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Abstract 

Background  The application of molecular sequencing methods for microbiome profiling of biological samples are 
largely restricted to research use. However, they require significant resources such as time and cost and can suffer 
from amplification biases that may hamper interpretation of complex systems. These issues are also a barrier to adop-
tion as standard clinical tools in, for example, diagnosis of urogenital infections. We report a new method that utilises 
third generation long-read nanopore sequencing to produce fast, accurate and fully quantitated metagenomic micro-
biome profiles. Here, as proof of principle, we apply this methodology to reassess the healthy urogenital microbiomes 
of asymptomatic female and male samples.

Results  We show that our method is capable of accurately and reproducibly detecting both levels and composi-
tion of a synthetic mixture of ten species comprising known amounts of hard to lyse gram-positive bacteria, gram-
negative bacteria and yeast. When applied to urogenital samples, we confirm previous observations that the female 
asymptomatic vaginal and urinary microbiomes are predominated by Gardnerella spp. or one of several Lactobacillus 
species (L. crispatus, L. gasseri, L. iners or L. jensenii) that conform to previously defined community state types. We show 
the tight relationship between vaginal and urinary populations of the same individual at both species and strain level, 
provide evidence for the previously observed dynamic nature of these microbiomes over a menstrual cycle and com-
pare biomass and complexity of male and female urobiomes.

Conclusions  We set out to develop an unbiased, amplification and culture-free, fully quantitative metagenomic 
microbiome profiling tool. Our initial observations suggest our method represents a viable alternative to existing 
molecular research tools employed in the analysis of complex microbiomes.
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Background
Describing the relationship between a host and their 
microbiome, the community of bacteria, fungi, viruses, 
protozoa and archaea that co-exist with them, is critical 
to a more complete understanding of health and disease 
[1, 2].
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Research to monitor and understand microbial popu-
lations in both healthy and dysbiotic states increasingly 
looks to tools based on advanced molecular methods. 
Next Generation Sequencing, NGS, is commonly used 
to identify microbiome compositions through inter-
rogation of specific gene targets such as 16S rRNA, 
18S rRNA and chaperonin-60 (cpn60) [3–7]. These 
methods are capable of identifying multiple bacterial 
and yeast microbiome components simultaneously 
and allow a more holistic snapshot of the community 
to be elucidated. However, workflows are labour and 
time intensive, can result in organism identification 
lacking resolution beyond the family or genus level, 
are restricted to analysis of only the information con-
tained in the short PCR amplicon captured, repre-
senting < 0.01% of the genomic material available, and 
produce only relative ratio-metric quantitation. Short 
fragment shotgun NGS metagenomic methods offer 
more promise but can also be cost-prohibitive, time 
consuming, requires specialist compute and interpreta-
tion of results and, in common to all these molecular 
tests, can still suffer from sample biases due to variable 
lysis of organisms and extensive use of PCR [8].

In stark contrast to the increasing use of molecular 
methods to interrogate microbiomes in research, clini-
cal analysis techniques for the identification of dysbiotic 
microbiomes and infection remain reliant on culture or 
dipstick analysis of biomarkers such as host immune cells 
or bacterial metabolites [9–13]. Attempts to improve 
clinical tools include the use of enhanced culture proto-
cols [13–16] and, more recently, basic molecular analy-
ses such as semi-quantitative qPCR. Enhanced culture 
methods increase the breadth of identifiable species but 
still suffer from underlying selection biases and speed 
constraints. Similarly, qPCR methods are limited to 
identifying members of pre-defined species arrays and 
rely heavily on signal amplification making them prone 
to bias and false-positive reporting. Application of cur-
rent research tools such as 16S rRNA analysis or shotgun 
metagenomics to the clinical setting would undoubtedly 
lead to more reliable pathogen identification, monitoring 
and treatment. However, current workflows are both cost 
and time prohibitive.

