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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 UTT) 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,



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



Resumo

O microbioma do trato urinario (TU) foi dos tltimos a ser reconhecido no corpo humano. Embora
desempenhe potencialmente um papel importante na satide do TU, continua a ndo existir um
conhecimento de base, nomeadamente na composi¢ao da comunidade bacteriana, diversidade de
espécies e estirpes, estabilidade ao longo do tempo, essencial a estudos futuros que conduzam a

diagnosticos e abordagens terapéuticas em doencas do TU.

Os principais objetivos desta tese foram caracterizar de forma abrangente a composicao
bacteriana do microbioma do TU de mulheres assintomaticas em idade reprodutiva, a sua
estabilidade a longo prazo e interligacdo ao microbioma vaginal, através de analise culturéomica,
apoiada por metodologias baseadas em DNA. Avaliou-se o potencial do microbioma urinério
feminino (FUM) em atuar como um reservatorio de uropatogénicos revelando caracteristicas
importantes de membros do microbioma que favorecem a sua capacidade de colonizar e persistir
no TU assintomatico. De forma a complementar os estudos na populacio assintomética, foi
também realizado um estudo preliminar de FUM em coortes de mulheres doentes (sindrome da

bexiga hiperativa e infe¢oes recorrentes do TU).

Os resultados gerais desta tese demonstram que o FUM apresenta uma grande diversidade (297
espécies), com varios tipos de estrutura associados ao hospedeiro saudavel. A aplicacao das duas
metodologias (culturémica e sequenciacdo) foi imprescindivel 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 nao parece apresentar um nucleo bacteriano
especifico ao nivel das espécies. Este trabalho também contribuiu para desvendar a notavel
diversidade de espécies de Lactobacillus, Gardnerella e Corynebacterium que residem no TU
saudavel. Além disso, apesar de muitas bactérias potencialmente benéficas estarem geralmente
presentes, os individuos saudaveis também sao frequentemente colonizados por potenciais

patogénicos.

Através de analises muito detalhadas foi possivel descrever 3 novas espécies (Lactobacillus
mulieris, Limosilactobacillus urinaermulieris, Limosilactobacillus portuensis) assim como 7
potenciais novas espécies de Corynebacterium em FUM saudavel. A avaliacao da capacidade do
MALDI-TOF MS na caracterizacdo de FUM, uma vez que é a tecnologia de identificacdo 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 parecam mais
estaveis (por exemplo, aquelas com maior abundancia de L. crispatus), o que pode ser um
determinante para menor suscetibilidade a disbiose. Assim, pode haver diferentes estruturas do
FUM durante a vida do individuo com funcoes semelhantes. A caracterizacao e a comparacao com
o microbioma vaginal demonstraram que, embora os dois nichos sejam compostos por grupos
bacterianos semelhantes, as diferencas surgem sobretudo ao nivel de espécie (abundancia relativa
de L. urinaemulieris ou padroes de co-ocorréncia de espécies, por exemplo, Lactobacillus jensenii
e Lactobacillus iners positivamente correlacionados no microbioma vaginal, enquanto
negativamente correlacionados no FUM). As amostras urinarias 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 descrigao de
FUM.

Os dados obtidos com um pequeno coorte de doenca do TU demonstraram que este grupo, mesmo
na auséncia de sintomas, é mais frequentemente colonizado com maior nimero de potenciais
patogénicos, incluindo espécies dificeis de detetar em cultura (por exemplo, Ureaplasma

parvum, Ureaplasma urealyticum).

Adicionalmente, a sequenciacdo do genoma completo (WGS) de isolados selecionados revelou
caracteristicas particulares de estirpe. Por exemplo, verificou-se que a maioria das estirpes de
Escherichia coli que habitam o TU saudavel pertencem a linhagens patogénicas extraintestinais
de E. coli e estdo altamente relacionadas com estirpes que causam infe¢cdes do TU em todo o
mundo. Além disso, podem apresentar resisténcia aos antibiéticos comumente usados na clinica,
0 que é particularmente preocupante. Com a caracterizacdo genoémica adicional de estirpes de
Prevotella corporis e Prevotella brunnea identificaram-se possiveis caracteristicas que poderao
contribuir para o seu potencial patogénico (por exemplo, sintese de acido sialico). WGS de L.
urinaemulieris e L. portuensis adicionaram informacoes sobre sua potencial contribuicao para a
saude urogenital (por exemplo, potencial para produzir acido lactico). Todos estes trabalhos
baseados no genoma fornecem a base para estudos adicionais que permitirao explorar os papéis

dessas e de outras espécies na homeostase do trato urinario.

Em suma, esta tese contribuiu para uma compreensao aprofundada do FUM saudavel,
demonstrando que a sua composicao inclui comunidades bacterianas complexas e que €
altamente variavel intra- e inter-individualmente ao longo do tempo. A falta de uma tinica espécie

bacteriana comum a todos os individuos assintomaticos e, especialmente, a presenca de espécies

viii



potencialmente uropatogénicas na auséncia de sinais clinicos de infecdo, sugere que as interacoes
microbianas no microbioma provavelmente desempenham um papel crucial na homeostase do
TU.

