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Continued efforts to isolate and sequence bacteria of the urinary tract has

increased representation of these species in publicly available databases. This

in turn has improved taxonomic classifications of the urinary microbiome

(urobiome). Short-read sequencing targeting a variable region(s) of the 16S

rRNA gene sequence has been fundamental in characterizing the urobiomes of

males and females with and without lower urinary tract symptoms, as well as

cancers of the urinary tract. Here, we have compiled a data set of full-length or

near-full-length 16S rRNA gene sequences for the urobiome. To generate this

data set, we first plated 203 isolates from the bladder on differential media and

sequenced their full-length 16S rRNA gene sequence. We combined this data set

with publicly available genomes from primarily the female urinary tract. The final

data set includes 399 sequences representative of 160 different species from 73

genera. We assessed the ability of publicly available databases to correctly predict

these sequences based on the V1-V3, V4, and V4-V6 variable regions. As

expected, species designations based upon these variable regions is often not

possible or incorrect. We also detected incorrect genus-level classifications. This

data set can be used to supplement existing databases, by increasing urobiome

species variation, and thus improve future studies characterizing urobiomes.
KEYWORDS

urobiome, 16S rRNA gene sequence analysis, female urinary tract, urinary microbiome,
16S rRNA gene sequence
Introduction

High-throughput sequencing technologies were pivotal in first identifying the presence

of bacterial DNA in the healthy urinary tract of both males and females (1–4). Improved

culture-based techniques, such as the Expanded Quantitative Urinary Culture (EQUC)

method (5), enabled researchers to isolate and subsequently sequence more species
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inhabiting the urinary tract. In the decade that has followed the

discovery of the urinary microbiome (urobiome), numerous studies

investigating the bacterial fraction of this community have been

conducted (see reviews (6, 7)). Whole genome sequencing of strains

isolated from the urinary tract have improved representation of

urinary taxa in publicly available databases, which has in turn

improved bioinformatic assignment of taxa in urobiome studies.

Most urobiome studies have relied on high-throughput

sequencing of variable regions of the 16S rRNA gene sequence.

Previously targeted variable regions for the urobiome include V1-

V2 (8, 9), V1-V3 (1, 3, 10–12), V3-V4 (13–16), V4-V6 (17, 18), V4

(19–30), and V6 (2, 31). General guidelines for 16S surveys of

urobiome samples have been recommended (32). Hoffman and

colleagues assessed the GreenGenes, SILVA, and NCBI 16S

Microbial databases for their ability to assign taxa to the 16S

variable regions extracted from the whole genomes of 149 bladder

strains, representing 78 species (33). The authors found that the V2-

V3 and V1-V3 regions from this in silico experiment, when

combined with the NCBI 16S Microbial database, correctly

identified most bladder bacterial species. The V4 region, which is

widely used, also fared well, correctly classifying two-thirds of the

bacterial species. This performance was impacted by limitations in

the representation of 16S rRNA gene sequence diversity among

urinary microbes in the database; furthermore, prior studies have

shown that different species of common urobiome genera can have

full-length 16S rRNA gene sequences that are nearly identical (34–

36). Additionally, when current bioinformatic tools and databases

are applied to older studies, different taxonomic assignments have

been identified, highlighting the importance of adding urinary-

derived isolates to reference databases (37).

Here, we have focused on developing a reference set of full-

length or near-full-length 16S rRNA gene sequences for the

urobiome. With this reference set, we assess the resolution

possible when the frequently used V1-V3, V4, and V4-V6 regions

are targeted. The selection of these three regions was informed by

prior assessment of the taxonomic resolution possible for bacterial

species of the female urinary tract (33). Based upon our analysis, we

identify taxa for which species resolution is possible, taxa for which

only genus resolution is possible, and taxa for which the genus

cannot be identified. In particular, we focus our discussion on taxa

associated with symptoms and “health.” Thus, urobiome

researchers can integrate prior studies with limitations in mind.
Methods

Strain sequencing

Bacterial strains were isolated from urine samples collected via

transurethral catheterization as part of prior IRB-approved studies

(Loyola: 206439, 209545, 206449; University of California, San

Diego: 170077AW) that are described in detail elsewhere (25, 38–

41). Briefly, the expanded quantitative urine culture (EQUC)

process was performed in the Wolfe lab, as described previously
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(5). Unique colony morphologies were replated and identified via

MALDI-TOF prior to storage at -80°C.

