
Transplantation DIRECT         2023 www.transplantationdirect.com 1

Application of Various Techniques to Gain 
Insights Into the Complex Urinary Tract 
Microbial Communities of Renal Transplant 
Recipients
Sanchutha Sathiananthamoorthy, PhD,1 Katia Florman, MBBS,2 Damien Richard, PhD,3,4 Ka Kei Cheng, MSc,1 

Vittoria Torri, BSc,1 Fiona McCaig, MBChB, MD,2 Mark Harber, MBBS,2 and Jennifer L. Rohn, PhD1

ISSN: 2373-8731

DOI: 10.1097/TXD.0000000000001418

Received 21 September 2022. 
Accepted 4 October 2022.
1 Department of Renal Medicine, Division of Medicine, Centre for Urological 
Biology, University College London, Royal Free Hospital Campus, London, 
United Kingdom.
2 Renal Unit, Department of Renal Medicine, Division of Medicine, University 
College London, Royal Free Hospital, London, United Kingdom.
3 Department of Infection, Immunity and Inflammation, Institute of Child Health, 
University College London, Great Ormond Street Hospital Campus, London, 
United Kingdom.
4 Department of Genetics, Evolution and Environment, Division of Biosciences, 
UCL Genetics Institute, University College London, London, United Kingdom.

The authors declare no conflicts of interest, aside from J.L.R., who has share 
options in the University College London, United Kingdom, spinout company 
AtoCap Ltd, which seeks novel cures for urinary disorders.

S.S. participated in the design, performance of laboratory experiments, data 
analysis, and write-up. K.F. participated in the data analysis and write-up. 
D.R. participated in the data analysis and write-up. K.K.C. participated in the 
performance of laboratory experiments and data analysis. V.T. participated in 
the performance of laboratory experiments. F.M. participated in the design and 

Kidney Transplantation

Background. Urinary tract infections (UTIs) are prevalent in renal transplant (RTX) recipients and associated with worse 
outcomes. Early detection by sensitive diagnostic tests and appropriate treatment strategies in this cohort is therefore cru-
cial, but evidence has shown that current methods may miss genuine infections. Research has shed light on the urinary 
tract microbial ecology of healthy individuals and nontransplant patients with UTI, but information on the RTx cohort is scant. 
We conducted a cross-sectional study to (i) compare the gold standard diagnostic culture with alternative techniques and 
(ii) characterize RTx patient urinary microbial communities. Methods. Midstream urine specimens were collected from 
51 RTx patients attending a renal transplant clinic and 27 asymptomatic controls. Urinary microscopy, dipstick, and routine 
culture were performed. To improve sensitivity of microbial detection, we cultured the urinary cell sediment and performed 
16S rRNA gene sequencing on urine. Uroplakin-positive urothelial cells shed in urine were analyzed by immunofluorescence 
staining for any bacterial association. Results. Sediment culture and 16S rRNA sequencing confirmed detection deficien-
cies of diagnostic culture and revealed differences in the urobiomes of RTx patients and controls. Specifically, Gardnerella, 
Escherichia, and Lactobacillus were most abundant in patients, whereas Lactobacillus, Streptococcus, and Gardnerella 
were most abundant in controls. The application of both culture and sequencing provided a more nuanced view of the uri-
nary microbial communities. Conclusions. This study provides insight into the potential problems of diagnostic culture 
within RTx patients and sheds light on their urinary microbial inhabitants. Further work may identify key microbial signatures 
and facilitate the development of better tools for UTI detection within this cohort, which could allow targeted intervention 
before an infection leads to serious consequences.
http://links.lww.com/TXD/A479
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INTRODUCTION

Approximately 150 million people worldwide develop uri-
nary tract infection (UTI) every year.1,2 The incidence in 
renal transplant (RTx) recipients is much higher, with up to 
72% of patients reported to experience UTI within the first 
year of transplantation,3-6 imposing a substantial financial 
and clinical burden.7,8 UTI in RTx patients is linked to sev-
eral serious consequences, including acute pyelonephritis9 
subsequent allograft dysfunction10 and loss,11-13 as well as 
bloodstream infections,14-16 sepsis,17,18 and death.19,20

Recurrent UTI (RUTI) is reported in up to 72% of RTx 
patients, resulting in poorer outcomes and multidrug resist-
ance.21-23 Early detection is therefore essential, particularly 
within the posttransplant period of 1–3 mo, when >80% of 
UTIs occur.11 Predicting which RTx patients may experience 
UTI would allow tailored management, improve clinical out-
comes, reduce the need for hospitalization, and potentially 
reduce reliance on prolonged prophylactic antibiotics.