Palavras-chave: Culturémica, sequenciacdao de amplicoes, 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 1680s!. 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 Healths. 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)®¢. Nevertheless, currently the terms “microbiome”
and “microbiota” have interchangeable use’. The main research focuses on composition and
functional characteristics of healthy microbiome and the impact of microbiome balance

(eubiosis) and imbalance (dysbiosis) on human health?».

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)50-12, 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 strategiess31.

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 colitis3.4.
Additionally, changes in gut microbiome composition have been associated with diabetes type
2 or obesity?s6, 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)-19, The knowledge



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 pathologies2°-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)2526. 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 (UTT).

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 phosphate=9.
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



are able to utilize these components (e.g., urease-producers) and with highly versatile
metabolism (e.g., Escherichia coli)3:3'. Furthermore, due to low levels of iron, the expression
of siderophores for iron acquisition will also facilitate bacterial colonization and survivals2.
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)3s. 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)3¢. 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



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 contributions’. 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 catheters”: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 MSU=27.
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 interconnected3®. Moreover, most prevalent taxa (e.g., Lactobacillus,



Gardnerella) in UT have been detected by both MSU and TUC with the same efficiency4o-4,
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 recovery4647. 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 stability48-5°. 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 compositions52.

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 recognizeds2. 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 speciesss. 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



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
bodyss-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 data®.

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 2rd 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 3™ 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-¢s.



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

sample48.06.67,
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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 diversity®s:6.
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)7° such as lysozyme and mutanolysin acting on



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 membrane7:.
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 membrane7273. Of note, urinary tract
microbiome studies conducted in previous years applied mostly enzymatic extraction
protocols targeting Gram-positive bacteria2527:5974-76 or occasionally used a mechanical

extraction®e.

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 DNA7778,
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

sequencing4s.

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
V626,27:51,59,00.74,79-83 which resulted in biased results and more importantly, will challenge
future data integrations485. 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 regionssé.
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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 genes®7:88,

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 similaritys5. 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 clustering®9.

Independently of the chosen approach, taxonomic assignment is only achieved using different
databasess¢9° (Ribosomal Database Project-RDP9:, SILVA rRNA database project92,
Greengenes) in combination with bioinformatic tools (e.g., QIIME?%4, mothur%, DADA29%).
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 cell5560.99, Furthermore, 16S rRNA gene might be highly similar for

closely related species, thus it often allows for reliable identification only up to genus level9°.

Box 2 - The 16S ribosomal RNA gene

The 16S ribosomal RNA gene (77s), 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-V9g)66,100-104,

Hel - N B - [

69-99 137-242 433-497 576-682 822-879 986-1043 11171173, 1243-1294 1435-1465

Schematic representation of 16S rRNA gene (~1500 bp) comprising hypervariable (V1-Vg) 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 pathways05106, 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 members05:107,108,

however there are also studies reporting the oppositeo9.

In this methodology the total genomic DNA extracted from the sample is randomly
fragmented and sequenced®:. Currently, the short-read sequencing platforms are more
commonly used in metagenomic studies®:09, 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)s®. 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 program° or may be processed
using discriminative markers e.g., unique clade-specific marker genes by MetaPhlAn
(Metagenomic Phylogenetic Analysis)out,

However, reads might also be assembled into contigs which will be further grouped to create
draft genomes i.e., metagenome-assembled genomes (MAGs)*'2. There are many tools that can
be used to perform these steps (e.g., MetaVelvet'3s, metaSPAdes"4, MetaBAT"'5, GroopM!6,
Anvi’o'7). 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 search618.19. Noteworthy, tools chosen for data analysis may lead to

differences in final resultsto8.120,

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 platformss976121122. 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)7¢. There are also metagenomic studies focused only on viral
population in urinary tract microbiome?3124 confirming phages (including many putative
novel prophages) as the type of viruses most often identified from urine. Some studies also
performed metagenomics on UTI cohorts'25126 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 used27-128,
Culturomic approach allows in-vitro growth of various bacterial species for further
phenotypical and/or genotypical characterizations’. 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 development!27.129.130,

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 diagnosis®st. 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 significant*s2. Standard urine
culture (SUC) designed for most common uropathogens establishes the culture of 1 uL 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 negative7s133.
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
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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 methodologies34-137.
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MALDI-TOF mass spectrometry preparation and detection process.

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),
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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 Ki 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 pL to 100 uL75'33, or even sampling re-
suspended urine sediment38. 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 UTI*39. 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 samples® (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 | Urine volume Culture media Atmospheric Temperature | Incubation Isolate Reference
method condition time identification
Culture of MSU, TUC NA BAP 5% CO- 37°C 48 h Standard Khasriya et
i biochemical test [, 20134°
lslef(liril;rgnt NA Fastidious anaerobic anaerobic 37°C 7 days a;l(zic ermealtests | @ 3
agar 16S rRNA gene

Enhanced TUC 100 pl BAP, Chocolate agar, 5% CO- 35°C 48h MALDI-TOF MS Hilt et al,
quantitative CNA agar 20147
urine culture : o

100 pul BAP b 0°C 8h
EQUC u aerobic 3 4

100 ul BAP aerobic 35°C 48 h

100 pl CDC anaerobe 5% Campy gas 35°C 48 h

sheep blood agar mixture (5% Ox,
10% CO-, 85% N)
100 pl CDC anaerobe 5% anaerobic 35°C 48h
sheep blood agar
1ml thioglycolate aerobic 35°C 5 days
medium*