For each isolate examined here, the sample was streaked onto

either an anaerobe 5% sheep blood (ANA) agar plate, 5% sheep blood

agar plate (BAP), or nalidixic acid (CNA) agar plate, depending upon

the genus identified by MALDI-TOF. (All three plates were BD BBL

prepared plated media [Becton, Dickinson and Co., Sparks, MD].)

Each plate was incubated for 48 h in 5% CO2 at 35°C. All colonies

were scraped off of the surface of the plate and added to 1 mL of

liquid media. The media was selected based upon the genus predicted

by MALDI-TOF; these media include: Lysogeny broth (LB),

Actinomyces broth (Sigma-Aldrich), Brain Heart Infusion broth

(BHI) (BD) + 1% Tween 80 (BHI+Tween), De Man, Rogosa, and

Sharpe broth (MRS) (Millipore) + 1% Tween 80 (MRS+Tween), New

York City III broth (NYC III), Tryptic Soy broth (TSB) +5% sheep

blood, or TSBYE (TSB+0.5% w/v yeast extract). Liquid cultures were

incubated for 48 h at 35°C with 5%CO2, after which bacterial glycerol

stocks were created using 1 mL liquid culture and 1 mL 50% (v/v)

glycerol. Stocks were then frozen at -80°C until further processing.

Each freezer stock was streaked onto 6 different types of 1.7%

agar plates (LB, Actinomyces, TSB, NYC III, BHI+Tween, MRS

+Tween) and incubated for 48 h in 5% CO2 at 35°C.

Morphologically distinct colonies were identified using a light

microscope, and a single colony of each morphology was picked

from each plate, added to 1 mL of the liquid media of the plate from

which it was derived, and incubated for 48 h in 5% CO2 at 37°C.

DNA was extracted from the liquid culture of the colony using

the DNeasy UltraClean Microbial Kit (Qiagen, Hilden, Germany),

following the manufacturer’s protocol. DNA concentration was

quantified using the Qubit fluorometer (ThermoFisher Scientific,

Waltham, MA USA). The 16S rRNA gene sequence was amplified

using the 63f (5′-CAG GCC TAA CAC ATG CAA GTC-3′) and
1387r (5′-GGG CGGWGT GTA CAA GGC-3′) primers (42). PCR

products were purified from the reaction mixture using the E.Z.N.A.

Cycle Pure Kit (Omega Bio-tek, Inc., Norcross, GA USA), following

the manufacturer’s protocol, and quantified using the Qubit

fluorometer. 16S rRNA gene amplicons were sequenced via

Sanger sequencing by Genewiz from Azenta Life Sciences (New

Brunswick, NJ, USA) with 2x coverage.

Each forward and reverse read was manually trimmed and

assembled in Geneious v. 2021.0.3 (Biomatters, Ltd., Auckland,

New Zealand). Sequences were filtered out if they contained 30 or

more unassigned nucleotides (Ns) and/or gaps in their assembly. The

resulting sequence was queried against the NCBI 16S ribosomal RNA

sequences database via megablast (as of April 2022). Hits were

manually inspected, and taxonomic classification was made. If two

or more identical sequences were generated for isolates from the same

sample (signifying that the same species was isolated on two or more

medias and/or two or more colonies that were perceived to be

morphologically distinct), only one was kept for further analysis;

the longer of the two was retained. Taxonomic designations were

confirmed in December 2023 via the NCBI Taxonomy database.

Genera and species listed in the results and supplemental materials

reflect the most up to date names.
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Creating a unique set of 16S rRNA
sequences from bladder bacteria

First, all rna_genomic files for genome assemblies in the

BioProject PRJNA316969 were retrieved (as of April 18, 2022).

The genomes within this BioProject are predominately from

bladder urine, collected via transurethral catheterization,

primarily from adult females; non-bladder isolates, determined by

referring to metadata records, were removed from the data set.

Supplementary Table S1 lists metadata for the strains included in

this data set, as well as the strains from our own sequencing efforts.

