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ABSTRACT Untreated asymptomatic bacteriuria (ASB) has been associated with adverse
pregnancy outcomes. Thus, routine screening by standard urine culture (SUC) and
treatment of ASB are currently recommended for all pregnant women. However, SUC
often misses microbes detected by expanded quantitative urine culture methods (EQUC)
and 16S rRNA gene (amplicon) sequencing. The existence of these microbes (urinary
microbiome) challenges the current approach to ASB screening in pregnancy as it
is limited by two assumptions: (i) the female bladder is naturally sterile and (ii) SUC
identifies all clinically relevant uropathogens. To determine the uniqueness or similarity
between urinary and vaginal microbiomes, we performed a prospective observational
institutional review board (IRB)-approved cohort study of pregnant women with a
singleton pregnancy <14 weeks undergoing routine ASB screening. Consented subjects
provided paired midstream voided urine and vaginal swab samples, which were assessed
by EQUC and amplicon sequencing. The similarity was determined by Spearman’s
correlation; statistical significance was calculated using bootstrap analysis with 1,000
random samples and a significance threshold of P value < 0.001. We used the Bayes
theorem to quantify how well the vaginal microbiome could be used as a proxy for a
patient’s urinary microbiome and vice versa. Our findings provide evidence that EQUC
and amplicon sequencing reveal similar views of urinary and vaginal microbiomes in first
trimester pregnant women. However, while vaginal and urinary microbial compositions
were significantly correlated for the same individual, they were by no means equivalent.
The first trimester urinary and vaginal microbiomes are distinct enough to preclude their
use as proxies of each other.

IMPORTANCE Untreated asymptomatic bacteriuria (ASB) has been associated with
adverse pregnancy outcomes, including pyelonephritis, preterm labor, and low birth
weight infants. Thus, routine screening by standard urine culture (SUC) and treatment
of ASB are currently recommended for all pregnant women. For this purpose, some
researchers claim that vaginal swabs and urine samples can be used as proxies for
each other. Because SUC often misses microbes, we used two more sensitive, recently
validated detection methods to compare the composition of the urinary and vagi-
nal microbiomes of pregnant females in their first trimester. Both methods yielded
similar results. Vaginal and urinary microbial compositions for the same individual were
significantly correlated; however, they were not equivalent. We argue that first trimester
urinary and vaginal microbiomes are distinct enough to preclude their use as proxies for
each other.

KEYWORDS asymptomatic bacteriuria, enhanced culture, microbiome, pregnancy, 16S
rRNA gene sequencing, clinical microbiology

n the general obstetric population, 2%-11% of gravid women have evidence of
uropathogenic bacteria without relevant signs or symptoms of a urinary tract infection
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(UTI) at the time of routine screening; this is referred to as asymptomatic bacteriuria
(ASB) (1). Based on observational data regarding adverse pregnancy outcomes with
ASB, screening and treatment of ASB during pregnancy are recommended for all
pregnant women (2-4). However, the current approach to ASB screening is limited by
two factors: (i) the assumption that the female bladder naturally exists in a sterile state
and (ii) the assumption that all clinically relevant uropathogens are reliably identified by
standard urine culture. Recent data from the literature on non-pregnant women have
challenged both these assumptions (5-8).

It is now clear that the lower urinary tract of non-pregnant women contains
a community of microbes, called the female urinary microbiome or urobiome. The
urobiome was discovered using culture-independent DNA-based approaches. Using 16S
rRNA gene sequencing, multiple groups identified bacterial DNA in urine collected either
by using a transurethral catheter or by the so-called “clean catch” midstream voided
methods from symptomatic and asymptomatic non-pregnant women (9-15). To validate
these findings and to determine whether the sequenced bacteria were alive, several
enhanced urine culture techniques were developed (16-18). These methods vastly
outperform traditional urine culture methods in detecting bacteria, including species
relevant to ASB (19).

Evidence now exists that the lower urinary tracts of pregnant women also contain
microbes. Two teams of researchers have used 16S rRNA gene sequencing and/or
enhanced culture methods to detect diverse microbes in midstream voided urine
samples collected from women in the second trimester (20) and in urine obtained by
transurethral catheterization from women who presented for delivery (21). However,
these studies were limited by several factors, including assessment for the urobiome
after the patient had already completed screening for ASB as part of their prenatal
care. Therefore, we sought to evaluate and characterize the urobiome in the first
trimester of pregnancy at the time of routine ASB screening. Furthermore, it is also
unclear how much the urobiome reflects the vaginal microbiome or if the urobiome is
distinct from the vaginal microbiome. As such, we compared paired voided urine and
vaginal swab samples to determine the uniqueness or similarity between the urinary and
vaginal microbiomes. To make this comparison, we used two complementary orthogonal
methods: expanded quantitative urine culture (EQUC) and 16S ribosomal RNA gene
amplicon sequencing of isolated DNA.