Successful treatment of UTI is hindered by the recognized 
inadequacies of routine diagnostics.24-26 Although urinary 
dipstick has been shown to lack sensitivity,26,27 we and oth-
ers have reported that routine midstream urine (MSU) culture 
misses genuine infection in the presence of symptoms.24,25,28,29 
This technique utilizes 1–10 µL of urine and diagnostic cri-
teria originally applied to acute pyelonephritis patients,30,31 
resulting in the dismissal of <105 colony-forming units per 
milliliter (cfu/mL) and mixed growth,32 both of which may be 
clinically significant. Despite this, such tests are heavily relied 
on to confirm infection in symptomatic individuals, includ-
ing RTx patients.32 Furthermore, the variation in applied UTI 
diagnostic criteria between laboratories limits the reliability 
of epidemiological data.

Matters are complicated by recent evidence that the healthy 
urinary tract is not sterile but instead inhabited by a diverse 
and dynamic microbial community—the urobiome.28,29,33-36 
Although its role in symptomatic patients who are otherwise 
healthy is being clarified, current knowledge of the urobiome 
in RTx patients is limited.37-39 Furthermore, the treatment of 
asymptomatic bacteriuria (ASB) in RTx patients is controver-
sial—indeed, the discovery of the urobiome renders the con-
cept of ASB uncertain.40-43 Clinical experience has revealed that 
not all RTx patients respond to treatment in the same way, 
with evidence suggesting that ASB is often the initial or only 
manifestation of transplant pyelonephritis and urosepsis.43,44

Improved understanding of UTI pathophysiology and the 
urobiome in RTx patients may inform the development of 
more sensitive and targeted alternatives to current diagnos-
tic and treatment approaches. We conducted a cross-sectional 
study with the aims of (i) comparing the microbial composi-
tions of the diagnostic culture with alternative techniques and 
(ii) characterizing the urinary microbial communities of RTx 
patients.

MATERIALS AND METHODS

Subject Recruitment and Initial Assessment
Ethical approval was obtained from the National Research 

Ethics Committee, London, United Kingdom (Ref 05/
Q0508/6). Adult male and female RTx patients aged ≥18 y 
were consented and recruited during a posttransplantation 
clinical consultation at the Royal Free Hospital Renal Unit, 
London, United Kingdom. Male and female asymptomatic 

controls aged ≥18 y, with no known urologic complications 
or UTI and not on antibiotics in the past 4 wks, were recruited 
from healthy hospital staff and students. A single MSU was 
collected from each subject. Once acquired, specimens were 
analyzed within 10 min by urinary dipstick for inflamma-
tory and infection markers; leukocyte esterase and nitrites 
(Siemens Healthineers, Germany), and microscopy for leuko-
cytes (WBC) (Olympus, United Kingdom) (Figure 1). Samples 
were processed promptly to avoid the effect of leukocyte 
decay with time.

Routine Midstream Urine Culture
MSUs were submitted to the hospital laboratory for MSU 

culture.32 Typically, patient samples were kept at room tem-
perature for 15–40 min before being transported to the diag-
nostic laboratory for MSU culture. Samples that were not 
processed immediately at the diagnostic laboratory were 
stored at 4°C. CLED medium (Oxoid, United Kingdom) 
was inoculated with 2.5 μL of uncentrifuged urine and incu-
bated aerobically at 37°C for 18–24 h. A count of ≥105 cfu/
mL for 1 organism indicated significant bacteriuria (posi-
tive for UTI), whereas titers below threshold were reported 
as “no significant growth.” Cultures with ≥2 organisms were 
deemed “mixed growth.” Because a description of organisms 
that grew on negative or mixed cultures was not provided, an 
identical MSU culture was performed on the same specimen 
in our research laboratory. Samples were stored at 4°C for 
1–3 h before subsequent processing in the research laboratory.