Multiple sequence alignment was performed using MAFFT v7.490

(43) through Geneious Prime v2022.1.1 (Biomatters Ltd., Auckland,

NZ). Duplicate sequences were removed, as were sequences that

were subsequences of a longer representative sequence.
Variable region simulation

Full-length 16S rRNA gene sequences were used to derive

sequences representative of sequencing the V1-V3, V4, and V4-V6

regions. Table 1 lists the primers used for these regions. The same

procedure used by Hoffman et al. (33) was employed here by using

their script (https://github.com/lakarstens/BladderBacteriaSpecies/

tree/master/split_to_vr). For downstream analyses, the fasta files

were converted to fastq files using seqtk seq tools (https://

github.com/lh3/seqtk). Fastq files were analyzed using DADA2

(44). The assignTaxonomy function from DADA2 was used to

assign taxonomy with the SILVA database (v138.1) (45). Full-

length 16S rRNA gene sequences were retrieved from SILVA,

which includes relevant updates from the GTDB taxonomy.
Phylogenetics

Phylogenetic trees were determined as follows. Sequences were

imported into Geneious Prime and aligned using the MAFFT (43)

plug-in through Geneious Prime. The phylogenetic tree was derived

using the FastTree v2.1.12 (46) plug-in with default parameters

through Geneious Prime and visualized using iTOL v6 (47).
Results

Of the 203 bladder isolates plated, 155 had growth on at least

one of the six media used here (see Methods). DNA was extracted

from 1,008 morphologically distinct single colonies from these

plates and 16S rRNA gene sequencing was performed resulting in

831 high-quality sequences (Supplementary Data Sheet S1).

Taxonomy was assigned via BLAST against NCBI’s 16S ribosomal

RNA sequences database. These near-full length sequences range in

length from 811 to 1319 bp (average 1250 bp). These 16S rRNA

sequences represent 69 different species and 33 genera

were identified.
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We next built a 16S rRNA gene sequence data set representative

of the phylogenetic diversity within the bladder. We supplemented

the sequences generated from our 16S rRNA gene sequencing of

bladder isolates with publicly available urinary strains were added.

Most of these strains were isolated from catheterized urine samples

from females. In total, this data set includes 399 unique sequences –

98 from the full-length 16S rRNA gene sequencing performed here.

(Other full-length 16S rRNA gene sequences from the plated isolates

were better represented by sequences from the publicly available

sequences.) These 399 sequences are provided in Supplementary Data

Sheet S2 and associated metadata is available in Supplementary Table

S1. The 399 sequence data set represents 160 different species from 73

genera (Supplementary Table S2). While these sequences range in

size from 1,139 bp to 1,576 bp, all but five exceed 1,200 bp in length.

Figure 1 presents the phylogenetic diversity of the species included in

this data set. Additionally, the 399 sequence data set includes 5

sequences (all from prior sequencing efforts) that are assigned a

genus, but the species has yet to be resolved: Bacillus sp. UMB0728

(Accession No. NZ_PKLA01000016.1), Brachybacterium sp.

UMB0905 (Accession No. NZ_PNHL01000013.1), Microbacterium

sp. UMB0228 (Accession No. NZ_PNFU01000016.1), Staphylococcus

sp. UMB0328 (Accession No. NZ_PNFS01000002.1), and

Streptococcus sp. UMB0029 (Accession No. NZ_PNGD01000027.1).

As prior short-read 16S rRNA sequencing surveys have cataloged

the taxa of the urobiome using either the V1-V3 regions, the V4

region, or the V4-V6 regions, we were interested in ascertaining the

variable regions’ ability to correctly identify urinary microbes at the

genus and species level. These regions were spliced from the 399

unique 16S rRNA near-full or full-length sequences and classified.

Most classifications at the genus-level (often the depth to which

short-read 16S rRNA gene sequence surveys report taxa) were

correct; however, we identified a few sequences that were

incorrectly or unable to be classified at the genus-level (Table 2).

For all three variable regions considered (V1-V3, V4, and V4-V6),

there were urinary species for which genus-level designations could

not be made (Table 2, “Not classified”). Three sequences in our

collection, Peribacillus frigoritolerans 462G, Moraxella osloensis

UMB0416, and Enterococcus raffinosus UMB9185, were not

correctly identified at the genus level by all three regions.