MATERIALS AND METHODS
Cohort selection

After receiving approval from the Loyola Institutional Review board (LU#209864), women
who presented for their initial prenatal care appointment were screened for participa-
tion and recruited for a pilot study. We included pregnant women if they were English-
speaking, =18 years old, in their first trimester (<14 weeks gestation) of a singleton
pregnancy confirmed by ultrasound, and undergoing routine pelvic examination during
their first prenatal visit. We excluded patients with a history of recurrent UTls, antibiotic
usage since conception, need for ongoing antibiotics (e.g., due to a history of recurrent
UTI), multi-fetal gestations, gestation greater than 13 weeks and 6 days, urinary tract
anomalies, or planning to deliver at an institution other than Loyola. Eligible participants
provided written informed consent. At the time of enrollment, participants provided
demographic information, medication use, and obstetrical history.

Patient sample collection

All patient samples were collected as part of routine care for ASB screening prior to
performing an examination. A midstream voided urine sample (described hereafter as
“urine” samples) was collected in a sterile blue cap collection cup (BD #364956; Becton,
Dickinson and Company). A portion of this sample was placed in a BD Vacutainer
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Plus C&S Preservative Tube (Becton, Dickinson and Company), as is standard practice
for clinical microbiology samples. At the time of the routine pelvic examination prior
to performing a sterile digital examination, a vaginal sample (described hereafter as
“vaginal” sample types) was collected with a sterile speculum from the posterior fornix
of the vagina using the BD ESwab (BD#220245; Becton, Dickinson and Company, Sparks,
Maryland), which contains a swab resting in 1 mL of the bacterial preservative. The
microbiomes of all collected samples were determined using two methods: EQUC and
16S rRNA gene amplicon sequencing (described hereafter as the “amplicon” method).

Urobiome identification by the EQUC method

Both the vaginal swab and voided urine samples were sent to the research laboratory
for EQUC, which was initiated within 4 hours of collection, as previously described
(17) (see also Table S1). Compared to the standard urine culture method, EQUC uses
100 times more urine, more types of media, and more atmospheric conditions with a
longer incubation period. Thus, the detection limit for EQUC is 1 colony of growth on
any plate or 10 colony forming units per milliliter (CFU/mL); in contrast, the detection
limit for the standard method is 1,000 CFU/mL. If EQUC detected no bacteria, the
sample was considered to be below the detection threshold. For each morphologically
distinct colony type, CFU/mL were counted, and representative colonies were purified for
identification by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectroscopy, as previously described (17).

Microbiome identification by 16S amplicon sequencing

16S rRNA gene sequencing amplifies the V4 variable region of bacterial ribosomal RNA
to identify live and dead bacteria. Genomic DNA (gDNA) was extracted from urine and
vaginal samples using a Qiagen DNeasy Blood and Tissue kit via validated protocols
(22). Controls were utilized in all steps to monitor for contamination. Gel electrophoresis
and fluorescence dsDNA assays were used to monitor for DNA quality and quantity.
gDNA was stored at —80°C until sequencing. 16S rRNA gene sequencing was performed
on all available samples. The 16S rRNA gene was PCR-amplified from gDNA using
degenerate primers (23) with index sequences and sequenced in pools on an llumina
MiSeq at the Loyola Genomics Facility (24). Given that the urinary tract is a low biomass
system and that 16S rRNA gene sequencing is highly sensitive, any contamination of the
working space or sample may lead to skewed results. To limit false positives, controls
were routinely utilized during processing. Furthermore, all samples were processed in
duplicate to ensure reproducibility, with any discrepancy resulting in the processing of a
third sample. Discrepancy was defined using the Bray-Curtis Dissimilarity Index, where a
value of 0.5 was considered sufficiently different to merit a third sample.

Quality control and de-multiplexing of sequence data were performed with the
onboard MiSeq Control software and MiSeq Reporter (current version: 2.1.43). The
mothur pipeline was used to combine paired-end reads and remove contigs of incorrect
length, contigs containing ambiguous bases, and chimeric sequences. Within mothur,
sequences were assigned to operational taxonomic units based on a 97% similarity
cutoff. Due to the low biomass nature of urine, the threshold for sequence positivity was
set at a conservative cutoff of 2,000 sequence reads.

Quantitative microbiome analyses

Prior to analysis, all EQUC- and amplicon-detected microbiomes were normalized to
sum to an arbitrary value of 1,000. To determine how similar or dissimilar normalized
urinary and vaginal microbiomes are to one another for the same subject and across all
subjects, we used Spearman’s correlation, a non-parametric test for assessing monotonic
relationships between variables (25). Spearman’s correlation ranges from —1 to 1, with
1 indicating perfect correlation, —1 indicating a perfect negative correlation, and 0
indicating no correlation. To consider correlations, we used the standard, if arbitrary,
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ranges 0-0.19 as “very weak,” 0.2-0.39 as “weak,” 0.40-0.59 as “moderate,” 0.6-0.79 as
“strong,” and 0.8-1 as “very strong." Statistical significance of Spearman’s correlations
was calculated using a bootstrap analysis with 1,000 random samples and a significance
threshold of P value < 0.001.

