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Abstract

The community of bacteria that colonize the urinary tract, the urinary microbiome, is hypothesized to influence a wide variety of urinary tract
conditions. Older adults who reside in nursing homes are frequently diagnosed and treated for urinary tract conditions such as urinary tract
infection. We investigated the urinary microbiome of older adults residing in a nursing home to determine if there are features of the urinary
microbiome that are associated with specific conditions and exposure in this population. We were also interested in the stability of urinary
microbiome over time and in similarities between the urinary and gastrointestinal microbiome. Urine samples were prospectively collected over
a period of 10 months from a cohort of 26 older adults (aged >65 years) residing in a single nursing home located in Central Massachusetts.
Serial samples were obtained from 6 individuals over 10 months and § participants were concurrently enrolled in a study of the gastrointestinal
microbiome. Information collected on participants included demographics, medical history, duration of residence in the nursing home, frailty,
dementia symptoms, urinary symptoms, antibiotic treatment, urinary catheterization, and hospitalizations over a 10-month period. Clean
catch, midstream urine samples were collected and stored at —~80°C. DNA was extracted and 16S rRNA gene sequencing was performed. The
length of stay in the nursing facility and the Clinical Frailty Scale correlated with significant changes in microbiome composition. An increase
in the relative abundance of a putative urinary pathogen, Aerococcus urinae, was the largest factor influencing change that occurred over the
duration of residence.
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The human urinary tract is not a sterile environment, even in the
absence of infection (1) and microbial presence can be detected,
especially as we age, using molecular techniques (2). The bacterial
community that colonizes the human urinary tract, the urinary
microbiome, may influence a number of urinary tract conditions,
including the development of a urinary tract infection (UTI) (3). The
use of high-throughput sequencing to investigate common urinary
tract colonizers is an emerging field (4,5). There is growing evidence
that the makeup of these bacterial communities can influence the
health of the urinary tract (1,3,6).
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The connection between the urinary microbiome, pathogen col-
onization, and UTI is an understudied area of research. In the gut,
loss of beneficial commensal organisms can allow pathogens access
to previously utilized nutrients, leading to infection (7), the same may
be true in the urinary tract. It is generally established that urinary
pathogens are acquired from the gastrointestinal (8) tract, and we
have identified potential urinary pathogens in the gut microbiomes
of nursing home residents (9). Changes in the older adult urinary
microbiome, including loss of diversity or dysbiosis, may allow po-
tentially pathogenic organisms to colonize the urinary tract and
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lead to the development of UTI. Study of the nursing home resident
urinary microbiome would advance understanding of asymptomatic
bacteriuria (ASB) and the development of pathogenic UTIs in this
population. Findings may serve to reduce antibiotic utilization, es-
pecially if the composition of the urinary microbiome discriminates
ASB from UTI, and would indicate potential targets for improved
molecular diagnostics for UTI that would have tremendous potential
to reduce antibiotic utilization among this population (10).

UTI is a common diagnosis among older adults and is respon-
sible for millions of health care encounters, antibiotic prescriptions
(11), and as many as 100 000 hospitalizations (12). In the acute set-
ting, UTI is currently diagnosed on the basis of chemical urinalysis
looking for the presence of leukesterase and nitrites and microscopic
analysis looking for the presence of bacteria and white blood cells
(13). These methods are very sensitive for detection of infection;
however, they have very poor specificity, and up to 40% of antibiotic
courses given to this population for UTT do not meet clinical criteria
for treatment (10). Because of poor specificity, it is recommended
that factors such as symptoms (eg, dysuria, flank, or suprapubic
pain), examination findings (eg, costovertebral angle tenderness),
and lab tests (eg, leukocytosis) be considered in the setting of a urin-
alysis that is suggestive of infection when making the decision to
treat an older adult with antibiotics for UTI (14,15). Unfortunately,
in acute care facilities, these recommendations are often not fol-
lowed, resulting in inappropriate testing and treatment for UTI (16).
Additionally, antibiotics are commonly proscribed to older adults
for vague or nonspecific symptoms that are often incorrectly attrib-
uted to a UTI (17). As a result, overtreatment with antibiotics is
common and leads directly to multidrug-resistant organisms (15),
antibiotic-associated diarrhea (18), and Clostridiodies difficile in-
fections (19). Urine culture will often show the growth of potential
pathogens in older adults who do not have an active infection (20).
Upwards of 20% of urine cultures from community-dwelling older
adults and 50% from nursing home residents will show the presence
of potentially pathogenic bacteria in the absence of symptoms, this is
known as ASB (21). Conversely, pathogens may not be isolated with
standard culture techniques and treatment may be withheld from
patients who would benefit from treatment due to the presence of
misclassified (22) or atypical organism (23).