Enhanced Urine Sediment Culture and Bacterial 
Identification

Sediment culture was performed in parallel to enrich for 
microorganisms, as this was previously shown to be more sen-
sitive.25 Briefly, 5–15 mL of urine was centrifuged at 1400×g 
for 10 min. The sediment was resuspended in 400 µL of ster-
ile phosphate buffer saline (PBS) (Life Technologies, United 
Kingdom). Tenfold serial dilutions were performed in PBS, 
and 50 µL volumes were plated onto ChromID CPS Elite agar 
(bioMérieux, France). Cultures were incubated aerobically at 
37°C for 18–24 h. Following incubation, microbial colonies 
were identified by matrix-assisted laser desorption ionization 
time-of-flight mass spectrometry (Bruker Daltonics, United 
States).

Immunofluorescence Staining
Immunofluorescence staining was performed as described 

previously.45 Urine was centrifuged onto glass slides, fixed 
and stained with wheat germ agglutinin conjugated to Alexa 
Fluor 488 (Life Technologies, United Kingdom) to identify 
cellular membranes and anti-uroplakin-IIIa mouse mono-
clonal antibody (Progen Biotechnik, Germany), followed 
by goat antimouse antibody conjugated to Alexa Fluor 555 
(Life Technologies, United Kingdom) and 4′,6-diamidino-
2-phenylindole (Thermo Fisher Scientific, United Kingdom) 
to stain DNA. Samples were imaged using Leica DM 2500 
M Material Analysis Microscope (Leica Microsystems, 
Germany) with Infinity Capture V6.2.0 software (Teledyne 
Lumenera, Canada).

16S rRNA Gene Sequencing
Before extraction, 2 mL samples of unspun urine were 

stored at –80°C. After thawing, samples were pretreated 
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with an enzymatic lysis buffer, consisting of 20 µg/mL of 
lysozyme, 20 mM Tris-Cl (pH 8.0), 2 mM sodium EDTA, and 
1.2% Triton-X-100 for 30 min at 37°C. Genomic DNA was 
extracted using the DNeasy Blood and Tissue kit (Qiagen Ltd., 
United Kingdom), following the manufacturer’s protocol.46

PCR was performed to amplify the V3–V4 hypervari-
able regions of the 16S rRNA gene using barcoded primers 
341F (5′-GGATTAGATACCCBRGTAGTC-3′) and 805R 
(5′-ACGTCRTCCCCDCCTTCCTC-3′) as described previ-
ously.25 Reactions were performed in duplicate, and DNA con-
centrations were determined with the Qubit high-sensitivity 
DNA assay kit and 4.0 fluorometer (Life Technologies, United 
Kingdom). Amplicons were purified using Agencourt AMPure 
XP magnetic beads (Beckman Coulter, United States) and 
combined in equimolar ratios using elution buffer (Qiagen, 
United Kingdom) to generate a DNA library for sequencing 
on the MiSeq platform using the v2 reagent kit (Illumina 
Inc., United States). A commercially designed microbial com-
munity (BEI Resources, United States) was incorporated to 
confirm the successful recovery of the artificially designed 
community of bacteria.

Statistical Analysis
Data were analyzed using SPSS version 26.0 (IBM, United 

States). Microscopic leukocyte counts were log-transformed 
to accommodate for exponential distribution. The Mann–
Whitney U test was used for numerical data, whereas Fisher’s 
exact or χ2 test was applied to categorical data.