To quantify how well a vaginal microbiome could be used as a proxy for a patient’s
urobiome and vice versa, we used the following: for a specific patient, if a taxon is
detected in one sample type (i.e., either vagina or urine), what is the conditional
probability that it also will be detected in the other sample type? The answer was
calculated using the Bayes theorem:

P(B|A)P(A)

P(A|B) = P(B)

ey

where P{A|B) is the probability that for taxon “t” if that taxon is found in sample
type B, what is the probability that taxon t will also be found in condition A? P¢(A) is
the probability that taxon t is in sample type A, and P¢(B) is the probability that taxon
t is in sample type B. Only the presence or absence, and not relative abundance, was
considered. To avoid calculating the probability for genera that are at the limits of
detection, where presence and absence of a taxa may be attributable to chance, we
eliminated the following from this analysis (i) the lowest abundant genera, accounting
for the lowest 0.5% of abundance in observed microbiomes and (ii) genera that were
detected in fewer than five samples.

RESULTS

A total of 29 participants were recruited for the study. The population reflected the
racially diverse obstetrics population at our institution. Table 1 displays the cohort’s
demographic characteristics and distribution.

Figures 1 and 2 present the urinary and vaginal microbiome composition at the
genus level as detected by the EQUC and amplicon methods, respectively. The amplicon
method detected 428 distinct genera, whereas the EQUC method detected 35 genera;
25 genera were detected by both methods (Fig. 3). Most (71%) of the genera detected

TABLE 1 Patient demographics and clinical characteristics®

Value (n = 29 total

Parameter patients)
Maternal age (years®) 30 (19-42)
GA at recruitment’ 9w2d (4w6d-13w3d)
AMA age >35yo 3(10.3%)
Nulliparity 5(17.2%)
Multiparity 24 (82.8%)
BMI* 26.61 (18-42.87)
Race
Non-Hispanic White 10 (34.5%)
African American 7 (24.1%)
Hispanic 8 (27.6%)
Asian 2 (6.9%)
Others 2 (6.9%)
Medical comorbidities
Asthma 3(10.3%)
Gestational diabetes 2 (6.9%)
History of pre-eclampsia 2 (6.9%)
History of DVT 2 (6.9%)
Thyroid 4(13.8%)

“Median with range.
bGA: gestational age; AMA: advanced maternal age; BMI: body mass index; DVT: deep venous thrombosis.
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FIG 1 Relative abundance of genera in urine and vaginal microbiomes by EQUC. Butterfly plot with the 95% most abundant taxa mapped to color and each

microbiome community summing to 100%.

by EQUC were also detected by the amplicon method. Although the vast majority
(94%) of genera detected by the amplicon method were undetected by EQUC, the 25
commonly detected genera were the most abundant, accounting for 82% and 85% of
total abundance by the EQUC and amplicon methods, respectively.

Sample types and methods can be compared by considering the average of all
urobiomes for each sample type and analysis method (Fig. 3). By both methods,
on average, the genus Lactobacillus predominated in both microbiomes; however,
Lactobacillus occupied a higher proportion of the urobiome as observed by the amplicon
method than by EQUC. Gardnerella was the second most abundant genus in both sample
types and by both methods.
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to color and each microbiome community summing to 100%.

How similar are the microbiomes as detected by the amplicon and EQUC
methods?

We next compared the two different detection methods, asking how well they agreed
with each other when used to analyze the same microbiome community. Consider-
ing the genera detected by both methods, there was a “moderate” and statistically
significant correlation between the methods for the same sample, relative to the
correlation between other samples of the same sample type (Spearman’s correlation
of 0.48 for vagina and 0.53 for urine sample types. Bootstrap P values less than 0.001).
However, when considering the average abundances of these 25 commonly detected
genera, the alpha diversity of the microbiomes, as calculated by the Shannon Diversity
Index, differed substantially by the analytic method. The microbiomes detected by EQUC
(Shannon’s Diversity Index of 1.6 and 1.2 for vaginal and urine microbiomes, respectively)
were more diverse than those detected by the amplicon method (0.5 and 0.9 for vaginal
and urine microbiomes, respectively). This difference in diversity is due to the predom-
inance of Lactobacillus in amplicon-detected microbiomes relative to EQUC-detected
microbiomes.

How similar are the urine and vaginal microbiomes?

To determine if the microbiome of one sample type is a good proxy for the other, we
compared the paired vaginal and urine microbiomes from each participant. For the
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microbiomes as detected by the amplicon method, there was a “strong” (Spearman’s
correlation coefficient = 0.60) and statistically significant (Bootstrap x1000, pVal <0.001)
correlation between vaginal and urine microbiomes of the same subject. For EQUC-
detected microbiomes, there also was a “strong” (Spearman’s correlation coefficient =
0.66) and statistically significant (Bootstrap x1000, pVal <0.001) correlation between
vaginal and urine microbiomes of the same subject. Furthermore, while not identical, the
vaginal and urine microbiomes were more similar to one another for the same subject
than they were between subjects.