To investigate the urinary microbiome among this population, we
carried out a prospective study of older adults residing in a skilled
nursing facility. Our goals were to determine if this community was
stable over the period of months to years that we conducted our
study and to investigate trends in the urinary microbiome that were
associated with participant characteristics of age, sex, clinical frailty,
dementia symptoms, UTI symptoms, and duration of residence
within the nursing home. We also sought to investigate if there were
urinary microbiome changes associated with the exposures of recent

Table 1. Participant Demographics

antibiotic treatment, the specific antibiotic used, recent hospitaliza-
tions, or urinary catheterization. Because a concurrent study of the
gastrointestinal microbiome was being undertaken among the same
study population, we also compared urinary microbiome measure-
ments to gastrointestinal microbiome measurements taken at similar
times to determine if these communities share similar features.

Method

After informed consent and enrollment, we collected demographic
information, medical history, frailty as measured by the Clinical
Frailty Scale (24) (with a score of 1 representing a fit individual and a
score of 9 representing a terminally ill individual) as documented by
nursing home staff and physicians, dementia symptoms as measured
by the Clinical Dementia Rating Scale (25), as well as information
on exposures that would potentially affect the urinary microbiome.
These exposures included antibiotic courses, hospitalization, and
urinary catheterization within the preceding 3 months from sample
collection. Participants and caregivers were also asked about any po-
tential UTT symptoms including fevers, chills, suprapubic pain, flank
pain, dysuria, new urgency, new incontinence, change in quality of
urine (foul smell, turbidity, color change), new or worsening confu-
sion, or change in mental status that participants had at the time of
sample collection. Serial samples were obtained from a subset of 6
participants to determine if the urinary microbiome is stable over the
time frame of the study, which has been seen in the gastrointestinal
microbiome among this population (9).

We collected clean catch, midstream urine samples from partici-
pants, which has been shown to be nearly equivalent to sterile urine
collection methods for microbiome studies (26), in sterile urine cups
and frozen at -4°C on an onsite freezer within 3 hours of collec-
tion and subsequently moved to -80°C within 3 days for long-term
storage prior to sample analysis. Urine samples were thawed in a
cold-water bath and 5 mL aliquots. These were sedimented in a cen-
trifuge (2 600 x g, 5 min) and washed once with phosphate buf-
fered saline. For individuals concurrently enrolled in a study of the
gastrointestinal microbiome, stool was collected over the course of
normal elimination and stored on an onsite freezer and subsequently
moved to -80°C for storage prior to extraction. DNA was extracted
using the Powersoil DNA isolation kit (MoBio, Carlsbad CA) on
an epMotion 5075 TMX liquid handling workstation, according to
manufacturer protocols (Mo Bio Laboratories catalog no. 27100-4-
EP). Sequencing libraries for 16S rDNA profiling were constructed
following methods previously described (27) using the 341F and
806R universal primers to amplify the V3-V4 region. 300 nt paired-
end sequences were generated on the Illumina MiSeq platform. Reads
were assembled and clustered, and an Operational Taxonomic Unit
(OTU) table was generated using the UPARSE pipeline in USEARCH

Variable Average Range
Age (years) 85 (6) 79-95
Time residence (months) 48.5 (32.5) 6-114
Clinical Dementia Rating (25) 1.6 (0.6) 1-3
Clinical Frailty Scale (42) 6.5 (0.6) 5-7
Exposures Within 90 Days of Sample Collection Number of Samples Percentage
Antibiotics 6 18
Hospitalization 4 12
Urinary catheterization 6 18
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version v10.0.240 (28). Taxonomic classifications were determined
using SINTAX (28) and RDP training set v16 (with species names;
https://drive5.com/usearch/manual/sintax_downloads.html).

