isolates could not be identified by this 

methodology (mostly novel species which does not yet have a reference spectrum in the 

database e.g., recently described Limosilactobacillus urinaemulieris and Limosilactobacillus 

portuensis (26).  

 

Of all isolates identified by MALDI-TOF MS, species-level identification was accurate for 

69.7% (448/643) of isolates, while for 30.3% of isolates (195/643) species were identified 

incorrectly. Consideringly only isolates identified at species-level, 36.6% (164/448) of them 

could be correctly identified after direct colony deposition (e.g., Citrobacter koseri, 

Acinetobacter pittii, Enterococcus faecalis). Notably, we observed a higher successful rate 

using on-slide protein extraction, with an additional 63.4% (284/448) of isolates obtaining 

correct species-level identification. Corynebacterium spp., Staphylococcus spp., 

Lactobacillus spp., Klebsiella pneumoniae were among species that required an improved 

slide preparation method for effective identification (Table 2). 

 

Misidentification of isolates from female urogenital microbiome by VITEK MS 

In the cases of inaccurate identification at species-level (n=195 isolates) we observed two main 

patterns i.e., complete and partial species-level misidentification.  

Complete misidentification of 148 isolates was observed mostly for Lactobacillus species 

(Lactobacillus paragasseri and Lactobacillus mulieris) and Gardnerella species 

(Gardnerella genomospecies 3, Gardnerella leopoldii and Gardnerella swidsinskii), followed 

by Streptococcus urinalis, Alloscardovia omnicolens, Citrobacter portucalensis and several 

species of Corynebacterium (Table 3). Noteworthy, we noticed that this type of inaccurate 

identification mostly results from the lack of reference spectra in the database for recently 

described species e.g., recently described Lactobacillus mulieris (25). 

Less often we observed partial species-level misidentification (47 isolates), which results from 

a low discriminatory power of reference spectra. In our collection this applied to five species 

(Corynebacterium aurimucosum, Lacticaseibacillus paracasei, Lacticaseibacillus 

rhamnosus, Lactobacillus gasseri and Moraxella osloensis) that could not be identified to the 

single species by MALDI-TOF MS (Table 3).  

Occasionally, a combination of both misidentification patterns could be observed with split 

identification of Gardnerella vaginalis with Bifidobacterium spp. by MALDI-TOF MS, which 

finally was neither of those but one of novel recently re-assessed Gardnerella species (23). 
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Discussion 

We evaluated the performance and accuracy of MALDI-TOF MS (VITEK MS) in identifying 

FUM bacterial members to the species level.  

The MALDI-TOF MS provided an accurate species identification of over 60% of the FUM 

isolates tested. This level of accuracy is slightly lower compared to previous reports focusing 

on clinically relevant species (>80%) (29–32). Indeed, clinical isolates mostly belong to 

species with reference spectra well provided in databases, while microbiome may contain a 

large number of environmental species with poor database representation. Additionally, as a 

consequence of evolving improvements in bacterial taxonomy, namely for Gardnerella (23) 

and Lactobacillaceae species (24, 26), these prevalent and abundant FUM members are still 

lacking their more discriminative reference spectra to be included in databases.  

Our MALDI-TOF MS analysis demonstrated an accurate species-level identification for 

species often associated with urinary tract pathologies, e.g., Klebsiella pneumoniae, 

Escherichia coli and Enterococcus faecalis, as well as diverse Staphylococcus and 

Corynebacterium species. We also observed that protein extraction increases the overall yield 

of valid results. 

Species frequently detected in the urogenital microbiome both under healthy and unhealthy 

conditions, such as Lactobacillus and Gardnerella species were often misidentified and/or 

unidentified. Although previous studies (33, 34) suggested that the MALDI-TOF MS is able to 

reliably distinguish between the Lactobacillus species, our findings including recent 

taxonomic improvements indicated that only some Lactobacillus species may be precisely 

identified by this method (Lactobacillus crispatus, Lactobacillus delbrueckii and 

Lactobacillus iners). For instance, Lactobacillus jensenii can be identified correctly, but it 

may be often misidentified with recently described Lactobacillus mulieris (25), that does not 

yet have a reference spectrum in the database. We also identified lack of spectra for novel 

Limosilactobacillus genus, often present in FUM [including Limosilactobacillus 

urinaemulieris and Limosilactobacillus portuensis (26)]. In our study, Gardnerella was 

another challenging genus for which MALDI-TOF MS seems insufficient method to accurately 

identify species. Recently published report on FUM Gardnerella spp. (35) reported similar 

observations to ours, although typing was performed by a different MALDI-TOF MS system 

(Bruker Daltonik). As a prevalent FUM member (5, 6, 10, 11, 13), reliable taxonomic 

classification of species belonging to Gardnerella may be essential for further understanding 

of FUM role.  
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Overall, we observed that the reasons for species misidentification include lack of their 

reference spectra in database (database mostly clinically relevant species oriented) or 

insufficient discrimination at the species level for genera that are suffering great taxonomic 

rearrangements, some of which are relevant for FUM. 

 

The main strength of this study was testing a large and diverse FUM isolates collection from 

both healthy and unhealthy women. Also, a strict MALDI-TOF MS protocol with repeatability 

testing i.e., challenging isolates were reanalyzed in duplicate to discard technical problems in 

sample preparation, and to confirm repeatability. The main limitation of this study is use of 

only one commercially available MALDI-TOF MS systems for bacterial identification. We used 

Vitek MS (bioMérieux), one of two of the most widely used MALDI-TOF MS systems, while 

the second one - Bruker Biotyper (Bruker Daltonics) - is also commonly used in FUM studies 

(4, 5). However, they have been shown to have similar performances for bacterial 

identification of primarily clinically relevant species (36–40). 

Further work should be performed in order to standardize the MALDI-TOF MS protocols for 

identification of isolates obtained by culturomics in microbiome studies, and especially to 

update reference databases with newly discovered species. 

 

Conclusions 

The MALDI-TOF MS is a valuable but not always sufficient method for the identification of 

FUM members to the species level. This method must be used in combination with genotypic 

techniques, with high power of discrimination, to achieve unambiguous results for 

identification of important FUM members, particularly Lactobacillaceae and Gardnerella 

species. Future culturomics research coupled with accurate and reliable high-throughput 

isolate identification is undoubtedly a promising approach to characterization of urogenital 

microbiome. 
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Table 1. Isolates information, MALDI-TOF MS slide preparation technique and genetic markers used for bacterial 
species identification. 
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PCR primers' 
sequences (5'–3') Reference 

Acinetobacter 1 1       
Direct 
colony Sequencing rpoB 

TAYCGYAAAGAYT
TGAAAGAAG 

La Scola et al., 
2006 

Acinetobacter pittii 1 1            
CGBGCRTGCATYT
TGTCRT   

Citrobacter 2 1 1     
Direct 
colony Sequencing recN 

ATTGCCATTGATG
CTCTCGG 

Ribeiro et al., 
2015 

Citrobacter koseri 1 1            
ANCGAGTCGGCCT
GATCGT   

Citrobacter portucalensis 1   1             

Corynebacterium 109 87 22     
Direct 
colony Sequencing rpoB 

CNTCBCACTAYGG
NCGNATG 

Perovic et al. in 
preparation 

Corynebacterium 
afermentans 3 3    

On-slide 
extraction   

GAVCGNGCGTGRA
TCTTYTC   

Corynebacterium 
amycolatum 6 6       rpoB 

CGWATGAACATYG
GBCAGGT  

Khamis et al., 
2005 

Corynebacterium 
aurimucosum 23 17 6        

TCCATYTCRCCRA
ARCGCTG   

Corynebacterium coyleae  7 4 3           

Corynebacterium fournieri                        1 1            

Corynebacterium freneyi 2  2           
Corynebacterium 
glucuronolyticum 1 1            

Corynebacterium imitans 2  2           

Corynebacterium jeikeium 5 4 1           
Corynebacterium 
kroppenstedtii           1 1            

191



Corynebacterium 
minutissimum                 1  1           
Corynebacterium 
pyruviciproducens 6 6              

Corynebacterium riegelii 1 1               

Corynebacterium simulans 8 7 1             

Corynebacterium striatum 3 3            
Corynebacterium 
tuberculostearicum  20 17 3           

Corynebacterium tuscaniense    2 2            

Corynebacterium urealyticum 1  1           

Corynebacterium sp. nov. 1 1 1            

Corynebacterium sp. nov. 2 3 3            

Corynebacterium sp. nov. 3 4 4            

Corynebacterium sp. nov. 4 1 1            

Corynebacterium sp. nov. 5 5 5            

Corynebacterium sp. nov. 6 2  2           

Enterococcus faecalis 47 35 7 4 1 
Direct 
colony 

Amplicon 
detection sodA 

ACTTATGTGACTA
ACTTAACC 

Jackson et al., 
2004 

                  
TAATGGTGAATCT
TGGTTTGG   

Escherichia coli 77 14 58 5   
Direct 
colony 

Amplicon 
detection malB 

GACCTCGGTTTAG
TTCACAGA 

Wang et al., 
1996 

            
On-slide 
extraction     

CACACGCTGACGC
TGACCA   

Gardnerella 96 57 39     
Direct 
colony Sequencing cpn60 

GAIIIIGCIGGIGAY
GGIACIACIAC Hill et al., 2006 

Gardnerella genomospecies 3 44 24 20     
On-slide 
extraction    

YKIYKITCICCRAAI
CCIGGIGCYTT   

Gardnerella leopoldii 6 2 4          
GAIIIIGCIGGYGAC
GGYACSACSAC   

Gardnerella swidsinskii 16 16            
CGRCGRTCRCCGA
AGCCSGGIGCCTT   

Gardnerella vaginalis 30 15 15             

Klebsiella pneumoniae 
sensu stricto 5   4 1   

Direct 
colony 

Amplicon 
detection 

Kp5023
3 

GCTCTGGGAGATA
GACCGCA 

Bialek-Davenet 
et al., 2014  

            
On-slide 
extraction         
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Lactobacillus 169 144 12 11 2 
Direct 
colony Sequencing pheS 

CAYCCNGCHCGYG
AYATGC 

Naser et al., 
2005 

Lactobacillus crispatus 41 32 7 1 1 
On-slide 
extraction    

GGRTGRACCATVC
CNGCHCC    

Lactobacillus delbrueckii 2 2                  

Lactobacillus gasseri 25 25                  

Lactobacillus iners 19 11 1 7            

Lactobacillus jensenii 19 17    2            

Lactobacillus mulieris 27 27                  

Lactobacillus paragasseri 36 30 4 1 1         

Limosilactobacillus 39 39               

Limosilactobacillus mucosae 1 1                  

Limosilactobacillus portuensis 22 22                  
Limosilactobacillus 
urinaemulieris 16 16                  

Lacticaseibacillus 9 3 6             

Lacticaseibacillus paracasei 6    6               

Lacticaseibacillus rhamnosus 3 3                    

Pseudomonas 1   1     
Direct 
colony Sequencing rpoD 

ATYGAAATCGCCA
ARCG 

Mulet et al. 
2009 

Pseudomonas luteola 1   1           
CGGTTGATKTCCT
TGA   

Staphylococcus 5 5       
Direct 
colony Sequencing rpoB 

CAATTCATGGACC
AAGC 

Mellmann et al., 
2006 

Staphylococcus condimenti 1 1       
On-slide 
extraction    

GCIACITGITCCAT
ACCTGT   

Staphylococcus haemolyticus 1 1               

Staphylococcus lugdunensis 2 2               

Staphylococcus petrasii 1 1                 

Streptococcus agalactiae 113 112   1   
Direct 
colony 

Amplicon 
detection dltS 

AGGAATACCAGGC
GATGAACCGAT 

Poyart et al., 
2007 

                  
TGCTCTAATTCTCC
CCTTATGGC   

Various 46 36 3 7   
Direct 
colony Sequencing rrs 

AGAGTTTGATCHT
GGYTYAGA 

Heritier et al., 
2014 

Actinomyces neuii 5 3   2   
On-slide 
extraction    

ACGGYTACCTTGT
TACGACTTC   

Alloscardovia omnicolens 2 2               
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Atopobium minutum 1 1               

Bacillus circulans 1     1           

Collinsella aerofaciens 1 1               

Dialister micraerophilus 2 2               

Dialister propionicifaciens 1 1               

Facklamia hominis 1 1               

Finegoldia magna 1     1           

Fusobacterium nucleatum 1 1               

Helcobacillus massiliensis 1   1             

Kocuria rhizophila 1 1               

Moraxella osloensis 5 3   2           

Oligella urethralis 1 1               

Peptoniphilus coxii 1 1               

Peptoniphilus duerdenii 1 1               

Prevotella brunnea 1   1             

Prevotella corporis 1 1               
Propionimicrobium 
lymphophilum 1 1               

Rothia dentocariosa 1 1               

Staphylococcus epidermidis 1     1           

Staphylococcus saprophyticus 1 1               
Stenotrophomonas 
maltophilia 1 1               

Streptococcus urinalis 12 12               

Weeksella virosa 1   1               

 
Abbreviations: cpn60, 60 kDa chaperonin protein; dltS, histidine kinase specific to Group B Streptococcus; malB, maltose operon protein; OAB, 
overactive bladder; pheS, phenylalanyl-tRNA synthetase alpha subunit; recN, DNA repair protein; rrs, 16S rRNA; rpoB, RNA polymerase beta 
subunit; rpoD, RNA polymerase sigma factor; sodA, superoxide dismutase; UTI, urinary tract infection. 
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Table 2. Accuracy of bacterial species identification using MALDI-TOF MS. 
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Acinetobacter pittii 1 1     
Actinomyces neuii 5 5     
Alloscardovia omnicolens* 2    1 1 
Atopobium minutum* 1     1 
Bacillus circulans 1 1     
Citrobacter koseri 1 1     
Citrobacter portucalensis* 1   1    
Collinsella aerofaciens 1 1     
Corynebacterium afermentans 3 2   1 
Corynebacterium amycolatum 6 6     
Corynebacterium aurimucosum 23 13 8  2 
Corynebacterium coyleae  7 6 1    
Corynebacterium fournieri                         1     1 
Corynebacterium freneyi 2 2     
Corynebacterium glucuronolyticum 1 1     
Corynebacterium imitans 2 2     
Corynebacterium jeikeium 5 5     
Corynebacterium kroppenstedtii           1 1     
Corynebacterium minutissimum* 1     1 
Corynebacterium pyruviciproducens* 6 1 2  3 
Corynebacterium riegelii 1 1     
Corynebacterium simulans 8 7 1    
Corynebacterium striatum 3 3     
Corynebacterium tuberculostearicum  20 20     
Corynebacterium tuscaniense*  2     2 
Corynebacterium urealyticum 1 1     
Corynebacterium sp. nov. 1* 1   1    
Corynebacterium sp. nov. 2* 3     3 
Corynebacterium sp. nov. 3* 4   4    
Corynebacterium sp. nov. 4* 1   1    
Corynebacterium sp. nov. 5* 5     5 
Corynebacterium sp. nov. 6* 2     2 
Dialister micraerophilus 2 2     
Dialister propionicifaciens* 1     1 
Enterococcus faecalis 47 47     
Escherichia coli 77 77     
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Facklamia hominis 1 1     
Finegoldia magna 1 1     
Fusobacterium nucleatum 1 1     
Gardnerella genomospecies 3* 44   44    
Gardnerella leopoldii* 6   2 4   
Gardnerella swidsinskii* 16   10 6   
Gardnerella vaginalis 30 30     
Helcobacillus massiliensis* 1     1 
Klebsiella pneumoniae 5 5     
Kocuria rhizophila 1 1     
Lacticaseibacillus paracasei 6   6    
Lacticaseibacillus rhamnosus 3   3    
Lactobacillus crispatus 41 41     
Lactobacillus delbrueckii 2 2     
Lactobacillus gasseri 25   25    
Lactobacillus iners 19 19     
Lactobacillus jensenii 19 19     
Lactobacillus mulieris* 27   25  2 
Lactobacillus paragasseri* 36   36    
Limosilactobacillus mucosae* 1     1 
Limosilactobacillus portuensis* 22     22 
Limosilactobacillus urinaemulieris* 16     16 
Moraxella osloensis 5    5   

Oligella urethralis 1 1     
Peptoniphilus coxii* 1     1 
Peptoniphilus duerdenii* 1     1 

Prevotella brunnea* 1     1 
Prevotella corporis* 1     1 
Propionimicrobium lymphophilum* 1     1 
Pseudomonas luteola 1 1     
Rothia dentocariosa 1 1     
Staphylococcus condimenti* 1     1 
Staphylococcus epidermidis 1 1     
Staphylococcus haemolyticus 1 1     
Staphylococcus lugdunensis 2 1   1 
Staphylococcus petrasii 1     1 
Staphylococcus saprophyticus 1 1     
Stenotrophomonas maltophilia 1 1     
Streptococcus agalactiae 113 113     
Streptococcus urinalis* 12   9  3 

Weeksella virosa 1 1       

Total number of isolates 719 448 179 16 76 
*Species lacking reference spectra 217     
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Table 3. Summary of misidentifications by MALDI-TOF MS. 
 

MALDI-TOF MS identification (% of confidence) Number of isolates Species 

Citrobacter freundii (99.9) 1 Citrobacter portucalensis* 

Corynebacterium tuberculostearicum (50.0), aurimucosum (50.0) 8 Corynebacteriym aurimucosum 

  4 Corynebacterium sp. nov. 3* 

Corynebacterium freneyi (99.9) 1 Corynebacterium coyleae  

Corynebacterium tuberculostearicum (99.9) 1 Corynebacterium minutissimum* 

Corynebacterium glucuronolyticum (99.9) 2 Corynebacterium pyruviciproducens* 

Corynebacterium simulans (49.9), striatum (50.0) 1 Corynebacterium simulans 

Corynebacterium kroppenstedtii (99.9) 1 Corynebacterium sp. nov. 1* 

Corynebacterium jeikeium (99.9) 1 Corynebacterium sp. nov. 4* 

Gardnerella vaginalis (50.0), Bifidobacterium spp. (50.0) 2 Gardnerella leopoldii* 

  6 Gardnerella swidsinskii* 

  1 Alloscardovia omnicolens* 

Gardnerella vaginalis (99.9) 4 Gardnerella leopoldii* 

  44 Gardnerella genomospecies 3* 

  10 Gardnerella swidsinskii* 

Lacticaseibacillus paracasei (33.3), rhamnosus (33.3), casei (33.3)** 6 Lacticaseibacillus paracasei 

  3 Lacticaseibacillus rhamnosus 

Lactobacillus acidophilus/gasseri (99.9)** 25 Lactobacillus gasseri 

  36 Lactobacillus paragasseri* 

Lactobacillus jensenii (99.9) 25 Lactobacillus mulieris* 

Moraxella osloensis (50.0), Enhydrobacter aerosaccus (50.0)** 5 Moraxella osloensis 

Streptococcus agalactiae (99.9) 6 Streptococcus urinalis* 

Streptococcus equi spp zooepidemicus/agalactiae/equi spp equi (33.3/33.3/33.3) 3 Streptococcus urinalis* 
*Species lacking reference spectra 
**Closely related species without single-species reference spectra 
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3.4. Infra species differentiation of Female Urinary Tract Microbiome members 
 
 
 

Pangenome analysis of Prevotella corporis and Prevotella brunnea reveals features 

associated with their adaptation and virulence 

 

 

The darkest place is under the candlestick - healthy urogenital tract as a source of worldwide 

disseminated Extraintestinal Pathogenic Escherichia coli lineages 

 

 

Phylogenomic analysis of a highly virulent Escherichia coli ST83 lineage with potential 

animal-human transmission 

 

 

Limosilactobacillus spp. diversity and relevant features of urogenital species 
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ABSTRACT 

Objectives 

To identify features contributing to adaptation and pathogenicity of novel P. brunnea and its 

closely related P. corporis. 

Methods 

P. corporis and P. brunnea strains isolated from the urogenital microbiome of asymptomatic 

and overactive bladder syndrome (OAB) women were characterized and genomic comparison 

with publicly available genomes was performed. 

Results 

The pangenome of P. corporis and P. brunnea had a total of 3429 gene clusters of which 1904 

have known function. Both species possessed an array of putative virulence factors that could 

facilitate bacterial survival and competition (e.g., phospholipases, OmpA) and some 

virulence-associated traits seemed to be species specific (e.g., clostripain-like cysteine 

protease, sialic acid synthase). Two P. corporis and two P. brunnea strains, including the one 

from OAB woman, shared some genomic features (e.g., conjugal transfer proteins, arsenate 

resistance) and were predicted as human pathogens. All genomes encoded the tetQ gene and 

two P. corporis genomes encoded cfxA β-lactamase.  

Conclusions 

Our findings suggest differences in adaptation and virulence-related genomic features 

between P. corporis and P. brunnea, as well as between commensal and disease-associated 

strains.  

 

INTRODUCTION 

Since the description of the genus Prevotella1, more than 50 species have been validly 

published2,3. Over the past decade, culture-independent (DNA sequencing based) studies have 

been reporting numerous Prevotella and closely related Bacteroides species as common 

members of the human microbiome4.  

Prevotella species associated with human microbiome are considered commensal 

bacteria due to their extensive presence in the healthy human body (e.g., oral cavity, 

gastrointestinal, genital and urinary tract), yet some species or specific strains have been 

associated with infections, inflammatory disorders or unhealthy status2,5,6, suggesting that 

certain strains exhibit pathogenic properties. For instance, specific strains of P. intermedia 

and P. nigrescens, frequently found members of subgingival microbiome, were involved in the 

development of chronic periodontitis7,8, and Prevotella copri has also been linked to 
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inflammatory diseases, although commonly detected in the gut microbiome of healthy 

individuals2,9,10. 