Given the observation that vaginal and urine sample types were broadly and
significantly similar for a given subject, we could now address the question: if a genus
was detected in one sample type, what was the likelihood that the genus was detected
in the other? Thus, we calculated the conditional probability that a genus was present
in one sample type, given that it had been detected in the other (Tables 2 and 3). As
they have no predictive power, we eliminated from the analysis very low abundance
genera and those that occurred infrequently. For the vaginal and urine microbiomes, this
removed 11 of 35 (31%) genera for the EQUC-detected microbiomes and 64 of 428 (15%)
genera for the amplicon-detected microbiomes.

How good is the vaginal microbiome at predicting the urobiome?

In EQUC-detected microbiomes, for 36% of the detected genera (4 of 11), if a genus
was detected in the vaginal microbiome, there was at least a 75% chance of also being
detected in the urobiome. These five genera constituted 79% of the total abundance in
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TABLE 2 Conditional probability of detecting taxa in EQUC-analyzed samples®

Swab genus P (vaginal|urine)” P (urine|vaginal)”
Lactobacillus 0.813 1.000
Staphylococcus 0.867 0.867
Unknown 0.636 0.824
Gardnerella 0.818 0.750
Candida 0.600 0.750
Klebsiella 0.667 0.667
Corynebacterium 0.929 0.591
Escherichia 0.667 0.571
Winkia 0.500 0.556
Streptococcus 0.846 0.524
Haemophilus 0.000 Urine only

“The probability that genera will be detected in the vaginal swab if it is detected in the urine sample.
*The probability that genera will be detected in the urine sample swab if it is detected in the vaginal swab.
‘Bold values are greater than 0.75.

the urobiome. There was no correlation (R? = 0.07) between abundance in the urobiome
and P(urine|vaginal) (i.e., the probability of observing taxon “t” in the urine microbiome
given that it was observed in the vaginal microbiome).

In amplicon-detected urobiomes, for 19% of the detected genera (16 of 64), if a genus
was found in the vaginal microbiome, there was at least a 75% chance of it also being
detected in the urobiome. These 16 genera constituted 77% of the total abundance of
the urobiome. There was no correlation (R? = 0.06) between abundance in the urobiome
and P(urine|vaginal).

How good is urine at predicting the vaginal microbiome?

In EQUC-detected microbiomes, for 45% of the detected genera (five of 11), if a genus
was detected in the urobiome, there was at least a 75% chance of also being present in
the vaginal microbiome. These five genera constituted 79% of the total abundance in the
vaginal microbiome. There was a “moderate” correlation (R* = 0.75) between abundance
in the urobiome and Py(vaginal| urine) (i.e, the probability of observing taxon “t’ in
the vaginal microbiome given that it was observed in urobiome), indicating that those
genera in the urobiome that were predictive for the vaginal microbiome tend to be from
the higher-abundance genera.

In amplicon-detected microbiomes, for 10% of the detected genera (eight of 64),
if a genus was found in the urobiome, there was at least a 75% chance of also
being detected in the vaginal microbiome. These eight genera constituted 82% of the
abundance in the vaginal microbiome. There was no correlation (R* = 0.09) between
abundance in the urobiome and Py(vaginal|urine).

Not all genera are equivalent when the goal is to diagnose ASB in patients. The taxa
considered significant for ASB diagnosis include Escherichia coli, Enterococcus species
(i.e., E. faecalis and E. faecium), Klebsiella species (especially K. pneumoniae), coagulase-
negative Staphylococcus species (especially S. saprophyticus), Pseudomonas, and Group
B Streptococcus (i.e., S. agalactiae) (26, 27). The set of conditional probabilities for these
and other urobiome genera is presented in Tables 2 and 3 for the EQUC and amplicon
microbiome methods, respectively. EQUC detected Staphylococcus, Klebsiella, Escherichia,
and Streptococus, as well as the yeast pathogen Candida and several other genera,
including Gardnerella, which is associated with bacterial vaginosis. With the exception of
Candida, the amplicon method detected these and many more genera.

For EQUC-detected microbiomes, if Staphylococcus was found in the urine micro-
biome, then then there was at least a 75% chance that it would also be found in the
vaginal microbiome, and vice versa. This was not true for all ASB genera, however. For
example, if Streptococcus was found in the urine microbiome, then then there was at
least a 75% chance it would also be found in the vaginal microbiome, but not vice versa.
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TABLE 3 Conditional probability of detecting taxa in 16S amplicon-method samples®

Amplicon genus

P (vaginal|urine)”

P (urine|vaginal)"