When species predictions were considered (i.e., genus

prediction was correct), we found that 100 designations were

incorrect for the V1-V3 region (25.06%), 142 for the V4 region

(35.59%), and 112 for the V4-V6 region (28.07%) (Figure 1). Many

of these sequences were unable to be resolved at the species level. In

these cases, the genus prediction was correct, but the species was not

predicted. This includes 53 sequences for the V1-V3 region, 47 for

the V4 region, and 52 for the V4-V6 region. Supplementary Table

S3 lists each of the 399 sequences in the data set, including if their

V1-V3, V4, and V4-V6 variable region classification resulted in a

genus match (mismatched species), a genus and species match, or a

genus and species mismatch. In the case of a mismatch (either genus

or species), the predicted taxon is listed. Table 3 summarizes these

results for the UTI-associated bacterial species E. coli, Klebsiella

pneumoniae , Proteus mirabi l i s , Morganel la morganii ,

Staphylococcus aureus, and Pseudomonas aeruginosa.
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Discussion

The data set presented here provides a resource for researchers

investigating the bacterial diversity of the urinary tract. As most

studies of this diversity to date have employed short-read

sequencing targeting 16S rRNA gene sequence variable regions,

our analyses into the “correctness” of such classifications enables a

new interpretation of prior studies of the female urinary
Frontiers in Urology 04
microbiome that have targeted the V1-V3, V4, or V4-V6 variable

regions. As variable region studies often report taxa at the genus-

level, we can first consider those sequences that resulted in a

misclassification (or the inability to be classified) at the genus-

level. It is important to note that not all of the sequences for the

species listed in Table 2 were misclassified/not classified.

Nonetheless, this table does include species associated with

infection or symptoms or the lack thereof. As more urinary
TABLE 1 Primer sequences used to simulate short read sequencing of bladder bacteria.

Variable Region Primer F Primer R

V1-V3 27F: AGAGTTTGATCCTGGCTCAG 534R: ATTACCGCGGCTGCTGG

V4 515F: GTGCCAGCMGCCGCGGTAA 806R: GGACTACHVGGGTWTCTAAT

V4-V6 515F: GTGCCAGCMGCCGCGGTAA 1114R: GGGGTTGCGCTCGTTGC
FIGURE 1

Phylogenetic tree of species included in the 399 urinary 16S rRNA gene sequence data set. Branches are colored according to their bacterial order,
as indicated in the legend. The outer rings indicate if the V1-V3 (inner, aqua), V4 (middle, red), and/or V4-V6 (outer, indigo) genus/species
predictions are correct. If the variable region identifies the correct genus and species, no dot is drawn. If the genus prediction is correct, but the
species is not, the dot is an open circle. If neither the genus nor species prediction is correct, the dot is filled.
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bacteria representatives are included in training models for

taxonomic classification, one would anticipate that such instances

of misclassification or failed classifications would be reduced.

Exceptions, however, would be those species that have nearly

identical 16S rRNA gene sequences, e.g., species of lactobacilli,

species of Gardnerella (34–36).

16S rRNA gene sequences of the closely related Enterobacter

bugandensis (n=1) and Enterobacter hormaechei (n=2) were
Frontiers in Urology 05
misclassified as Klebsiella pneumoniae based on the V4 region

(Supplementary Table S3). Strains of these closely related

Enterobacter species often exhibit multidrug-resistance (MDR)

(48, 49). Prior studies have identified MDR strains of E.

hormaechei in urine samples from individuals with UTI

symptoms (50–52). Strains of K. pneumoniae, a common cause of

UTIs due to indwelling catheters, are also frequently MDR (see

reviews (53, 54)). The E. bugandensis 16S rRNA gene sequence was

also misclassified as Klebsiella michiganensis (V1-V3) and Klebsiella

aerogenes (V4-V6); while both of these Klebsiella species similarly

have been shown to have MDR, only K. aerogens has been

associated with UTIs (55–57). Misclassification of these two

Enterobacter species by variable region analysis may

underestimate its contribution to UTIs and/or be misleading with

regards to the antibiotic resistances present in a sample. While 16S

rRNA gene surveys are not a clinical tool, they are frequently used

when investigating associations between urobiome constituents and

lower urinary tract symptoms (see review (6)).