Currently, the urinary and urogenital microbiome is the less explored human 

microbial community due to long-lasting dogma that healthy urinary tract does not contain 

bacteria11. Still, Prevotella seems to be a relevant genus in this niche based on available 

studies. Most studies analyzing urine (voided/catheterized) by DNA-based approaches, 

reported Prevotella as a frequent member of the urogenital microbiome2,12–18. To date, P. 

bivia, P. buccae, P. buccalis, P. copri, P. corporis, P. disiens, P. histicola, P. melaninogenica, 

P. oris and P. timonensis constitute the repertoire of human urogenital microbiome13,17,18, with 

P. bivia and P. disiens being reported most often14–16,18.  

Studying the urogenital microbiome of asymptomatic women and women diagnosed 

with overactive bladder syndrome, we identified the newly described P. brunnea19 (this study), 

a closely related species of P. corporis. For both species, scarce knowledge is available, and 

their genomic properties have not been described yet. 

 

In this study, whole-genome features, antimicrobial susceptibility, and biochemical patterns 

of P. corporis and P. brunnea strains isolated from the urogenital microbiome of 

asymptomatic and overactive bladder syndrome women were characterized. Further genomic 

comparison with publicly available genomes was performed to identify features contributing 

to adaptation and pathogenicity of those species. 

 

MATERIAL AND METHODS 

Bacterial isolation 

Strains c24Ua_14AN and c17Ua_125AN were isolated within the ongoing study on female 

urogenital microbiome. First-morning voided urine samples were collected and processed 

based on culturomics approach18. Strains c24Ua_14AN and c17Ua_125AN were recovered 

from mixed culture from Columbia agar with 5% Sheep Blood (bioMérieux) after sampling 

100 µl of urine incubated in anaerobic atmosphere, 37 ℃ for 48 hours. Strain c24Ua_14AN 

was isolated in April 2018 from the urine of a 27-year old asymptomatic woman, while the 

strain c17Ua_125AN was isolated in October 2017 from the urine of a 38-year old woman 

diagnosed with overactive bladder syndrome, both from microbiome composed of diverse 

species. Both strains were initially subjected to identification by VITEK matrix-assisted laser 

desorption ionization–time of flight (MALDI-TOF) mass spectrometry (bioMérieux), but 
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could not be identified at species, nor at genus level. Further, strains were identified as 

Prevotella spp. by amplification and sequencing of the 16S rRNA gene20. 

 

DNA isolation and sequencing 

The total DNA was extracted with DNeasy Blood & Tissue Kit (Qiagen, Germany), and whole-

genome sequencing was performed by Illumina HiSeq 2x150 nt. Reads were trimmed by 

Trimmomatic version 0.3621 and quality checked using FastQC22. De novo assembly was 

performed by SPADes version 3.12.023 with quality of assembly assessed by QUAST24. Genome 

size of the strain c24Ua_14AN was 2 951 478 bp, assembled in 105 contigs, and with a GC 

content of 43.4%, while the genome size of the strain c17Ua_125AN was 2 749 488 bp, 

assembled in 252 contigs, and with a GC content of 43.7%. The genome was annotated with 

NCBI Prokaryotic Genome Annotation Pipeline25. The annotated draft genomes of strains 

c24Ua_14AN and c17Ua_125AN has been deposited in DDBJ/ENA/GenBank under the 

accession numbers JABUXP000000000 and VFFG00000000, respectively (BioSample 

SAMN15159719 and BioSample SAMN12023332, respectively; BioProject PRJNA548360).  

 

Genomes collection 

Assembled sequences of 3 Prevotella corporis and 2 Prevotella brunnea stored in the 

National Center for Biotechnology Information (NCBI) genome assembly database as of 24 

September 2020 were collected. Two collected genomes represented the type strain of P. 

corporis (DSM 18810=JCM 8529), thus one of them was excluded from further analysis 

(Assembly ASM61336v1). In this study we focused only on isolate genomes available, and we 

did not include data derived from metagenomic studies. Additionally, we included our two 

newly deposited Prevotella genomes i.e., strains c24Ua_14AN and c17Ua_125AN.  

To confirm the species of Prevotella, we calculated the ANI values based on BLAST+ (ANIb) 

using JSpecies26 Web Server. An ANI cutoff value of 95% was used as species delimitation 

criteria27. The ANI values confirmed that strains c24Ua_14AN, MJR7716, and DSM_18810T 

belonged to the species P. corporis, while strains c17Ua_125AN, Marseille_P4334, and 

A2672T belonged to the species P. brunnea as they showed ANI values ≥ 95% 

(Supplementary Table S1).  

Therefore, 6 draft genomes were subjected to further analysis (Table 1). Metadata was also 

collected for each genome from NCBI BioSample entries (Table 1).  

 

 

202



Pangenome analysis 

Pangenome analysis was performed with anvi’o28 v6.2. Prodigal was used for protein-coding 

genes prediction29. Predicted genes were grouped into Clusters of Orthologous Groups (COGs) 

using anvi’o script with MUSCLE30 for sequence alignment. Hierarchical clustering was 

performed with default Euclidean distance and Ward algorithm. Pangenome was divided into 

collections classified as follows: core genome represented by gene clusters present in 100% of 

genomes; remaining genes were classified as accessory genome including unique genes (gene 

clusters representing singletons, present in just one unique genome). Additional layers of 

metadata (incorporated in Fig. 1) were applied to pangenome analysis in anvi’o which allowed 

us to investigate functional associations among groups of genomes and identify functions 

enriched according to species or prediction of human pathogen. Output of functional 

enrichment31 provided by anvi’o also included enrichment score and p value. Individual genes 

with no functional COG annotation were searched by NCBI Protein Blast database 

(BLASTp)32. Pangenome plot was generated by anvi’o and edited in Inkscape33. Figure 

representing COG distribution was created in R34 version 3.6.2 ggplot235 package version 

3.3.2. In case of multiple COG categories representing single gene call, for the purpose of Table 

3 and Figure 2 we followed the first category as the most significant hit. Complete results 

including all COG categories are available in Supplementary Table S2. 

 

Pathogenic potential, mobilome, and antibiotic resistance genes  

Draft genomes were subjected to human pathogen prediction online tool PathogenFinder36 1.1 

available on the Center for Genomic Epidemiology server 

(https://www.genomicepidemiology.org/).  ICEfinder37 online tool was used to detect 

putative integrative and conjugative elements (ICEs) and integrative mobilizable elements 

(IMEs). PlasmidFinder38 2.1 available on the Center for Genomic Epidemiology server was 

used to screen for potential presence of plasmids. Phaster39 was used to search for putative 

prophages sequences. Screening of genes presumed to confer antibiotic resistance was 

searched in the Comprehensive Antibiotic Resistance Database (CARD40; version 3.1.0) using 

Resistance Gene Identifier (RGI; version 5.1.1), with criteria for perfect and strict hits only and 

high-quality coverage, and also in the ResFinder41 4.1 available on the Center for Genomic 

Epidemiology server, with criteria of 90% as ID threshold, and minimum length of 60%. 

Findings were compared with the available phenotypic susceptibility test results.  
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Antimicrobial susceptibility testing 

The two strains (c24Ua_14AN and c17Ua_125AN) isolated in our laboratory were further 

subjected to phenotypic antimicrobial susceptibility testing. Minimal Inhibitory 

Concentrations (MICs) were determined by agar dilution method according to Clinical and 

Laboratory Standards Institute (CLSI)42 recommendation for anaerobic bacteria. Brucella 

agar (LIOFILCHEM) supplemented with 5 µg/ml hemin (SIGMA), 1 µg/ml Vitamin K (Merck 

KGaA, Germany) and 5% v/v sheep blood (ThermoFisher) was used. Agar plates were 

prepared for 8 antibiotics (Penicillin G, Amoxicillin with Clavulanic acid, Cefoxitin, 

Imipenem, Clindamycin, Metronidazole, Chloramphenicol and Tetracycline) in 

concentrations 0.125, 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, 16.0, 32.0 and 64.0 µg/ml. Suspensions 

equivalent to 0.5 McFarland of each strain were directly applied on the agar plates and 

incubated at 37℃ for 48 hours under anaerobic atmospheric conditions. Results were 

interpreted according to the CLSI recommendations (https://clsi.org/). 

 

Biochemical characterization 

The two strains (c24Ua_14AN and c17Ua_125AN) were also subjected to biochemical 

characterization by Rapid ID 32 A and API 50 CH (bioMérieux). Complete reaction panels 

were performed for 72 h culture from Columbia Agar with 5% Sheep Blood (bioMérieux), 

according to instructions provided by the manufacturer. 

 

RESULTS 

Genome features 

The draft genomes of available P. corporis and P. brunnea strains were nearly equal regarding 

genome size and number of predicted genes per species (Table 1). Average genome size for 

P. corporis (n=3) was 2.87 Mb with mean of 2513 genes, and for P. brunnea strains (n=3) was 

2.81 Mb with 2458 predicted genes. None of these species had a representative complete 

genome available. Both species were isolated from different human sources: P. corporis 

exclusively from urogenital tract, and P. brunnea from wound, feces and urine (Table 1). P. 

corporis was isolated in the United Kingdom, USA and Portugal, while P. brunnea was so far 

isolated from European countries (Germany, France, and Portugal) (Table 1). Genome 

summaries and features are listed in Table 1.  
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Pangenome characterization 

The pangenome of P. corporis and P. brunnea comprised a total of 14 912 genes, classified to 

3 429 gene clusters, of which 1904 clusters have known function. Pangenome of P. corporis 

and P. brunnea strains visualized by anvi’o is presented in Figure 1. The core genome 

contained 10570 genes (1532 gene clusters), and the accessory genome contained 4342 genes 

(1897 gene clusters), of which 810 were unique genes (795 gene clusters) present in a single 

genome (Supplementary Table S2). The majority of core gene clusters had known COG 

function (82%; 1252/1532), which were related to housekeeping functions such as translation, 

ribosomal structure and biogenesis (10.1%; 1066/10570 genes), cell 

wall/membrane/envelope biogenesis (7.7%; 817/10570 genes) or replication, recombination 

and repair (6.8%; 718/10570 genes). Besides essential genes required for basic cellular 

functions, within the core we also observed some gene calls that could contribute to P. 

corporis and P. brunnea survival skills and virulence e.g., opacity proteins (COG3637) or 

membrane associated OmpA (COG2885), TonB (COG0810), or TolC (COG1538) proteins. We 

also found COGs related to metabolism and/or virulence conserved among these species e.g., 

various phospholipases, likely belonging to type A2 and patatin-like proteins or ABC-type 

bacteriocin exporters that could act as defense mechanism. 

 

Contrary to core, in the accessory genome most of the gene clusters have unknown COG 

function (66%; 1245/1897). Among the 4342 accessory genes detected, 1579 could be 

classified into specific COG category (36,4%), with most of them belonging to replication, 

recombination and repair (4.9%; 211 genes), mobilome: prophages, transposons (3.8%; 164 

genes) or transcription (3.3%; 142 genes). Supplementary Table S2 contains all genes 

found in 6 draft genomes, with their gene clusters, COG category classification, putative 

function, and amino acid sequences. 

Using ICEfinder we also detected one to two putative ICEs (mostly type T4SS-type ICEs) and 

two to five putative IMEs, independently of species. Multiple integrases and relaxases were 

detected on putative ICEs (Supplementary Table S3) and conjugation related proteins, of 

which most were members of Type IV Secretion System (T4SS), including VirB proteins (e.g., 

VirB3, reported for all P. brunnea strains, and P. corporis strain DSM 18810T). We also found 

other VirB proteins (e.g., VirB4, VirB9) belonging to T4SS in all strains analyzed, however due 

to genomes incompleteness we were not able to identify all proteins from the complex.  

None prophage sequences (intact, incomplete or questionable) per genome were identified in 

P. brunnea strains. However, two and one incomplete prophage sequences were identified in 
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P. corporis strain c24Ua_14AN and DSM 18810T, respectively. Interestingly, in core genome 

of P. brunnea and P. corporis we found phage-related lysozyme (muramidase) which is phage-

derived gene that lost its toxicity and now plays an essential role in core cellular functions43.  

Plasmid replicon sequences were not detected in any of the strains when queried against the 

PlasmidFinder 2.1 databases, which is likely due to database insufficiency. 

 

The draft genomes were further subjected to PathogenFinder 1.1 which suggested that P. 

corporis strain c24Ua_14AN isolated from a healthy host, and P. brunnea strain A2672 were 

not predicted as human pathogens (probability=0.474 and 0.447, respectively; Table 2), 

although the latter was isolated from a wound of a patient as part of a mixed infection also 

involving Staphylococcus aureus, Actinotignum schaalii, Enterobacter cloacae complex and 

Klebsiella pneumoniae19. Contrary, P. corporis strains DSM 18810T and MJR7716, and P. 

brunnea strains Marseille P4334 and c17Ua_125AN were estimated to be pathogenic in 

humans (probability=0.811, 0.757, and 0.765, 0.713, respectively; Table 2). Of note, strain 

c17Ua_125AN was isolated from a diverse urogenital microbiome of woman diagnosed with 

overactive bladder, a syndrome where microbiome dysbiosis has been suggested to be 

involved in its etiology44. According to PathogenFinder data, multiple conjugal transfer 

proteins (e.g., TraE, TraF, TraG, TraJ, TraM, TraN), and/or two-component system response 

regulator rteB, Exc protein involved in excision of conjugative transposons or tyrosine type 

site-specific recombinase have been detected in these potential pathogenic strains (Table 2). 

We identified 54 COG functions specific to these 4 potentially pathogenic strains however, 

only the DNA-binding transcriptional regulator AlpA, belonging to helix-turn-helix domain 

containing DNA-binding protein, was found to be significantly functionally enriched in this 

group (p<0.05) (Supplementary Table S4). Functional enrichment analysis was also 

performed for strains isolated from diseased host based on available metadata. Three 

functions were significantly associated with these strains (p<0.05) namely Arsenite efflux 

pump ArsB, ACR3 family (COG0798), DNA modification methylase belonging to Conserved 

Protein Domain Family YhdJ (COG0863) and DNA-binding transcriptional regulator, MarR 

family (COG1846) (Supplementary Table S5). 

 

Genomic characteristics specific to Prevotella corporis and Prevotella brunnea  

We identified gene calls specific to each species, with P. corporis represented by 861 genes 

(283 clusters) and P. brunnea represented by 894 genes (286 clusters) (Figure 1). Although 

the genomes collection is very small, several COG functions were found to be significantly 
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enriched (p < 0.05) for each species, with 51 hits being identified for P. corporis and 19 hits 

for P. brunnea (Figure 2). Complete list of all significantly enriched COG functions for these 

species is presented in Table 3. Of note, these findings should be validated on a larger genome 

collection. 

P. corporis enriched COG classes were mainly associated with energy production and 

conversion (C) [e.g., L-lactate utilization protein LutB (COG1139), Polyferredoxin 

(COG0348), Fe-S oxidoreductase (COG0247)], defense mechanisms (V) [e.g., Alkyl 

hydroperoxide reductase subunit AhpC (peroxiredoxin) (COG0450), Alkyl hydroperoxide 

reductase subunit AhpF (COG3634)], or amino acid transport and metabolism (E). 

Additionally, gene related to cell motility such as flgK, coding for flagellar hook-associated 

protein FlgK (COG1256) was detected only in P. corporis. Most of these specific proteins likely 

represent fitness factors e.g., L-lactate utilization protein or Polyferredoxin, however, some 

could be characterized as putative virulence factors e.g., DNA-binding transcriptional 

regulator, XRE family (COG3655) or predicted metalloprotease (COG2321) which by NCBI 

BLASTp is annotated as neutral zinc metallopeptidase. P. corporis also possessed mobilome 

related prophage maintenance system killer protein (COG3654), also called Fic family protein 

or type II toxin-antitoxin system death-on-curing family toxin. 

Each strain of P. corporis also contained unique amino acid sequences (from 142 to 191 

singletons/strain), of which most did not have predicted function (Supplementary Table 

S2). Among those strain-specific proteins potentially involved in niche adaptation, survival 

and/or putative virulence we can include lysozyme family protein (COG3926) specific to 

DSM_18810T strain; cold shock protein, CspA family (COG1278) specific to MJR7716 or toxin 

component of the Txe-Axe toxin-antitoxin module, Txe/YoeB family (COG4115) specific to 

c24Ua_14AN strain.  

As per the other species, P. brunnea enriched COG classes (Figure 2) included 

inorganic ion transport and metabolism (P) [fluoride ion exporter CrcB/FEX, affects 

chromosome condensation (COG0239), periplasmic ferric-dicitrate binding protein FerR, 

regulates iron transport through sigma-19 (COG3712)], intracellular trafficking, secretion, 

and vesicular transport (U) such as the preprotein translocase subunit SecE (COG0690) or 

cell wall/membrane biogenesis (M). We also identified numerous putative virulence factors 

among P. brunnea specific proteins, e.g., Ca2+-binding protein, RTX toxin-related 

(COG2931) which by NCBI BLASTp is highly homologous with Peptidase_C11- Clostripain 

family protein of few other Prevotella species; or proteins involved in synthesis of sialic acid 

i.e., CMP-N-acetylneuraminic acid synthetase (COG1083), sialic acid synthase SpsE 
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(COG2089). We further observed that indeed all 3 P. brunnea strains contained complete 

operon for sialic acid synthesis composed of neuD, neuB, neuC and neuA genes. Furthermore, 

uncharacterized N-terminal domain of lipid-A-disaccharide synthase (COG3952) and 4-

amino-4-deoxy-L-arabinose (COG1807) are involved in lipopolysaccharide (LPS) 

modification. Another could be Fido, protein-threonine AMPylation domain (COG2184) 

which more specifically represents cell filamentation protein Fic.   

Intra-species P. brunnea diversity was also observed with a range of 72 to 153 

singletons/strain (Supplementary Table S2). We identified genes calls that could 

contribute to virulence and/or survival abilities e.g., unique amino acids sequence 

representing ABC-type bacteriocin/lantibiotic exporters, contain an N-terminal double-

glycine peptidase domain (COG2274) present only in c17Ua_125AN strain, isolated from 

overactive bladder patient. Interestingly, based on BLASTp and reference proteins database 

search, this bacteriocin-related protein is highly similar to those found in Lactobacillus 

genomes (~96% amino acids identity with L. crispatus). Furthermore, we identified 

additional proteases specific to A2672T and Marseille_P4334 strains. 

A list of P. corporis and P. brunnea species and/or strains specific COG functions putatively 

associated with their pathogenicity is presented in Table 4. 

 

Metabolism of carbohydrates 

Analysis of the metabolic potential of P. brunnea strain c17Ua_125AN and P. corporis strain 

c24Ua_14AN provided insight into the biochemical reactions underlying the complex growth 

requirements of these fastidious organisms. Our genome-wide metabolic reconstruction 

analyses suggested that both P. brunnea and P. corporis can utilize a limited variety of 

carbohydrates, including D-glucose, D-maltose, gelatin, D-mannose, and starch. Additionally, 

we observed that these strains are lacking enzymes such as lactate dehydrogenase, mannitol 

phosphate dehydrogenase, sucrose phosphorylase, urease, and galactosidases, thus they 

would be unable to ferment lactose, mannitol, sucrose, α-galactosides (melibiose and 

raffinose), and to hydrolyze urea. Phenotypic assays confirmed that, as predicted, these P. 

brunnea and P. corporis strains ferments D-glucose, D-maltose, D-mannose and starch. 

Results of API Rapid ID 32 A and API 50 CH reaction panels are available in Supplementary 

Table S6 and S7, respectively.  
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Antibiotic resistance 

We applied ResFinder 4.1 and RGI by CARD to identify acquired antibiotic resistance genes 

among the Prevotella genomes. All strains harbored the tetQ gene, associated with resistance 

to tetracyclines, and the beta-lactamase gene cfxA was detected in 2 P. corporis strains (DSM 

18810T and MJR7716). In addition, we assessed antibiotic susceptibility of two urogenital 

strains (P. corporis c24Ua_14AN and P. brunnea c17Ua_125AN), to 8 clinically relevant 

antibiotics. Both strains were susceptible to all antibiotics tested, even tetracycline: penicillin 

G (MICs, 0.125 μg/ml), cefoxitin (MIC, 0.125 μg/ml), amoxicillin-clavulanic acid (MICs, 0.125 

μg/ml), imipenem (MICs, 0.125 μg/ml), clindamycin (MICs, 0.125 μg/ml), metronidazole 

(MICs, 0.125 μg/ml), tetracycline (MICs, 2.0 μg/ml), and chloramphenicol (MICs, 0.125-0.5 

μg/ml). These MICs corresponded, in most cases, to the lower values of MIC distributions, 

according to EUCAST collated data for Prevotella.  

 

DISCUSSION 

In this study, we report pangenome analysis of two poorly explored Prevotella species, namely 

P. brunnea and P. corporis isolated from human microbiome and/or from infections.  

 

Overall, genome sizes and the number of genes predicted for P. brunnea and P. corporis were 

in the same range as previously observed regarding Prevotella genus2,45.  