The 16S rRNA amplicons were processed using QIIME2 
(qiime.org v2021.2.0).47 FASTQ reads were quality-trimmed 
and filtered using default values, and chimera reads were 

identified and discarded using the R-based Divisive Amplicon 
Denoising Algorithm-2 (DADA2) tool. DADA2 was chosen 
because it relies on amplicon sequence variant classification48 
and performs well in the reconstruction of taxa relative abun-
dances.49 Two samples with <40,000 sequence counts were 
discarded. We produced a custom classifier database by gen-
erating in silico amplicons of the NCBI 16S rRNA gene data-
base (the most suitable and reliable for urobiome studies50). 
Taxonomic assignation of amplicon reads was performed 
using the classify-sklearn algorithm (with default parameters) 
in QIIME2. Diversity analyses were performed in QIIME2, 
after applying a rarefaction method, retaining 42,000 reads 
per sample.

RESULTS

Clinical Histories and Characteristics
Urine specimens were obtained from 51 RTx patients 

(mean age = 50.3 y, SD = 12.9) posttransplantation (male: 
n = 33, female: n = 18, reflecting the ratio generally observed 
within this clinic) and 27 asymptomatic controls (mean 
age = 37.7 y, SD = 14.9) (male: n = 15, female: n = 12). We ret-
rospectively reviewed patient clinical histories (Table S1, SDC, 
http://links.lww.com/TXD/A478), transplantation character-
istics, pre- and posttransplantation medications (Table 1) and 
previous microbiological reports to ascertain culture-positive 
bacteriuria episodes, pre- (≤1 y before) and posttransplanta-
tion (≤1 y after). Figures S1A,B, SDC, http://links.lww.com/
TXD/A478 illustrate the organisms isolated from the positive 
cultures of RTx patients before and after transplantation. The 
rate of significant bacteriuria markedly increased following 

FIGURE 1. Experimental workflow for renal transplant patient and control urine specimens. cfu/mL, colony-forming units per milliliter; DAPI, 
4′,6-diamidino-2-phenylindole; MSU, midstream specimen of urine; MALDI-TOF MS, matrix-assisted laser desorption ionization time-of-flight 
mass spectrometry; rRNA, ribosomal RNA; UP3, uroplakin III; wbc/µL, leukocyte counts per microliter; WGA, wheatgerm agglutinin.

http://links.lww.com/TXD/A478
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transplantation (9 before versus 29 after, χ2 = 18.860, df = 1, 
P < 0.001). Culture reports indicated that 86.2% of patients 
had recurrent significant bacteriuria after transplant.

Urinary Dipstick and Microscopy
Urinary dipstick results (Table  2) revealed that 27 

(52.9%) RTx patients tested positive for leukocyte esterase, 
which was significantly higher than the number of controls 
(χ2 = 14.6, df = 1, P < 0.05), among whom 2 (7.4%) tested 
positive. Five (9.8%) transplant patients were nitrite posi-
tive, whereas all controls tested negative. This difference was 
not significant (χ2 = 2.828, df = 1, P = 0.093). RTx patients 
had a significantly higher distribution of microscopic log10 
leukocyte counts than controls (Mann–Whitney U = 328.0, 
P < 0.001) (Table 2).

Hospital Urine Culture Results
Hospital MSU culture results (Table  2) revealed that 34 

(66.6%) patients had a negative culture, including 25 (49.0%) 
patient cultures with microbial growth of <105 cfu/mL. Three 
(5.9%) patients had mixed growth cultures‚ and 9 (17.7%) 
had a positive result (defined as 104–105 or >105 cfu/mL of 
1 organism), among which 6 (66.7%) grew Escherichia 
coli, 2 (22.2%) grew Enterococcus, and 1 (11.1%) grew 
Acinetobacter.

Because mixed growth and below-threshold microbial (no 
significant growth or no growth) cultures are unreported by 
the hospital laboratory, we performed MSU cultures in paral-
lel and identified all isolates. A significantly higher number of 
patients had any growth on MSU culture (n = 30) compared 
with controls (n = 7) (χ2 = 7.66, df = 1, P < 0.05) (Figure  2). 
A total of 8 isolates were identified from controls, whereas 
37 isolates were cultured from RTx patients. Although 
Streptococcus (n = 2, 25.0%), Escherichia (n = 2, 25.0%), 
and Staphylococcus (n = 2, 25.0%) were most predominant 
among controls, Staphylococcus was most frequently isolated 
from patients (n = 19, 51.4%) and isolated at a significantly 
higher frequency in patients (χ2 = 5.712, df = 1, P < 0.05). 
Enterococcus (n = 6, 16.2%) and Escherichia (n = 5, 13.5%) 
were the next most predominantly isolated from patients.