Enterococcus faecalis and Enterococcus faecium also have been

associated with catheter-associated UTIs (CAUTIs) (58). One of the

four E. faecalis sequences was misclassified as Corynebacterium

based on the V4 and V4-V6 regions. While the other three

sequences in the data set were predicted as Enterococcus by their

V4 region, they were assigned to the species E. faecium (Figure 1).

Recent studies of urinary strains of E. faecalis and E. faecium have

found that the species vary in their resistances to antibiotics (58–

61). Thus, studies that target the V4 region are limited to a genus-

level classification of Enterococcus at best.

As shown in Table 3, most of the other UTI-associated bacterial

species are correctly identified at the genus level. Furthermore, false

identifications of sequences of M. morganii and P. aeruginosa did

not occur for the three regions examined here. Only one sequence –

Enterococcus raffinosusUMB918 – was misidentified as E. coli based

on the V1-V3 and V4 regions (Supplementary Table S3). In

addition to the misidentified E. hormaechi and E. bugandensis

sequences previously mentioned, four K. aerogenes and four K.

quasipneumoniae sequences were predicted to be K. pneumoniae

based on the V4 region; the V1-V3 and V4-V6 sequence species

predictions for these other Klebsiella sequences were, however,

correct. The V4 sequences of many of the Staphylococcus species,

including S. capitis, S. epidermidis, S. haemolyticus, S. hominis, S.

lugdunesis, S. pasteuri, and S. warneri, were incorrectly predicted to

be S. aureus (Supplementary Table S3). When the expanded V4-V6

region was considered, only three of the four S. haemolyticus

sequences were erroneously identified as S. aureus. Therefore, we

can conclude that urobiome studies – particularly those considering

the V4 region alone –may be overestimating the relative abundance

of K. pneumoniae and S. aureus.

Examination of symptom-associated species alone limits our

understanding of the urobiome. Numerous studies have associated

Lactobacillus species with a lack of lower urinary tract symptoms in

females (19, 22, 39, 62, 63). The V1-V3, V4, and V4-V6 regions

were unable to correctly assign species designations for many of the

L. iners, L. crispatus, and L. gasseri sequences (Supplementary Table

S3). These three species are the most frequently detected lactobacilli

by the EQUC method among continent females (39). Several L.
TABLE 2 Urinary species with a 16S rRNA gene sequence that was
misclassified or not classified at the genus-level when considering a
variable region(s).

Full-Length
Sequence Classification

Variable
Region Classification

V1-V3

Enterobacter bugandensis Klebsiella michiganensis

Enterococcus raffinosus Escherichia-Shigella coli

Escherichia coli Not classified

Granulicatella adiacens Not classified

Klebsiella aerogenes (3) Raoultella planticola

Klebsiella oxytoca Enterobacter cloacae

Limosilactobacillus reuteri HT002 nan

Moraxella osloensis Enhydrobacter nan

Peribacillus frigoritolerans Bacillus simplex

V4

Actinobaculum massiliense Actinotignum schaalii

Dolosicoccus paucivorans Not classified

Enterobacter bugandensis Klebsiella pneumoniae

Enterobacter hormaechei (2) Klebsiella pneumoniae

Enterococcus raffinosus Escherichia-Shigella coli

Enterococcus faecalis Corynebacterium mycetoides

Limosilactobacillus reuteri HT002 nan

Micrococcus terreus Not classified

Moraxella osloensis Enhydrobacter nan

Peribacillus frigoritolerans Bacillus simplex

Pseudoclavibacter alba Not classified

V4-V6

Citrobacter koseri Not classified

Enterobacter hormaechei (2) Klebsiella aerogenes

Enterococcus raffinosus Escherichia-Shigella dysenteriae

Enterococcus faecalis Corynebacterium nan

Moraxella osloensis Enhydrobacter nan

Peribacillus frigoritolerans Bacillus simplex
For instances in which multiple sequences of the same species were misclassified, the number
of misclassified sequences is indicated in parentheses after the species name. “Not classified”
signifies that the genus could not be determined, and “nan” indicates that the species
designation could not be made.
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crispatus strains have shown the ability to inhibit or kill

uropathogenic E. coli strains (64–66). In contrast, L. gasseri, L.