Our pangenome analysis of P. corporis and P. brunnea suggests relatively high relatedness of 

these species with 44.7% of gene families representing core genome (corresponding to 

previously reported conserved functions for oral Prevotella species)46 and 23.2% representing 

singletons. Although accessory genes were mostly without functional annotation, nearly 150 

accessory genes were related to mobilome, which suggest that the variability observed among 

the strains most probably originates from horizontal gene transfer. Phage elements are 

capable of mediating genetic exchange between bacteria, including transfer of virulence and 

antimicrobial-resistance genes. Considering previous reports of common phages in Prevotella 

abundant microbiomes47,48, we suspect that phages are underestimated in our study due to 

usage of draft genomes. Nevertheless, from our initial report P. corporis tends to carry more 

prophage sequences compared to P. brunnea. We also found mobilome analysis to be 

challenging using widely accessible web-based tools with insufficiencies in their databases, 

designed mostly for well-known Gram-positive or fast-growing Gram-negative bacteria (e.g., 

Enterobacterales).  
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We performed a comparative genomics of P. corporis and P. brunnea species and identified 

core genome related mostly to bacterial housekeeping functions. However, among conserved 

genes for both species we also identified putative virulence-associated features that could 

provide an advantage for bacterial survival and cellular attachment (Table 4). For instance, 

opacity proteins were previously shown to have an important role in the adherence and by 

phase-variation enable escape the immune system of genital pathogen Neisseria 

gonorrhoeae, thus contributing to bacterial persistence in genital tract during infection49,50. 

We also observed various conserved patatin-like phospholipases, that are often recognized as 

bacterial virulence factor due to their contribution to host cell invasion or escaping host 

defense mechanisms during the infection51–53. Furthermore, several outer membrane protein 

such as OmpA, TonB or TolC are conserved among those species and were previously reported 

as virulence and fitness feature in Gram-negative pathogens e.g., Escherichia, Haemophilus, 

Salmonella54–57.  

We further identified a set of P. corporis and P. brunnea species-specific genes that also could 

contribute to their pathogenicity. Notably, due to the very small collection of genomes 

available, our species-specific findings should be treated as preliminary and will require 

further validation on larger strains collection.  

For instance, in P. corporis we found motility related proteins (e.g., FlgK) that might be 

associated with secretion systems and consequently, in secretion of virulence proteins58,59, 

metalloproteases that are known to degrade extracellular matrix, thus interfere with cellular 

communication and processes, and may play a role in disease pathology60–62 and proteins 

involved in defense mechanism that are responsible for protection against oxidative stress 

(e.g., alkyl hydroperoxide reductases), are involved in biofilm formation and contributing to 

bacterial survival and persistence63,64. Furthermore, we also found prophage maintenance 

system killer protein (Fic domain) which belongs to a toxins family (toxin-antitoxin system) 

with potential harmful effect for host cells65,66. Although in our study P. corporis was isolated 

from healthy urogenital microbiome, in the context of infection this species was previously 

reported from wound, cervical and rectal abscess, and pleuropulmonary infection46,67–69. 

Regarding P. brunnea, besides the initial isolation report (newly described in late 2019) from 

mixed bacterial wound infection19, its possible associations with human infections are not 

reported yet in the literature. Interestingly, in this species we found proteins involved in 

synthesis of sialic acid, which might be relevant for hiding from host’s immune response, thus 

bacterial virulence70,71. Moreover, in all P. brunnea strains we identified RTX toxin-related 

protease, which represents clostripain-like protein that could increase bacterial survival72–74. 
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The clostripain-like proteins belong to C11 family cysteine proteases, and they are found in 

many commensal bacteria (mostly of Bacteroidetes and Firmicutes phylum)74,75. However, 

they are also involved in pathogenic processes such as host immune responses modulation, 

activation of bacterial toxins or adhesion to host epithelium72–74,76. The currently known 

proteases from C11 family are e.g., fragipain encoded by Bacteroides fragilis, clostripain 

encoded by Clostridium histolyticum, gingipains encoded by Porphyromonas gingivalis and 

interpain A from Prevotella intermedia46,72–75. To the best of our knowledge, interpain A is the 

only cysteine protease described to date from Prevotella species. Thus, here we describe 

putatively novel cysteine protease encoded by P. brunnea, with high amino acid similarity 

(95.6-96.4%) only to few deposited Prevotella-related protein sequences (Prevotella buccalis, 

Prevotella bergensis, Prevotella colorans and Prevotella timonensis). We also identified two 

additional gene calls involved in modification of lipid A (LPS), specific for P. brunnea strains, 

which could be of importance regarding survival and pathogenicity of this species46,77–79. For 

instance, lipid A modification with 4-amino-4-deoxy-L-arabinose can lead to reduction of LPS 

negative charge and thus, suppress binding of cationic molecules e.g., antimicrobial 

peptides79,80. P. brunnea also expressed a certain level of intra-species diversity with e.g., 

bacteriocin-related protein highly similar to these from Lactobacillus strains. They can play 

an important role in microbe-microbe competition and microbe-host interactions and 

contribute to adaptation and potential virulence.      

 

In strains predicted as human pathogens, we found significant association of DNA-binding 

transcriptional regulator AlpA. AlpA activator is required for transfer/induction of phage-

related mobile genetic elements in Gram-negative bacteria and is associated with bacterial 

pathogenicity (phage-inducible chromosomal islands)81. We also found that strains isolated 

from diseased host were significantly enriched in 3 gene clusters e.g., arsB, which seems to be 

very common among prokaryotes82 or MarR family of proteins, detected for the first time in 

multidrug resistant E. coli strain, which may be involved in various processes such as control 

of metabolic pathways, stress responses, environment adaptation, virulence genes or 

antibiotics efflux pumps genes83,84. Interestingly, previous studies on P. intermedia and P. 

nigrescens also highlighted that diseased genomes cohort was enriched in genes related to 

arsenate resistance7. 

 

To the best of our knowledge, there have been no previous studies describing the antimicrobial 

susceptibility of P. corporis and P. brunnea. Our study demonstrated highly susceptible 
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antimicrobial phenotypes of these urogenital strains, although high resistance to 

clindamycin, and susceptible rates to imipenem, meropenem and amoxicillin-clavulanate 

were previously observed within this genus85–87. Here, we also reported sporadic presence of 

cfxA among P. corporis strains and presence of tetQ in both species. In the closely related 

Bacteroides genus, tetQ transfer is stimulated by low concentration of tetracycline and it is 

disseminated by conjugative transposons (CTns) i.e., CTnDOT, proven to be an ICE88–91. In 

the previous studies, tetQ was also often present together with cfxA in Bacteroides and other 

Prevotella strains85. Indeed, it was demonstrated that tetracycline mediates the transfer of 

mobilizable transposon Tn4555 containing cfxA gene92,93. Thus, the common consumption of 

broad-spectrum tetracycline antibiotics by humans and usage in agriculture and among farm 

animals likely contributes to continuous dissemination of these resistance genes. The 

identification of tetQ in isolates recovered from urine suggests that these species/strains may 

be one of the sources of tetracycline resistance genes among bacteria of the urogenital 

microbiome. Interestingly, despite presence of tetQ gene in our urogenital strains, we 

observed lower MICs to tetracycline (MICs of 2.0 μg/ml), compared to previously reported94. 

Discrepancy of phenotypic and genotypic resistance to tetracycline is occasionally reported94 

and require further studies. 

 

In conclusion, although strict set of virulence factors of Prevotella species essential to develop 

disease in human have not been define, here we report a variety of genes (e.g., proteases, sialic 

acid synthetases, bacteriocin exporters, motility-related genes) of P. corporis and P. brunnea 

strains that may act advantageously on their fitness, survival, and bacterial competition 

abilities, as well as potentially constitute a thread for the host cells. We demonstrated that 

strains predicted as pathogens and isolated from diseased host share traits associated with 

adaptation and pathogenicity. Moreover, our data suggest that these Prevotella species may 

act as a source of antimicrobial resistance genes (e.g., tetQ) for other bacteria. 

Further sequencing and characterization of strains from healthy and diseased hosts of these 

species would allow to verify and understand the relevance of genomic characteristics here 

identified. 

 

Protologue 

The Whole Genome Shotgun project of the isolate c17Ua_125AN has been deposited at 

DDBJ/ENA/GenBank under the accession VFFG00000000. The Whole Genome Shotgun 

project of the isolate c24Ua_14AN has been deposited at DDBJ/ENA/GenBank under the 
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accession JABUXP000000000. The versions described in this paper are versions 

VFFG01000000 and JABUXP01000000, respectively. 
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Table 1. P. corporis and P. brunnea genomes used in comparative genomic analysis. 
 

Legend: D, diseased; H, healthy; UN, Unknown.  
 

Prevotella 

species 

Strain Source Location Host 

status 

Predicte

d human 

pathogen 

Genome 

size (Mb) 

Contigs  

≥ 500 bp 

N50 CDS GC 

(%) 

WGS Project 

accessions 

Prevotella 

corporis 

DSM_18810T cervical 

swab 

UK D yes 2.80 84 60,710 2415 44.12 AUME000000

00 
 

MJR7716 vagina USA UN yes 2.86 177 67,706 2483 43.96 LRQG0000000

0 
 

c24Ua_14AN urine Portugal H no 2.95 105 104,027 2641 43.8 JABUXP00000

0000 

Prevotella 

brunnea 

A2672T wound 

swab 

Germany D no 2.59 114 41,853 2234 44.02 SDIK0000000

0 
 

Marseille 

P4334 

stool France UN yes 3.04 24 1,147,385 2623 43.74 UWTY000000

00 
 

c17Ua_125AN urine Portugal D yes 2.79 118 41,787 2517 43.72 VFFG0000000

0 
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Table 2. Predicted pathogenic proteins and pathogenicity score for the P. corporis and P. brunnea strains according to 
PathogenFinder tool. 
 

Species Strain 

Number of 
matched 
pathogenic 
families  

Identification of matched pathogenic protein 
Predicted 
human 
pathogen 

P. corporis 

DSM 18810T 17 TraE, TraF, TraH, TraM, TraN, TraO, TraP, TraQ, rteB gene product, tyrosine type site-
specific recombinase, putative DNA methylase, hypothetical proteins 

Yes 

MJR7716 20 
TraE, TraF, TraG, TraI, TraJ, TraK, TraM, TraN, TraO, TraQ, conjugative transposon 
protein TraE, rteB gene product, tyrosine type site-specific recombinase, Exc protein, 
putative mobilization protein, hypothetical proteins 

Yes 

c24Ua_14AN 5 
TraG family protein, fumarate hydratase class I, ribosomal protein L15, ribosomal protein 
S14, conserved hypothetical protein No 

P. brunnea 

A2672T 3 TraK, ribosomal protein S14, rteB gene product No 

Marseille 
P4334 

24 
TraE, TraF, TraG, TraH, TraI, TraJ, TraK, TraM, TraN, TraO, TraP, TraQ, rteB gene 
product, tyrosine type site-specific recombinase, Exc protein, putative mobilization protein, 
hypothetical proteins 

Yes 

c17Ua_125AN 16 
TraE, TraF, TraG, TraJ, TraK, TraN, rteB gene product, tyrosine type site-specific 
recombinase, Exc protein, putative mobilization protein, putative cytochrome c biogenesis 
protein, hypothetical proteins 

Yes 
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Table 3. List of COG functions enriched per each species (only hits with p value < 0.05 are 
shown). 
 

Prevotella 
species 

COG FUNCTION COG 
category 

Prevotella 
corporis 

Predicted transcriptional regulator YdeE, contains AraC-type DNA-binding 
domain 

K 

 Aldo/keto reductase, related to diketogulonate reductase Q 

 Uncharacterized membrane protein YhaH, DUF805 family S 

 Flagellar hook-associated protein FlgK N 

 RNA recognition motif (RRM) domain J 

 Type II restriction/modification system, DNA methylase subunit YeeA V 

 Glycerol uptake facilitator and related aquaporins (Major Intrinsic Protein 
Family) 

G 

 Alkylated DNA nucleotide flippase Atl1, participates in nucleotide excision 
repair, Ada-like DNA-binding domain 

K 

 O-Methyltransferase involved in polyketide biosynthesis Q 

 Polysaccharide pyruvyl transferase family protein WcaK M 

 Superfamily II DNA or RNA helicase L 

 Alkyl hydroperoxide reductase subunit AhpC (peroxiredoxin) V 

 Acyl dehydratase I 

 Restriction endonuclease V 

 Wyosine [tRNA(Phe)-imidazoG37] synthetase, radical SAM superfamily J 

 Prolyl oligopeptidase PreP, S9A serine peptidase family E 

 Beta-galactosidase, beta subunit G 

 TPP-dependent indolepyruvate ferredoxin oxidoreductase, alpha subunit C 

 Divalent metal cation (Fe/Co/Zn/Cd) transporter P 

 L-lactate utilization protein LutB, contains a ferredoxin-type domain C 

 DNA-binding transcriptional regulator, XRE family K 

 Restriction endonuclease S subunit V 

 Peptide methionine sulfoxide reductase MsrA O 

 Metal-dependent amidase/aminoacylase/carboxypeptidase R 

 Predicted acetyltransferase, GNAT superfamily R 

 Predicted flavoprotein YhiN R 

 Uncharacterized protein, contains FMN-binding domain R 

 ATP-dependent Clp protease adapter protein ClpS O 

 Indole-3-glycerol phosphate synthase E 

 Co/Zn/Cd efflux system component P 

 Predicted metalloprotease R 

 ABC-type sugar transport system, ATPase component G 

 Aspartate/methionine/tyrosine aminotransferase E 

 Polyferredoxin C 

 Coenzyme F420-reducing hydrogenase, beta subunit C 

 Nicotinamidase-related amidase H 

 SOS-response transcriptional repressor LexA (RecA-mediated autopeptidase) T 

 L-lactate utilization protein LutC, contains LUD domain C 

 O6-methylguanine-DNA--protein-cysteine methyltransferase L 
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 D-alanyl-D-alanine dipeptidase M 

 Xanthine/uracil/vitamin C permease, AzgA family F 

 Uncharacterized membrane protein YccF, DUF307 family S 

 Alcohol dehydrogenase, class IV C 

 Predicted ATPase R 

 Leu/Phe-tRNA-protein transferase O 

 Alkyl hydroperoxide reductase subunit AhpF V 

 Prophage maintenance system killer protein X 

 Pyrroline-5-carboxylate reductase E 

 Type I site-specific restriction endonuclease, part of a restriction-modification 
system 

V 

 Transcriptional regulator of competence genes, TfoX/Sxy family K 

 Fe-S oxidoreductase C 

Prevotella 
brunnea 

Preprotein translocase subunit SecE U 

 Uncharacterized N-terminal domain of lipid-A-disaccharide synthase R 

 O-antigen ligase M 

 DNA-binding transcriptional regulator, CsgD family K 

 DNA anti-recombination protein (rearrangement mutator) RmuC L 

 N-acetylmuramic acid 6-phosphate (MurNAc-6-P) etherase M 

 Phage-related protein X 

 Uncharacterized conserved protein, DUF488 family S 

 Ca2+-binding protein, RTX toxin-related Q 

 Fido, protein-threonine AMPylation domain T 

 Tryptophanase E 

 Fluoride ion exporter CrcB/FEX, affects chromosome condensation P 

 Uncharacterized protein YaaW, UPF0174 family S 

 CMP-N-acetylneuraminic acid synthetase M 

 Sialic acid synthase SpsE, contains C-terminal SAF domain M 

 Phosphoenolpyruvate synthase/pyruvate phosphate dikinase G 

 Anion-transporting ATPase, ArsA/GET3 family P 

 4-amino-4-deoxy-L-arabinose transferase or related glycosyltransferase of PMT 
family 

M 

 Periplasmic ferric-dicitrate binding protein FerR, regulates iron transport 
through sigma-19 

P 

The COG functions belong to corresponding COG categories: C - Energy production and 
conversion; E - Amino acid transport and metabolism; F - Nucleotide transport and 
metabolism; G - Carbohydrate transport and metabolism; H - Coenzyme transport and 
metabolism; I - Lipid transport and metabolism; J - Translation, ribosomal structure and 
biogenesis; K - Transcription; L - Replication, recombination and repair; M - Cell 
wall/membrane/envelope biogenesis; N - Cell motility; O - Posttranslational modification, 
protein turnover, chaperones; P - Inorganic ion transport and metabolism; Q - Secondary 
metabolites biosynthesis, transport and catabolism; R - General function prediction only; S - 
Function unknown; T - Signal transduction mechanisms; U - Intracellular trafficking, 
secretion, and vesicular transport; V - Defense mechanisms; X - mobilome: phages and 
transposons.
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Table 4. Putative virulence-associated COG functions identified in pangenome of P. corporis and P. brunnea. A list presents 
species and/or strains specific genes that may contribute to bacterial adherence, host colonization and invasion. Genes/ gene 
clusters detected in particular strain are marked with x.   
 

  P. corporis P. brunnea 
COG function COG DSM_18810T MJR7716 c24Ua_14AN A2672T Marseille_P4334 c17Ua_125AN 
Cell wall/membrane/envelope 

Predicted phospholipase, 
patatin/cPLA2 family 

COG4667, 
COG0729, 
COG1752 

x x x x x x 

Opacity protein and related surface 
antigens 

COG3637 x x x x x x 

Outer membrane protein OmpA COG2885 x x x x x x 
Periplasmic protein TonB COG0810 x x x x x x 
Outer membrane protein TolC COG1538 x x x x x x 
CMP-N-acetylneuraminic acid 
synthetase 

COG1083    x x x 

Sialic acid synthase SpsE COG2089    x x x 
4-amino-4-deoxy-L-arabinose 
transferase 

COG1807    x x x 

Defense mechanisms 

ABC-type bacteriocin/lantibiotic 
exporters  

COG2274 x x x x x x 

Prophage maintenance system killer 
protein 

COG3654 x x x    

Txe-Axe toxin-antitoxin module, 
Txe/YoeB family 

COG4115   x    

Lactobacillus related ABC-type 
exporters 

COG2274      x 

Miscellaneous 

Flagellar hook-associated protein FlgK COG1256 x x x    
Ca2+-binding protein, RTX toxin-
related 

COG2931    x x x 

Uncharacterized N-terminal domain of 
lipid-A-disaccharide synthase 

COG3952    x x x 

Lysozyme family protein COG3926 x      
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Figure 1. Pangenome of Prevotella strains belonging to Prevotella corporis (green inner 
rings) and Prevotella brunnea (pink inner rings) species, generated by anvi’o v6.2. Plot is 
presenting presence/absence of gene clusters. Samples are ordered based on gene cluster 
frequencies. Number of contributing genomes is presented in an additional ring. Outside blue-
yellow ring represents COGs functionality annotation. External thin rings represent particular 
gene collections: red - core, orange - accessory, that contain singletons (violet), gene clusters 
specific to P. corporis (green) and gene clusters specific to P. brunnea (pink). Additional 
information such as host status, human pathogen prediction, clade or genomes related 
information such as total length, GC content, completion, number of genes, singleton gene 
clusters and number of gene clusters are represented by bars in the right top of the figure. 
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Figure 2. Distribution of COG enriched functions for P. corporis and P. brunnea grouped by 
COG categories. 
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Additional material associated with the manuscript entitled “Pangenome analysis of 

Prevotella corporis and Prevotella brunnea reveals features associated with their adaptation 

and virulence” is available through the following links: 

 

Supplementary Tables S1-S7 

https://docs.google.com/spreadsheets/d/1AdzDCKH8KccKUv5ZzMb49j7B4oFzKuIE/edit?

usp=sharing&ouid=115798665925427872829&rtpof=true&sd=true 
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Abstract: Since the discovery of the urinary microbiome, including the identification of Escherichia
coli in healthy hosts, its involvement in UTI development has been a subject of high interest. We
explored the population diversity and antimicrobial resistance of E. coli (n = 22) in the urogenital
microbiome of ten asymptomatic women (representing 50% of the sample tested). We evaluated
their genomic relationship with extraintestinal pathogenic E. coli (ExPEC) strains from healthy and
diseased hosts, including the ST131 lineage. E. coli prevalence was higher in vaginal samples than in
urine samples, and occasionally different lineages were observed in the same individual. Furthermore,
B2 was the most frequent phylogenetic group, with the most strains classified as ExPEC. Resistance
to antibiotics of therapeutic relevance (e.g., amoxicillin-clavulanate conferred by blaTEM-30) was
observed in ExPEC widespread lineages sequence types (ST) 127, ST131, and ST73 and ST95 clonal
complexes. Phylogenomics of ST131 and other ExPEC lineages revealed close relatedness with strains
from gastrointestinal tract and diseased host. These findings demonstrate that healthy urogenital
microbiome is a source of potentially pathogenic and antibiotic resistant E. coli strains, including
those causing UTI, e.g., ST131. Importantly, diverse E. coli lineages can be observed per individual
and urogenital sample type which is relevant for future studies screening for this uropathogen.

Keywords: vaginal microbiome; voided urine; urinary tract microbiome; uropathogens; ExPEC; ST131

1. Introduction

Urinary tract infections (UTIs) are reported to be one of the most common infections
worldwide, and occur more frequently in women than in men due to anatomical differences,
and its incidence increases with age or sexual activity [1–4]. Although several bacterial
species are reported as causative agents of UTIs (e.g., Escherichia coli, Klebsiella sp., Proteus
sp., Staphylococcus saprophyticus), E. coli is responsible for the majority (up to 75%) of both
uncomplicated and complicated UTIs [2,5–7].