Acidovorax
Acinetobacter
Actinotignum
Aerococcus
Alloscardovia
Anaerococcus
Aquirufa
Arcanobacterium
Atopobium
Bifidobacterium
Brevibacterium
Campylobacter
Comamonas
Corynebacterium
Curvibacter
Dialister
Enterococcus
Escherichia
Ezakiella
Facklamia
Fannyhessea
Fenollaria
Finegoldia
Flavobacterium
Fluviicola
Fusobacterium
Gardnerella
Gemella
Haemophilus
Howardella
Hydrotalea
Jonquetella
Klebsiella
Lacticaseibacillus
Lactobacillus
Lawsonella
Leucobacter
Levyella
Limosilactobacillus
Mageeibacillus
Megasphaera
Mobiluncus
Mycoplasma
Parvibacter
Parvimonas
Pauljensenia
Peptoniphilus
Peptostreptococcus
Phenylobacterium
Polynucleobacter
Porphyromonas
Prevotella

0.056
0.000
0.077
0.444
0.167
0.548
0.185
0.500
0.083
0.278
0.200
0.160
0.105
0.727
0.063
0.423
0.133
0.706
0.417
0.059
0.500
0.381

0.594
0.818
0.091

0.154
0.563
0.625
0333
0.286
0.111

0.167
0.563
1.000
1.000
0.208
0.000
0.083
0.923
0.750
0.500
0.467
1.000
0.833
0.625
1.000
0.767
0.267
0.074
0.125
0.250
0.727

0.200
0.000
0.333
0.571

1.000
0.654
0.455
0.667
0.167
0.227
0.167
0.444
0.667
0.800
0.333
0.579
0.333
0.828
0.455
0.143
0.500
0.571

0.792
0.871
0.500
0.286
0.643
0.500
0.400
0.500
0.375
0.250
0.750
1.000
1.000
0.500

Urine only

0.250
0.923
1.000
0.500
0.636
0.714
0.833
0.556
1.000
0.793
0.571

0.333
0.500
0.313
0.828
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TABLE 3 Conditional probability of detecting taxa in 16S amplicon-method samples® (Continued)

Amplicon genus P (vaginal|urine)” P (urine|vaginal)”®
Pseudoglutamicibacter 0.000 0.000
Pseudomonas 0.056 0.500
Rhodoluna 0.222 0.667
Shigella 0.200 0.500
Sneathia 0.500 0.455
Staphylococcus 0.576 0.864
Streptococcus 0.273 0.500
Unknown 0.742 0.821
Ureaplasma 0.583 0.583
Varibaculum 0.208 0313
Veillonella 0.250 0.250
Winkia 0.250 0417

“The probability that genera will be detected in the vaginal swab if it is detected in the urine sample.
®The probability that genera will be detected in the urine sample swab if it is detected in the vaginal swab.
‘Bold values are greater than 0.75.

In contrast. the presence of Klebsiella was completely uninformative; if Klebsiella was
found in either the vaginal or urine microbiomes, there was not a good chance (i.e,, less
than 75%) that it would also be found in the other sample type.

For amplicon-detected microbiomes, if an ASB-relevant genus was found in one
sample type, there was often not a good chance (i.e., less than 75%) that it would
be found in the other sample type. For example, if Staphylococcus or Escherichia was
found in the vaginal microbiome, then there was at least a 75% chance that the genus
would also be found in the urine microbiome, but not vice versa. Again, the presence of
Klebsiella was completely uninformative.

DISCUSSION
Principal findings

Enhanced culture (e.g., EQUC) and amplicon-based (e.g., 16S rRNA gene sequencing)
methods are orthogonal and complementary approaches to assess urogenital micro-
biomes (i.e., voided urine and vagina). The first trimester urinary and vaginal micro-
biomes are distinct enough to preclude their use as proxies of each other.

Results

The EQUC and amplicon methods each provide unique insights and biases into the
analysis of microbiomes. Enhanced culture methods, such as EQUC, identify living cells
but cannot identify bacteria that cannot be cultured using the selected experimental
conditions. Amplicon-based methods, such as 16S RNA variable-region analysis, cannot
distinguish between living and dead cells or even cell-free DNA but can detect non-cul-
turable bacteria. Here, we have shown that these two methods arrive at microbiome
compositions that moderately but significantly correlate, indicating that both methods
uncover the same microbiome communities, albeit with method-specific biases.

Vaginal and urinary microbiomes are, for the same patient, significantly correlated
by their compositions, due primarily to the more relatively abundant genera. However,
vaginal and urinary microbiomes are by no means equivalent. For only a minority of
genera, if a genus was detected in one sample type, there was at least a 75% chance that
that genus would be present in the other sample type.

Clinical implications

The emerging evidence that the lower urinary tracts of pregnant women are not
sterile and that the vaginal and lower urinary tract microbiomes are often dissimilar
complicates ASB assessment and therefore treatment. Thus, during ASB assessment, we
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cannot assume that information derived from vaginal swabs can be extrapolated to the
microbes of the lower urinary tract. A larger number of studies to extrapolate to clinical
correlations are warranted.

Strengths and limitations

Our study has limitations. Our findings are limited by our small sample size of the
study and the use of midstream voided urine instead of catheterized urine. The vaginal
swabs were collected by different providers, and the location of posterior fornix from
which the sample was obtained may have varied. There was no patient follow-up
to link microbiome composition to ASB diagnosis. The lack of longitudinal samples
precluded opportunities to determine if the observed urinary and vaginal microbiomes
are characteristic for each patient or dynamic over time.