iners, and L. jensenii are frequently found in the urobiomes of

females with urinary incontinence (19, 39). Thus, distinguishing

between these Lactobacillus species is key to understanding

continence in females. The V1-V3 regions performed best in

distinguishing the urinary Lactobacillus species, correctly

identifying L. crispatus, L. iners, L. jensenii, L. mulieris, and most

L. gasseri (11/12); L. paragasseri strains were predicted to be L.

gasseri (Table 2), which is not surprising given the significant

sequence similarity of the 16S rRNA gene sequences for these

sister taxa (34). In our collection, L. paragasseri and L. gasseri 16S

rRNA gene sequences can differ by as few as 1 nucleotide. Thus,

urobiome studies that target the V1-V3 region are best for reliably

determining Lactobacillus species diversity.

While prior work assessing the capability of variable regions to

resolve urinary species did find that NCBI’s database outperformed

SILVA, which was used here, this prior assessment was conducted

using a previous version of SILVA (v132) (33). A greater precision

was observed here, for a larger andmore diverse representation of 16S

rRNA gene sequences from urinary isolates, than previously reported

for this prior version of SILVA (33). Searching the SILVA database

used here (v138.1) found that many of the taxa included in our

reference data set had numerous representative sequences,

highlighting that these databases are only as good as the data

publicly available. We will note that after our analyses, we did

reinvestigate the taxonomic designations (see Methods) as

taxonomies are amended as new information emerges. We chose to

use the SILVA database here as most prior 16S rRNA gene sequence

surveys of the urobiome have relied on this database, albeit prior

versions. It, along with the NCBI collection, are “preferred” databases

per the Urobiome Consensus (32). Our data set will contribute to

improving these databases. Likewise, additional closed genome

sequences for members of the urobiome also will improve

representation of genetic diversity of species within this niche.

As our analysis shows, it is possible to reliably characterize the

urobiome at the genus level via short read sequencing. However,

there are several cases in which distinguishing between two species

of the same genera is critical for interpretation. Each of the regions

considered here have their own limitations for distinguishing
Frontiers in Urology 06
species. Concurring with prior evaluations of the female

urobiome characterization by 16S rRNA gene sequence variable

regions, we found the V1-V3 region to more accurately resolve taxa

than V4-V6 region or V4 region alone (33). However, a similar

study of bacteria of the male urobiome identified the V1-V2

amplicon as more precise (67). This highlights the importance of

selecting a variable region(s) that can accurately capture the

bacterial diversity present in the specific niche being explored.

Informed decisions thus necessitate routine assessments of the

strengths and limitations of individual variable regions as

sequencing platforms, databases, and/or bioinformatic tools

improve (37, 68, 69).

Nevertheless, short-read sequencing studies have inherent

limitations, which can be overcome by using full-length 16S

rRNA gene sequences. With decreasing error rates and costs

associated with long-read sequencing technologies, full-length 16S

rRNA gene sequencing can reliably resolve species and even strains

(70). Full-length 16S rRNA gene sequencing surveys have been

instrumental in identifying new 16S rRNA gene variants, e.g., those

in the vaginal microbiome (71), bacterial transmission, e.g., mother-

to-infant transmission of oral bacteria (72), and temporal dynamics,

e.g., gut microbiota post-antibiotic treatment (73). Conducting such

full-length 16S rRNA gene sequence surveys of the urobiome have

only recently been explored (74). Additional studies are needed to

improve the resolution of the bacterial constituents of the

urobiome. The 96 sequences generated here have been deposited

in GenBank. The data set presented here (Supplementary Data

Sheet S2) can be used to supplement existing databases, increasing

urobiome species variation for culturable constituents of the

urobiome. Full-length 16S rRNA gene sequencing of the

urobiome is needed for capturing those members of the urinary

community that cannot be grown in the lab.
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Species No. Sequences

V1-V3 V4 V4-V6

Genus Species Genus Species Genus Species

E. coli 26 25 21 26 26 26 22
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K. pneumoniae 25 25 16 25 25 25 24

M. morganii 3 3 3 3 3 3 2
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S. aureus 4 4 3 4 4 4 3
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Biosca D, Prieto-Pérez L, et al. Differences in virulence factors and antimicrobial
susceptibility of uropathogenic enterococcus spp. Strains in a rural area of Uganda and
a spanish secondary hospital. Trop Med Infect Dis (2023) 8:282. doi: 10.3390/
tropicalmed8050282