Streamlined | TUC 100 pl BAP, CNA agar 5% CO2 35°C 48 h MALDI-TOF MS Price et al,
EQUC ) 201639

100 pl MAC aerobic 35°C 48 h
Expanded MSU 10 ul TSA with 5% sheep aerobic 35°C 7 days MALDI-TOF MS | Coorevits
urine culture blood, Schaedler agar etal,
EUC 2017!33

ol TSA with 5% sheep anaerobic 35°C 7 days 7

blood, Schaedler agar
Culturomics | MSU resuspended Chocolate agar 5% CO2 37°C 48 h V9 region of Curtiss et
of pellet from 5 ml 16S rRNA gene al, 2017138
resuspended of urine
sediment of resuspended Chocolate agar anaerobic 37°C 7 days
urine pellet from 5 ml
of urine

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 symptoms27.60:87133.140 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
guto7.74.80.82.141-147 - 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’748°. 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 controls4°7475, and might be also
influenced by host-associated factors e.g., hormonal status, menstruation, smoking status,
BM1I41121.148-150, 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 Proteobacteria2¢.7581, 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
microbiome4:7579-145, Finally, Prevotella sp., (from Bacteroidetes) and Escherichia coli (from
Proteobacteria phylum) are also detected from healthy UT=26428182.133 Apparently, urinary
tract microbiome of asymptomatic individuals contains mostly commensal bacteria, however
recognized uropathogens are also isolated:ss.

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 prevalence+2. 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

MSU

Sequencing Vi-
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-Vo;
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 Vi-
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 Number Sample Methodology | Main findings Reference
(years) of donors | collection used
method
- 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 Vi- | - female microbiome had higher diversity and was significantly different Lewis et al,
V3 regions of than male 201360
Male 39-83 6 16STRNA gene | _ 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.
Female 23-65 86 MSU SUC, EUC - nearly all samples (91.1%) contained =104 CFU/mL of live bacteria Coorevits et
- higher diversity and bacteria load was observed in female samples al, 2017:33
Male 15 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
Female NA 12 MSU quuencing - first preliminary report on additional fungi in healthy urinary tract Ackerman
with the ITS1 microbiome to previously reported Candida sp. and Saccharom S et al, 2017
fungal 0 previously repo a a sp. accharomyces sp.
ribosomal - fungi were detected in every urine sample from asymptomatic women
primer set - there was a high interindividual variability in fungal population
Female | inranges 79 MSU Culturomics of | - there was no correlation observed between age and number of genera Curtiss et
of 10-19, resuspended identified al, 201840
20-29, 30- se@lment of - overall, 60 bacterial genera were identified with Streptococcus sp.,
39, 40-49, urine and Staphylococcus sp., Corynebacterium sp. and Lactobacillus sp. being
50-59, 60- most dominant, and present in both, pre- and post-menopausal women
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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)

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

Wollff et al,
2019'5!

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 Number Sample Methodology | Main findings Reference
(years) of donors | collection used
method
Female | Mean 29 8 MSU, PUS EQUC, - daily assessment for approximately 3 months showed that microbiome | Price et al,
(SD=5) (previously *Daily sample | Seduencing V4 | of urinary tract is dynamic and resilient 202048
published collection over | region of 16S . . . .
in Wolff et h h rRNA gene - only MSU samples that demonstrated highly different microbiome from
al., 2019) ;eﬁg(-lmont (n=2) 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
Female | 24-40 6 MSU, TUC suc, - MSU and TUC shared bacterial genera but in different RA, thus Pohl et al,
(mean sequencing V4 | quantitative differences were observed rather than taxonomical 20204
21.2) region of 16S . .
rRNA gene - MSU had higher abundance of Veillonella, Staphylococcus and
Male 20-61 14 Neisseria while TUC had higher abundance of Lactobacillus,
(mean Streptococcus and Gardnerella
317) - 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
Female Mean 1600 twins | MSU Sequencing V4 | - urinary tract microbiome composition was distinct from proximal body | Adebayo et
66.4; in of 165 rRNA part and was not related to stool microbiome al, 2020
ranges: gene, . . . . .
metagenomics - age was the main contributor to microbiome variance, followed by host
>50-54 (n=178) genetics, menopausal status, history of prior UTI
55-59 - urinary alpha diversity increased with increasing age
60-64 - beta-diversity differed according to age
65-69 - bacteria were the main microorganisms of urinary tract microbiome
70-74 (99.64% of reads)
75-79 - taxonomic profiling for the most dominant bacteria was highly similar
80-84 from both DNA-based approaches used but metagenomics allowed to
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Gender | Age Number Sample Methodology | Main findings Reference
(years) of donors | collection used
method
85- identify much larger bacterial diversity within urinary tract microbiome,
comparing to 16S rRNA gene profiling
Female 18-50 4+5 MSU Sequencing V4 | - urine storage in -20°C or -80°C temperatures up to 72 hours did not Bundgaard-
o *Daily samples region of 16S have a major impact on microbiome diversity, while storage at 4°C could | Nielsen ef
> 5 collection on TRNA gene influence low abundant species al, 20205
Male 18-50 5 weekday and - in the short-term assessment, there was minor alpha-diversity
weekend, . . . ;
] morning and difference between samples collected in the morning and evening and
5710 5 evening 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
Female Mean 37 41 TUC Sequencing V4 | - microbiome of pre- and postmenopausal women differed; Ammitzbell
(SD=9.5) region of 16S postmenopausal women were characterized with higher alpha diversity etal,
rRNA gene than premenopausal women 202182
(n=54) - based on microbiome composition, samples clustered into three
urotypes
Mean 63 42 - the most dominant genus in both group was Lactobacillus, and its RA
(SD=6.9) decreased with advancing age
- Gardnerella and Prevotella were more abundant in postmenopausal
women