This study also has strengths. We compared paired vaginal and urine samples
collected simultaneously. We used orthogonal methods of microbiome analysis; both
led to similar conclusions, providing confidence that our observations were a function of
biological phenomenon and not due to technical biases.

Conclusion

Our findings provide evidence that EQUC and 16S rRNA gene sequencing are comple-
mentary methods that reveal similar views of the urinary and vaginal microbiomes of
first trimester pregnant women. Our findings also show that urine samples and vaginal
swabs sample related microbiological niches; however, those niches are distinct enough
that they should not be used as proxies for each other.

ACKNOWLEDGMENTS

We wish to acknowledge Mary Tulke for her help in obtaining IRB approval and patient
recruitment, the Loyola Genomics Facility for 16S rRNA gene sequencing, members
of the Wolfe laboratory for processing samples and performing EQUC, and our study
participants.

We acknowledge the following funding: NIH ROTDK104718 awarded to A.J.W. The
funding source had no role in study design, collection, analysis, and interpretation of
data, in the writing of the report, or the decision to submit the article for publication.

AJ.W. obtained funding. J.S., T.PW, and A.J.W. designed the study. J.S. recruited
participants. T.M.H. processed the specimens. TM.H. and PL. analyzed the data. J.S., PL.,
and A.J.W. wrote the manuscript. TP.W., JR.G., and A.J.W. provided oversight. All authors
reviewed and edited the manuscript.

AUTHOR AFFILIATIONS

'Department of Obstetrics and Gynecology, Division of Maternal Fetal Medicine, Loyola
University Medical Center, Maywood, Illinois, USA

?Loyola Genomics Facility, Stritch School of Medicine, Loyola University Chicago, Chicago,
Illinois, USA

*Department of Microbiology and Immunology, Stritch School of Medicine, Loyola
University Chicago, Chicago, lllinois, USA

PRESENT ADDRESS

Juliana Sung, Department of Obstetrics and Gynecology, Division of Maternal Fetal
Medicine, Loyola University Medical Center, Maywood, Illinois, USA

Thaddeus P. Waters, Department of Obstetrics & Gynecology, Jacobs School of Medicine
and Biomedical Sciences, University at Buffalo, Buffalo, New York, USA

Jean R. Goodman, Department of Obstetrics, Gynecology and Women's Health,
University of Missouri-Columbia, Columbia, Missouri, USA

January 2024 Volume 12 Issue 1

Microbiology Spectrum

10.1128/spectrum.02638-2311


https://doi.org/10.1128/spectrum.02638-23

Research Article

AUTHOR ORCIDs

Alan J. Wolfe @ http://orcid.org/0000-0003-4532-0545

FUNDING

Funder Grant(s) Author(s)

HHS | NIH | National Institute of Diabetes and Digestive and R01DK104718 Alan J. Wolfe
Kidney Diseases (NIDDK)

AUTHOR CONTRIBUTIONS

Juliana Sung, Conceptualization, Data curation, Methodology, Writing - original draft,
Writing - review and editing | Peter Larsen, Formal analysis, Visualization, Writing
- original draft, Writing - review and editing | Thomas M. Halverson, Formal analy-
sis, Investigation, Methodology, Writing - review and editing | Thaddeus P. Waters,
Conceptualization, Supervision, Writing — review and editing | Jean R. Goodman,
Supervision, Writing — review and editing | Alan J. Wolfe, Conceptualization, Funding
acquisition, Project administration, Resources, Supervision, Writing - original draft,

Microbiology Spectrum

Writing - review and editing

DATA AVAILABILITY

The raw sequencing files are available in the NCBI under BioProject accession no.
PRJNA1034602.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Table S1 (Spectrum02638-23-s0001.docx). Culture protocols: SUC versus EQUC.

Open Peer Review

PEER REVIEW HISTORY (review-history.pdf). An accounting of the reviewer comments
and feedback.

REFERENCES

1.

January 2024 Volume 12

Robert KC, Robert R, Jay DI, Charles JL, Thomas RM. 2013. Maternal fetal
medicine: principles and practice. 7th ed. Saunders/Elsevier, Philadel-
phia, PA.

Nicolle LE. 2003. Asymptomatic bacteriuria: when to screen and when to
treat. Infect Dis Clin North Am 17:367-394. https://doi.org/10.1016/
s0891-5520(03)00008-4

KASS EH. 1962. Pyelonephritis and bacteriuria. a major problem in
preventive medicine. Ann Intern Med 56:46-53. https://doi.org/10.7326/
0003-4819-56-1-46

KASS EH. 1956. Asymptomatic infections of the urinary tract. Trans Assoc
Am Physicians 69:56-64.