62. Abernethy MG, Rosenfeld A, White JR, Mueller MG, Lewicky-Gaupp C, Kenton
K. Urinary microbiome and cytokine levels in women with interstitial cystitis. Obstet
Gynecol (2017) 129:500–6. doi: 10.1097/AOG.0000000000001892

63. Curtiss N, Balachandran A, Krska L, Peppiatt-Wildman C, Wildman S, Duckett
J. A case controlled study examining the bladder microbiome in women with
Overactive Bladder (OAB) and healthy controls. Eur J Obstetrics Gynecology Reprod
Biol (2017) 214:31–5. doi: 10.1016/j.ejogrb.2017.04.040

64. Butler D, Silvestroni A, Stapleton A. Cytoprotective Effect of Lactobacillus
crispatus CTV-05 against Uropathogenic E. coli. Pathogens (2016) 5:27. doi: 10.3390/
pathogens5010027

65. Abdul-Rahim O, Wu Q, Price TK, Pistone G, Diebel K, Bugni TS, et al. Phenyl-
lactic acid is an active ingredient in bactericidal supernatants of lactobacillus crispatus. J
Bacteriol (2021) 203:e0036021. doi: 10.1128/JB.00360-21

66. Song CH, Kim YH, Naskar M, Hayes BW, Abraham MA, Noh JH, et al.
Lactobacillus crispatus Limits Bladder Uropathogenic E. coli Infection by Triggering a
frontiersin.org

https://doi.org/10.3389/fcimb.2016.00078
https://doi.org/10.1016/j.ajog.2016.07.049
https://doi.org/10.1016/j.ajog.2016.07.049
https://doi.org/10.3389/fcimb.2017.00488
https://doi.org/10.1007/s00192-018-3679-2
https://doi.org/10.1007/s00192-018-3679-2
https://doi.org/10.1111/1471-0528.15920
https://doi.org/10.1016/j.chom.2020.06.022
https://doi.org/10.1016/j.chom.2020.06.022
https://doi.org/10.3389/fcimb.2020.555508
https://doi.org/10.1097/JU.0000000000001940
https://doi.org/10.3389/fcimb.2022.759156
https://doi.org/10.1016/j.jpurol.2022.02.025
https://doi.org/10.1186/1471-2180-12-205
https://doi.org/10.1128/mSystems.01371-20
https://doi.org/10.1128/mSystems.00518-21
https://doi.org/10.1099/ijsem.0.003020
https://doi.org/10.1099/ijsem.0.003200
https://doi.org/10.1128/mSphere.00560-20
https://doi.org/10.1128/mSphere.00560-20
https://doi.org/10.3389/fcimb.2022.789439
https://doi.org/10.1128/JCM.00044-16
https://doi.org/10.1016/j.ajog.2020.04.033
https://doi.org/10.1002/nau.24707
https://doi.org/10.1007/s00192-021-04780-4
https://doi.org/10.1128/AEM.64.2.795-799.1998
https://doi.org/10.1128/AEM.64.2.795-799.1998
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1093/nar/gkw290
https://doi.org/10.1099/ijsem.0.000821
https://doi.org/10.1038/s41598-017-18506-4
https://doi.org/10.1016/j.micpath.2016.06.029
https://doi.org/10.1080/17512433.2021.1901577
https://doi.org/10.1080/17512433.2021.1901577
https://doi.org/10.1089/mdr.2022.0003
https://doi.org/10.1093/femsle/fnw219
https://doi.org/10.1038/s41579-019-0315-1
https://doi.org/10.5539/gjhs.v5n2p187
https://doi.org/10.3389/fcimb.2022.973901
https://doi.org/10.3389/fcimb.2022.973901
https://doi.org/10.3390/antibiotics12040730
https://doi.org/10.1038/s41579-020-0324-0
https://doi.org/10.3389/fmicb.2021.813145
https://doi.org/10.2147/IDR.S384515
https://doi.org/10.2147/IDR.S384515
https://doi.org/10.3390/tropicalmed8050282
https://doi.org/10.3390/tropicalmed8050282
https://doi.org/10.1097/AOG.0000000000001892
https://doi.org/10.1016/j.ejogrb.2017.04.040
https://doi.org/10.3390/pathogens5010027
https://doi.org/10.3390/pathogens5010027
https://doi.org/10.1128/JB.00360-21
https://doi.org/10.3389/fruro.2023.1270509
https://www.frontiersin.org/journals/urology
https://www.frontiersin.org