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 microorganisms6e.133,
however there are also studies reporting otherwise'24143, 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 dominate2559.152, 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 microbiomes9, some
studies highlight Enterococcus and Pseudomonas?, or Streptococcus, Veillonella,
Staphylococcus, Gardnerella+2. 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 microbiome?s3154, 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 UTI55-157, 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
women'°. 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 variations'.
Similar was concluded more recently, where post-menopausal women were characterized

by higher alpha diversity, comparing to pre-menopausal womens32.

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 state!42. For instance,
Lactobacillus and Gardnerella were the most common observed urotypes, but certain
women were also dominated with Staphylococcus, Enterococcus or Escherichia coli*42.
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 deliverys8-160,
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Table 3. A summary of studies and their compositional findings on urinary tract microbiome in pregnant women.

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. gasserti, L.
Jensenti, L. iners, L. johnsonii, L. crispatus

- SUC missed many potentially pathogenic species

Age Number Sample Methodology Main findings Reference
(years) of donors | collection used
method
Mean 32.2 | 73 non- MSU Sequencing V1-V3 | - compositional differences of bacteria-derived extracellular vesicles (EVs) were Yoo et al,
pregnant regions of 16S detected between non-pregnant and pregnant women 2016159
Mean 32.5 | 74 TRNA gene - Bacillus sp. Evs were enriched in pregnant women, while e.g., Pseudomonas sp.
’ pregnant 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
Mean 24.5 | 48 with MSU Sequencing V4 - Lactobacillus, Serratia, Prevotella, Atopobium and Gordonia were the most Ollberding
(SD=4.8) term region of 16S abundant genera etal,
delivery TRNA gene - alpha and beta diversity measures did not differ between cohorts (term/preterm 2016%°
delivery)
- sequences representing Prevotella, Sutterella, L. iners, Blautia, Kocuria,
Lachnospiraceae, and Serratia marcescens were enriched in preterm delivery
Mean 26.8 | 49 with cohort
(SD=5.4) preterm - Serratia marcescens was also associated with preterm delivery cohort by
delivery unsupervised clustering approach
- Lactobacillus, Shuttleworthia, and Atopobium vaginae were associated with
term delivery cohort
19-41 51 TUC SUC, EQUC, - most pregnant women had detectable live bacteria in urinary tract Jacobs et
(mean 30) | pregnant iggil:;n(c)lfnlg()g“ - the most common urotypes were Lactobacillus and Gardnerella al, 2017'2
rRNA gene - Lactobacillus urotypes were less diverse than Gardnerella, while Gardnerella
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Age Number Sample Methodology Main findings Reference

(years) of donors | collection used
method
19-43 30 TUC SUC, Sequencing | - cesarean delivery influenced maternal urinary tract microbiome composition Liu et al,
(mear} undergoing *Collected in V3-V§I{Ieflons of |. bacterial richness and diversity increased in post-delivery samples (209 bacterial 20181
g})ﬁi’ 37) gg(sziir;?n pre-delivery 165t gene genera) comparing to pre-delivery (181 genera identified)
' an‘? post- - Lactobacillus was the most dominant genus in pre-delivery period, while
delivery period

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

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 only?61.162,

The UI is a urinary disorder characterized by uncontrolled urine leakage, which affects
patients’ psychological condition and significantly reduces quality of life'¢s. 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 (SUT) associated with the pressure on the bladder¢s. There might be also mixed
urinary incontinence (MUI) which is characterized by all above mentioned symptoms?5°.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 Ul patients than in non-affected controls79.80149, Emerging uropathogens e.g.,
Actinotignum schaalii have been detected more likely from UI patients45. Additionally,
decrease of relative abundance of Lactobacillus sp. in MUI cohorts?s°, 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 symptoms?9. 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’ group748°. Several
evaluations regarding microbiome composition and the risk of developing UTT after surgery

for SUTI%4.165 or response to incontinence treatment8° 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 severity'¢s or presence of
Lactobacillus iners in urinary tract microbiome was associated with protective role against

developing post-operative UTT60,

The OAB syndrome is also manifested by urinary urgency without UTI, usually associated with
urinary frequency and nocturia¢:162167, 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 pathogens!38.168,
Some other bacterial genera might be overrepresented in OAB group like Sneathia sp., or
Mycoplasma sp.7>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 improvements¢9,

Another often investigated condition is IC or painful bladder syndrome (PBS) that could be
associated with urinary tract microbiome as reported by a few studies'7°-72, however there are
also reports saying that IC/PBS might not be associated with bacterial microbiome
members83:144173, Focusing on those that reported compositional changes, IC/PBS cohorts
seem to have lower diversity and richness comparing to non-affected cohorts!70:17:, 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 genera7® and may also be associated with fungal
composition and abundance74. Of note, other study reported low prevalence of Lactobacillus
acidophilus in IC cohort and higher levels of proinflammatory cytokines!7*. There are also
insights into symptoms flare event (sudden worsening of the symptoms, typical in chronic and
inflammatory diseases'7517¢), which also seems to be associated with microbiome enriched in

certain fungi i.e., Candida sp. and Saccharomyces sp.'72.