There remains, therefore, a clear need for an improved 
molecular testing system that, ideally, is capable of bridg-
ing both research and clinical settings. Such a system 
should be capable of fully quantitative metagenomic 
identification of > 99% of organisms with sufficient sen-
sitivity and speed to become routine for both research 
analysis and clinical application. This tool would almost 
certainly lead to both a better understanding of key bio-
logical systems and ultimately improve patient outcomes 
[12].

To directly address this need we have designed a highly 
sensitive quantitative third generation metagenomic 
microbiome profiling system, q3MetaG. Using Oxford 
Nanopore Technologies long-fragment sequencing plat-
form it allows high-confidence identification at species 
and sample-specific strain levels. Our technique works 
directly from swab or urine samples and is free of any 
bacterial culture or PCR amplification so is less prone 
to contamination, false positive identification or biasing 
risks. Sensitivity is underpinned by a method of inter-
nal calibration allowing reporting of fully quantitative 
cells/mL/species sample profiles. Our process requires 
less than 24  h and can be readily repeated over time 
to create a more complete picture of entire microbial 
communities.

Given the relatively mature understanding of healthy 
urogenital microbiomes, we report the proof-of-principle 
application of our new method to re-survey the asympto-
matic female urinary and vaginal microbiomes and com-
pare them to asymptomatic male urinary equivalents.

Methods and materials
Mock microbiome
To assess quantitative and qualitative behaviour, aliquots 
of Zymo mock community D6300 (ZymoBIOMICS) 
were used as an input into the standard DNA extraction 
method (see below).

Donors
Following local ethical review board approval, partici-
pants completed written consent for urine and vaginal 
swab collection for research purposes. Participants were 
self-reported asymptomatic female and male volun-
teers screened using a pre-qualifying questionnaire (see 
appendix). Exclusion criteria included history of recur-
rent urinary tract infection, UTI, or episode of UTI in the 
previous 6 months, antibiotic use in the past 3 months, 
pregnancy, multiple sclerosis, diabetes, use of a current 
or recent urinary catheter during previous 6  months, 
kidney stones or kidney/bladder surgical procedures 
or use of long-term steroids. All samples were pseudo-
anonymised during processing and data analysis.

Sample collection
Samples were self-collected by volunteer donors using 
a provided home sampling kit containing 30  mL uni-
versal sodium borate urine tubes (Sterilab) and sterile 
hard-packed vaginal swabs (Scientific Laboratory Sup-
plies). To minimise sample contamination donors were 
requested to clean around the urethra thoroughly using 
a sterile hygienic intimate wipe (Jeevson) before collect-
ing their sample indirectly using a disposable sterile Pee-
Canter urine collection device (MedDX Solutions) and 
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finally decanting into the 30  mL borate universal tube. 
Filled tubes and swabs were immediately returned to the 
laboratory in UN3373 compliant packing (AlphaLabs) at 
ambient temperature using a guaranteed next-day service 
(Royal Mail). All samples were received within 48 h and 
stored at 4 °C until processed.

DNA Extraction
Vaginal swabs were soaked for 5 min in 1 mL viral trans-
port medium, VTM, (ZymoBIOMICS) and agitated to 
release cells. 1 mL of VTM from vaginal swabs or 5 mL 
aliquots of urine samples were centrifuged (14,000xg 
for 5  min, Prism Centrifuge, Labnet) to recover cellu-
lar material and supernatant discarded. Cell samples 
were then processed to lyse host cells and degrade host 
cell DNA (HostZero Microbial DNA Kit D4310, Zymo-
BIOMICS) using manufacturer’s instructions. Samples 
were spiked with a known titre of internal calibrator spe-
cies (Spike-in Control I, High Microbial Load D6320, 
ZymoBIOMICS), microbial cells lysed by boiling for 
5  min (100  °C Accublock Digital Dry Bath, Labnet) fol-
lowed by bead beating methods (FastPrep 24 5G, MP 
Biomedicals) and microbial DNA recovered (HostZero 
Microbial DNA Kit D4310, ZymoBIOMICS). Extracted 
DNA samples were sonicated to average 1–3 kb fragment 
length (Bioruptor Plus, Diagenode SA) and yields quanti-
fied (Quant-IT PicoGreen, Invitrogen).