Statistical analysis was performed using R. To evaluate the
microbiome relationship between samples, we calculated pairwise
Bray—Curtis compositional dissimilarity and performed #-distributed
stochastic neighbor embedding (¢SNE). Sample similarity according
to exposures of interest was assessed by the variability of bacterial
abundance using permutation multivariate analysis of variance
(PERMANOVA). To control for the effect of serial samples obtained
from the same participant, the PERMANOVA was run iteratively by
selecting one sample at random for every participant in the study.
The PERMANOVA on each variable was then run 1 000 times with
different permutations of included samples. For every variable, we
then estimated the frequency of significance as the number of times
the PERMANOVA-associated p value was less than .05 over the
total number of iterations, 1 000. This analysis was performed on
duration of residence, antibiotic exposure within 90 days, the spe-
cific antibiotic administered, the condition treated, hospitalization
within 90 days, urinary catheterization within 90 days, diagnosis
of dementia, gender, and concurrent symptoms suggesting of UTL

To investigate the relationship between the abundance of OTUs
and duration of time of residence in the facility, we ran mixed-effect
random forest (MERF) regression modeling. Specifically for every
identified OTU, we used a MERF to regress its abundance as a func-
tion of duration of residence and adjusting for age, sex, and Clinical
Frailty Scale (29). MERF is a machine learning approach that is
suitable for high-dimensional data such as those generated from
microbiome analysis, does not assume any underlying distribution,
and allows to deal with multiple samples from the same participant.
A permutated importance analysis model (30) was run on the MERF
output to determine the significance of the MERF-identified associ-
ations between each OTU abundance and the duration of time spent
in the facility. To evaluate the relationship between stool and urine
microbiome among 5 individuals concurrently enrolled in a study
of the gastrointestinal microbiome, we calculated the pairwise Bray-
Curtis dissimilarity distance for urine and stool samples. Spearman
correlation was run to test for significant differences between the
distance of urine samples and associated stool samples.

Results

Cohort Description
We collected samples from 26 older adults residing in a single nursing
home over the course of 10 months from March 2018 through January
2019. Participants’ ages ranged from 79 to 95 (average 85) and the
majority were female (23/26, 88%), all identified as White and non-
Hispanic. There was a wide range of time that the older adults had
been residents of the nursing home with an average of 48.5 months
but ranging from 6 to 114 months. Overall, the cohort was frail with
a mean Clinical Frailty Scale of 6.5, and all had at least some symp-
toms of dementia (mean CDR of 1.35) while 9/26 (34%) carried a
diagnosis of dementia. The demographics of the cohort are represen-
tative of the nursing home population in Central Massachusetts, al-
though this group tended to have higher average scores on dementia
and frailty rating scales then a cohort recruited from the same popu-
lation for a study of the gastrointestinal microbiome (31).

Over the course of the study, 6 participants had a course of anti-
biotics within 90 days and 3 participants received a course of anti-
biotics during the study period. Hospitalization occurred within

90 days of sample collection for 3 participants. Ureteral catheter-
ization occurred within 90 days for 6 participants, although none
had a chronic-indwelling catheter. Samples from 3 individuals were
obtained who were tested for UTT within 2 weeks of sample collec-
tion for symptoms reported by caregivers (all were for confusion or
mental status change); none were treated with antibiotics for the
symptoms or findings on urinalysis/culture.

Urinary Microbiome Varies With Clinical Frailty

Scale and Duration of Residence in Nursing Home

A total of 35 samples were analyzed. We visualized sample dissimi-
larity (Figure 1) using tSNE based on the Bray-Curtis dissimilarity
index according to clinical variables including recent courses of anti-
biotics, specific antibiotics used, conditions treated, hospitalizations,
urinary catheterizations, Clinical Frailty Scale, dementia symptoms,
potential UTI symptoms, and duration of nursing home residence.
Two factors were determined to result in significant similarity among
samples by PERMANOVA. These were the duration of residence
within the nursing (p = .039-.74) home and the Clinical Frailty
Scale (p = .004-.18). The results of all statistical tests are given in
Supplementary Table 1.

The results of the MERF analysis to determine which OTUs have
abundance levels that are associated with duration of residence in
the nursing home, while adjusting for age, sex, and Clinical Frailty
Scale, are shown in Figure 2. The 10 OTUs with the highest per-
muted variable importance are shown in Panel A and the 9 OTUs
that showed a statistically significant association with duration of
residence (p < .1) are shown in Panel B. The relative abundance of
the 3 OTUs representing Aerococcus urinae, Dilaster pneumosintes,
and Clostridium cluster XIVa was identified as being significantly
associated with increasing duration of residence and showed high
permuted variable importance within the model. All 3 of these
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Figure 1. Bray-Curtis dissimilarity distance between samples plotted by
t-distributed stochastic neighbor embedding (tSNE). Numbers associated with
individual points denote the study participant that the sample was obtained from.
Points are color-coded according to the duration the participant had resided in
the nursing home. Full color version is available within the online issue.
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Figure 2. Mixed-effects random forest model of Operational Taxonomic Unit (OTU) abundance associated with duration of residence in the nursing home. Panel
A shows the permuted variable importance of the top 10 OTUs that show changes in relative abundance associated with longer duration of residence in the
nursing home with the most important contributor being the potential urinary pathogen Aerococcus urinae. Panel B shows the relative abundance of OTUs
that show variation associated with duration of residence in the nursing home in the mixed-effect random forest (MERF) model with a significance of p < .1
plotted against time of residence within the nursing home. Each plotted point represents an individual sample. Three organisms, Aerococcus urinae, Dilaster
pneumosinties, and Clostridium cluster XIVa, show high importance in the model and are significantly associated with increasing duration of residence in the
nursing home. Full color version is available within the online issue.
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organisms show increased relative abundance with increasing time
of residence within the nursing home.