Assessment of Concordance Across Diagnostic 
Tests

Across the 3 standard tests (Figure S2, SDC, http://links.
lww.com/TXD/A478), concordance was observed for 14 RTx 
patients. Specifically, 4 (7.84%) tested positive across all tests, 
and ten (19.6%) tested negative (ie, no growth, no significant 
growth, and mixed growth cultures) across all tests. Nine 
(17.6%) patients were negative for dipstick nitrites and cul-
ture but positive for dipstick leukocyte esterase and had ≥10 
leukocytes per microliter (WBC/µL) on microscopy. Twelve 
(23.5%) leukocyte esterase- and nitrite-negative patients had 
microscopic leukocytes, among which 3 (5.9%) had a count 
of ≥10 WBC/µL.

Comparison of Standard and Enhanced Culture 
Methods

MSU and sediment cultures were divided into 3 groups; 
sterile (no growth), monomicrobial (pure culture), and pol-
ymicrobial MSU (≥ 2 isolates) (Figure 3). Sediment cultures 
altered the microbial composition when compared with MSU 
cultures within patients (χ2 = 40.4, df = 2, P < 0.001), notably 
reducing sterile cultures (Post hoc: χ2 = 20.3, df = 1, P < 0.001) 
and increasing the frequency of polymicrobial cultures (Post 
hoc: χ2 = 36.5, df = 1, P < 0.001), an effect also observed in con-
trols (χ2 = 31.4, df = 2, P < 0.001).

Cultured Urinary Microbial Communities
We analyzed the percentage frequencies at which gen-

era were isolated by MSU culture and sediment culture 
(Figure  4A). Sediment cultures yielded a higher frequency 
of isolates from RTx patients (n = 109) than from controls 
(n = 55). With sediment culture, 10 genera were identi-
fied from controls and 12 from patients. Seven genera were 
shared between both groups (Figure  4B). In patients, the 
most abundant genera were Staphylococcus, Enterococcus 
and Escherichia, whereas Staphylococcus, Enterococcus, and 
Streptococcus were abundant in controls (Figure 4A). Despite 

TABLE 1.

Clinical summaries of kidney transplant patients (N = 51)

Clinical summary n (%) 

Donor type
 Live donor 17 (33.3)
 Deceased, unknown 2 (3.9)
 Deceased, donor after brain death 20 (39.2)
 Deceased, donor after circulatory death 5 (9.8)
 Unknown 7 (13.7)
Renal replacement therapy
 Peritoneal dialysis 6 (11.8)
 Intermittent hemodialysis 27 (52.9)
 Pre-emptive transplant 11 (21.6)
 Unknown 7 (13.7)
Delayed graft function
 Yes 8 (15.7)
 No 36 (70.6)
 Unknown 7 (13.7)
Anuric
 Yes 9 (17.6)
 No 14 (27.5)
 Unknown 28 (54.9)
Significant bacteriuria before transplant
 Yes [% of ‘Yes’ received treatment] 9 (17.6) [66.7]
 No 34 (66.7)
 Unknown 8 (15.7)
 Recurrent episodes (% of ‘Yes’) 7 (77.8)
 Sepsis episodes (% of ‘Yes’) 3 (33.3)
Significant bacteriuria on transplant day
 Yes 6 (11.8)
Significant bacteriuria after transplant
 Yes [% of ‘Yes’ received treatment] 29 (56.9) [55.2]
 No 14 (27.5)
 Unknown 8 (15.7)
 Recurrent episodes [% of recurrent treated] 23 (79.3) [47.8]
Steroids
 Yes 18 (35.3)
 No 27 (52.9)
 Unknown 6 (11.8)
Tacrolimus
 Yes 43 (84.3)
 No 2 (3.9)
 Unknown 6 (11.8)

Significant bacteriuria was indicated by a positive midstream specimen of urine culture (≥105 
colony-forming units/mL of 1 organism). The number of patients with significant bacteriuria was 
recorded before transplantation and for a 1-y period after transplantation.

http://links.lww.com/TXD/A478
http://links.lww.com/TXD/A478
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TABLE 2.