3rd Generation nanopore sequencing library preparation
Oxford Nanopore-specific barcoded sequencing librar-
ies were synthesised using the manufacturer’s standard 
protocols (Oxford Nanopore SQK-LSK114.24) and run 
on individual R10.4.1 SpotON Flongle flowcells or mul-
tiplexed and run on R10.4.1 SpotON MinION flowcells 
(Oxford Nanopore Technologies). Sequencing data was 
collected overnight, typically for 14 h.

Data processing
Resulting Fastq datasets were uploaded to our bespoke 
cloud-based (AWS) analysis suite (patent applied for) 
for processing. Individual reads were filtered for qual-
ity, length and chimerism then aligned (BLAST [17]) 
to a curated database of unique species-level bacterial, 
yeast, archaea (See appendix for list of reference species) 
or host references including a separately curated non-
redundant plasmid and phage dataset. Alignments were 
secondarily filtered for various metrics using our pro-
prietary algorithms to remove low quality mappings and 
noise. Per-species post-filtered mapping data was used to 
estimate sample input cell values by reference to mapping 
data for calibrator spike species. Results from individual 
samples were collated into ‘heat-map’ diagrams display-
ing estimated input cell numbers per species (per mL for 

urine input, per swab for vaginal) and displayed using a 
quantity-specific colourised scale. Data points resulting 
from less than 10 unique high-quality read mappings or 
equating to < 1,000 cells/mL were excluded.

Consensus assemblies were created and exported for 
species of particular interest where aligned read mapping 
exceeded 10 × coverage genome-wide, ~ 10,000 reads/
species. SNP comparison tools [18] were used to com-
pare multiple strains of the same species. Core genome 
phylogenies were output in Newick format and used to 
display cladograms [19] predicting relative sub-strain 
homologies or phylotypes where applicable.

Escherichia coli monoclonal cultures were grown, 
diluted and adjusted to approximately 1 × 106 cells/mL 
using OD measurements. Titres were confirmed using 
orthogonal measures such as cfu counts on culture plates 
of log series dilutions, expected vs observed yields from 
DNA extractions and microbial cell counter analysis 
(QUANTOM Tx, LOGOS Bio). These were then use as 
inputs into our standard DNA extraction method.

Results
Assessment of a synthetic microbiome
To assess the efficacy of our method we analysed a com-
mercially available mock microbial community standard 
comprised of ten species; three gram-negative bacteria, 
five gram-positive bacteria and two yeasts all chosen 
specifically to be clinically relevant and hard to lyse. Our 
method was able to qualitatively identify all ten spe-
cies present (Fig.  1a). Across the six replicates 0.004% 
of predicted cells belonged to species other than those 
expected in the input (Supplemental Fig.  1A data). This 
method, therefore, represents a very clean system for 
species identification with very little off-target noise. 
Furthermore, concordance of predicted absolute cell 
numbers to within ~ twofold of expected cell input values 
for all ten species show our method represents a highly 
quantitative assay (Fig.  1a; Supplemental Fig.  1A data). 
Standard deviation values from the six independent rep-
licates suggest this method to be highly reproducible and, 
in addition, little obvious organism or gram-stain type 
associated deviation suggests limited bias from cell lysis 
and DNA isolation.

To assess method sensitivity we conducted analysis of 
a 10 × log dilution series of an approximate 1 × 106 cell/
mL monoclonal Escherichia coli culture (Fig. 1b). Accu-
racy of measured values remained high down to ~ 1 × 103 
cell inputs per species, suggesting that this assay is able 
to produce sensitive identification of species well below 
the 1 × 105 cell/mL reporting threshold employed by UK 
National Health Service, NHS, culture methods [20].