Extraintestinal pathogenic E. coli (ExPEC) strains are most frequently responsible for
these infections, with this pathotype associated with genetic characteristics that seem to
favor the pathogenicity of particular strains, but also E. coli persistence in the urinary
tract [8–10]. Indeed, most UTIs are caused by a subset of ExPEC strains [e.g., sequence
type (ST) 131, ST95, ST69, ST73, ST127, ST12] that are highly disseminated across different
continents and populations and represent great clinical challenges not only because they are
often resistant to the main therapeutic choices but also because of their extended reservoirs
(human and animal gastrointestinal tract and the environment) [11–16].

To date, multiple studies have evaluated putative human-related reservoirs of ExPEC
strains causing UTI. The human gut or vaginal colonization with certain strains of E. coli
have been considered risk factors for developing UTI [17–21]. Additionally, the existence
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of intracellular bacterial communities or quiescent intracellular reservoirs that may silently
persist within the epithelial cells of the urogenital tract also contribute to recurrent UTI
(rUTI) development [7,22].

On the other hand, the collapse of the urine sterility dogma after the identification of
the female urogenital microbiome (FUM) [23] and the urinary microbiome [24], raised the
possibility of the urinary/urogenital tract being a reservoir of UTI pathogens [25,26]. In
fact, studies analyzing FUM composition unveiled the presence of uropathogenic bacterial
species, including E. coli, in the healthy urinary tract [27,28]. Moreover, a high inter-
individual variability in the relative abundance of E. coli (varying from 10 to >105 CFU/mL)
was reported in the healthy population [27,29,30]. Thus, since E. coli is the most frequent
pathogen in causing UTI and because it is part of the healthy FUM, occasionally in high
relative abundance, it is plausible that the urinary tract itself is a source of ExPEC lineages
causing UTIs.

Until now, FUM characterization has focused mostly on the taxonomic profiling at
the genus and species level, whereas characterization at the strain level is scarce. Thomas-
White and co-workers [28] revealed the urinary and vaginal interconnection for potentially
pathogenic E. coli. However, no data on virulence potential or antimicrobial resistance
profiles of E. coli strains were provided. Strain level characterization from healthy hosts
was only performed recently in a study from Garretto et al., that aimed at establishing
an association between the genomic content of urinary strains and the presence of lower
urinary tract symptoms [31]. The authors did not find any specific signatures on the
microbiome composition, gene content or E. coli abundance that could predict UTI status,
and only six urinary strains were obtained from asymptomatic women [31]. Thus, the
nature and diversity of E. coli strains from the whole urogenital tract (urinary and vaginal)
of healthy women are still practically unexplored.

In our study, we aimed to characterize the prevalence, strain diversity and genetic
features (antimicrobial resistance and virulence) of E. coli isolated from both urine and
vaginal samples of healthy asymptomatic women. Furthermore, we provided an in-depth
phylogenomic analysis of the phylogenetic group B2 ExPEC strains.

2. Materials and Methods
2.1. Study Design and Sample Description

E. coli strains were isolated in the framework of a study on healthy Female Urogen-
ital Microbiome conducted at Faculty of Pharmacy, University of Porto, Porto, Portugal
(2016–2019) [30]. All women provided informed written consent for participation in the
study. The study was developed according to the Helsinki Declaration principles and the
protocol was submitted and approved by the Ethical Commission of Faculty of Pharmacy,
University of Porto (Ethical Committee approval number 32-09-2017). This study included
isolates obtained from 20 healthy women (aged 24–57) who were asymptomatic for any
urinary disorder and that declared to be in good health condition, from which urogenital
samples (30 voided urine and 30 vaginal swabs) were analyzed (10 women provided samples
twice [30]). A list of donors, samples and isolates is presented in Supplementary Table S1.

2.2. Identification of E. coli Isolates

All 60 samples were analyzed based on a previously published extended culturomic
protocol [30]. When colonies with a morphology compatible with E. coli were observed,
an average of 3 isolates/samples (up to 7 colonies/sample; proportionally to the bacterial
load) were isolated.

Isolates were preliminarily identified by MALDI-TOF MS (VITEK MS, bioMérieux,
France), and further confirmed by the amplification of the malB gene [32]. A total of 50 E. coli
isolates were identified and stored, 22 of which originated from the urine of healthy donors
(1–7/sample) and the remaining 28 were detected from vaginal swabs of healthy donors
(1–5/sample) (Supplementary Table S1).
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2.3. Characterization of E. coli Population

The identification of E. coli phylogenetic groups and virulence gene profiling were
performed on all E. coli isolates so as to discard overrepresented genotypes per sample
type (urinary, vaginal). E. coli phylogenetic groups were identified according to the method
proposed by Clermont et al. [33]. The presence of 41 virulence factors (VFs) associated
with ExPEC pathotype including adhesins, toxins, siderophores, capsule type, protectins,
invasins and miscellaneous was screened by PCR (Supplementary Table S2). Detection
of hlyA operon duplication was performed by PCR, as previously described [34] (Supple-
mentary Table S2). The strains were classified as putative ExPEC if fulfilled the following
criteria: presence of >2 amongst papAH and/or papC, sfa/focDE, afa/draBC, kpsM II and
iutA [35].

Based on this strain profiling strategy, we selected 10 representative urinary and 12 rep-
resentative vaginal E. coli strains, which are described in detail in Table 1. To characterize
the representative strains of the urogenital population, pulsed-field gel electrophoresis
(PFGE) was used to identify identical strains detected in both urine and vaginal samples
from the same donor. The standard protocol for PFGE adapted from Gautom et al. [36] was
used, with 1.6% chromosomal grade agarose (SeaKem® Gold Agarose) for plugs prepara-
tion, 1.2% gel with pulse-field certified agarose (SeaKem® Gold Agarose) for PFGE run,
genomic DNA digested with 20U Xba I and CHEF DNA Size Standard–Lambda Ladder,
which was used as a size marker. The running conditions included an initial switch time of
2.2 s, a final switch time of 63.8 s and a run time of 19 h with 6 V/cm and an angle of 120.

This procedure narrowed down our sample to 16 unique strains representing unique
genotypic profiles from the urogenital E. coli population of 10 healthy women. In vitro
antibiotic susceptibility testing was evaluated using a disk diffusion for 21 antibiotics
(diverse β-lactams, fluoroquinolones, aminoglycosides, tetracyclines, fosfomycin, nitrofu-
rantoin, trimethoprim, sulfamethoxazole-trimethoprim) according to EUCAST guidelines
(www.eucast.org, accessed on 12 December 2019).

2.4. Whole Genome Sequencing

Considering the high proportion of B2 E. coli strains (50%, 8/16) and the identification
of typical ExPEC pathotype features amongst them, 8 B2 strains were characterized using
whole genome sequencing (WGS) and comparative genomics approaches, as described
below.

Genomic DNA (n = 4 urine, n = 4 vaginal) was extracted (Wizard Genomic DNA
Purification Kit, PROMEGA) and sequenced by Illumina NovaSeq 2 × 150 nt. Reads were
trimmed by Trimmomatic [37] version 0.39 and the quality of reads was checked by FastQC
version 0.11.9 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on
2 February 2021). De novo assembly was performed by SPAdes [38] version 3.13.0 and
the quality of the assembly was checked by Quast [39] version 5.0.2. Annotations of the
draft genomes were provided by the NCBI Prokaryotic Genome Annotation Pipeline, and
additionally by Prokka [40] version 1.14.6.

The Whole Genome Shotgun project has been deposited at DDBJ/ENA/GenBank un-
der the BioProject accession number PRJNA548360. Accession numbers to WGS submission
and the BioSample for each strain are available in Supplementary Table S3.

Characterization of strains including serotype, E. coli phylogenetic group and mul-
tilocus sequence typing (MLST, Achtman scheme) was assessed using available in sil-
ico tools (http://www.genomicepidemiology.org/, accessed on 4 February 2021; http:
//clermontyping.iame-research.center/, accessed on 4 February 2021). The virulence
profile of each strain previously defined by PCR screening was verified and extended
to 49 putative virulence genes using in-house database (https://github.com/magksi/E.
coli_VF_characterization, released on 20 December 2021) and ncbi-blast-2.8.1+ package
(https://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/, accessed on 7 May 2019). An-
timicrobial resistance genes were identified using ResFinder 4.1 (https://cge.cbs.dtu.dk/
services/ResFinder/, accessed on 4 February 2021), plasmid replicon sequences by Plas-
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midFinder 2.1 (https://cge.cbs.dtu.dk/services/PlasmidFinder/, accessed on 4 February
2021) and fimH typing using FimTyper 1.0 (https://cge.cbs.dtu.dk/services/FimTyper/,
accessed on 4 February 2021).

Table 1. Phylogenetic origin and diversity of urinary (n = 10) and vaginal (n = 12) E. coli strains
isolated from healthy women.

Donor Origin Strains Phylogenetic
Group ExPEC PFGE WGS MLST Serotype

1

U c1Ub_48 F + EC1 − − −
VS c1VSb_14 F + EC1 − − −
U c1Ub_56 B2 + − + ST452 O81:H27

3
U c3Ub_1 B2 + EC2 + ST681 O8:H10

VS c3VSb_22 B2 + EC2 − − −
7 VS c7VSa_62 D − − − − −

10
U c10Ua_105 F + EC3 − − −
VS c10VSa_39 F + EC3 − − −

11 *

U c11Ua_88 D − − − − −
U c11Ub_17 B2 + EC4 + ST1154 (ST73 complex) O2:H1

VS c11VSb_7 B2 + EC4 − − −
VS c11VSb_12 B2 + EC5 + ST998 O2:H6

12 VS c12VSb_42 C − − − − −

15
U c15Ub_26 A − EC6 − − −
VS c15VSb_20 A − EC6 − − −

26
U c26Ub_7 B2 + EC7 + ST131 O25:H4

VS c26VSb_8 B2 + EC7 − − −

29 *

U c29Ub_57 D − − − − −
VS c29VSb_15 B2 + EC8 + ST140 (ST95 complex) O2:H5

VS c29VSa_23 B2 − EC9 + ST569 O46:H31

31
U c31Ua_56 E − − − − −
VS c31VSa_9 B2 + − + ST127 O6:H31

U-urine; VS- vaginal swab; ExPEC-extraintestinal pathogenic E. coli; PFGE-pulsed-field gel electrophoresis;
WGS-whole genome sequencing; MLST-multilocus sequence typing. *-donors from whom E. coli was detected at
2 different sampling times; ‘a’ and ‘b’ in strain name denotes the sampling time.

2.5. Comparative Genomics of B2 E. coli Strains

We extracted 19,668 E. coli assemblies from the NCBI Assembly database (assessed at
14 July 2020), including 1266 complete genomes and 18,402 draft genomes (7432 scaffolds
and 10,970 contigs). To enlarge the sample of urinary isolates from both healthy and dis-
eased women, we included 66 E. coli assemblies of urinary origin, published in September
2020 by Garretto et al. [31] and 3 B2 E. coli genomes recovered from the urine of 3 women
with a history of recurrent UTI from our collection (Supplementary Table S3).

A total of 19,737 assemblies were subjected to mlst 2.19.0 pipeline [41] (https://github.
com/tseemann/mlst, accessed on 10 February 2021) to access STs of public genomes.
Genomes (n = 1084) that represented the same STs as those detected in our collection were
extracted. Only the genomes from humans and those with available metadata on host
health status and isolation source were considered. Following these criteria, we grouped
isolates according to host health status (healthy-H or diseased-D) and origin (urogenital
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tract, gastrointestinal tract or other isolation source). Additionally, complete genomes of
well-known reference strains for certain ST were included in the analysis.

2.6. Single Nucleotide Polymorphisms Analysis

The genomes were subjected to a snippy (version 4.4.0, https://github.com/tseemann/
snippy, accessed on 12 February 2021), using snippy-multi and mapping to appropriate
reference genome (stated in description of the figures). A core genome and whole genome
SNPs alignments generated by snippy were used for Gubbins pipeline (Genealogies Unbi-
ased By recomBinations In Nucleotide Sequences) [42] version 2.4.1 to remove recombinant
regions. The SNP matrices from core genome and whole genome alignment for comparison
were generated using snp-dist version 0.7.0 (https://github.com/tseemann/snp-dists,
accessed on 12 February 2021). The resulting SNP-based alignments were used to re-
construct the phylogeny for each ST using RAxML, with the appropriate reference. The
obtained phylogenetic trees were represented using the Interactive Tree of Life (iTOL,
https://itol.embl.de, accessed on 15 February 2021).

2.7. Accessory Genome and Ordination-Based Analysis

A total of 520 ST131 E. coli genomes were annotated with prokka version 1.14.6, and a
pangenome analysis was performed with Roary [43] version 3.13.0 with the default criteria
for proteins identity of 95%. The accessory genome included genes that were present in
<99% of the genomes. The data were reshaped and cleaned with tidyverse [44] package
version 1.3.0. Further analyses, including non-metric multidimensional scaling (NMDS),
and a calculation of the stress value was performed in R [45] version 4.0.3 with package
vegan [46] version 2.5.7 and ggplot2 [47] version 3.3.5.

2.8. Statistical Analysis

Continuous variables were interpreted based on the descriptive statistics. Welch
Two Sample t-test in R [45] version 3.6.2 was used to access significance of phylogenetic
groups and VF distribution between the different sample types. Heatmap and clustering
of the isolates based on VFs presence/absence was performed with Pheatmap package
version 1.0.12 (https://github.com/raivokolde/pheatmap, accessed on 1 March 2021), with
clustering based on Euclidean distance.

3. Results
3.1. Frequency and Diversity of E. coli in Urinary and Vaginal Microbiome

E. coli was identified in 30% of the urine samples (9/30) and 37% of the vaginal samples (11/30)
(Supplementary Table S1). The bacterial load varied from 1 × 10 CFU/mL – 1 × 107 CFU/mL,
with a median of 1 × 10 CFU/mL. Overall, E. coli was identified in 50% (10/20) of the total
cohort of asymptomatic women.

A set of 10 urinary and 12 vaginal representative E. coli strains is presented in Table 1.
All but one of the B2 strains were classified as ExPEC. Furthermore, two isolates belonging
to phylogenetic group F (c1Ub_48 and c10Ua_105) were also considered ExPEC (Table 1).
Interestingly, two donors carried different E. coli strains in either urine or vaginal samples
and two donors had different E. coli strains in the same sample type.

Although there was no significant association between the phylogenetic groups’ distri-
bution or VF profiles and the origin (urine or vaginal) of the sample, E. coli phylogenetic
group B2 were more frequently detected in vagina (58%) compared to the urinary isolates
(40%). Other phylogenetic groups (F, D and A) were variably found in either urine and
vagina samples, while C and E were detected in only one sample type (Tables 1 and 2).
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Table 2. Detection and prevalence (%) of phylogenetic groups and 41 putative virulence genes among
22 unique E. coli strains per each sample type.

Total (n = 22) Urinary Isolates
(n = 10)

Vaginal Isolates
(n = 12)

Phylogenetic group

A 2 (9) 1 (10) 1 (8)

B2 11 (50) 4 (40) 7 (58)

C 1 (5) 0 1 (8)

D 3 (14) 2 (20) 1 (8)

E 1 (5) 1 (10) 0

F 4 (18) 2 (20) 2 (17)

Adhesins

fimH 20 (91) 9 (90) 11 (92)

papAH 3 (14) 2 (20) 1 (8)

papC 7 (32) 3 (30) 4 (33)

papEF 7 (32) 3 (30) 4 (33)

papG II, III 1 (5) 0 1 (8)

papG allele III 3 (14) 1 (10) 2 (17)

sfa/focD 6 (27) 2 (20) 4 (33)

sfaS 1 (5) 0 1 (8)

focG 6 (27) 2 (20) 4 (33)

afa/draBC 3 (14) 2 (20) 1 (8)

iha 7 (32) 4 (40) 3 (25)

matB 18 (82) 8 (80) 10 (83)

yfcV 15 (68) 6 (60) 9 (75)

Toxins

hlyA 3 (14) 1 (10) 2 (17)

cnf1 3 (14) 1 (10) 2 (17)

sat 9 (41) 4 (40) 5 (42)

tsh 8 (36) 3 (30) 5 (42)

vat 5 (23) 1 (10) 4 (33)

tosA 4 (18) 2 (20) 2 (17)

Siderophores

fyuA 14 (64) 8 (80) 6 (50)

iutA 8 (36) 5 (50) 3 (25)

iroN 8 (36) 3 (30) 5 (42)

ireA 3 (14) 1 (10) 2 (17)

Capsule

kpsMT II 12 (55) 5 (50) 7 (58)

kpsMT III 2 (9) 1 (10) 1 (8)

kpsMT K1 5 (23) 1 (10) 4 (33)

kpsMT K5 6 (27) 3 (30) 3 (25)
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Table 2. Cont.

Total (n = 22) Urinary Isolates
(n = 10)

Vaginal Isolates
(n = 12)

Protectins

cvaC 2 (9) 1 (10) 1 (8)

traT 12 (55) 6 (60) 6 (50)

iss 2 (9) 1 (10) 1 (8)

Invasins

ibeA 3 (14) 0 3 (25)

gimB 1 (5) 0 1 (8)

Miscellaneous

usp 13 (59) 5 (50) 8 (67)

ompT 18 (82) 8 (80) 10 (83)

PAI (malX) 12 (55) 7 (70) 5 (42)

pafP 15 (68) 6 (60) 9 (75)

upaH 11 (50) 4 (40) 7 (58)
There was no isolate positive for papG allele II, bmaE, gafD, rfc. None of the isolates tested had two copies of the
hlyA operon.

Certain VFs were highly prevalent in urinary and vaginal isolates (Table 2) such as
adhesins fimH (90% and 92%, respectively), matB (80% and 83%, respectively) or ompT
(80% and 83%, respectively). Several toxins and siderophores were detected in strains from
both niches, while invasins were only detected in vaginal isolates. We also found that many
urinary and vaginal strains possess kpsMT II type (50% and 58%, respectively).

3.2. Virulence Profile Characterization of Urogenital E. coli

A detailed characterization of virulence gene profiles was performed on representative
isolates per donor, independently on the sample type. For this purpose, vaginal isolates
that presented identical PFGE profiles to urinary isolates (Supplementary Figure S1, Table 1)
from the same individual and phylogenetic group were discarded, leaving a total of 16
representative urogenital strains from healthy women.

A hierarchical clustering analysis was performed to assess strain similarity based on
VF profiles (Figure 1). Isolates were grouped into the following three primary clusters:
(i) representing strains from B2 phylogenetic group (n = 5) enriched in hlyA, cnf 1, tsh, vat
and iroN; (ii) strains from B2 (n = 3) and F (n = 2) phylogenetic group with sat and iutA
(without adhesins and previously mentioned genes) and (iii) strains belonging to other
phylogenetic groups (n = 6), less enriched in VF (without yfcB, usp, upaH, pafP). One strain
belonging to phylogenetic group A did not possess any virulence gene screened (Figure 1).

3.3. Genomic Background and Antimicrobial Resistance of B2 E. coli Strains

The genetic features of the eight B2 ExPEC strains subjected to whole genome sequenc-
ing (WGS) are presented in Table 1, and characteristics of draft genomes assemblies and
accession numbers are available in Supplementary Table S3. Remarkably, some of these B2
strains were identified as pandemic E. coli lineages such as ST131, ST127, clonal complex 73
or 95. Others were identified as ST452, ST569, ST681 and ST998 (Table 1). They represented
various serogroups, including O2, O6, O8, O25, O46 and O81 (Table 1). Additionally, we
performed an MLST analysis of the B2 strains from asymptomatic women identified in
the previous study by Garretto et al. [31]. Remarkably, those strains also belonged to
intercontinental STs including ST95 (n = 3), ST73 (n = 1), ST12 (n = 1) and ST1193 (n = 1).
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Figure 1. Heatmap representing presence/absence matrix of putative virulence genes among urogen-
ital E. coli from different phylogenetic groups. The dendrogram in the left represents clustering of
isolates based on Euclidean distance. Presence or absence of virulence genes is represented as black
or white squares, respectively. The right hand side of the figure contains the list of unique E. coli
profiles coded with U (for urinary) or VS (for vaginal swab) for origin and a number for identification
of donor, according to Table 1.

We performed a core genome single nucleotide polymorphism (SNP) alignment of
14 B2 genomes isolated from asymptomatic women (8 from our study and 6 from Garretto
et al. [31]), as shown in Figure 2. According to this phylogenetic tree, the genomes were
substantially different and presented an average of ~28,000 SNP differences. The most
related strains belonged to the ST95 clonal complex (UMB6611, c29VSb_15_M, UMB6713,
UMB6454) which has ~180–4250 SNP differences, followed by the ST73 clonal complex
(c11Ub_17_AN and UMB0939) which differed by 2353 SNP.

Microorganisms 2022, 9, x FOR PEER REVIEW 8 of 18 
 

 

3.3. Genomic Background and Antimicrobial Resistance of B2 E. coli Strains 

The genetic features of the eight B2 ExPEC strains subjected to whole genome se-

quencing (WGS) are presented in Table 1, and characteristics of draft genomes assemblies 

and accession numbers are available in Supplementary Table S3. Remarkably, some of 

these B2 strains were identified as pandemic E. coli lineages such as ST131, ST127, clonal 

complex 73 or 95. Others were identified as ST452, ST569, ST681 and ST998 (Table 1). They 

represented various serogroups, including O2, O6, O8, O25, O46 and O81 (Table 1). Ad-

ditionally, we performed an MLST analysis of the B2 strains from asymptomatic women 

identified in the previous study by Garretto et al. [31]. Remarkably, those strains also be-

longed to intercontinental STs including ST95 (n = 3), ST73 (n = 1), ST12 (n = 1) and ST1193 

(n = 1). 