Composition and Stability of the Urinary

Microbiome Over Time

To visualize the intraindividual differences between serial samples
obtained from the 6 participants enrolled in the longitudinal por-
tion of the study, we plotted relative abundances of different de-
tected orders of bacteria grouped according to the participant that
sample was obtained from (Figure 3). Serial samples obtained from
the same participant are shown adjacent to each other. The detected
orders of bacteria and their relative abundance visually appear
stable across serial samples obtained from the same individual, even
though these samples were obtained months apart. We explored
intraindividual separation between samples from the same partici-
pant over time using fSNE. The results of this analysis are shown in
Figure 4. Although samples from the same individual visually appear
to cluster, this separation by an individual does not reach statistical
significance (p = .54-.99).
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Effect of Recent Antibiotic Exposure

Because antibiotics have been documented to have large, and in some
cases, long-lasting changes within the gut microbiome (32), we sought
to determine if similar effects were seen in the urinary microbiome of
our study population. There did not appear to be any statistically sig-
nificant association by PERMANOVA when samples were grouped
according to recent antibiotic exposure, the specific antibiotics that
were administered, or the condition that was treated. In addition,
Participants 1, 2, 6, and 7 had received courses of antibiotics over the
course of the study between sample collections. There did not appear
to be large shifts in the relative abundance of detected genera from
these participants after being treated with antibiotics.

Comparison With Stool Microbiome

Five participants in this study were concurrently enrolled in a study of
the gut microbiome among older adults living in nursing homes and
had stool samples that were collected within 7 days of urine samples
analyzed in this study (9). To evaluate if similar beta-diversity is seen
in urine and stool microbiomes among these individuals, pairwise
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Figure 3. Barplots of detected bacterial genera and relative abundance. The numbers above plots denote study participants. Of note, Participants 1, 2, 6, and 7

received courses of antibiotics between the first and second analyzed samples.

Full color version is available within the online issue.
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Figure 4. Bray-Curtis dissimilarity distance between samples plotted by
t-distributed stochastic neighbor embedding (tSNE) according to the study
participant. Numbers associated with individual points denote the individual
sample. Points are color-coded according to the participant the sample was
obtained from. Full color version is available within the online issue.

comparisons of Bray-Curtis dissimilarity distance of stool samples
and urine samples among these participants were analyzed using a
Spearman correlation test. This demonstrated an inverse correlation
(p = .006) between urine and stool sample distance, suggesting that
these communities are distinct and do not vary together. The results
are shown in Supplementary Figure 1.

Discussion

Here we report an analysis of the urinary microbiome among older
adults residing in a nursing home. Our most intriguing finding is
that this community appears to vary with respect to the number of
months the older adult has been a resident of the nursing home.
A. urinae is seen as the strongest contributor to this effect and has
been described as a potential cause of UTIs among this population
and may be misidentified with conventional culture techniques (22).
D. pneumosintes has been most frequently detected in human gin-
gival plaque and may contribute to periodontal disease (33). It has
also been detected in gastrointestinal microbiome studies (34) and in
the female genitourinary tract (35), but a specific contribution to the
urinary microbiome has not been reported. Clostridium cluster XIVa
is a butyrate-producing organism that adheres to mucins (36). It has
generally been reported as being associated with a healthy gastro-
intestinal microbiota and a lower abundance has been reported in
gastrointestinal disease states such as cystic fibrosis (37) and inflam-
matory bowel disease (38). Its role in the urinary microbiome has
not been previously reported.

It is noteworthy that the organism represented by the OTU that
is the strongest driver of this trend is a potential urinary pathogen
that has been reported as causing UTIs among this population and
may be misidentified using traditional culture techniques (22). The
increasing detection of a potential urinary tract pathogen over time
among asymptomatic individuals may reflect a changing microbial

community more conducive to pathogen colonization. There may be
environmental factors within the nursing home, such as diet or spe-
cific nursing practices that are contributing to an environment that
allows colonization of potential pathogens.