Highly sensitive microbiome profiling methodolo-
gies are prone to low-level background contaminants. 
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Fig. 1  a Accuracy and reproducibility of the meta-genomic profiling method using Zymo D6300 mock community as a known input. Average 
measured cell values (± 1 SD) vs predicted cell input shown for six replicate analyses of a ten species mix comprising yeasts; orange, gram-negative 
bacteria; green, gram-positive bacteria; blue. b Measured cell values vs predicted cell inputs for a 10 × log titration assay sensitivity series 
of Escherichia coli 
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These may be reproducibly observed for a given meth-
odology due to intrinsic contaminants in commercial 
lab grade plastic-ware and reagents. To establish if a 
baseline microbial ‘kit-ome’ signal exists for our tech-
nique we processed ten independent replicates of fresh, 
sterile ultrapure water. Our quantitative analysis showed 
that 8/10 samples returned a low diversity, low biomass 
collection of species (> 5 mapped reads/species) pri-
marily consisting of Sphingomonas koreensis, Cutibac-
terium acnes, Pseudomonas stutzeri and Pseudomonas 
aeruginosa (Supplemental Fig. 1). Our analysis therefore 
suggests the process kit-ome is composed of readily iden-
tifiable low titre bacterial species contributing a total bio-
mass of < 1,000 cells/mL per processed input sample.

Asymptomatic microbiome profiles: female urine
Next, we applied our technique to profile microbiomes 
in urine samples from self-reported asymptomatic con-
trol female donors (Fig. 2). Initially, we conducted single 
time-point analysis of samples taken from 23 adult female 
volunteers (average age 31, median 24, range 18–53). The 
total estimated biomass recovered for each urine sample 
varied considerably (range 13,000 to 15,000,000 cells/
mL, median 1,400,000 cells/mL), and represented 10 × to 
100 × greater values than those previously estimated 
using 16S rRNA methods [21, 22]. Microbiome alpha 

diversity (Shannon diversity index, H) varied from 0 to 
2.5 (median 0.76) equating to between 1 and 39 (median 
7) discrete organisms per sample (Fig.  2). No obvious 
correlation was found between the diversity of organ-
isms detected and total sample biomass (data not shown). 
76 different species were identified across the 23-sample 
cohort at levels > 1,000 cells/mL. Lactobacillus crispa-
tus and Gardnerella vaginalis were the most prevalent 
organisms, being present in 52% and 49% of the samples 
respectively. 36 species were unique to single samples.

Our data confirm the existence of discrete urotypes 
paralleling previously reported vaginal community state 
types, CST’s [23–25], predominated by; Lactobacillus 
crispatus (CST:I), Lactobacillus gasseri (CST:II), Lactoba-
cillus iners (CST:III), Gardnerella spp. (CST:IV) or Lacto-
bacillus jensenii (CST:V) (Fig. 2). No obviously common 
pattern was seen in the remaining samples.

Donor 51 provided a sample with the highest diversity 
microbiome (H = 2.47) dominated by high titres of Bifi-
dobacterium breve (1,200,000 cells/mL, Fig.  2). 20/37 
species identified across the cohort were unique to this 
sample including emerging uropathogens Oligella ure-
thralis [26] and Alloscardovia omnicolens [27], each pre-
sent at > 100,000 cells/mL. Of interest, this observation 
matches previously reports of Bifidobacterium breve 
defining a low frequency CST subtype [23, 24, 28] as well 

Fig. 2  Comparison of urinary profiles from 23 healthy control female donors. Values are given as predicted cells/mL urine/organism detected. 
Samples cluster into four major urobiomes dominated by Gardnerella spp., Lactobacillus crispatus, Lactobacillus iners or Lactobacillus jensenii 
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as being a causative agent in urinary tract infections, UTI 
[29].