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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UT1r22:124,126,139.153,177-182 gexually transmitted infections25:152, type 2 diabetes!46:183-185 bacterial
vaginosis'43 and neuropathic bladders9186187, Furthermore, there are also studies available on
pathologies related to cancer e.g., bladder cancer88-200, prostate cancer20:202  breast cancer2°3;
diseases related to upper UT such as kidney stones204-209, chronic kidney disease2°, kidney
transplant21*-215 or other conditions e.g., gout2¢, prostatitis/chronic prostatitis/chronic pelvic

pain syndrome?88.217-219 and obstructive urinary retention22°.

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 aureus?'. Presence of microbes with these
properties in the UT may possibly modulate or stimulate nervous responses, since LUT

functions are controlled by the CNS.

31



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 Gender | Age Number Sample Methodology | Main findings Reference
urine donors (years) of donors | collection | used
method
URINARY INCONTINENCE
non-UUL Female | Mean 49 25 TUC EQUC, - there were differences in median numbers of bacteria cultured Pearce et al,
(SD=14) sequencing V4 | from both cohorts (higher number for UUTI) 201474
region of 168 - increase in Gardnerella sp. and decrease in Lactobacillus sp. was
UUI Mean 63 23 rRNA gene observed in UUI group
(SD=12) - 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 UUL: L. gasseri
UUI Female | Meanj57.7 | 155 TUC quantitative - randomized double-blind trial for UUI treatment (onabotulinum Brubaker et
(SD=11.3) PCR toxin A and anticholinergic drug) al, 2014222
- 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
POP/UI Female | 35-89 54 TUC SUC, - microbiome diversity and abundance of some bacteria (e.g., Nienhouse
Sequencing Fulvimonas, Dyella, Klebsiella, Escherichia/Shigella, Pseudomonas, | et al, 20144
V1-V3regions | Actinobaculum) were correlated to susceptibility to post-operative
of 16S rRNA UTI
gene - the risk of developing post-operative UTI was correlated with the
levels of b-defensin-1, psoriasin and lactoferrin
UUI Female | 31-85 90 TUC Sequencing V4 | - Lactobacillus was the most dominating genus, followed by Pearce et al,
(mean region of 16S Gardnerella, Gardnerella/Prevotella, Enterobacteriaceae, 20154
58.5) rRNA gene Staphylococcus, Aerococcus and Bifidobacterium
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Status of Gender | Age Number Sample Methodology | Main findings Reference
urine donors (years) of donors | collection | used
method
- 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 | - there was a significant difference in RA of 14 bacteria between UUI | Karstens et
region of 16S and non-UUI cohort al, 201679
UUI 10 TRNA gene - 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
non-UUI Female | Mean 49 26-33 TUC EQUC, - Most prevalent urotypes detected in both cohorts were Thomas-
(SD=14.7) Sequencing V4 | Lactobacillus sp. (non-UUL: 45.5%, UUL: 22%) and diverse (non- White et al,
region of 16S UUIL: 6%, UUIL: 32%) 201680
uul ?g%aflflé)s 37-50 IRNA gene - 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
SUI Female | Mean 51 197 MSU Sequencing V4 | - microbiome diversity was associated with UI symptoms Thomas-
(8D=9.7) '(I‘I;J:CIM)’ r;%(f of 165 - urinary tract microbiome of women with urinary incontinence Whltﬁget al,
(n=23) r gene symptoms seemed to not be dominated by single taxa 2017
- 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
POP/SUI Female | 30-85 55 TUC, VS, Sequencing V4 | - Lactobacillus, Corynebacterium, Gardnerella, Staphylococcus and | Fok et al,
(mean 57) PS region of 16S Enterobacter were most abundant in urinary tract microbiome 2018165
rRNA gene
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Status of Gender | Age Number Sample Methodology | Main findings Reference
urine donors (years) of donors | collection | used
method
- 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 | 25-85 104 TUC, VS, SUC, - Lactobacillus was the most common genus in all sample types Thomas-
(mean 57) PS Sequencing V4 | (TUC, VS, PS), followed by Gardnerella White et al,
*twice - 6 region of 16S - decrease of L. iners (prevalence and abundance) and increase in 201819
weeks TRNA gene certain pathogens (e.g., Escherichia coli, Klebsiella pneumoniae,
post- Pseudomonas aeruginosa) was observed in women with post-
operative operative UTI comparing to from before surgery
p;{;lgd - 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
Asymptomatic | Female | Mean 53 84 TUC Sequencing - the cohorts did not differ in Lactobacillus predominance Komesu et
(SD=10.8) V4-V6regions | overall microbiome composition differed according to presence of al, 20185
of 16S rRNA MUT
MUI Mean 53 123 gene
(SD=11.7) - 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
Asymptomatic | Female | Mean 53 84 TUC, VS Sequencing - 60% of OTUs detected in urinary and vaginal samples overlapped Komesu et
(SD=11) V1-V3 regions L . L . al, 2020223
MUI 128 of 16S TRNA - alpha diversity was higher in urine samples than vaginal
gene
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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. gassert, L.
Jjensenii) 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