Govender Y, Gabriel |, Minassian V, Fichorova R. 2019. The current
evidence on the association between the urinary microbiome and
urinary incontinence in women. Front Cell Infect Microbiol 9:133. https://
doi.org/10.3389/fcimb.2019.00133

Neugent ML, Hulyalkar NV, Nguyen VH, Zimmern PE, De Nisco NJ. 2020.
Advances in understanding the human urinary microbiome and its
potential role in urinary tract infection. mBio 11:e00218-20. https://doi.
org/10.1128/mBi0.00218-20

Brubaker L, Gourdine J-P, Siddiqui NY, Holland A, Halverson T, Limeria R,
Pride D, Ackerman L, Forster CS, Jacobs KM, Thomas-White KJ, Putonti C,
Dong Q, Weinstein M, Lukacz ES, Karstens L, Wolfe AJ. 2021. Forming

Issue 1

10.

1.

12.

consensus to advance urobiome research. mSystems 6:e0137120. https:/
/doi.org/10.1128/mSystems.01371-20

Brubaker L, Putonti C, Dong Q, Wolfe AJ. 2021. The human urobiome.
Mamm  Genome 32:232-238. https://doi.org/10.1007/s00335-021-
09862-8

Fouts DE, Pieper R, Szpakowski S, Pohl H, Knoblach S, Suh M-J, Huang S-
T, Ljungberg |, Sprague BM, Lucas SK, Torralba M, Nelson KE, Groah SL.
2012. Integrated next-generation sequencing of 16S rDNA and
metaproteomics differentiate the healthy urine microbiome from
asymptomatic bacteriuria in neuropathic bladder associated with spinal
cord injury. J Transl Med 10:174. https://doi.org/10.1186/1479-5876-10-
174

Lewis DA, Brown R, Williams J, White P, Jacobson SK, Marchesi JR, Drake
MJ. 2013. The human urinary microbiome; bacterial DNA in voided urine
of asymptomatic adults. Front Cell Infect Microbiol 3:41. https://doi.org/
10.3389/fcimb.2013.00041

Pearce MM, Hilt EE, Rosenfeld AB, Zilliox MJ, Thomas-White K, Fok C,
Kliethermes S, Schreckenberger PC, Brubaker L, Gai X, Wolfe AJ. 2014.
The female urinary microbiome: a comparison of women with and
without urgency urinary incontinence. mBio 5:e01283-e01214. https://
doi.org/10.1128/mBio.01283-14

Pearce MM, Zilliox MJ, Rosenfeld AB, Thomas-White KJ, Richter HE, Nager
CW, Visco AG, Nygaard IE, Barber MD, Schaffer J, Moalli P, Sung VW,

10.1128/spectrum.02638-2312


https://www.ncbi.nlm.nih.gov/search/all/?term=PRJNA1034602
https://doi.org/10.1128/spectrum.02638-23
https://doi.org/10.1016/s0891-5520(03)00008-4
https://doi.org/10.7326/0003-4819-56-1-46
https://doi.org/10.3389/fcimb.2019.00133
https://doi.org/10.1128/mBio.00218-20
https://doi.org/10.1128/mSystems.01371-20
https://doi.org/10.1007/s00335-021-09862-8
https://doi.org/10.1186/1479-5876-10-174
https://doi.org/10.3389/fcimb.2013.00041
https://doi.org/10.1128/mBio.01283-14
https://doi.org/10.1128/spectrum.02638-23

Research Article

January 2024 Volume 12

Smith AL, Rogers R, Nolen TL, Wallace D, Meikle SF, Gai X, Wolfe AJ,
Brubaker L. 2015. The female urinary microbiome in urgency urinary
incontinence. Am J Obstet Gynecol 213:347. https://doi.org/10.1016/j.
2jog.2015.07.009

Siddiqui H, Nederbragt AJ, Lagesen K, Jeansson SL, Jakobsen KS. 2011.
Assessing diversity of the female urine microbiota by high throughput
sequencing of 165 rDNA amplicons. BMC Microbiol 11:244. https://doi.
org/10.1186/1471-2180-11-244

Thomas-White KJ, Hilt EE, Fok C, Pearce MM, Mueller ER, Kliethermes S,
Jacobs K, Zilliox MJ, Brincat C, Price TK, Kuffel G, Schreckenberger P, Gai
X, Brubaker L, Wolfe AJ. 2016. Incontinence medication response relates
to the female urinary microbiota. Int Urogynecol J 27:723-733. https:/
doi.org/10.1007/500192-015-2847-x

Wolfe AJ, Toh E, Shibata N, Rong R, Kenton K, Fitzgerald M, Mueller ER,
Schreckenberger P, Dong Q, Nelson DE, Brubaker L. 2012. Evidence of
uncultivated bacteria in the adult female bladder. J Clin Microbiol
50:1376-1383. https://doi.org/10.1128/JCM.05852-11

Coorevits L, Heytens S, Boelens J, Claeys G. 2017. The resident microflora
of voided midstream urine of healthy controls: standard versus
expanded urine culture protocols. Eur J Clin Microbiol Infect Dis 36:635-
639. https://doi.org/10.1007/510096-016-2839-x