Asymptomatic microbiome profiles: vagina
Our sampling protocol captured vaginal swabs taken in 
parallel to each urinary test for 20 of our asymptomatic 
donors enabling us to co-profile asymptomatic vaginal 
biota (Fig. 3). Estimated cell values for each species iden-
tified at > 10,000 bacterial cells/swab are given for each 
sample and allow estimates of the total number of cells 
recovered per swab (range 64,000 to 240,000,000 cells/
swab, median 14,600,000 cells/swab). As with the urine 
samples, the number of bacterial cells recovered for each 
vaginal swab varied considerably, some of this likely due 
to variation in individual donor swabbing technique. On 
average 10 discrete organisms (range 1–35, median 6) 
were identified per sample equating to alpha diversity 
measures of 0 to 2.4, median 0.8 (Fig.  3). A total of 64 
different species were identified across the cohort, 50% 
of which were also observed in the urine samples. As in 
the urine samples, Lactobacillus crispatus was the most 
prevalent observed organism, found in 50% of the vaginal 
swab samples. Twenty-four species were unique to single 
donor samples.

Evidence of discrete vaginal microbiomes dominated 
by the same species identified in the urine analysis; Gard-
nerella spp., Lactobacillus iners, Lactobacillus gasseri or 
Lactobacillus crispatus agree with previous community 
state type, CST, definitions [23–25, 28, 30] and suggest 
a considerable overlap between the two microbiomes of 
the same individual (Figs.  2 and  3). Indeed, correlation 
analysis between samples collected from the same donor 
on the same day suggests that urinary and vaginal pro-
files share an average 65% of identified species per indi-
vidual (Fig.  4a) supporting the previously observed [25] 
tight relationship between these microbial communities 
(Fig. 4b).

Co‑profiled urine and vaginal microbiomes: temporal 
series
In-depth analysis of weekly urine and vaginal samples 
from three volunteers produced a temporal series span-
ning a full menstrual cycle (Fig.  5a-c). High levels of 
concordance are apparent between urinary and vaginal 
microbiomes of the same individual across the majority 
of this testing period. However, transitory changes were 
observed in vaginal and urinary microbiome composi-
tion of some individuals. Of interest, the nature of these 
changes seem specific to each location; the Lactobacillus 

Fig. 3  Comparison of vaginal swab profiles from 20 healthy control female donors. Values are given as predicted cells/swab/organism detected. 
Akin to urine samples (Fig. 2.) samples cluster into four major microbiomes dominated by Gardnerella spp., Lactobacillus crispatus, Lactobacillus iners 
or Lactobacillus jensenii 
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Fig. 4  a Comparison of urinary and vaginal microbiome species concordance from the same donor. Histogram shows the percentage of species 
in each donor that were present in both vaginal and urinary microbiomes (dark blue), specific to vaginal samples (dark green) or specific to urine 
samples (light green). Where species were found at > 1,000 cells/swab any detected level in urine for the same species was scored as a match. b 
Example of relationship between measured species (> 1,000 cells) in vaginal and urinary microbiomes in samples from donor 30
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Fig. 5  a-c Temporal series of urine (top) and vaginal swab (bottom) microbiome profiles for three asymptomatic control female donors; Donor 22, 
Donor 23, Donor 24 respectively. Five separate sequential weekly assays spanning a full menstrual cycle are shown for each. Estimated cells/mL/
organism of urine or cells/swab/organism are plotted for each species at each time-point
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crispatus:Lactobacillus iners ratio is transiently inverted 
in donor 23 & 24 urine samples whilst in the vagina in 
the same donors the Gardnerella vaginalis & Gardnerella 
swidsinskii:Lactobacillus crispatus ratios display a similar 
phenomenon over the same time frame. These findings 
are compatible with previous studies describing similar 
phenomena in both urinary [22] and vaginal microbi-
omes [3, 30].

Lactobacillus crispatus strains in urine vs vaginal samples
Our method provides consensus metagenome references 
for any bacterial species present with greater than ten-
fold aligned sequence coverage. Extracted references can 
be compared using genome-wide SNP comparison tools 
to produce cladograms highlighting relationships to key 
published reference strains of the same species. Six of 
our asymptomatic control donors displayed Lactobacil-
lus crispatus levels with sufficient coverage to construct 
independent consensus references for both their urine 
and vaginal swab samples. Comparison of these refer-
ences against previously published vaginal and gut strains 
[31] shows that, in all six cases, the closest homologies 
were between urine and vaginal L. crispatus references 
computed from the same donor (Fig. 6). This pairing of 
donor specific references strongly suggests that L. crispa-
tus strains in both the urine and vaginal samples are 

sufficiently unique to an individual donor and shared 
across urogenital sites. Of note, all consensus references 
show highest homology to published vaginal rather than 
gut strains, further supporting the hypothesised anatom-
ical niche-specific strain adaptation of this genetically 
diverse species [31].