SUI

Mean 47
(SD=14)

150

Mean 54
(SD=14)

50

UuI

Mean 61
(SD=13)

109

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

OVERACTIVE

BLADDER

non-OAB

Female

OAB

NA

18

34

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
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Status of Gender | Age Number Sample Methodology | Main findings Reference
urine donors (years) of donors | collection | used
method
- Aerococcus sp., Actinobaculum sp. were 1dentified only in OAB
cohort
OAB Female | 61 1 NA SUC, - at the first sampling the patient showed negative analysis of urine Siddiqui et
*wice Sequencing dipstick, positive SUC with one single bacterium (Streptococcus al, 2014225
re ’ V1-V2 and V6 viridians group), and diverse microbiome by 16S rRNA gene
peated . : 28 : :
after one regions of 16S | sequencing (additional detection of Atopobium, Ureaplasma,
year rRNA gene 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
Asymptomatic | Female | 41-83 35 MSU Culturomics of | - gverall, Staphylococcus sp., Streptococcus sp., Corynebacterium Curtiss et al,
resuspended sp. and Lactobacillus sp. were most frequently identified 2017'38
sediment of N . . . .
OAB 3 6 urine and - significant differences in prevalence of certain bacteria was
14-67 0 sequencing Vg | observed between asymptomatic women and women with OAB
region of 16S - Proteus sp. was identified more often in OAB cohort
rRNA gene . . . . .
- Lactobacillus sp. was identified more often in asymptomatic
controls
- recognized pathogens have been more likely identified from OAB
group
Asymptomatic | Female | Mean 26 25 TUC Sequencing V4 | - microbiome composition was significantly different in Wu et al,
region of 16S asymptomatic comparing to OAB women 201781
TRNA gene - higher diversity of urinary tract microbiome was observed in
asymptomatic cohort
OAB Mean 27,5 | 30 - 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.
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Status of
urine donors

Gender

Age
(years)

Number
of donors

Sample
collection
method

Methodology
used

Main findings

Reference

Asymptomatic

OAB

Female

Mean 59

22

Mean 63

23

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

Asymptomatic

OAB

Female

NA

10

20

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, 201823

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,
2020109

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 Gender | Age Number Sample Methodology | Main findings Reference
urine donors (years) of donors | collection | used
method
- 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
1C/BPS Female Mean 41 213 ISU, MSU SUC, culture- - more bacterial species were detected in ISU (81) than in MSU (73) Nickel et al,
independent samples 201672
using 16 . - evaluation of patients with and without symptom flare showed the
I]%chnelg palrl higher prevalence of fungi (Candida sp. and Saccharomyces sp.) in
/ “unga patients who reported a flare
detection . . . .
system - no significant difference of bacterial species/genus occurrence and
uropathogens detection was observed between flare and non-flare
cohorts
non-IC/PBS Female | Median34 |18 MSU, VS Sequencing - Lactobacillus was the most dominant taxa in both cohorts Meriwether
(SD=10) V3-V4 region o . . . . . et al, 2019'73
of 16S TRNA - no significant compositional differences of urogenital microbiome
1C/PBS Median 34 | 23 gene between non-IC/PBS and IC/PBS cohorts
(SD=8)
non-IC/PBS Female | ingroups: | 182 MSU f:ulture- - Lactobacillus gasseri and Corynebacterium were the species Nickel et al,
<35, independent - | responsible for most compositional variations (e.g., L. gasseri was 2019226
IC/PBS 35-50 181 using 16 more prevalent in IC/PBS cohort)
’ primer pair . ) N .
50+ BAC/Fungal - 29 species were identified only in IC/PBS cohort (e.g., Proteus
detection mirabilis, Pseudomonas aeruginosa, Mycoplasma hyorhinis,
system and Helicobacter hepaticus)
Plex-ID - there was no statistically significant difference between
ga.olecula.r microbiome composition (species, nor genus level) of non-IC/PBS
1agnostic and IC/PBS cohort
platform
Asymptomatic | Female | Mean 48 20 MSU EQUC and - urotypes from both cohorts did not differ Bresler et al,
(SD=12) sequencing V4 L L . . . 2019144
region of 16S - alpha diversity, principal component analysis and hierarchical
IC/PBS Mean 50 21 rRNA gene clustering found no statistical significance between cohorts
(SD=13)
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Status of Gender | Age Number Sample Methodology | Main findings Reference
urine donors (years) of donors | collection | used
method
- 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 202 MSU gulture- - the fungi were detected in 92.4% samples tested Nickel et al,
41.25 *Samplin independent . . . . . 2020174
b q g using 16 - fungi-positive urinary tract microbiome demonstrated 8 or 45
;%lieraét»ean d primer pair different fungal genera (depending on analysis)
12 months gAC/ Ij“ungal - there was no association between fungal taxa detected and flare
etection status or pain severity, however fungi were more likely detected in
system patients with severe symptoms
- there might be an association of increasing RA of Candida and
Malassezia in patients with higher symptoms severity
non-IC/PBS Female | Mean 51 40 TUC,MSU | EQUC, . - more than half of the IC/PBS samples did not grow live bacteria by | Jacobs et al,
(SD=15) (n=10) sequencing V4 | EQUC which could question microbiome involvement in this 202183
region of 16S pathology
IC/PBS Mean 45 49 rRNA gene o ]
(SD=13) (n=66) - 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
LOWER URINARY TRACT SYMPTOMS
Asymptomatic | Female | Mean 43 26 MSU, TUC | SUC, Culture - LUTS patients demonstrated polymicrobial colonization of the Khasriya et
(SD=17) of urinary urothelium (quantitatively different from controls) with many al, 201340
sediment, uropathogens being likely intracellular or close to urothelium (e.g.,
sequencing of | only in LUTS cohort E. coli was closely associated with cells)
LUTS ?g]e)a_nlg? 55 16SrRNAgene | _ g, 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
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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