Baddoo et al. 10.3389/fruro.2023.1270509
Host Type I Interferon Response. Proc Natl Acad Sci U.S.A. (2022) 119:e2117904119.
doi: 10.1073/pnas.2117904119

67. Heidrich V, Inoue LT, Asprino PF, Bettoni F, Mariotti ACH, Bastos DA, et al.
Choice of 16S ribosomal RNA primers impacts male urinary microbiota profiling.
Front Cell Infect Microbiol (2022) 12:862338. doi: 10.3389/fcimb.2022.862338

68. Allali I, Arnold JW, Roach J, Cadenas MB, Butz N, Hassan HM, et al. A
comparison of sequencing platforms and bioinformatics pipelines for compositional
analysis of the gut microbiome. BMC Microbiol (2017) 17:194. doi: 10.1186/s12866-
017-1101-8

69. Onywera H, Meiring TL. Comparative analyses of Ion Torrent V4 and Illumina
V3-V4 16S rRNA gene metabarcoding methods for characterization of cervical
microbiota: taxonomic and functional profiling. Sci Afr (2020) 7:e00278.
doi: 10.1016/j.sciaf.2020.e00278

70. Johnson JS, Spakowicz DJ, Hong B-Y, Petersen LM, Demkowicz P, Chen L,
et al. Evaluation of 16S rRNA gene sequencing for species and strain-
Frontiers in Urology 09
level microbiome analysis. Nat Commun (2019) 10:5029. doi: 10.1038/s41467-019-
13036-1

71. Qin H, Jiao JAD, Hua M, Han K, Du H, et al. Single-molecule approach to 16S
rRNA for vaginal microbiome signatures in response to metronidazole treatment.
Microbiol Spectr (2023) 11:e0170622. doi: 10.1128/spectrum.01706-22

72. Kageyama S, Furuta M, Takeshita T, Ma J, Asakawa M, Yamashita Y. High-level
acquisition of maternal oral bacteria in formula-fed infant oral microbiota.mBio (2022)
13:e0345221. doi: 10.1128/mbio.03452-21

73. Graf J, Ledala N, Caimano MJ, Jackson E, Gratalo D, Fasulo D, et al.
High-resolution differentiation of enteric bacteria in premature infant fecal
microbiomes using a novel rRNA amplicon. mBio (2021) 12:e03656–20. doi: 10.1128/
mBio.03656-20

74. Ugarcina Perovic S, Ksiezarek M, Rocha J, Cappelli EA, Sousa M, Ribeiro TG,
et al. Urinary microbiome of reproductive-age asymptomatic european women.
Microbiol Spectr (2022) 10:e0130822. doi: 10.1128/spectrum.01308-22
frontiersin.org

https://doi.org/10.1073/pnas.2117904119
https://doi.org/10.3389/fcimb.2022.862338
https://doi.org/10.1186/s12866-017-1101-8
https://doi.org/10.1186/s12866-017-1101-8
https://doi.org/10.1016/j.sciaf.2020.e00278
https://doi.org/10.1038/s41467-019-13036-1
https://doi.org/10.1038/s41467-019-13036-1
https://doi.org/10.1128/spectrum.01706-22
https://doi.org/10.1128/mbio.03452-21
https://doi.org/10.1128/mBio.03656-20
https://doi.org/10.1128/mBio.03656-20
https://doi.org/10.1128/spectrum.01308-22
https://doi.org/10.3389/fruro.2023.1270509
https://www.frontiersin.org/journals/urology
https://www.frontiersin.org

	Cataloging variation in 16S rRNA gene sequences of female urobiome bacteria
	Introduction
	Methods
	Strain sequencing
	Creating a unique set of 16S rRNA sequences from bladder bacteria
	Variable region simulation
	Phylogenetics

	Results
	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