Asymptomatic microbiome profiles: male urine
To investigate the sex difference of urinary microbi-
omes in asymptomatic individuals we profiled urine 
donated by 18 asymptomatic male volunteers (Fig.  7). 
In general, lower numbers of species were returned 
for each sample with 9/18 failing to return any organ-
isms present at > 1,000 cells/mL, similar to that previ-
ously reported [32]. On average male urine samples 
returned ~ 300 × lower total biomass/mL compared to 
female urine samples (range 320 to 160,000 cell/mL, 
median = 4,700 cells/mL) with between 1 and 18, median 
3, discrete organisms equating to alpha diversity (H) 
measures of 0 to 2.6, median 0.68 (Fig. 7). Of note, bac-
teria associated with the ‘kit-ome’, Cutibacterium acnes 
and Pseudomonas stutzeri were seen to be present across 
the majority of samples at < 1,000 cells/species (C. acnes 
median value 480 cells/mL, P stutzeri median value 200 
cells/ml) suggesting that this should be a consideration 

Fig. 6  Cladogram displaying SNP based relationship between consensus builds of Lactobacillus crispatus from urine and vaginal swab samples 
from six donors with comparison to eight ‘Vaginal strains’ and five ‘Gut’ strain references taken from [31]. Vaginal and urine consensus references 
from the same individual show highest homology to each other and are highlighted in the same colour
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with interpreting datasets that approach the lowest prac-
tical detection limit of our method.

Previous reports suggest enrichment of Corynebacte-
rium and Streptococcus species in male urine [4, 32, 33]. 
We confirm the presence of five Streptococcus species in 
more than one sample; S. gwangjuense, S. mitis, S. peri-
odonticum, S. pneumonia and S. pseudopneumoniae as 
well as two species of Corynebacterium; C. glucuronolyti-
cum and C. tuberculostearicum (Fig. 7).

Discussion
Assessing the accuracy and reproducibility of a new 
method for quantitative co-profiling of microbial com-
munities is challenging. Our initial investigation there-
fore focused on profiling a commercially available 
synthetic mixture of species of known titres. We were 
able to show that our new tool can accurately identify 
both relative and absolute quantities of a mixture of 
multiple gram-negative, gram-positive and yeast species 
with high reproducibility and very little off-target signal. 
Furthermore, we demonstrated that our method has the 
sensitivity to quantitatively detect bacterial species to 
1 × 103 cells/ml and has a defined and reproducible pro-
cess associated ‘kit-ome’ typically equivalent below 1,000 
total cells/sample.

Applying this new tool to re-investigate asymptomatic 
female urine, vaginal and male urinary microbiomes has 
reproduced many of the key observations made using 16S 
rRNA and short fragment metagenomic studies. These 

include confirmation that Lactobacilli spp. and Gard-
nerella spp. are highly enriched in female urogenital sam-
ples [4, 21, 25, 33, 34] and can be defined into community 
state types; that a high degree of commonality between 
urinary and vaginal microbial populations exits [21, 35–
37]; that microbiome relationships can be dynamic across 
a menstrual cycle [22] and that L. crispatus and G. vagi-
nalis [22, 38, 39] display a largely exclusive relationship 
that generally holds true in  vivo. Confirmation of these 
key findings supports the validity of our new tool as a 
method for profiling complex microbial communities.