It makes intuitive sense that a homogenous living environment
may drive a convergence of microbiome populations, but the trend
we detected appeared to have taken a while to occur. Most of the
participants in this study (23/26) had resided in this nursing facility
for over a year. We did observe that the urinary microbiome among
this population appears to be relatively stable in the order of months.
Gut microbiome stability over a similar time period has been re-
ported among individuals sharing a similar living environment both
in this population (9) and younger healthy individuals (39). This is
in some contrast to findings of temporal variability in the gut and
cutaneous microbiome of healthy individuals who reside in the com-
munity (40). It may be that some factors of the microbiome are more
sensitive to perturbations such as diet, as large changes within the
gut microbiome among older adults have been observed with diet
interventions over the course of months (41). There may be other
factors in the urinary microbiome that are slower to change, and
these may be what is contributing to the association we observed
with respect to duration of residence within the nursing home.

We also report a significant urinary microbiome association with
the participant’s Clinical Frailty Scale (42). Associations between
the gastrointestinal microbiome and frailty measures in older adults
have been previously reported (9,43). Age and frailty have also been
reported to affect the urinary microbiome of women and may partly
be related to incontinence (44), which is a component of the Clinical
Frailty Scale (42) we used in this study and may partly explain
this association. Examining the relationship between the urinary
microbiome, development of UTI, and frailty in older adults is the
subject of planned future studies.

It is generally theorized that UTT is caused by the spread of patho-
gens from the gastrointestinal tract to the genitourinary tract (8) and
as such we did consider that the urinary microbiome may correlate
closely with the gastrointestinal microbiome. We did investigate this
among 5 participants who had concurrent stool samples for gastro-
intestinal microbiome analysis obtained within 7 days of providing
urine samples for this study. In this small cohort, there did not ap-
pear to be similar relative makeup of these communities compared
to other participants in the study, and in fact, it showed an inverse
correlation. This suggests that similarities seen in gastrointestinal
microbiomes were not seen in the urinary microbiome. The urinary
microbiome communities may be distinct and not merely a reflection
of the gastrointestinal microbiome. This observation is in agreement
with previous studies that suggest that the urinary microbiome is a
distinct community (44).

Some features of the urinary microbiome among this popula-
tion appear to be consistent with microbiomes from other body sites
(skin, oral, and gastrointestinal). There are large variations in the
composition of this community between individuals (45) with clear
differences seen between participants and variation in the community
over a short period of time, suggesting that the urinary microbiome,
like the gastrointestinal, oral, and cutaneous microbiome, has a
large amount of interindividual and intraindividual variability (45).
However, large variations in serial samples taken from older adults
even after treatment with antibiotics were not seen. It is well docu-
mented that there are large shifts in the gastrointestinal microbiome
after a course of antibiotics and the return to baseline varies among
individuals, returning to a baseline composition that takes about
2 months (46,47). A caveat to this investigation is that 3 of the 4
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participants in this study received antibiotics during the study period
had also received antibiotics within 90 days prior to being enrolled.
It is possible that the urinary microbiome had not returned to base-
line prior to receiving an additional course of antibiotics. None of
our other exposures of interest (hospitalizations, urinary catheter-
ization, and urinary symptoms) showed any significant association.

The results presented here represent data from a small number of
individuals in a single nursing home located in Central Massachusetts
and may not be generalizable to residents of nursing homes that may
have different resident demographics, diets, and environmental prac-
tices. We performed 16S rRNA sequencing of samples, which allows
for evaluation of bacterial populations based on OTUs, or groups of
similar sequences (48). This does not always allow us to identify an
OTU as representing a specific bacterial species and does not allow
for analysis of gene content, so we cannot assess the metabolic or
pathogenic potential of the organisms detected. However, we feel
there are important implications for future work investigating the
urinary microbiome and the development of UTTI in this population.
In future work, we hope to determine if detection of potential patho-
gens, such as A. urinae, by microbiome analysis in urine is associated
with the development of UTL If this is the case, then the urinary
microbiome may represent a target for interventions, such as pro-
biotics that, can prevent dysbiotic changes or pathogen colonization
that may be associated with long-term residence within a nursing
home. There is already some evidence that diet or probiotic sup-
plements can prevent recurrent UTIs (49). In addition, changes in
the urinary microbiome associated with longer-term residence may
explain why some individuals among this population are at particu-
larly high risk for recurrent UTIs (50). Given the very large disease
burden from this condition in the older adult population (51), a
better understanding of this connect could allow for low-cost inter-
ventions that prevent the development of UTL

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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