Clinical characteristics and routine urinalyses

Characteristic/urinalysis 

Transplant patients Controls 

P (N = 51) (N = 27)

Demographics
 Female, n (%) 18 (35.3) 12 (44.4) 0.470a

 Male, n (%) 33 (64.7) 15 (55.6)
 Mean age (SD), y 50.4 (12.9) 37.7 (14.9) <0.001b

 Age range, y 18–73 21–66  
Urinalyses
Urinary dipstick, n (%)
 Leukocyte esterase positive, ≥trace 27 (52.9) 2 (7.4) <0.001a

 Leukocyte esterase negative 24 (47.1) 25 (92.6)
 Nitrite positive 5 (9.8) 0 (0.0) 0.157a

 Nitrite negative 46 (90.2) 27 (100.0)
Urinary WBC microscopy
 Mean log

10
 WBC count, SD (95% CI) 0.84, 0.93 (0.58-1.10) 0.13, 0.30 (0.01-0.25) <0.001b

 Median log
10

 WBC count (95% CI) 0.60 (0.30-1.00) 0.00 (0.00-0.00)
WBC frequencies, n (%)
 Zero WBC/µL 17 (33.3) 21 (77.8) <0.001a

 1–9 WBC/µL 15 (29.4) 5 (18.5)
 ≥10 WBC/µL 19 (37.3) 1 (3.7)
Routine MSU culture, n (%)
Missing  5 (9.8)
Negative No growth 9 (17.6)

No significant growth, <105 cfu/mL 25 (49.0)
Mixed growth 3 (5.9)

Positive 104–105 cfu/mL of 1 organism 1 (2.0)
105 cfu/mL of 1 organism 8 (15.7)

Microbe identified on positive culture Escherichia coli 6 (66.7)
Acinetobacterjunii 1 (11.1)
Enterococcus faecalis 1 (11.1)
Enterococcus faecium 1 (11.1)

aχ2 test.
bMann–Whitney U test.
CI, confidence interval; cfu/mL, colony-forming units per milliliter; MSU, midstream specimen of urine; WBC, white blood cells.

FIGURE 2. Percentage frequencies of isolates (genus level) identified from control (A; n = 7) and renal transplant patient (B; n = 30) midstream 
urine cultures performed at University College London research laboratories.
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differences in the abundances of genera on sediment culture 
between both groups, these were not statistically significant. 
At species-level (Figure  5), Staphylococcus haemolyticus (S. 
haemolyticus), Staphylococcus epidermidis (S. epidermidis), 
E. coli, and Enterococcus faecalis (E. faecalis) were most 
frequently cultured in patients, whereas S. haemolyticus, E. 
faecalis, and S. epidermidis dominated in controls. We found 
a significant difference in the frequency of Streptococcus aga-
lactiae in controls, in contrast to their absence in patients 
(χ2 = 8.120, df = 1, P < 0.05).

Poly-pie chart matrices of sediment cultures were con-
structed to provide a detailed view of the urinary microbial 
composition within each subject (Figure  6A,B). No signifi-
cant difference was identified between the number of patient 
(n = 36, 70.6%) and control (n = 16, 59.3%) polymicrobial 
sediment cultures (χ2 = 1.020, df = 1, P = 0.313). We assessed 
the mono- and polymicrobial nature of each genus and species 
on sediment culture. Regardless of study group, Enterococcus 
(χ2 = 7.065, df = 1, P < 0.05) and E. coli (χ2 = 6.132, df = 1, 
P < 0.05) were more frequently isolated from polymicro-
bial cultures than from monomicrobial cultures. Within 
patients, Enterococcus (χ2 = 12.203, df = 1, P < 0.001) and 
Staphylococcus (χ2 = 5.105, df = 1, P < 0.05), notably E. 
faecalis (χ2 = 8.579, df = 1, P < 0.05) and S. haemolyticus 
(χ2 = 10.156, df = 1, P < 0.05), were more frequently identi-
fied on polymicrobial than monomicrobial cultures. Within 

controls, Staphylococcus was more commonly polymicrobial 
(χ2 = 5.105, df = 1, P < 0.05).