We performed a core genome single nucleotide polymorphism (SNP) alignment of 

14 B2 genomes isolated from asymptomatic women (8 from our study and 6 from Garretto 

et al. [31]), as shown in Figure 2. According to this phylogenetic tree, the genomes were 

substantially different and presented an average of ~28,000 SNP differences. The most re-

lated strains belonged to the ST95 clonal complex (UMB6611, c29VSb_15_M, UMB6713, 

UMB6454) which has ~180–4250 SNP differences, followed by the ST73 clonal complex 

(c11Ub_17_AN and UMB0939) which differed by 2353 SNP. 

 

Figure 2. Phylogenetic tree representing core genome SNPs alignment of 14 urogenital E. coli strains 

isolated from asymptomatic women (8 from our study and 6 from Garretto et al.). The alignment 

was performed using E. coli strain UTI89 as a reference. The tree is unrooted. Colored balls represent 

the resistance phenotype/genotype to a given antibiotic (colors by antibiotic class). Resistance of the 

strains originated from this study was characterized by phenotypic and genotypic methods, while 

strains from Garretto et al. were characterized genotypically. Single locus variants (SLV) are repre-

sented with an asterisk (see Table 1). 

Overall, 7/14 strains were resistant to at least one antibiotic, including antibiotics 

used to treat UTI (Figure 2). The ST131 (c26Ub_7_AN) and ST1193 (UMB0928) strains re-

vealed multidrug resistance phenotypes (resistance to 7 and 6 antibiotics from 4 classes, 

respectively), including to critical antibiotics for UTI treatment (trimethoprim/sulfameth-

oxazole and amoxicillin-clavulanate) [48]. Additionally, ST12, ST73, ST95, ST140 (SLV 95) 

and ST127 strains were resistant to amoxicillin-clavulanate, nalidixic acid, ciprofloxacin, 

trimethoprim/sulfamethoxazole and/or tetracycline (Figure 2). The detection of the ac-

quired resistance genes in our genomes was compatible with phenotypic characterization 

of resistance: (i) blaTEM-30, in strains resistant to amoxicillin-clavulanic acid combination; (ii) 

tet(A) for tetracycline resistant strain; (iii) aac(3)-IId, sul1 or dfrA12 conferring resistance to 

aminoglycosides or trimethoprim (Supplementary Table S3). We also observed mutations 

Figure 2. Phylogenetic tree representing core genome SNPs alignment of 14 urogenital E. coli strains
isolated from asymptomatic women (8 from our study and 6 from Garretto et al.). The alignment
was performed using E. coli strain UTI89 as a reference. The tree is unrooted. Colored balls represent
the resistance phenotype/genotype to a given antibiotic (colors by antibiotic class). Resistance of
the strains originated from this study was characterized by phenotypic and genotypic methods,
while strains from Garretto et al. were characterized genotypically. Single locus variants (SLV) are
represented with an asterisk (see Table 1).
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Overall, 7/14 strains were resistant to at least one antibiotic, including antibiotics used
to treat UTI (Figure 2). The ST131 (c26Ub_7_AN) and ST1193 (UMB0928) strains revealed
multidrug resistance phenotypes (resistance to 7 and 6 antibiotics from 4 classes, respec-
tively), including to critical antibiotics for UTI treatment (trimethoprim/sulfamethoxazole
and amoxicillin-clavulanate) [48]. Additionally, ST12, ST73, ST95, ST140 (SLV 95) and ST127
strains were resistant to amoxicillin-clavulanate, nalidixic acid, ciprofloxacin, trimetho-
prim/sulfamethoxazole and/or tetracycline (Figure 2). The detection of the acquired
resistance genes in our genomes was compatible with phenotypic characterization of resis-
tance: (i) blaTEM-30, in strains resistant to amoxicillin-clavulanic acid combination; (ii) tet(A)
for tetracycline resistant strain; (iii) aac(3)-IId, sul1 or dfrA12 conferring resistance to amino-
glycosides or trimethoprim (Supplementary Table S3). We also observed mutations in
gyrA (S83L) for isolate c29VSb_15M, conferring resistance to fluoroquinolones (Figure 2,
Supplementary Table S3).

Screening of plasmid replicon sequences in our eight isolates revealed that no known
replicon sequences were detected for four of the strains (ST569, ST681, ST998, ST1154),
whereas, in the other B2 strains, several replicon types were detected, mostly Col156 and
IncFIB (AP001918) (Supplementary Table S3).

3.4. Phylogenomics of Urogenital ST131 E. coli from Healthy Urinary Microbiome

We performed a whole genome SNP phylogeny analysis in relation to the origin and
health status of the ST131 E. coli strain isolated from asymptomatic woman comparatively
with representative ST131 genomes from the NCBI public database.

In a total of 520 ST131 genomes for which metadata was available, most were obtained
from human infections (D; n = 422 strains) and much less frequently from healthy carriers
(H; n = 98 strains). They were identified mainly in wounds or pus, lung and sputum, blood
or other body fluids (other; n = 242 strains), followed by strains isolated from the urinary
(n = 179 strain) and gastrointestinal tract (n = 99 strains). While isolates obtained from
the gastrointestinal tract originated mostly from healthy humans (H = 96, D = 3), isolates
from the urinary tract were almost exclusively associated with urinary tract infections and
only one genome (from this study) originated from healthy host (H = 1, D = 178). Isolates
from other human niches were mostly isolated from the diseased host (H = 1, D = 241),
e.g., bacteremia, sepsis, pneumonia.

The core genome phylogenetic tree was congruent with previous ST131 phylogenetic
inferences and establishes the clustering of genomes in three clades corresponding to clade
A (n = 67), clade B (n = 50) and clade C (n = 406) (Figure 3). Our ST131 strain from healthy
woman (c26Ub_7_AN) clustered in clade B isolates despite carrying fimH30 and showed
similarity to other clade B genomes from gastrointestinal tract colonizers (1111 SNPs) or
infections (1157 SNPs). Interestingly, to date, this genome represents the unique ST131 from
the urogenital tract of a healthy individual.

We then examined strains similarity according to their accessory genome (Figure 4).
The NMDS ordination based on a 28,542 accessory gene matrix demonstrated three different
clusters that are likely to correspond to clades A, B and C (from the right to the left,
respectively; Figure 4), irrespective of host health status or the isolate’s origin. The urinary
strain c26Ub_7_AN isolated from healthy woman was identified in the proximity of two
clusters.

Overall, genomes from different niches and disease statuses were closely related and
randomly distributed in the phylogeny, often with less than 50 SNPs among them. The SNPs
matrix for the ST131 core-genome-based phylogenetic tree is available in Supplementary
Table S4.
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Figure 3. Core genome SNPs phylogenetic tree of 520 ST131 E. coli genomes of human origin. The
phylogenetic tree includes 3 ST131 reference strains, i.e., SE15, JJ1886, EC958. The alignment was
performed using E. coli strain EC958 as a reference and E. coli SE15 was used as an outgroup. The
metadata including host health status, strain origin and fimH type are incorporated in the tree, as
explained in the legend. The identifier of the strain from our urogenital collection is marked in green.
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3.5. Phylogenomic Analysis of Other B2 E. coli Strains

A whole genome comparison was performed between our B2 non-ST131 isolates
and the available genomes from the same ST on public databases. In agreement with the
available literature, ST95 (n = 272) including ST140 (SLV 95) and ST73 (n = 217) including
ST1154 (SLV 73) are the second and third most represented clonal groups (Supplementary
Figures S2 and S3, respectively). SNP-based phylogenetic trees containing our ST140 (ST95
clonal complex), and ST1154 (ST73 clonal complex) urogenital E. coli isolates also evidenced
a high similarity between strains from different host status and origin, often showing <1000
SNPs differences. The same was observed for the clone belonging to ST127 (n = 66), which
was closely related to genomes from isolates causing UTI and/or isolated from other niche
(<300 SNP differences, Supplementary Figure S4).

The remaining four STs (ST452, ST569, ST681, ST998) were much less represented in the
NCBI database (uncommon STs). However, a comparative genomic analysis also showed,
a high similarity (390–9452 SNPs) to genomes deposited from other sources (Figure 5).
Interestingly, the corresponding strains were isolated in different continents.
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Figure 5. Whole genome SNPs phylogenetic tree of 4 infrequent E. coli STs (ST452, ST569, ST681,
ST998) including 4 from our urogenital collection (marked in red) and 9 genomes retrieved from
NCBI database. The alignment was performed using E. coli strain 536 as a reference. The tree is
unrooted. Information on ST, health status of the host and origin of the strains is incorporated in the
tree.

4. Discussion

In this study, we provided a detailed strain-level analysis of the E. coli isolates identified
in the female urogenital microbiome, revealing that the urogenital tract of healthy women
is an additional reservoir of pandemic ExPEC clones with the potential to cause UTI.
Furthermore, we found an ST131 strain inhabiting the urogenital tract of healthy woman
with a similar genetic background to those causing UTI or colonizing the gastrointestinal
tract of humans.

E. coli was often found both in the urine (30%) and vagina (37%) of healthy women, the
latter revealing a prevalence of slightly higher than that reported in previous studies [20,49].
Our data further supports that there is an interconnection between these two niches [28]
in the same individual since the urine and vagina often share identical strains. However,
in some samples, we also found variability in the number and type of E. coli strains
identified in each of those niches, highlighting possible limitations in studies evaluating
only one of the two locations for a risk assessment of UTI acquisition. Furthermore, our
data also highlights that strain level characterization is relevant to accurately evaluate the
contribution of these niches as reservoirs of strains with the potential to contribute to the
persistence and/or cause UTI.

We described a higher E. coli diversity in the urogenital microbiome of healthy women
(phylogenetic groups A, B2, D, E, F) than that reported in the study from Garretto et al.,
where only B2 E. coli strains (n = 6) were identified in asymptomatic women [31].

We demonstrated that strains from healthy urinary microbiome belong to serogroups
known to be commonly involved in UTI (e.g., O2, O6, O25) [13,50,51]. Remarkably, the
identification of ExPEC (n = 7 B2; n = 2 F) strains in healthy women was also observed,
enriched in putative virulence factors known to favor colonization and/or the invasion of
epithelial cells and the development of UTI [6]. We found that the virulence gene profiles
detected in the ExPEC isolates from healthy women were identical to those described
in clinical isolates [16]. All other non-ExPEC strains, except one phylogroup A E. coli,
also possessed several adhesins, siderophores and other putative virulence genes, likely
supporting their adaptation and survival in the urogenital tract. Thus, our study provides
further evidence that the urogenital tract carries strains with pathogenic potential.
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Remarkably, half of our B2 strains from asymptomatic women belonged to worldwide
disseminated E. coli lineages (ST73 complex, ST95 complex, ST131, ST127), that have caused
infections in humans [13,15,17,18]. Our phylogenomic analysis revealed close relatedness
with publicly available genomes regardless of human origin (host status or infection site),
further demonstrating the wide circulation of well-adapted and potentially pathogenic
clones between different individuals and an interconnection between the urogenital and
the gastrointestinal tract, which seems to be the most probable source of these strains.

The identification of strains, including ST131, in the urogenital tract of healthy women
with phenotypes resistant to antibiotic classes used to treat UTI (amoxicillin-clavulanate,
ciprofloxacin, trimethoprim/sulfamethoxazole; Figure 2) represents an additional concern
due to the risk of treatment failure. Moreover, antibiotic-resistant strains in the microbiome
constitute a reservoir of transferable antimicrobial resistance genes that can be shared with
other strains/species by horizontal gene transfer [52,53]. Thus, the possibility of enriching
antibiotic-resistant bacterial species (e.g., E. coli, Citrobacter koseri, Klebsiella pneumoniae) [29,30]
in the urogenital microbiome can have direct implications on human health in future.

The identification of ST131 E. coli in the urine of healthy woman challenges the current
understanding of the ecology of this pandemic clone. We demonstrate, for the first time,
that the healthy urogenital microbiome can itself act as a reservoir of putative pathogenic
and antibiotic resistant ST131 strains. We further highlighted that closely related isolates
from different clades are identified as colonizers of the gastrointestinal or urogenital tracts of
healthy people and can cause disease [54,55], and that the accessory genome structures those
clades irrespective of niche origin. Interestingly, our ST131 strain that was isolated from a
healthy woman (c26Ub_7) belongs to clade B, despite having fimH30. The detection of the
fimH30 allele in clade B isolates is uncommon, but these recombination events have been
occasionally observed in other collections [11,21]. Available data on the prevalence of ST131
subclades is largely biased by human clinical isolates, and clade C in particular [56–58].
However, there is evidence that non-human sources are underestimated and there is a
specialization for each clade, including a foodborne origin for clade B-fimH22 [59] and
wastewater for clade A-fimH41 [58], suggesting those as additional possible sources of
acquisition.

Besides ST131, other intercontinental and/or emerging B2 E. coli clones were found
in the urogenital microbiome of healthy women (i.e., ST95 complex, ST73 complex, ST127,
ST12 and ST1193) [21,60,61]. Overall, these data suggest that the healthy urogenital micro-
biome is a source of particularly widespread (e.g., food, domestic animals, environment) E.
coli lineages that are frequently responsible for UTI [62,63].

Much less data are available for uncommon and antibiotic susceptible E. coli clones
(ST452, ST569, ST681, ST998) detected in the urogenital microbiome of healthy women, since
they are poorly represented in public databases. Nevertheless, they have been previously
reported as animal colonizers or from human infections in different continents (Figure 5),
often associated with antibiotic resistance. For instance, mcr-1 positive ST452 or ESBL
producing ST998 E. coli strains were previously isolated from animals, including domestic
animals, i.e., dog or human UTI in five continents [64–68]. Similarly, ST681 strains have
been detected worldwide in animals (wild boars, non-human primates) and among isolates
causing human ExPEC infections, including UTI [69–72]. Furthermore, besides reports on
UTI caused by ST569, this lineage could have possible food and environmental reservoirs,
as, in the USA, ST569 E. coli was found in meat [73] and it was detected in wastewater in
South Africa [74]. Mbanga et al. also demonstrated that a strain isolated from wastewater
clustered together with previously isolated clinical ST998 E. coli isolated from a UTI patient
in the same area [65].

Nevertheless, whether those strains possess the ability to persistently colonize the
human urogenital tract, or if they are only transient microbiome members remains to
be evaluated. Furthermore, one of the most fundamental questions is still unanswered,
specifically, the circumstances that would trigger the development of infection by those
colonizing strains [75].
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The limitations of this study include the small sample size and the absence of fecal
samples from the same individuals to assess concomitant gastrointestinal colonization;
however, the in silico comparative genomic analysis performed showed a close relatedness
of urinary and gastrointestinal strains. Using voided urine was also considered as a limita-
tion, due to the possibility of collecting microbes that reside in the vaginal environment, but
we demonstrated that a voided urine sample can provide distinct strains to those found in
vagina. Furthermore, insights from this type of sample are valuable, as it is used in current
UTI diagnostic practices.

5. Conclusions

In this study, we demonstrated that E. coli strains identified in the urogenital micro-
biome of healthy women frequently belong to international, pandemic, and occasionally
antibiotic resistant B2 clones. Our data support the role of the urogenital tract as a source of
ExPEC strains prone to cause UTI, which most probably originate from the gastrointestinal
tract. Furthermore, we demonstrated that diverse E. coli lineages can be observed per indi-
vidual and urogenital sample type, which should be considered in future studies focusing
on E. coli screening. These findings are a hallmark to further understand the ecology of
these clones and their distribution in human host reservoirs.

The influence of microbial communities, the host and environmental features in
triggering the transition from colonization to infection is still unknown, but this subject
deserves further investigation.
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A B S T R A C T   

The presence of specific virulence features conditions severe forms of urinary tract disease, but the frequency and 
distribution of these highly virulent extraintestinal pathogenic Escherichia coli strains in animals and humans is 
unclear. We used whole genome sequencing, comparative genomics, histological and clinical data to characterize 
the genetic basis for pathogenesis and origin of E. coli Ec_151217, a strain (B2, ST83, O83:H5:K5) that caused an 
extremely aggressive upper urinary tract infection (UTI) in a cat. 

We show that Ec_151217 and 52% of other highly related ST83 genomes (O6 and O83) identified from 
different animal species and human infections carry two copies of the hemolysin A operon, though this dupli-
cation is infrequent (~1%) among closed ExPEC genomes from multiple sources. 

Our data enlarges the list of E. coli genetic backgrounds carrying hlyA operon duplication which is potentially 
involved in severity of UTI, and demonstrates that it seems to occur infrequently amongst ExPEC. Its identifi-
cation in E. coli lineages (diverse ST83 serotypes) of potential animal-human transmission is of concern and 
anticipates the need to screen larger collections.   

1. Introduction 

The characterization of the virulence genes content of Escherichia coli 
populations causing urinary tract infections (UTI) has been the subject of 
intensive research in order to find critical features for pathogenesis [1]. 
The presence of a wide array of virulence genes is correlated with 
increased pathogenesis, though most data are circumstantial [2,3]. 
Several in vitro and in vivo studies have supported the higher pathogenic 
potential observed by expression of specific toxins (e.g. hlyA, cnf1) or 
adhesins (e.g. P-fimbriae) though most available data result from char-
acterization of a few strains [1,4]. More specifically, the duplication of 
particular virulence determinants such as hemolysin A (hlyA) has been 
associated with higher pathogenicity profile in pyelonephritic E. coli 
strain 536 (O6:K15), supported by in vivo models [5]. Furthermore, 
hemolysin A operon duplication has also been found in other human 
pyelonephritic E. coli strains such as J96 (O4:K6) or others (E. coli p19A, 
E. coli CP9), with several studies demonstrating differential HlyA 
expression and/or higher pathogenicity [5–8]. Nonetheless, the fre-
quency with which this duplication occurs in extraintestinal pathogenic 

Escherichia coli (ExPEC) or its distribution in the ExPEC population is still 
unknown, hindering to establish the associated risk. In fact, frequency of 
hlyA duplication in isolates causing severe forms of upper UTI such as 
pyelonephritis or glomerulonephritis is not clear. Possibly because only 
a directed overlapping PCR approach would allow differentiating both 
operons [5, This study], and also because commonly used virulence 
screening databases on whole genome sequencing data do not allow 
identification of copies of the same target (e.g. hlyA) [9]. 

On the other hand, it has been widely discussed the extension and 
directionality of the contribution of ExPEC causing UTI in animals and 
humans. Studies addressing the ecology and potential transmission of 
ExPEC through the food chain, till recently, have been supported by 
methodologies with insufficient resolution for analysis of bacterial ge-
netic similarity and biased towards a few clonal groups [10]. 

In this study, we combined detailed whole genome sequencing data, 
comparative genomics, histological and clinical data to characterize an 
E. coli strain that caused an acute pyelonephritis and glomerulonephritis 
in a cat, and to assess the distribution of similar highly aggressive strains 
in animals and humans by a genomics approach. Our data provides a 
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reliable genetic support on the role of hlyA duplication on the patho-
genicity of a particularly virulent ExPEC lineage with potential animal- 
human transmission. 

2. Material and methods 

An Escherichia coli strain (Ec_151217) had caused a complicated UTI 
in a 10 years old Persian cat, that was finally diagnosed with a purulent 
interstitial glomerulonephritis, with pyelonephritis and urethritis. The 
histopathological analysis of the kidney revealed a severe inflammatory 
process, with a mixed, mononuclear infiltrate on the interstitial space 
and neutrophils (Supplementary Fig. S1). 

The Ec_151217 strain identified in both purulent fluid and urine 
culture by phenotypic methods and PCR was characterized. In vitro 
antibiotic susceptibility testing was performed by disk diffusion for 16 
antibiotics (beta-lactams, fluoroquinolones, aminoglycosides, tetracy-
clines, fosfomycin) and by broth microdilution method for colistin, ac-
cording to EUCAST (www.eucast.org). Genomic DNA was extracted 
(Wizard Genomic DNA Purification Kit, PROMEGA) and sequenced by 
Illumina HiSeq, reads were assembled by SPAdes version 3.12.0 (http:// 
cab.spbu.ru/software/spades/) and contigs were further annotated 
using RAST (http://rast.nmpdr.org/rast.cgi). The Whole Genome 
Shotgun project has been deposited at DDBJ/ENA/GenBank under the 
accession VORC00000000. The version described in this paper is version 
VORC01000000. 

We used available in silico tools (http://www.genomicepidemiolo 
gy.org/; http://clermontyping.iame-research.center/) to define sero-
type, multilocus sequence type (MLST, Achtman scheme), antimicrobial 

resistance and pathogenicity profiles, E. coli phylogenetic group. We 
searched 49 virulence genes (adhesins, toxins, siderophores, capsule 
type, protectins, invasins and miscellaneous) known to be involved in 
extraintestinal E. coli infections by PCR (supplementary Table S1), Vir-
ulenceFinder 2.0 (https://cge.cbs.dtu.dk/services/VirulenceFinder/) 
and using in-house databases. Twenty-seven ST83 E. coli genomes and 
associated metadata (when available) retrieved from NCBI and Enter-
oBase public databases were used for comparison (last accessed 
February 05, 2019; supplementary Table S2). SNP-based phylogeny was 
performed using CSI phylogeny 1.4 (https://cge.cbs.dtu.dk/ser 
vices/CSIPhylogeny/) and represented with Interactive Tree of Life 
(iTOL, https://itol.embl.de). Duplication of hlyA operon was searched in 
980 closed genomes from NCBI database from which ExPEC status was 
inferred by presence of >2 amongst papAH and/or papC, sfa/focDE, afa/ 
draBC, kpsM II and iutA using ncbi-blast-2.8.1+ package (https://ftp. 
ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/). 