LUTS

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
etal,
2018227

Asymptomatic

Symptomatic/
LUTS

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

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,
20204
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Status of Gender | Age Number Sample Methodology | Main findings Reference
urine donors (years) of donors | collection | used
method
- 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, - microbiome was detected in 98% of MSU, and 39% of urine Bajic et al,
sequencing of | collected by TUC by both methodologies (EQUC and sequencing) 2020228
16S rRNA gene . . . .
- 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
SYMPTOMATIC POPULATION AND OTHER CONDITIONS
Asymptomatic | Female | NA 92 MSU SUC, - Bacteria were dominating microbes in urinary tract microbiome Moustafa et
and Sequencing (94.6%), followed by eukarya (0.05%), viruses (0.0027%) and trace al, 201876
symptomatic V1-V3 regions of archea (0.0001%)
Male 29 of 165 rRNA - contamination of reads with human-derived data was in a range 1.3
gene (n=116), -99.9%
metagenomics ) . -
(n=49) - 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)
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Status of Gender | Age Number Sample Methodology | Main findings Reference
urine donors (years) of donors | collection | used
method
- 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 Male 3months- | 20 TuC Sequencing V6 | _ urinary tract microbiome in prepubertal boys contained several Kassiri et al,
boys who 8 years (n=10) and | region of 165 genera reported in microbiome of adults 2019'54
required (median 15 rectal swab | rRNA gene . ) . .
elective months) (n=20) - the cohort was divided into boys without (n=5) and with (n=5)
urologic prior antibiotic treatment
procedures - the higher bacterial load was observed in group previously exposed
to antibiotics
- alpha diversity measures did not differ in both cohorts
NA Female 22'48 147 MSU Sequencing - Chinese reproductive-age population was studied and Chenet al,
*yolunteers (median (n=137), V4-V5 of 165 Streptococcus and Lactobacillus was the most dominant bacteriain | 2020229
had conditions 31.6) ToC rRNA gene, urinary tract microbiome
that were not (n=10) culturmics, o . . L
Known to quantitative - additional six locations had been sampled within female
involve real-time PCR reproductive tract
infections - 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
Asymptomatic | Female | 19-62 49 MSU, Sequencing - it was not possible to differentiate healthy female and male Gottschick
(median vaginal Vi-Varegions | microbiome by clustering based on bacterial composition et al, 201743
29) fluid of 165 rRNA - female samples contained bacteria not detected in males, while
gene male samples showed the largest diversity
Male 23-59 31 - unique urotype present only in healthy female was characterized by
(median Lactobacillus crispatus
29) - there was no urotype characteristic only for male
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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

-1in 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, 201377

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

idiopathic
urethritis

Male

19-51
(median
28)

46

39

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

Frolund et
al., 2018179
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Status of Gender | Age Number Sample Methodology | Main findings Reference
urine donors (years) of donors | collection | used
method
- several patients had microbiome dominated with single genus of
putative relevance e.g., Gardnerella, Haemophilus, Ureaplasma
cystitis Female | Mean 42 TUC Suc, - the microbiome composition of acute uncomplicated cystitis (AUC) | Yoo et al,
54.10 Sequencing V4 | and recurrent cystitis (RC) cohort was significantly different (e.g., 2021'8
(SD=12.69) region of 16S Pseudomonas, Acinetobacter, Enterobacteriaceae in AUC cohort;
rRNA gene 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
Symptomatic NA NA 35 MSU SUC, whole - metagenomics allows to identify additional bacteria of putative Hasman et
(suspected genome relevance present in the samples and missed by SUC (e.g., al, 2014122
UTI) sequencing, Aerococcus urinae, in addition to Proteus and E. coli)
metagenomics | _ getection 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
non-UTI Female | 25-54 5 NA viral - bacteriophages were the most common viruses identified Santiago-
metagenomics | - both cohorts had herpesviruses, polyomaviruses, and human Rodriguez et
Male 47-94 5 and papillomaviruses (HPV) al, 2015124
sequencing V. - i i i i
UTI Female | 18-69 5 reqion e 1:‘36 s 3 HPV seemed to tfe coxlnmon 11-1 urinary tra(.:t m{croblon}e
g - alpha and beta diversity for viral community did not differ between
Male 52-78 5 TRNA gene 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
non-UTI Female | Mean60.6 | 75 TUC - greater microbiome diversity was observed in non-UTI cohort Price et al,
(SD=12.3) 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