In addition the quantitative nature of our method 
allows us to demonstrate that average female urobiomes 
have two orders of magnitude more biomass/mL than 
males and that, of the 27 species identified to be com-
mon to urobiomes from both sexes, most were present 
at comparable cells/ml titres. Given the marked differ-
ence in total biomass between the sexes this highlights 
the majority contribution made by a subset of species 
that are heavily enriched or unique to female urogeni-
tal microbiomes including Gardnerella spp. Fanyhes-
sea vaginae and six species of the genus Lactobacillus. 
In comparison, Lactobacillus species were almost com-
pletely absent in male urine samples that, in agreement 
with previous observations [32], are populated by low 
biomass of Streptococci; S. gwangjuense, S. mitis, S. pneu-
monia and S. pseudopneumoniae and members of the 
Serratia genus; S. urielytica, S. marcescens and S. nema-
todiphila. In line with previous reports [32], half of our 

Fig. 7  Comparison of urinary profiles from 18 healthy control male donors. Values are cells/ml Urine. 9/18 samples failed to record any species 
above this threshold
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input asymptomatic male urine samples returned no 
detectable organisms other than those compatible with 
contribution from the process kit-ome. Hence, they may 
be considered practically sterile as assayed by our tech-
nique. The high frequency of this finding in our male 
samples raises the possibility that, in stark contrast to 
females, this may represent the normal status of asymp-
tomatic male urine. It also displays the dynamic range 
of our method that is able to report across 6 log units 
between the highest (1.3 × 108 cells/swab, Lactobacillus 
iners, Female vaginal swab 54, Fig. 3) and lowest (1 × 102 
cells/mL, Pseudomonas stutzeri, Male sample 14, Fig. 7) 
recorded individual values.

The use of a full metagenomic workflow allows our 
method to provide automated full consensus genomes 
computed directly from sample sequencing data. Using 
this facility were are able to show that Lactobacillus 
crispatus strains have donor-specific SNP patterns. Fur-
thermore, these patterns are most closely shared by 
vaginal and urinary strains of the same individual under-
lining the previously described tight relationship between 
female urogenital microbiomes [25]. Automatic differ-
entiation of bacterial strains at genome wide SNP level 
directly from urine or swab samples will prove useful as 
both a research and clinical tool in, for example, identify-
ing pathogenic sub-strains of bacterial species and moni-
toring the epidemiology of infection.

Choice of analytical technique is central to the design 
of a successful microbiome profiling study. PCR-based 
methods including 16S rRNA and short fragment shot-
gun sequencing profiling have high innate sensitivity 
but can be prone to report false-positives in low bio-
mass samples [40]. In response, our system has been 
designed to be completely PCR and culture free to mini-
mise biasing issues whilst maintaining a level of sensi-
tivity that allows practical measurement of organisms 
down to 1,000 cells/mL. This arbitrary and deliberately 
conservative level is defined by sequencing depth and 
bioinformatic confidence thresholds both of which can 
be modulated to increase sensitivity further but with an 
associated risk of false positive prediction. Our method’s 
innate sensitivity limitations remain an important con-
sideration in experimental design and choice of assay.

Our method is restricted in its scope to make molecu-
lar identifications through it’s database of species level 
genomic references. However, unlike 16S RNA or ITS 
based methods our technique is able to identify any 
organism with a DNA based genome so is able to provide 
holistic single sample co-profiles that include entities as 
diverse as Bacteria, Yeast, Viruses, Plasmids and Phages. 
The breadth and quality of organism genome references 
are both publically available and constantly improv-
ing. Thus, periodic updates to the database used by our 

method will continue to expand it’s ability to identify a 
wider selection of organisms and allow the reanalysis 
of historic datasets as new species of interest become 
available.

Conclusions
We set out to develop a low bias, fully-quantitative 
metagenomic profiling tool for analysis of microbiomes 
directly from biological samples and clinical isolates. The 
asymptomatic urogenital profiling data presented here 
reproduces many of the key findings previously observed 
using more established molecular technologies. This is 
our first step towards validating our new method for use 
in research applications. Ultimately our aim is to apply 
this method to leverage the power of molecular analysis 
to improve pathogen identification in cases of clinical 
infection such as chronic UTI and vaginoses.
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