3. Results and discussion 

3.1. hlyA duplication: genetics and distribution amongst ExPEC 

Strain Ec_151217 has a total length of 4 967 437 bp and a G+C 
content of 50.5%. It belongs to phylogenetic group B2, O83:H5:K5 
serotype and ST83, and was susceptible to all antibiotics tested. The 
isolate was predicted as a human pathogen with 466 matched potential 
pathogenic protein families and had a high virulence score (n = 28/49 
virulence genes). Virulence gene profile included genes known to codify 
for different types of adhesins (pap, fim, sfa/foc, matB, yfcV), toxins (hly, 

Fig. 1. Phylogeny and virulence gene profiles of ST83 Escherichia coli strains deposited in public databases. 
Phylogenetic tree was obtained by SNP method using as reference Escherichia coli 536 (Accession number NC_008253.1) by CSI Phylogeny with default parameters. 
This figure shows virulence genes detected based on a cut-off of 90% identity and 60% query coverage to the reference nucleotide sequences. Framed squares 
represent putative double copies of hemolysin A operon. 
Abbreviations: NA = not available, UTI = urinary tract infection. 
Definitions are as follows: fimH, Type 1 fimbrin D-mannose specific adhesin; papAH, Pap fimbrial major pilin protein; papC, Outer membrane usher protein PapC; 
papE, Fimbrial protein PapE; papF, Fimbrial adapter PapF; papG allele III, Fimbrial adhesin PapG allele III; sfa/focDE, S fimbriae and F1C fimbriae; sfaS, S-fimbrial 
adhesin protein SfaS; focG, F1C minor fimbrial subunit protein G; matB, Common pilus major fimbrillin subunit EcpA; yfcV, Uncharacterized fimbrial-like protein 
YfcV; hlyA, Hemolysin A; cnf1, Cytotoxic necrotizing factor 1; vat, Vacuolating autotransporter toxin; fyuA, Pesticin/yersiniabactin receptor protein; iutA, Ferric 
aerobactin receptor; iroN, Catechole siderophore receptor; chuA, Outer membrane hemin receptor ChuA; K5, K5 variant of the group II capsule; cvaC, Colicin-V; traT, 
TraT complement resistance protein; iss, Increased serum survival protein; mcmA, Colicin-V; mchB, Microcin H47; mchC, MchC protein; mchF, ABC transporter protein 
MchF; rfc, O-antigen polymerase; ibeA, Invasion protein IbeA; gimB, Invasin (genetic island associated with newborn meningitis); usp, Uropathogenic specific protein; 
ompT, OmpT outer membrane protease; malX, Pathogenicity-associated island (PAI); gad, Glutamate decarboxylase alpha; pafP, Transcription regulator, associated 
with metV genomic island; upaH, Autotransporter UpaH. 
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cnf1, vat), siderophores (fyuA, iroN), invasins (ibeA, gimB) amongst 
others (e.g. malX, usp, upaH), many of which (alone or in combination) 
had been associated with a higher potential to adhere to the urinary 
epithelium and subsequently cause UTI (Fig. 1) [3]. 

Interestingly, the Ec_151217 strain contains two copies of the hly-
CABD operon (7.2 Kb) encoding the toxin hemolysin (hlyI and hlyII, 
deposited at NCBI under accession numbers MN826072 and MN826073, 
respectively). The hlyCABD genes are 97,45% homologous and encode 
for two highly similar HlyA proteins (~97.6%). However, their 1.6 Kb 
upstream regions are highly dissimilar (~50.6% homology) while 
showing a conserved ops element and 39bp JUMPstart sequence for 
recognition by RfaH transcriptional regulator [11]. Differences at this 
region seem to condition differential expression levels of HlyA that 
might modulate variable virulence profiles at different stages of infec-
tion [5,11–13]. 

One of these HlyA operons and the corresponding upstream sequence 
(hlyI) is the one frequently found alone in a wide range of ExPEC clones 
including ST131 [11]. The second copy (hlyII) was detected in our highly 
pathogenic Ec_151217 strain, in other highly related ST83 genomes 
(Fig. 1, see below), and also in other uropathogenic strains (e.g. E. coli 
536 ST127, E. coli J96 ST12) that caused acute pyelonephritis [5,11]. 
When closed genomes from putative ExPEC deposited at NCBI database 
were searched, this duplication was detected in only 1 out of 100 (1%) 
closed genomes, but this low occurrence needs to be confirmed in a 
larger and more representative population. These data suggest sporadic 
acquisition of a second hlyA operon by particular strains, some of which 
are known to have been involved in acute and severe infections, thus 
anticipating a higher risk of a poor UTI outcome. In fact, the presence of 
these two operons was shown to yield higher virulence than the presence 
of either hlyI or hlyII alone in well-known pyelonephritic 536 and J96 
strains, compared to strains with only one hlyCABD operon (e.g. 
CFT073) [5,6,14]. Similar observations were also reported in other 
bacterial species [15]. 

Besides hlyA and other virulence genes, the presence of pap, cnf1 
might have also favoured the severe inflammatory response observed. In 
fact, papG allele III specificity for domestic animals, might be important 
for the establishment of pyelonephritis in the cat [16,17]. Genes 
encoding toxins like hlyA or cnf1 (cytotoxic necrotizing factor), known 
to have necrotizing activity and high lethality in animal models, are 
frequently detected in E. coli strains causing life-threatening infections 
[3,13,18]. Contrariwise, their absence in closely related ST83 strains 
was associated with better clinical outcome [19]. 

Our study provides further genotypic and clinical evidence for the 
role of these two hemolysin A paralogues on higher virulence and severe 
clinical outcomes in a new E. coli genetic background. Besides, it also 
highlights the need to understand how often these gene duplication 
events occur in a larger population and how they condition pathogenesis 
of particular UTI strains. Finally, to know if there are one or two hlyA 
copies is essential for validation of functional or in vivo studies but this 
duplication might be missed by second-generation whole genome 
sequencing approaches [9]. 

3.2. Phylogeny and reservoir of this highly pathogenic E. coli strain 

The SNP-based ST83 phylogenetic tree reveals that strains are 
grouped in four main clusters according to the serotype, most of them 
exhibiting a similar array of virulence genes (Fig. 1). Interestingly, many 
of these genomes were identified in different animal species or food 
suggesting possible transmission through the food chain. 

Three other ST83 O83:H5 public genomes from humans were highly 
related to Ec_151217 (~200 SNP) (Fig. 1, Supplementary Fig. S2), 
suggesting a common phylogenetic origin, and all of them carried 
double hlyA copy. Highly similar ST83 O83:H5 isolates have also been 
previously identified causing severe or life-threatening infections in cats 
in the USA, but, unfortunately, the genomes are not available [18]. A 
high relatedness was also observed among ST83 O6:H5 genomes 

(n= 15, ~100–400 SNP; Supplementary Fig. S2), many of them from cat 
or human infections (including bacteremia), and 6 carried also the 
double hlyA operon. In fact, O6 and O83 are serogroups that had been 
frequently identified in strains responsible for UTI in domestic animals 
and humans, suggesting that these strains might be intermingled 
between these hosts [2,16]. Thus, the high frequency of detection of 
hlyA double operon in O83 and O6 lineages (n = 10/19; 52%) and 
previous reports [18] support a high pathogenic potential for these 
lineages and the risk for animal-human transmission. 

Interestingly, other diverse and less related ST83 E. coli genomes 
(O4:H40, O25:H5 or others) lacked cnf1, hlyA, mchABCF operon or 
specific adhesins, and none of them had been recorded as being involved 
in a severe infection. All together, these data highlight the evolution of 
serogroup specific lineages within ST83, some of them with higher 
virulence potential for developing complicated infections in animals and 
humans, probably associated with the acquisition of a second hlyA 
operon. Particular strains contained genes conferring resistance to crit-
ical antibiotics (e.g. blaOXA-48, blaKPC-2) which represents an additional 
risk for human medicine [19] (data not shown). 

4. Conclusions 

We highlight, for the first time, the presence of a hlyA duplication on 
a highly pathogenic E. coli ST83 strain as well as in closely related ge-
nomes from different animal and human hosts from different continents 
suggesting a potential animal-human transmission of this E. coli lineage. 
We also show that this duplication seems to occur infrequently in the 
ExPEC population, but future studies are required to elucidate its 
occurrence in larger E. coli collections from different potential reservoirs 
(animals, food products, humans). This knowledge is of interest to 
improve strategies for detection and control of highly virulent uropa-
thogenic E. coli strains for humans and animals. 

Funding 

This work was supported by the Applied Molecular Biosciences Unit - 
UCIBIO which is financed by national funds from FCT MCTES [UIDP/ 
04378/2020 and UIDB/04378/2020]. Magdalena Ksiezarek is sup-
ported by FCT [SFRH/BD/132497/2017]. Ângela Novais is supported 
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ABSTRACT 

Limosilactobacillus genus (Lactobacillaceae family) contains multiple species often isolated 

from human microbiome. However, since its recent reclassification from former 

Lactobacillus, several novel species had been described and its genomic particularities have 

not been explored. Here, we analyzed taxonomic and genomic diversity of Limosilactobacillus 

genus, pangenome of species/strains isolated from human origin and performed comparative 

genomics for urogenital species including novel Limosilactobacillus portuensis and 

Limosilactobacillus urinaemulieris, with the aim to better understand their nature and 

putative functionality. We present detailed taxonomic overview of Limosilactobacillus genus 

including genomes deposited in databases and demonstrated that public repositories contain 

genomes of still not described putatively novel species. We performed pangenome 

characterization of human Limosilactobacillus species and deeply investigated genomic 

content of novel urogenital species regarding their putative bacteriocins, probiotic activity, 

CRISPR-Cas system, antibiotic resistance and mobilome. We find that urogenital species 

share approximately 50% of predicted genes which could suggest that conserved functions are 

likely related to niche adaptation. Furthermore, some shared genes could be relevant for 

urogenital health maintenance e.g., genes conferring lactic acid production. This data 

highlights that those species might play a role in urogenital tract homeostasis, and they should 

be further investigated. 

 

INTRODUCTION 

Since several years, the genus Lactobacillus (family Lactobacillaceae) has been under 

investigation aiming proper classification of this bacterial group characterized by high 

phylogenetic and genotypic diversity [1]. In early 2020, taxonomy of the genus Lactobacillus 

was revisited based on polyphasic approach, resulting in reclassification of former 

Lactobacillus species into 25 genera, including Limosilactobacillus gen. nov. (formerly 

Lactobacillus reuteri group) [2].  

To date, Limosilactobacillus comprises 23 validly published species 

(Limosilactobacillus agrestis, Limosilactobacillus albertensis, Limosilactobacillus antri, 

Limosilactobacillus balticus, Limosilactobacillus caviae, Limosilactobacillus coleohominis, 

Limosilactobacillus equigenerosi, Limosilactobacillus fastidiosus, Limosilactobacillus 

fermentum, Limosilactobacillus frumenti, Limosilactobacillus gastricus, Limosilactobacillus 

gorillae, Limosilactobacillus ingluviei, Limosilactobacillus mucosae, Limosilactobacillus 

oris, Limosilactobacillus panis, Limosilactobacillus pontis, Limosilactobacillus portuensis, 
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Limosilactobacillus reuteri, Limosilactobacillus rudii, Limosilactobacillus secaliphilus, 

Limosilactobacillus urinaemulieris, Limosilactobacillus vaginalis) of which 7 were published 

early this year [3, 4]. The genus’ type strain - L. fermentum - and several other 

Limosilactobacillus species are well known from its implication in the food industry 

(fermentation) and probiotic market [5, 6]. These species are isolated from various sources 

including human, animals or food products [2]. 

In fact, some of these species are often found in healthy human microbiome (mainly 

gut and vagina), with L. reuteri being the most known and understood [6]. Other species 

reported from gastrointestinal tract include L. fermentum and L. mucosae [7–9], and 

occasionally L. vaginalis [10]. Regarding female urogenital microbiome (FUM), 

Limosilactobacillus have occasionally been identified i.e., L. mucosae, L. coleohominis, L. 

reuteri, L. vaginalis, L. portuensis and L. urinaermulieris [9, 11–15]. In fact, healthy human 

microbiome appears to be colonized in higher extent with Lactobacillus than 

Limosilactobacillus species [10, 14]. Nonetheless, it seems that in urogenital tract, species 

belonging to Limosilactobacillus co-exist with Lactobacillus species [2, 14]. Thus, 

Limosilactobacillus species seem to be also relevant for human urogenital health and deserves 

equal attention as their Lactobacillus relatives.  

 

The aim of this study was to evaluate the taxonomic diversity of Limosilactobacillus 

genus and investigate genomic diversity of Limosilactobacillus species, originating from 

humans/human sources. We further performed comparative genomics for recently described 

Limosilactobacillus portuensis, Limosilactobacillus urinaemulieris and their closest relative 

Limosilactobacillus vaginalis, all isolated from human urogenital tract. To the best of our 

knowledge, this is the first study since recent Lactobacillaceae reclassification, focusing on 

pangenome and characterizing genomic diversity of Limosilactobacillus genus.   

 

MATERIAL AND METHODS 

Genomes database 

A total of 336 genomes, including complete and draft genomes of 22 

Limosilactobacillus species (Supplementary Table S1), were retrieved from the National 

Center for Biotechnology Information (NCBI) Assembly database on 6th September 2020. 

Additionally, 2 draft genomes representing recently described by our group 

Limosilactobacillus species were included in the analysis, namely c9Ua_26MT (L. 

urinaemulieris) and c11Ua_112MT (L. portuensis) [3]. 
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Six genomes were excluded from further analysis based on worse assembly statistics since 

there was better representative assembly available for the same strains (Supplementary 

Table S1). Metadata related to downloaded assemblies was retrieved from NCBI BioSample 

database. 

 

Average Nucleotide Identity and phylogenomic analysis 

Average Nucleotide Identity based in BLAST+ (ANIb) analysis on 332 assemblies was 

performed with pyani (v0.2) [16]. Percentage identity matrix (Supplementary Table S2) 

was used to create heatmap representing ANIb clusters by pheatmap v1.0.12 package in R 

version 3.6.2 [17]. Phylogenomic analysis was performed using anvi’o v6.2. [18]. Single-copy 

core genes based on Bacteria_71 collection from hidden Markov model (HMM) profiles [19] 

were identified and 37 genes encoding ribosomal proteins were concatenated. FastTree 

version 2.1.11 [20] was used to create maximum likelihood phylogenomic tree with Jones-

Taylor-Thorton substitution model, local support of SH-like 1000 and CAT approximation 

with 20 rate categories. The resulted phylogenomic tree was edited in iTOL [21]. 

 

Pangenome analysis 

Nucleotide FASTA files were pretreated for compatibility with anvi’o v6.2. pipeline 

[18]. Anvi’o script was used to profile HMMs and genes prediction was performed by Prodigal 

[22]. Additionally, protein functions were annotated by Clusters of Orthologous Groups 

(COGs) database using anvi’o script. Pangenome analysis was performed by anvi’o, using 

MUSCLE for sequence alignment [23] and clustering with Markov Cluster algorithm [24]. 

Genes’ collections were identified by applying filters into gene clusters search: core genome 

included gene clusters present in 100% of genomes; accessory genome was represented with 

three collections: softcore (gene clusters present in more than 95%), dispensable (gene 

clusters present in at least 2 genomes and in less than 95% of genome) and unique (singletons; 

genes present in just one unique genome). Pangenome was visualized by anvi’o and edited in 

Inkscape [25]. COGs categories distribution among strains was visualized in R v3.6.2 [17] 

ggplot2 package version 3.3.2 [26]. In case of multiple COG categories predicted per gene, the 

first one was used as the most significant hit. 

 

Other WGS analysis  

Additional analysis of the draft genomes of strains L. urinaemulieris c9Ua_26MT and 

L. portuensis c11Ua_112MT was performed using ResFinder v. 4.1, and PathogenFinder v. 1.1 
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to investigate the presence of acquired genes mediating antimicrobial resistance, and 

pathogenicity, respectively [27, 28]. BAGEL4 was used to predict in silico bacteriocin-

encoding genes [29] and the presence of genes associated with lactic acid and hydrogen 

peroxide production i.e., ldhA, ldh and poxL were search by blastp using ncbi-blast-2.8.1+ 

package [30]. Identification of prophage sequences was determined using PHASTER (the 

Phage Search Tool Enhanced Release) [31]. Additionally, mobile genetic elements (MGEs) 

were investigated by the MobileElementFinder (v1.0.3) [32]. Coding sequences for Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-associated genes 

(Cas) were identified using CRISPRCasFinder v. 1.1.2—I2BC [33]. Only CRISPR showing an 

evidence level of 3 or 4 were considered. 

 

RESULTS 

Overview of Limosilactobacillus species diversity and taxonomy 

A total of 332 genomes representing 22 Limosilactobacillus species were analyzed in 

this study (Table 1, Supplementary Table S1). At the date of genome retrieval, the NCBI 

Assembly database was lacking representative genome for L. caviae. Complete (55, 16.6%) 

and draft genomes (277, 83.4%) reveal that most of the strains were isolated from animals 

(n=167 genomes, 50.3%), followed by humans (n=74, 22.3%), and food products (n=69, 

17.8%). L. reuteri and L. fermentum strains were the most sequenced, representing 60.2% 

and 23.8% of all available Limosilactobacillus genomes, respectively (Table 1). 

Analysis of ANIb showed clear Limosilactobacillus species separation based on the 

widely accepted threshold of 95% for species discrimination [34] (Fig. 1., Supplementary 

Table S2). We observed near cut-off (94-95%) variations in ANIb values inside L. reuteri 

clade suggesting the existence of several subspecies as recently characterized by Li et al., 2021 

[4]. Moreover, publicly available genomes of strains VA24_5, Lr4000, W1P44.042, 

W1P28.032 deposited as L. reuteri and strain UMB0683 deposited as L. pontis should be 

reclassified since ANIb values were all below 95%. Strains VA24_5 and Lr4000 present ANIb 

values of ~82% with L. reuteri DSM 20016T, and >95% with recently published L. albertensis 

Lr3000T [4]. Strain W1P44.042 deposited as L. reuteri should be also reclassified as L. 

mucosae based on the ANIb value of 96% between strain W1P44.042 and the L. mucosae DSM 

13345T (Fig. 1., Supplementary Table S2). ANIb analysis also revealed that the most 

closely related species of strains W1P28.032 and UMB0683 was L. pontis. However, the ANIb 

value between strains W1P28.032 and UMB0683 was 73%, and between each strain and L. 
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pontis DSM 8475T was ~82% and 84%, respectively, suggesting that these strains represent 

distinct and putative novel species.  

To confirm the taxonomic position of strains that should be reclassified, we performed 

phylogenomic analysis based on 37 single-copy core ribosomal proteins including type strains 

of each species and putative novel Limosilactobacillus species (Fig. 2). This tree showed clear 

distinction between genomes of different species. Moreover, strains VA24_5 and Lr4000 

cluster with the type strain of L. albertensis, strain W1P44.042 grouped with the type strain 

of L. mucosae, and strains W1P28.032 and UMB0683 form each an independent branch. 

On the basis of this core genome analysis and ANIb values, we propose that strains 

VA24_5 and Lr4000 should be classified as members of the species L. albertensis and 

W1P44.042 strain classified as member of L. mucosae. Furthermore, 2 putative novel 

Limosilactobacillus species were identified.  

 

Pangenome of Limosilactobacillus isolated from humans 

We identified 74 Limosilactobacillus genomes isolated from humans, which included 

11 Limosilactobacillus members (L. albertensis, L. antri, L. coleohominis, L. fermentum, L. 

gastricus, L. mucosae, L. oris, L. portuensis, L. reuteri, L. urinaemulieris, L. vaginalis) and 

the putative novel species represented by strain UMB0683, and here designated as 

Limosilactobacillus sp. nov. (Table 2). The average genome length was 2,039,809 bp, with a 

mean of 2056 genes predicted per genome. We found the highest number of assembled 

genomes belonged to L. fermentum (n= 36) and L. reuteri (n= 17), while remaining species 

had relatively poor representation (1-4 genome each). Most strains were isolated from 

gastrointestinal-related samples (n=31), followed by urogenital origin (n=9 vagina, n=7 

urine), oral cavity (n=6) or breast milk (n=5) (Supplementary Table S1). 

Overall, the Limosilactobacillus pangenome was represented by 10499 clusters of 

orthologous groups (COGs) of proteins (151749 genes), with 5052 clusters of known function 

(Fig. 3). A high genomic variability was observed, with the core genome represented only by 

453 gene clusters (37033 genes). Within the accessory genome (10046 gene clusters, 114716 

genes), we can distinguish three representative collections: softcore genome represented by 

316 gene clusters (24553 genes), dispensable genome with 5967 gene clusters (86215 genes) 

and singletons with 3768 clusters (3948 genes). Most of the gene clusters in core genomes 

have known COG function (97.8%), contrary to accessory where most have unknown COG 

function (54%). Noteworthy, this pangenome analysis is sorted by frequencies of gene cluster 
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which incorporated 2 other species i.e., L. albertensis VA24_5 and Limosilactobacillus sp. 

nov. UMB0683 (Fig. 1., Fig. 2.) in the middle of L. reuteri clade (Fig. 3.).  