Next, we compared the frequencies at which each genus 
and species presented itself as a monomicrobial or polymicro-
bial isolate between study groups. A significantly higher num-
ber of polymicrobial Enterococcus isolates (χ2 = 9.231, df = 1, 
P < 0.05), particularly E. faecalis (χ2 = 6.061, df = 1, P < 0.05) 
were seen with patients than with controls.

The most commonly observed combinations of organisms 
on sediment cultures were E. coli with S. epidermidis (n = 7), 
E. faecalis with S. haemolyticus (n = 6) and E. coli with E. 
faecalis (n = 5) in patients and E. faecalis with S. epidermidis 
(n = 3) in controls.

Sequenced Urinary Bacterial Communities
We analyzed the bacterial communities of 51 patients 

and 20 controls by sequencing the V3-V4 regions of the 16S 
rRNA gene from urine specimens. Bacterial DNA was recov-
ered from 45 (88.2%) RTx patients and 12 (60.0%) controls. 
The percentage of identified sequencing reads that passed 
filter ([PF], Q30 >70%) for the sequenced DNA library was 
82.26% (26,913,200 reads).

The 15 most abundant genera across both study groups 
represented 87.8% of all control sequences and 87.9% of 
all patient sequences (Figure  7). The remaining sequences 
were grouped as “Other.” Gardnerella (18.9%), Escherichia 

FIGURE 3. Percentage frequencies of sterile (no microbial growth), pure (monomicrobial growth) and mixed (polymicrobial) growth cultures 
identified with the MSU culture and enhanced sediment culture techniques. MSU, midstream specimen of urine.
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(17.2%), and Lactobacillus (17.0%) were most abundant 
in patients; and in controls, Lactobacillus (52.9%), fol-
lowed by Streptococcus (11.9%) and Gardnerella (6.65%). 
A significantly higher number of control samples contained 
Flavobacterium (χ2 = 5.31, df = 1, P < 0.05). Additionally, 
we observed the 10 most abundant taxa in each patient 
and control sample (Figure  8), which were assigned to 1 
of 12 urotypes, defined by the dominant genus (Figure S3, 
SDC, http://links.lww.com/TXD/A478).29 Gardnerella and 

Corynebacterium urotypes were associated almost exclusively 
with male patients, whereas patient samples with >80% of 
sequences assigned to Gardnerella showed 2 or more positive 
UTI tests.

Comparison of Cultured and Sequenced 
Communities

We compared the isolation capabilities of both sediment cul-
ture and 16S rRNA sequencing for patient and control urines 

FIGURE 4. Genera isolated from renal transplant patients and controls. A, Percentage frequencies of organisms identified from the urine 
specimens of renal transplant patients (N = 51) and healthy controls (N = 27) using the routine MSU culture and centrifuged sediment culture 
techniques. Data are presented as percentages of the total number of isolates identified from all cultures. B, Venn diagram portraying the genera 
isolated exclusively from transplant patients, controls and those shared by both groups. MSU, midstream specimen of urine.

http://links.lww.com/TXD/A478
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(Figure 9). In a total of 57 samples, 47 (82.5%) contained genera 
that were identified by both sediment culture and sequencing. 
Thirty samples contained genera that were identified by cul-
ture but not by sequencing. Corynebacterium was the most fre-
quently isolated genus by sequencing, whereas Staphylococcus 
was most frequently identified by both techniques. One patient 
sample grew Pantoea‚ and 1 patient grew Proteus on sediment 
culture, which were not detected by sequencing.