Hilt EE, McKinley K, Pearce MM, Rosenfeld AB, Zilliox MJ, Mueller ER,
Brubaker L, Gai X, Wolfe AJ, Schreckenberger PC. 2014. Urine is not
sterile: use of enhanced urine culture techniques to detect resident
bacterial flora in the adult female bladder. J Clin Microbiol 52:871-876.
https://doi.org/10.1128/JCM.02876-13

Khasriya R, Sathiananthamoorthy S, Ismail S, Kelsey M, Wilson M, Rohn
JL, Malone-Lee J. 2013. Spectrum of bacterial colonization associated
with urothelial cells from patients with chronic lower urinary tract
symptoms. J Clin Microbiol 51:2054-2062. https://doi.org/10.1128/JCM.
03314-12

Price TK, Dune T, Hilt EE, Thomas-White KJ, Kliethermes S, Brincat C,
Brubaker L, Wolfe AJ, Mueller ER, Schreckenberger PC. 2016. The clinical
urine culture: enhanced techniques improve detection of clinically

Issue 1

20.

21.

22.

23.

24,

25.

26.

27.

Microbiology Spectrum

relevant microorganisms. J Clin Microbiol 54:1216-1222. https://doi.org/
10.1128/JCM.00044-16

Ollberding NJ, Volgyi E, Macaluso M, Kumar R, Morrow C, Tylavsky FA,
Piyathilake CJ. 2016. Urinary microbiota associated with preterm birth:
results from the conditions affecting neurocognitive development and
learning in early childhood (CANDLE) study. PLoS One 11:e0162302.
https://doi.org/10.1371/journal.pone.0162302

Jacobs KM, Thomas-White KJ, Hilt EE, Wolfe AJ, Waters TP. 2017.
Microorganisms identified in the maternal bladder: discovery of the
maternal bladder microbiota. AJP Rep 7:e188-e196. https://doi.org/10.
1055/5-0037-1606860

Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, Turner P,
Parkhill J, Loman NJ, Walker AW. 2014. Reagent and laboratory
contamination can critically impact sequence-based microbiome
analyses. BMC Biol 12:87. https://doi.org/10.1186/512915-014-0087-z
Lane DJ, Pace B, Olsen GJ, Stahl DA, Sogin ML, Pace NR. 1985. Rapid
determination of 16S ribosomal RNA sequences for phylogenetic
analyses. Proc Natl Acad Sci U S A 82:6955-6959. https://doi.org/10.
1073/pnas.82.20.6955

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N,
Owens SM, Betley J, Fraser L, Bauer M, Gormley N, Gilbert JA, Smith G,
Knight R. 2012. Ultra-high-throughput microbial community analysis on
the lllumina HiSeq and MiSeq platforms. ISME J 6:1621-1624. https://doi.
org/10.1038/isme;j.2012.8

Myers JL, Well AD. 2003. Research design and statistical analysis. 2nd ed.
Lawrence Erlbaum.

Agarwal A, Pandey S, Maheshwari U, Singh MP, Srivastava J, Bose S.
2021. Prevalence of asymptomatic bacteriuria and antimicrobial
resistance profile among pregnant females in a tertiary care hospital.
Indian J Community Med 46:469-473. https://doi.org/10.4103/ijcm.
1JCM_792_20

Colgan R, Nicolle LE, McGlone A, Hooton TM. 2006. Asymptomatic
bacteriuria in adults. Am Fam Physician 74:985-990.

10.1128/spectrum.02638-2313


https://doi.org/10.1016/j.ajog.2015.07.009
https://doi.org/10.1186/1471-2180-11-244
https://doi.org/10.1007/s00192-015-2847-x
https://doi.org/10.1128/JCM.05852-11
https://doi.org/10.1007/s10096-016-2839-x
https://doi.org/10.1128/JCM.02876-13
https://doi.org/10.1128/JCM.03314-12
https://doi.org/10.1128/JCM.00044-16
https://doi.org/10.1371/journal.pone.0162302
https://doi.org/10.1055/s-0037-1606860
https://doi.org/10.1186/s12915-014-0087-z
https://doi.org/10.1073/pnas.82.20.6955
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.4103/ijcm.IJCM_792_20
https://doi.org/10.1128/spectrum.02638-23

	First trimester “clean catch” urine and vaginal swab sample distinct microbiological niches
	MATERIALS AND METHODS
	Cohort selection
	Patient sample collection
	Urobiome identification by the EQUC method
	Microbiome identification by 16S amplicon sequencing
	Quantitative microbiome analyses

	RESULTS
	How similar are the microbiomes as detected by the amplicon and EQUC methods?
	How similar are the urine and vaginal microbiomes?
	How good is the vaginal microbiome at predicting the urobiome?
	How good is urine at predicting the vaginal microbiome?

	DISCUSSION
	Principal findings
	Results
	Clinical implications
	Strengths and limitations
	Conclusion