UTlI-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

Male

<48
months

59

26

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
etal,
2020153
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Status of Gender | Age Number Sample Methodology | Main findings Reference
urine donors (years) of donors | collection | used
method

- 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 43 MSU, TUC | SUC, EQUC - EQUC detected more uropathogens and more unique bacterial Hochstedler
(SD=14.2) species than SUC et al, 2021182
- 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

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 profiles?s.
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.27:42.75133,145,148,

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)39231. 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 classification2s7. Indeed, in early 2020, the Lactobacillus taxonomy has been

revisited based on a polyphasic approach, which resulted in its reclassification to 25 genera2s:.

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)23'. They are widely
isolated from vagina, gut or mouth cavity as part of human microbiome238-24:, 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 1o 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 transcription23®. 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 cytokines?23.248.

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 acid23® 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 microbiomes9.75:133.255,

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 species?s°. In L. crispatus ST1, expression of
LEA-1 — strain-specific Lactobacillus epithelium adhesins — provides efficient binding to
epithelial cells, for instance, of human vagina27. 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 cells34.259.261262. 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 agalactiae232264-267,
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 function?268-271,

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 mucosaes975133.247,272:273, 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)2¢61. Although available insights are from gut, L. reuteri 17938 or ATCC 23272 seems
to reduce inflammation by e.g., reduction of proinflammatory cytokines levels275276, 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 morphotypes=277.

Finally, Lacticaseibacillus gen. nov. is occasionally identified among urinary tract
microbiome, especially Lacticaseibacillus rhamnosus and  Lacticaseibacillus
paracasei3*75133, 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
strain2%°, They also present potent outcompeting skills, for instance, L. rhamnosus 160
inhibits G. vaginalis23428°, while L. rhamnosus HNoo1 showed antagonistic activity also
against e.g., E. coli, Staphylococcus aureus and Streptococcus agalactiae that may be
involved in aerobic vaginitis (AV)28t. 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 pneumoniae233. 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 UT®: 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 urine's. 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 disorders7+8:. 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 women=2%7-288, 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 genomospecies287289,

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 BV=287289.290, 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 matrix29s.
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 neuit)290297, 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 uropathogen2%8. Indeed, there is some important research done on
Gardnerella contribution to UTI pathogenesis299:3°°. 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 rUTI3?°, Interestingly, the initial damage
caused by G. vaginalis remained even after G. vaginalis was cleared from UT which created
the paradigm called “covert pathogenesis”3©®:301, Moreover, it was demonstrated that
Gardnerella strain used had capacity of causing kidney damage itself, even without E. coli

contribution29.

According to current understanding of prevalence of different Gardnerella species, all novel
species were found in vaginal microbiome, however with different frequency and
abundance2®. Curiously, G. vaginalis and G. swidsinskii were observed in higher relative

abundance among women with vaginal discharge and abnormal odor2%9.
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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 UT302303, 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 genomes3°s.

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 MS=2%7, 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., cpn6o 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. pneumoniae's3) 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%)
worldwides05:306,

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 yet37, it is established that E. coli
can grow well and fast in urine and UTs308-310,

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)3°. 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 traits3''-34, 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 urotheliums?:306.315.316, Many strains are also able to secrete toxins (e.g., a-
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 cells3°5317, 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 severity299:3°°. 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
abundances32°. 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 bodys32:.
Additionally, ability to create biofilm, as well as presence of the polysaccharide capsule
contribute to their persistence and ability to reproduce in different environments322323. 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 UT3975133.224, 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
epidermidis?98). 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.32¢. 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 formations29-332,
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 development3s3.334,

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 interactions33s-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 group3s8-340. 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 humans34:-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 activity34¢: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 disiens3975133 has been shown to bind well to ECMs3s.
Interestingly, in vaginal environment, abundant presence of Prevotella species is usually
associated with the disease state3s2. 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 development3s52-356,

However, with available data on urinary tract microbiome, Prevotella is reported as often
detected bacteria, in asymptomatic and symptomatic populations42598:, 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

centuries3s7:358,

One of the evolutionary advantages of bacteria is horizontal gene transfer, which allows them
to share specific gene content among each other3s9. 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 huges®c. Thus, the
microbiome is considered a reservoir of ARGs and its ‘resistome’ should be extensively

studied3oo.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 -lactamases found in respiratory microbiomes3¢), 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 population5:48, 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., OAB¢8, IC'74 or UI*6®.
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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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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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
Jjensenii, 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 °C. 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% NacCl) 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, cpn6o for Gardnerella, rpoB for
Acinetobacter, Corynebacterium or Staphylococcus, and recN for Citrobacter) and/or PCR
assays for the detection of species-specific genes (dItS 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 pl of Tris-HCI [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/mz2.
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,
CSTs-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. koserti,
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) (13, 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
1ml) 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 3 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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