The distribution of genes belonging to defined COG functional categories is presented 

in Fig. 4. Fig. 4.A. presents core and accessory genes grouped by COG functional categories, 

while Fig. 4.B. visualizes COG categories of accessory genome collections i.e., softcore, 

dispensable and singleton genes. Most of the genes in core genes collection (total 37033) were 

involved into translation, ribosomal structure and biogenesis (category J, 8236 genes), 

replication, recombination and repair (category L, 3183 genes), nucleotide transport and 

metabolism (category F, 3172 genes), amino acid transport and metabolism (category E, 2440 

genes) and carbohydrate transport and metabolism (category G, 2311 genes). Interestingly, 

distribution of COG functional categories for softcore (Fig. 4.B.) demonstrated nearly the 

same functional pattern as core genes collection (Fig. 4.A.). Genes of known function 

representing singletons were associated with cell wall/membrane/envelope biogenesis 

(category M, 130 genes), carbohydrate transport and metabolism (category G, 113 genes), 

transcription (category K, 110 genes), replication, recombination and repair (category L, 93 

genes) and mobilome: prophages, transposons (category X, 86 genes). 

 

Pangenome of urogenital Limosilactobacillus species 

We performed genomic comparisons of the two recently described urogenital species 

i.e., L. urinaemulieris and L. portuensis, together with their closely related L. vaginalis. Total 

of 5 genomes was available for comparison: 3 genomes representing L. vaginalis, 1 L. 

urinaemulieris and 1 L. portuensis. All but one strain (L. vaginalis LV515 from woman with 

trichomoniasis) were obtained from healthy women. Overall, 2716 clusters of orthologous 

groups of proteins were identified (9817 genes), with 1748 of known function. High strains 

relatedness was observed with core genes representing 49.6% of total gene clusters (1347 gene 

clusters, 7222 genes). Additionally, 88 gene clusters were identified as softcore genome, 483 

gene clusters as dispensable genes and 798 gene clusters were identified as singletons (29.4%). 

Exact number of genes classified as core and accessory genome per each strain is presented in 

Table 3.  

Distribution of COG categories for all detected genes among 5 strains is presented in 

Fig. 5. COGs functional groups were distributed relatively similar among 5 strains, with the 

highest number of genes with unclassified functionality (Fig. 5.A.). On average, 28% of genes 

found were unclassified or have unknown function. Most of the genes with known function 

(Fig. 5.B.) were involved in translation, ribosomal structure and biogenesis (mean 9.3%), 
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amino acid transport and metabolism (mean 7.1%), transcription (mean 5.5%), cell wall 

biogenesis (mean 5.3%), replication, recombination and repair (5.2%) or carbohydrate 

transport and metabolism (mean 4.8%). 

 

Genomic characteristics specific to L. urinaemulieris and L. portuensis  

To understand if the novel Limosilactobacillus urogenital species can provide benefits 

to niche they are inhabiting, we investigated genomic content that may be related to their 

putative probiotic activities such as lactic acid, hydrogen peroxide and bacteriocins 

production. Both type strains, L. urinaemulieris and L. portuensis possess genes required for 

D- and L-lactic acid synthesis i.e., ldhA and ldh, respectively. However, genes coding for 

pyruvate oxidase that is required to produce hydrogen peroxide were not found in the 

genomes of those strains. Additionally, L. urinaemulieris c9Ua_26MT is not capable to 

produce any known bacteriocin, however in L. portuensis c11Ua_112MT we found genes 

encoding for bacteriocin Enterolysin A. Nevertheless, appropriate phenotypic tests should be 

performed to confirm these in silico findings. 

We further investigated the genetic content that distinguishes these urogenital 

strains/species. We found 164 unique genes for L. urinaemulieris, and 394 unique genes for 

L. portuensis, most of which were unclassified or have unknown function (119 and 296 genes, 

respectively) (Supplementary Table S3). Functional enrichment analysis resulted in 49 

hits for L. portuensis, and 15 for L. urinaemulieris, however none of these COG functions were 

found to be enriched on significant level (p < 0.05) (Supplementary Table S4).  

The largest number of known functions enriched in L. portuensis was related to 

defense mechanisms (COG category V; multidrug transporter EmrE, multidrug efflux pump 

subunit AcrB, toxin component of the Txe-Axe toxin-antitoxin module - Txe/YoeB family, 

antitoxin component of the RelBE or MazEF), and carbohydrate transport and metabolism 

mechanisms [COG category G; arabinose metabolism (L-arabinose isomerase Ara, L-ribulose-

5-phosphate 4-epimerase AraD, phosphoribulokinase PrkB), alpha-L-fucosidase AfuC, 

teichoic acids export ATP-binding protein TagH].  

The few hits found to be enriched in L. urinaemulieris were also mostly associated 

with defense mechanisms (COG category V; CRISPR-Cas system, and DNA methylase subunit 

YeeA). To investigate CRISPR loci and cas genes identification in more depth, the genome 

sequence of the L. urinaemulieris strain c9Ua_26MT was uploaded to CRISPRcasFinder, 

and cas gene detection was performed via subtyping clustering model option. Strain 

c9Ua_26MT harbored a CAS-Type IIC, and one confirmed CRISPR loci with a total of 7 spacers 
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(sequence length: 29 bp) (Fig. 6). Spacers in the CRISPR-Cas loci originate from foreign 

invaders and bacteriophages are the most common threats for bacteria, and in the case of a 

bacterial strain being invaded by a phage, the spacer sequences may contain a fragment 

corresponding to the phage genome [35]. In this sense, we further explored the origins of these 

foreign DNA fragments by performing a BLAST search of the extracted spacer sequences 

against the NCBI virus Refseq database. However, the nucleic acid source of the spacer 

sequences remains unknow as no positive hits were identified. 

 

Pathogenicity, antibiotic resistance, and MGE in L. urinaemulieris and L. 

portuensis 

Prediction of pathogenicity assessed with PathogenFinder tool revealed that calculated 

Matched Pathogenic Families for L. urinaemulieris c9Ua_26MT and L. portuensis 

c11Ua_112MT was 0, the Matched Not Pathogenic Families was 8 and 13, and the probability 

of the strains being a human pathogen was 0.175 and 0.212 (respectively). Thus, the strains 

were predicted as non-pathogenic to human.  

Although acquired antibiotic resistance genes were not detected, different MGEs were 

identified within the genomes of L. urinaemulieris c9Ua_26MT and L. portuensis 

c11Ua_112MT (Table 4). Two predicted intact prophage regions were identified in the genome 

of L. urinaemulieris c9Ua_26MT. The intact regions correspond to a Lactobacillus temperate 

phage phi g1e (GenBank Accession No. NC_004305), and a Lactobacillus delbrueckii subsp. 

lactis phage BK5-T (GenBank Accession No. NC_002796). MobileElementFinder identified 

two complete Insertion Sequences (ISs) belonging to IS30 family. 

Five prophage regions, two questionable and three incompletes, were detected in the 

genome of L. portuensis c11Ua_112MT (Table 4). One complete IS belonging to IS30 family, 

and a repUS19 gene was identified by MobileElementFinder, the last sharing 100% similarity 

to that encoded in the cryptic plasmid pDLK3 (1.365 bp) from a Staphylococcus aureus isolate 

from Czech Republic (GenBank Accession No. GU562626) [36]. In addition, the screening of 

the NCBI databases (March 23, 2021) revealed 3 plasmids with ≥ 97.95% identical repUS19 

in other Gram-positive bacteria (Staphylococcus spp. and Listeria monocytogenes). The 

search for a complete pDLK3 in the draft genome of L. portuensis c11Ua_112MT by 

MyDbFinder v 2.0 (https://cge.cbs.dtu.dk/services/MyDbFinder/) reveal that L. portuensis 

carried a 1.339 bp pDLK3 (GenBank Accession No.  JABUXQ010000061.1), 26 bp less than 

the pDLK3 from the S. aureus. 
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DISCUSSION 

In this study we report genomic features of 22 species classified to the recently 

proposed novel Limosilactobacillus genus [2].  

NCBI public database contains over 300 genomes from Limosilactobacillus strains of 

various origin and mostly represented with draft genomes. The number of complete genomes 

is still low and reserved mostly to species with well explored beneficial activities, such as L. 

reuteri and L. fermentum [37]. Thus, for other species, comprehensive detection of certain 

genomic characteristics (e.g., MGEs) can be challenging.  

Overall, our genome-based characterization, including ANIb and phylogenomic 

analysis, revealed that 2 strains (VA24_5 and Lr4000) should be reclassified as members of 

the species L. albertensis, 1 strain (W1P44.042) as member of L. mucosae, and 2 putative 

novel species (strains W1P28.032 and UMB0683) that should be further characterized to 

confirm it is potential as novel members of Limosilactobacillus genus (Fig. 2). In this sense, 

we highlight the need for a comprehensive revision of Limosilactobacillus content in public 

databases that still contain species that require reclassification and putative novel bacterial 

species which have not yet been described, as previously observed [38].  

In our pangenome analysis, the core genome was represented by a higher number of 

genes than previously reported [39, 40]. However, previous studies analyzed former 

Lactobacillus members (before taxonomic reclassification), thus their genomes collection 

were more diverse than in our study, since we investigated only genomes of 

Limosilactobacillus strains isolated from humans. Nevertheless, the accessory genome for the 

74 strains included 10046 gene clusters, which highlights a high species/strain genomic 

specificity. Although most of accessory genes have unknown function, a large part was 

involved in metabolism, cellular processes and signaling or MGEs. On the other hand, the 

highest number of core genes was related to housekeeping functions such as translation, 

ribosomal structure and biogenesis, and replication, recombination and repair, which was 

similar to previous observations for related species [8, 40–42], and played vital roles for 

bacterial survival. Moreover, genes related to information storage and processing had been 

previously suggested as more conserved than other functional groups [43].  

While the majority of Limosilactobacilus genomic studies have focused on species 

most relevant to the industry e.g., probiotic market [44–47], we focused our analysis on 

Limosilactobacillus species found in the human urogenital microbiome. We observed that 

their core genes correspond to approximately 50% of all genes predicted, which is higher than 

in other inter-species studies [39, 43, 48] and more similar to intra-species genomic 
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comparisons [49–51], suggesting a high relatedness and common features of these urogenital 

species, likely promoting niche adaptation. Additionally, based on gene content, L. portuensis 

and L. urinaemulieris could produce D- and L-lactic acid, which similarly to related 

Lactobacillaceae species could contribute to maintenance of vaginal health [52]. L. portuensis 

also possess the gene encoding for enterolysin A which can be found in some Lactobacillus 

species [53] and can inhibit growth of certain Gram-positive bacteria, including 

Lactobacillaceae [54, 55]. Of note, we also found those species in vaginal microbiota of several 

asymptomatic women (unpublished data).  

With further analysis, we observed some enriched functions in L. portuensis and/or L. 

urinaemulieris which support the phenotypic findings of Ksiezarek et al. for these species [3]. 

For instance, L. portuensis can use L-arabinose, while L. urinaemulieris cannot; only the L. 

portuensis genome encode a L-arabinose isomerase (araA), L-ribulose-5-phosphate 4-

epimerase (araD), and L-ribulokinase. Moreover, different enriched functions associated 

with defense mechanisms were identified in these species. L. portuensis genome encode a 

multidrug transporter EmrE that confers resistance to a wide range of disinfectants and dyes 

known as quaternary cation compounds [56], and an efflux pump subunit AcrB that not only 

confers antibiotic resistance but was also demonstrated to protect Escherichia coli from the 

bile salts and fatty acids, thus influencing fitness responses [57]. Three type II toxin–antitoxin 

systems (yefM-yoeB, mazEF, and relBE) consisting of a toxic protein and its cognate antitoxin 

protein, the latter counteracting the toxicity of the former [58], known to interfere with 

essential cellular processes and being implicated in bacterial lifestyle adaptations such as 

persistence and the biofilm formation were identified in L. portuensis.   

The Type II CRISPR-Cas system, a well‐known molecular mechanism that provides 

adaptive immunity against exogenous genetic elements such as bacteriophages and plasmids 

in bacteria [59], was only found in the recently described L. urinaemulieris c9Ua_26MT, and 

other few Limosilactobacillus species (L. fermentum and L. mucosae) [9, 47]. The presence 

of a CRISPR-Cas system indicates an advantage in promoting L. urinaemulieris genome 

stability by acting as a barrier to entry of foreign DNA elements. Moreover, L. urinaemulieris 

c9Ua_26MT might be a main candidate for gene editing and cleavage of lytic bacteriophages 

in food industry, yet the functionality of the identified type II-A CRISPR-Cas system must be 

investigated.  

Notably, a lack of antibiotic resistance genes was observed in L. urinaemulieris and L. 

portuensis, revealing that these strains might be susceptible to different antibiotic classes. 

Different MGEs seem to be contributing to L. urinaemulieris and L. portuensis genome 
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plasticity. IS elements from IS30 family identified in these novel species, are also commonly 

detected in prokaryotic genomes, yet and to the best of our knowledge, ISLp1 or ISLhe30 were 

only identified in two other Limosilactobacillus species, namely L. fermentum or L. 

fermentum and L. reuteri, respectively [47, 60]. Cryptic plasmids have been previously 

identified in L. fermentum and L. reuteri [61], and in this study in L. portuensis, but still there 

is a lack of information on biological advantages they provide to the bacteria. Thus, further 

studies are needed to better understand their function. Prophages are a common feature 

among prokaryotic genomes, including in Lactobacillaceae [62, 63]. In this study, different 

complete, questionable, and incomplete prophage region were reported Limosilactobacillus 

strains isolated from voided urine of asymptomatic women, which might suggest that human 

urogenital tract is also a reservoir of bacteriophages, as observed in the human gut [64]. 

 

CONCLUSIONS 

Here, we investigated genomic diversity of recently reclassified Limosilactobacillus 

genus. We demonstrated existence of putative novel species in the public database, yet not 

validly described. Furthermore, we observed relatively small number of core genes for strains 

of human origin which suggests high species and strain-specificity within this genus. 

Accessory genome comprising various fitness and mobilome related genes likely represent 

adaptation and survival skills of these species. 

We also demonstrated unique genomic features of recently published L. urinaemulieris and 

L. portuensis isolated from voided urine of healthy women. Their specific content, e.g., 

involved in defense mechanisms, suggests that they may play a role in urogenital tract 

homeostasis. Furthermore, they showed high level of genomic relatedness and conserved 

functions.  

However, further sequencing to enlarge genomes collection and availability of complete 

genomes will contribute to better characterization of specific genomic structures and mobile 

genetic elements, in particular for urogenital Limosilactobacillus species to better evaluate 

their contribution to urogenital health. 
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Table 1. List of Limosilactobacillus species, number of genomes and origin available in NCBI 
database. 
 

Species No of 

genomes 

Host 

Limosilactobacillus agrestis 2 Rodents 

Limosilactobacillus albertensis 2 Rodents, Lemur 

Limosilactobacillus antri 2 Homo sapiens 

Limosilactobacillus balticus 2 Rodents, Pheasant 

Limosilactobacillus coleohominis 2 Homo sapiens 

Limosilactobacillus equigenerosi 3 Horse 

Limosilactobacillus fastidiosus 2 Rodents 

Limosilactobacillus fermentum 79 Homo sapiens, cheese, fermented food products 

Limosilactobacillus frumenti 3 Sourdough 

Limosilactobacillus gastricus 3 Homo sapiens 

Limosilactobacillus gorillae 1 Gorilla 

Limosilactobacillus ingluviei 3 Pigeon 

Limosilactobacillus mucosae 13 Homo sapiens, Pig, Boar, Cattle 

Limosilactobacillus oris 3 Homo sapiens 

Limosilactobacillus panis 1 Sourdough 

Limosilactobacillus pontis 3 Homo sapiens, Sourdough 

Limosilactobacillus portuensis 1 Homo sapiens 

Limosilactobacillus reuteri 200 Homo sapiens, Rodents, Poultry, Pig, Cattle, Horse, 
Sheep, Goat, Badger, Sourdough, dairy products 

Limosilactobacillus rudii 2 Rodents 

Limosilactobacillus secaliphilus 1 Unknown 

Limosilactobacillus 

urinaemulieris 

1 Homo sapiens 

Limosilactobacillus vaginalis 3 Homo sapiens 
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Table 2. Summary of 74 genomes belonging to 11 Limosilactobacillus species and 1 putative novel species isolated from human, 
including genome length, number of predicted genes and accession numbers. 
 

 Species Strain 
No of 
nucleotides 

No of genes 
predicted 

Assembly BioSample 

1 Limosilactobacillus albertensis VA24_5 2177265 2137 ASM1102800v1 SAMN14087229 

2 Limosilactobacillus antri DSM_16041T 2302896 2150 ASM16083v1 SAMN00001477 

3  MGYG_HGUT_01516 2241837 2151 MGYG-HGUT-01516 SAMEA5851019 

4 
Limosilactobacillus 
coleohominis 

101_4_CHN 1725829 1758 ASM16193v1 SAMN02463725 

5  DSM_14060T 1716238 2738 ASM143505v1 SAMN02369394 

6 Limosilactobacillus fermentum ATCC_14931T 1867005 1839 ASM15921v1 SAMN00001473 

7  28_3_CHN 2026518 1988 ASM16239v1 SAMN02463745 

8  FTDC8312 1966551 2007 ASM41700v1 SAMN02469912 

9  3872 2330492 2280 ASM46678v3 SAMN02314197 

10  Lf1 1815647 1865 LF1_1.0 SAMN02053534 

11  NB_22 2011311 2040 LfermNB22_1.0 SAMN02470787 

12  LfQi6 2098510 1836 ASM96683v2 SAMN03372370 

13  779_LFER 1935807 1970 ASM107702v1 SAMN03197989 

14  HFB3 2043356 2323 ASM129702v1 SAMN04038470 

15  UCO_979C 2011828 2271 ASM129790v1 SAMN04100088 

16  47_7 2098685 1866 ASM185410v1 SAMN05893390 

17  SNUV175 2272328 2251 ASM194178v1 SAMN06174220 

18  FTDC_8312 2239921 2163 ASM211964v1 SAMN06703219 
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19  LAC_FRN_92 2063606 1990 ASM219243v1 SAMN07192734 

20  SK152 2092273 2033 ASM224261v1 SAMN04858206 

21  SHI_2 1937976 1938 ASM259193v1 SAMN07267218 

22  279 1983266 2002 ASM279427v1 SAMN08014151 

23  311 2043115 2077 ASM279431v1 SAMN08014154 

24  103 2048240 2096 ASM279437v1 SAMN07985466 

25  UMB0187 1969291 1990 ASM286326v1 SAMN08193695 

26  LfU21 1966592 1991 ASM286982v1 SAMN08290293 

27  CBA7106 2042277 1958 ASM325587v1 SAMN07224244 

28  CIM_MAG_1415 1758796 1853 ASM334358v1 SAMN08294985 

29  AF16_22LB 1996988 1969 ASM346275v1 SAMN09734308 

30  AF15_40LB 1968193 1954 ASM346428v1 SAMN09734289 

31  AF11_4_H 1935804 2286 ASM346508v1 SAMN09734212 

32  MTCC_5898 2098685 1834 ASM420881v1 SAMN10868412 

33  BIO6529 2127042 2225 ASM886847v1 SAMN12856542 

34  AGR1487 1939032 1901 ASM1103274v1 SAMN13639333 

35  AGR1485 2226862 2126 ASM1103276v1 SAMN13241836 

36  CVM_347 2091502 2326 ASM1129075v1 SAMN14329897 

37  S30 2159265 2223 ASM1142035v1 SAMN10869160 

38  L13 1947210 1984 ASM1207060v1 SAMN10906232 

39  L18 2113188 2348 ASM1207062v1 SAMN10906314 

278



40  HFD1 2101878 2009 ASM1227303v1 SAMN14470504 

41  MGYG_HGUT_00166 1968193 1954 MGYG-HGUT-00166 SAMEA5849667 

42 Limosilactobacillus gastricus PS3 1904872 2002 ASM24777v2 SAMN02471359 

43  DSM_16045T 1848461 1896 ASM143436v1 SAMN02369419 

44  LG045 1905155 2009 ASM964855v1 SAMN13111359 

45 Limosilactobacillus mucosae CRL573 2257701 2667 ASM76690v1 SAMN03081593 

46  A1 2175821 2110 ASM1342386v1 SAMN15515560 

47  INIA_P508 2172535 2114 INIA_P508 SAMEA5673459 

48  MGYG_HGUT_02319 2369669 2207 
UHGG_MGYG-
HGUT-02319 

SAMEA5851823 

49 Limosilactobacillus oris PB013_T2_3 2115990 2049 ASM18001v1 SAMN00116776 

50  F0423 2174937 2081 ASM22150v2 SAMN00195308 

51  DSM_4864T 2031774 1956 ASM143446v1 SAMN02369408 

52 Limosilactobacillus portuensis c11Ua_112MT 2115452 2208 ASM1483873v1 SAMN15159667 

53 Limosilactobacillus reuteri SD2112 2316838 2330 ASM15945v2 SAMN00001494 

54  MM4_1A 2067914 2089 ASM15947v2 SAMN00001504 

55  CF48_3A 2107903 2212 ASM15961v1 SAMN00001503 

56  MM2_3 2015721 2067 ASM16071v1 SAMN00002242 

57  IRT 1993967 1995 ASM104683v1 SAMN03382532 

58  DSM_20016T 1999618 2027 ASM1682v1 SAMN02598351 

59  MD_IIE_43 2059118 2068 ASM200708v1 SAMN06315550 

60  M27U15 2035662 2144 ASM211219v1 SAMN06640219 
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61  MM34_4A 2152944 2260 ASM211280v1 SAMN06640223 

62  ATG_F4 2041516 2066 ASM420861v1 SAMN10888479 

63  C93 1887942 1930 ASM434965v1 SAMN10689995 

64  C88 2066995 2177 ASM434968v1 SAMN10689994 

65  reuteri 2047619 2064 ASM918472v1 SAMN12990932 

66  LMG_P_27481 2016419 2068 ASM1106543v1 SAMN13025177 

67  Marseille_P5461 2039572 1801 PRJEB32461-P5461 SAMEA5606434 

68  Marseille_P5460 2039540 1800 PRJEB32461-P5460 SAMEA5606433 

69  Marseille_P4904 2039591 1698 PRJEB32461-P4904 SAMEA5606432 

70 Limosilactobacillus sp. nov. UMB0683 1873656 1749 ASM294094v1 SAMN07580856 

71 
Limosilactobacillus 
urinaemulieris 

c9Ua_26MT 1898259 1909 ASM1483874v1 SAMN15159665 

72 Limosilactobacillus vaginalis ATCC_49540T 1877332 1896 ASM15943v1 SAMN00001485 

73  CBA_L88_BV2 1879874 1907 ASM383315v1 SAMN10395645 

74  LV515 1894710 1897 ASM936293v1 SAMN12784813 
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Table 3. Core and accessory genome characterization of 5 Limosilactobacillus strains (3 
species) of urogenital origin. 

 
Core 

genome 
Accessory genome 

Species Strain Origin 

No. of 

core 

genes 

No. of 

softcore 

genes 

No. of 

dispensable 

genes 

No. of 

unique 

genes 

Limosilactobacillus 

urinaemulieris 

c9Ua26T urine 1449 62 234 164 

Limosilactobacillus 

portuensis 

c11Ua_112T urine 1464 75 275 394 

Limosilactobacillus 

vaginalis 

 

ATCC_49540T vagina 1428 95 284 89 

CBA_L88_BV2 vagina 1441 77 199 190 

LV515 vagina 1440 96 355 6 

 
 
 
Table 4. Mobilome of urogenital L. urinaemulieris and L. portuensis. 

Strain Prophage Plasmid 
rep 

gene 

IS element/ 
IS family  Length 

(Kb) 
Completeness GC% Total 

proteins 
Most common phage 
(GenBank Accession 
No.)  

c9Ua_26M 55.6 intact 38.90 63 Lactobacillus tphage phi 
g1e 
(NC_004305) 

- 
 

ISLp1/IS30 
ISLhe30/IS30 

42.2 intact 38.75 75 Lactobacillus phage 
BK5-T 
(NC_002796) 

c11Ua_112M 26.0 questionable 39.21 38 Lactobacillus phage 
bIL286 (NC_002667) 

repUS19 
(pDLK3) 

ISLp1/IS30 

11.4 questionable 40.29 15 Levilactobacillus phage 
Lb (NC_047983) 

17.0 incomplete 34.46 17 Lactiplantibacillus 
phage Sha1 
(NC_019489) 

9.3 incomplete 34.90 15 Lactocbacillus phage 
phiadh (NC_000896) 

14.3 incomplete 38.27 15 Levilactobacillus phage 
Lb (NC_047983) 
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Figure 1. Heatmap representing percentage identity of ANIb for 332 Limosilactobacillus 
genomes. The largest clusters comprise strains identified as L. reuteri (n= 200 genomes), L. 
fermentum (n= 79 genomes) and L. mucosae (n= 13). The designation of the strains 
represents original identification under which strains were deposited in the public NCBI 
database. 
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Figure 2. Phylogenomic tree based on single-copy core 37 genes encoding ribosomal proteins 
created with anvi’o v6 pipeline and edited in iTOL. Maximum likelihood tree with Jones-
Taylor-Thorton substitution model was built with FastTree v 2.1.11 with SH-like 1000 support. 
Tree includes all validly described species type strains and not identified or not properly 
identified strains of Limosilactobacillus genus. Strains designated with one asterisk (*) at the 
end indicate strains originally deposited as L. reuteri, and with two asterisks (**) originally 
deposited as L. pontis. 
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Figure 3. Pangenome of all Limosilactobacillus strains isolated from human host (11 species, 
1 putative novel species, 74 genomes) generated by anvi’o. Genomes are organized based on 
tree of frequencies of gene clusters (right top). Each color represents different species. 
External white-green ring represents COGs functionality annotation, with green standing for 
known and white for unknown functions. Outside ring represents particular genes collections: 
red - core, black - accessory genome. Within accessory genome, softcore is marked in yellow, 
and singletons in blue. Additional information such as total length, GC content, completion, 
redundancy, number of genes, average gene length, number of genes per kbp, singleton gene 
clusters and number of gene clusters are represented by bars in top right.                
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Figure 4. Pangenome specific genes collections grouped by COG functional categories. 
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Figure 5. Distribution of COG categories for all detected genes among 5 Limosilactobacillus strains. 
 

 
 
Figure 6. Schematic representation of CRISPR-Cas system in L. urinaemulieris c9Ua_26MT. The length of the arrows represents 
the length of the genes. 
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Additional material associated with the manuscript entitled “Limosilactobacillus spp. 

diversity and relevant features of urogenital species” is available through the following links: 

 

Supplementary Material: 

Table S1 

https://docs.google.com/spreadsheets/d/138XOq7qjJxIs-

NwfaCh7YHdKZPJBoQcQ/edit?usp=sharing&ouid=115798665925427872829&rtpof=true&

sd=true 

Table S2 

https://drive.google.com/file/d/179QE-

NV88tUQTSUgb44Sl1wI8eDO1lln/view?usp=sharing 

Table S3 

https://docs.google.com/spreadsheets/d/17twPnAK0ocdwyUlGEE1KzSqoY96Ev2ne/edit?u

sp=sharing&ouid=115798665925427872829&rtpof=true&sd=true 

Table S4 

https://docs.google.com/spreadsheets/d/19acGQ3qb7r1rU7O8k6wDASKJRvgjcHHm/edit?

usp=sharing&ouid=115798665925427872829&rtpof=true&sd=true 

 

Figures in high resolution: 

https://drive.google.com/file/d/1h6MssB30epIht2VZDh3FiR4mB9-

fEF07/view?usp=sharing 

https://drive.google.com/file/d/1fMXMOmfZ4cFkSI-

CyB6WBCmXuHYN5Lpr/view?usp=sharing 
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Discussion and conclusions 
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With this work, we enlarged the diversity of bacterial members and community structures of 

female urinary tract microbiome (FUM) and presented novel data on dynamics of FUM over 

a long-time period. New findings on the relationship between vaginal and urinary tract (UT) 

microbiome and a snapshot on the FUM structure in UT diseased hosts are also presented. 

Moreover, fine-grained bacterial analysis allowed the identification of 3 new species and 7 

putative new ones as well as relevant virulence/properties of different bacterial groups (e.g., 

Escherichia coli, Prevotella sp. and Limosilactobacillus sp.). These achievements derived 

from a detailed data analyses and improved methodological approaches. Following, details on 

the main achievements and their relevance for improving FUM understanding are presented.  

 

 

1. Comprehensive FUM structure composition. 

Our data demonstrated that healthy FUM is characterized by a wide repertoire of bacterial 

species (8 phyla, 116 genera, 297 species; 53 species/sample). Overall, the FUM alpha diversity 

is intermediate comparing to other human body sites and species present relatively uneven 

distribution5. Moreover, healthy FUM presents a high degree of inter-individual species 

variability. Our data confirmed that previously defined urotypes such as Lactobacillus, 

Streptococcus or Gardnerella are indeed highly prevalent among healthy individuals, 

however for the first time we demonstrated high diversity within these urotypes. For instance, 

Lactobacillus urotype may comprise diverse bacterial communities, with six different species 

variable in abundance and/or presence (L. crispatus, L. iners, L. gasserii, L. paragasseri, L. 

jensenii, L. mulieris), which likely diverge in functional characteristics. Moreover, we 

uncovered diversity of Gardnerella genus, demonstrating that healthy FUM may comprise 

four different Gardnerella species (G. vaginalis, G. swidsinskii, G. leopoldii, G. 

genomospecies 3).  Furthermore, certain bacterial species are highly prevalent (present in 

more than 50% of samples analyzed, e.g., Corynebacterium tuberculostearicum, Finegoldia 

magna, Prevotella bivia), however there is not a single species that would be common to all 

healthy FUM. Opportunistic pathogens associated with human UTI and/or genital tract 

diseases are often detected among healthy FUM (e.g., Atopobium vaginae, Escherichia coli, 

Ureaplasma urealyticum). These novel findings are of high importance since proper 

understanding of healthy FUM diversity is essential for further recognition of FUM dysbiosis 

and treatment development. 

Our set of urine samples was subjected to analysis by two complementary methodologies i.e., 

improved protocol for 16S rRNA gene amplicon sequencing and optimized culturomic 
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approach. Considering that urine are low-biomass samples, we enlarged initial urine volume 

(20 ml) used for total DNA extraction, while previous studies used much smaller volume 

(usually 1 ml)26,74,80. Our study is also the first to apply long reads sequencing technology to 

characterize healthy FUM, which targets near full length of 16S rRNA gene. These 

improvements are highly important to increase accuracy of bacterial DNA detection from 

urine samples and especially species-level identification, since other studies usually apply 

sequencing only of selected 16S rRNA variable regions.  

 

Furthermore, current culturomic-based urinary tract microbiome studies typically 

characterize a small number of bacterial isolates that represent most abundant morphotypes. 

We improved previously used culturomic protocol mainly by supplementing microbiological 

culture media to enhance recovery of fastidious bacteria (e.g., Lactobacillus sp., Gardnerella 

sp.) and by outstandingly broaden characterization of isolates recovered from each sample. 

Specifically, following our protocol, on average we characterized over 100 isolates/sample, 

while previous studies isolated and identified up to 5 isolates/sample75,133.  

 

For the advancements in uncovering diversity of healthy FUM going beyond commonly used 

MALDI-TOF MS, through housekeeping genes sequencing (e.g., 16S rRNA, pheS, cpn60, 

rpoB), was essential. This novel and exhaustive approach for microbiome members 

characterization allowed accurate identification of bacterial species in FUM (e.g., 

Lactobacillaceae, Gardnerella sp., Corynebacterium sp.) and detection of ten putative novel 

species (taxonomic description of Lactobacillus mulieris, Limosilactobacillus urinaemulieris 

and Limosilactobacillus portuensis). Genomic and biochemical characterization of these 

novel species will contribute to better understanding of their metabolism and fitness in 

healthy UT. Importantly, MALDI-TOF MS insufficiencies were also identified. Of note are 

those concerning the most abundant and/or prevalent bacterial species (e.g., Lactobacillaceae, 

Gardnerella sp.) that were often misidentified, mostly due to limitations of spectral reference 

databases. These culturomic improvements together with a more accurate identification 

allowed to enlarge the repertoire of bacterial species inhabiting healthy UT and a better 

understanding of healthy FUM structure. 

 

The culturomic findings were complemented by data obtained from amplicon sequencing e.g., 

identification of slow-growing and/or fastidious species (e.g., Campylobacter ureolyticus, 

Ureaplasma parvum, Sneathia sanguinegens). Moreover, using two methodologies we 
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confirmed the presence of several low abundant bacteria detected by amplicon sequencing in 

healthy FUM (e.g., Actinomyces urogenitalis). This demonstrates, that currently used 

approach for amplicon sequencing data filtering (removal of taxa detected in < 0.1%) is 

inaccurate and will understate FUM diversity. Overall, applying both methodologies was 

shown to be beneficial for FUM compositional characterization (only 22% of species were 

detected by both methodologies). However, such extensive analysis may be associated with 

high costs and importantly, data integration may be challenging. Both approaches 

demonstrate specific advantages and limitations (e.g., quantification of bacteria in FUM). For 

instance, amplicon sequencing allows much faster FUM identification thus it could be more 

advantageous for diagnostic purposes, while culturomic does provide isolates for further 

manipulation and experimental testing and it seems more valuable in the research.  

 

 

2.Compositional long-term stability of FUM in asymptomatic population. 

 

Our data highlights that healthy microbiome composition may significantly change overtime 

(e.g., switch between different species such as Gardnerella vaginalis to Gardnerella 

swidsinskii or Lactobacillus jensenii to Lactobacillus crispatus), thus there might be different 

microbiome structures during the individual lifespan with similar functions. Importantly, 

these findings highlight the critical need for functional microbiome characterization, as 

different microbes may share the same functional traits. We demonstrated that certain 

bacterial communities appear to be more resilient in this niche (e.g., communities composed 

by Lactobacillus crispatus, Bifidobacterium sp., Lactobacillus paragasseri). Possibly, these 

communities have a greater fitness and are less susceptible to microbiome imbalances that 

could lead to disease. We also reported association of compositional FUM changes of 

Finegoldia magna and Streptococcus anginosus with host smoking status, which deserves 

further exploration, especially that these species have been previously reported from patients 

with urologic conditions.  

 

 

3. Interconnection between urinary tract and vaginal microbiome. 

 

Our findings demonstrated that urinary tract and vaginal microbiome are similar regarding 

overall structure (beta diversity, alpha diversity i.e., Pielou evenness and Shannon index). 
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However, several differences between microbiome in both niches can be observed at species 

level. For instance, differential abundance of certain species contributed to community 

disparities (e.g., urinary tract was enriched in Gardnerella genomospecies 3 while vaginal 

microbiome was enriched in Limosilactobacillus urinaemulieris). Moreover, certain 

differences were observed in co-occurrence correlation patterns, e.g., Lactobacillus jensenii 

and Lactobacillus iners are positively correlated in vaginal microbiome, while negatively 

correlated in urinary tract microbiome. Since many taxa are present in both urinary tract and 

vagina, there is a possibility that specific microbes may interchange their exact location and 

act complementary in both niches. 

Importantly, most paired samples presented different microbiome structures, supporting 

usage of mid-stream voided urine as representative sample for lower urinary tract microbiome 

characterization. 

 

 

4. FUM in urinary tract diseased hosts. 

 

Our initial characterization suggests the microbiome of hosts with urologic conditions are 

enriched in putative uropathogenic species. We identified some UTI-associated species only 

in diseased cohorts e.g., Proteus mirabilis, Pseudomonas luteola, Citrobacter portucalensis 

in women diagnosed with overactive bladder syndrome, or Klebsiella pneumoniae, 

Varibaculum sp. in women with history of rUTI, however they were mostly in low relative 

abundance. Moreover, Lactobacillus iners was often present in high relative abundance, in 

both cohorts. Microbiome of OAB women was enriched in Enterococcus faecalis, 

Campylobacter ureolyticus, Ureaplasma parvum and occasionally with Gardnerella 

genomospecies 3 and Gardnerella leopoldii. Interestingly, OAB woman with the highest 

symptom severity score had bacterial community composed of potentially relevant e.g., 

Gardnerella vaginalis and Ureaplasma urealyticum. Nevertheless, this data should be 

further explored on larger well-characterized cohort since our sample size was relatively small 

and our asymptomatic controls were of different age. 

 

 

5. Insights on relevant features of selected FUM members 

Our analysis allowed to isolate multiple potentially relevant species to urinary tract health for 

which a little information is available. While characterizing novel species and/or poorly 
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explored FUM members we encountered members of the genus Limosilactobacillus and 

Prevotella that could have a role in urinary tract homeostasis. We also explored genomic 

diversity of Escherichia coli inhabiting asymptomatic population, since this species is the 

most common cause of UTI.  

Since Prevotella genus is often involved in human infections/diseases, we explored genomic 

features of two closely related species i.e., Prevotella corporis and Prevotella brunnea, both 

isolated from our urine samples. We found that they are likely opportunistic pathogens, and 

they share conserved features that might be involved in their virulence (e.g., patatin-like 

phospholipases). Both species have also specific virulence-associated traits, especially strains 

isolated from diseased host (e.g., sialic acid synthesis, specific proteases, genes involved in 

arsenate resistance). Interestingly, both species can ferment mannose, which could have an 

impact on UT homeostasis. Particularly, they could contribute to reduction of quantities of 

mannose in bladder environment, which is proposed as supplementation to inhibit E. coli 

adhesion properties and thus, act preventively for UTI. We also provided data on resistance 

of these isolates, showing that they could contribute to spread of resistant genes (e.g., tetQ). 

Additionally, analyzing recently reclassified Limosilactobacillus genus, we highlighted several 

features that suggest that these bacteria are involved in urinary tract health. We demonstrated 

high variability within the genus, but high rate of conserved functions (e.g., lactic acid 

production) among strains of urogenital origin. Both works present novel descriptive genomic 

analysis of poorly explored species, which will provide basis for further studies investigating 

their role in urinary tract homeostasis. 

 

Our compositional data revealed high prevalence of putative uropathogens in healthy 

population, which led to comprehensive characterization of Escherichia coli strains isolated 

from urogenital tract of asymptomatic women. Our data confirms that most strains inhabiting 

healthy women belong to extraintestinal pathogenic E. coli and have highly similar genomic 

background and virulence genes profile as those known to cause UTI. The factors that 

contribute to transition from commensal to pathogen remains unclear and should be further 

investigated. We also provided novel data on antimicrobial resistance of E. coli clones 

colonizing healthy women constituting a potential source of antimicrobial resistant genes to 

co-habiting microbiome members. Some strains were resistant to antibiotics commonly used 

in UTI treatment which should be of clinical concern, since it may increase risk of treatment 

failure if the host eventually develop UTI. We also contributed to phylogenomic 
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characterization of E. coli strain isolated from non-human severe UTI, demonstrating the 

importance and distribution of hemolysin A operon duplication in severity of UTI. 

 

 

Overall, this work contributed to in-depth understanding of healthy FUM demonstrating that 

microbiome of urinary tract is composed of complex bacterial communities, and it is highly 

variable between individuals and within individuals over time. Lack of single bacterial species 

common to all asymptomatic individuals and especially, presence of putative uropathogenic 

species and without clinical signs of infection suggest that microbial interactions within 

microbiome play crucial role in urinary tract homeostasis. Additional future hypothesis would 

be that interlink between urinary tract and vaginal microbiome provide interchangeable 

transient species that may act prophylactically or deleteriously in each niche.  

The future research effort should focus on identifying species/species combinations in FUM 

that could prevent disease/infection development. Further exploration of functional 

properties of other FUM members and experimental validation of genomic findings relevant 

for UT health is needed. Importantly, the research focus should be directed towards 

understanding microbial functionality in the community, since single bacterial isolate might 

behave differently. Moreover, advancing the field with transcriptomic and proteomic analysis 

may bring important data regarding strains colonizing urinary tract to distinguish putative 

pathogens from commensals. 

Ultimately, the data presented in this thesis will largely contribute to future dysbiosis 

definition and lead to further development of therapeutic approaches involving microbiome 

interventions. 
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APPENDIX 1 

 
Optimization of culturomic protocol1 (Table 5) was based on three main steps: 

1) modification of culture media and size of Petri dishes to facilitate capturing morphologically different bacteria from urine samples 

 protocol included chromogenic agar supplemented with 2% (w/v) gelatin, 0.5% (w/v) yeast extract, 0.1% (w/v) starch, 

0.1% (w/v) glucose which was previously described to improve growth of Gardnerella sp.2 and with 0.1% (v/v) Tween 

80 which is beneficial for growth of most Lactobacillacea3 

 size of Petri dishes was increased from commonly used 90 mm diameter plates to 140 mm diameter plates. 

2) characterization of enhanced number of isolates to improve bacterial diversity captured from the samples 

 up to 5 isolates of the same morphotype were isolated, including all morphotypes possible to be visually identified. 

3) improvement of identification methods to provide reliable identification at species level 

 Sanger sequencing of specific marker genes including 16S rRNA gene, pheS for Lactobacillaceae, cpn60 for Gardnerella, 

rpoB for Acinetobacter and Staphylococcus, recN for Citrobacter 

 additional identification by species specific PCRs namely dltS for Streptococcus agalactiae, sodA for Enterococcus 

faecalis, malB for Escherichia coli 

 

Table 5. The modified culturomic protocol used in all tested samples. 

Collection 
method 

Urine 
volume 

Culture media Atmospheric 
condition 

Temperature Incubation 
time 

Isolate identification 

MSU 100 µl BAP, sCAP, FTM aerobic 37°C 48 h MALDI TOF-MS, sequencing of marker genes, 

species specific PCR, complementary 

laboratory identification based on Gram-

staining or biochemical tests 

100 µl BAP, sCAP microaerophilic (5% CO2) 37°C 48 h 

100 µl BAP anaerobic 37°C 48 h 

MSU - midstream urine, BAP - Blood agar plate, sCAP - supplemented Chromogenic agar plate, FTM - Fluid Thioglycollate Medium, MALDI-TOF MS - matrix-

assisted laser desorption/ionization time-of-flight mass spectrometry, PCR - polymerase chain reaction.
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