Evidence of Bacterial Association and Invasion of 
Urothelial Cells

We inspected patient and control urine samples by epifluo-
rescence microscopy after staining for DNA and uroplakin 
IIIa protein to identify any bacterial association with urothe-
lial cells (Figure 10 shows a representative example from a 
patient). Among patients, 16 (31.4%) showed evidence of 
bacteria-associated shed cells, whereas 6 (11.8%) controls 
had bacteria-associated epithelial cells. This difference was 
not significant (χ2 = 0.730, df = 1, P = 0.393).

DISCUSSION

The Diagnostic Conundrum of RTx Patients
UTI detection currently relies on traditional diagnostic tests 

with recognized limitations.25-28 It is only relatively recently 
that genomic approaches revealed that the healthy urinary 
tract is inhabited by a complex microbiota; although this com-
munity may be disrupted in UTI, it also complicates diagno-
sis.28,29,33,35 Although the performance (and improvement) of 
diagnostic tests and characterization of the urobiome in dif-
ferent patient groups are active research areas,24,25,28,29,51 these 
appear to be severely understudied in RTx patients, who have 
a particularly urgent need for early detection and appropriate 
treatment of UTI to prevent serious consequences.9,11,17,19

In this study, RTx patient histories revealed an increase in 
culture-positive bacteriuria after transplantation, which is a 
primary indicator of potential urinary tract microbial dysbio-
sis. Posttransplantation, these patients also experienced a high 
rate of recurrence (86.2%). These characteristics reinforce 
the notion that RTx patients, as reported in the literature, 
are prone to UTI.3-6 To learn more, we performed a cross-
sectional study of posttransplant RTx patients and heathy 
controls to (i) compare the diagnostic culture with alternative 
techniques and (ii) characterize RTx patient urinary microbial 
communities.

Study Scope and Limitations
Limitations of this study included the lack of symptomatic 

assessment, which is important in distinguishing between ASB 
and UTI in uncomplicated patients. However, this step is not 
so straightforward in immunosuppressed RTx patients, fur-
ther complicating the decision to treat ASB, for which there 
is currently no formal consensus. In addition to small sam-
ple sizes, the mean ages of patient and control groups were 
significantly different. Although 9 female RTx patients and 
3 female controls were aged ≥50 y, the menopausal status 
of female subjects, a known influencer of the urobiome, was 
unknown. Although this study used random patient recruit-
ment to reflect the clinic’s general demographics, future stud-
ies should consider urobiome determinants, namely sex,33,52 
age,33 and menopausal status.53 In this study, cultures and 
conditions favorable toward anaerobes were not performed. 
Previous work has shown that the use of an extensive range 
of culture media and conditions increases the species diver-
sity observed.24,28,29,54 Here, we sought to determine if the 
sediment culture technique, designed to enhance microbial 
isolation (including organisms associated with urothelial 
cells) improved the MSU culture’s performance  while using 

FIGURE 5. Percentage frequency of microbial species isolated from renal transplant patient and control sediment cultures. Data are presented 
as percentages of total number of isolates identified from sediment cultures.
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identical culture and incubation conditions. We employed 
sequencing not only to further highlight the bacteria being 
missed by culture but also to provide a more complete view 
of the urinary tract bacterial community. Despite these limita-
tions, our analysis provides the first assessment of standard 
diagnostics with characterization of urinary microbiota in 
posttransplant RTx patients, facilitating hypotheses for larger 
follow-up studies.

Comparison of Diagnostic Techniques
Throughout this study, we identified challenges to UTI 

detection. The significantly elevated inflammatory sig-
nal observed with dipstick leukocyte esterase and micro-
scopic leukocytes might not be considered unusual in RTx 
patients, but given the sheer prevalence of posttransplant 
UTI, undiagnosed infection (or beginnings of one) is another 

possibility—a crucial distinction when clinicians are relying 
on a combination of diagnostic tests and clinical presentation. 
In this study, the inability to distinguish between infection 
and inflammation was unaided by the discordance observed 
across dipstick, microscopy, and culture results, reaffirming 
their unreliability.25-27 This raises some unanswered questions: 
(i) Is microbial dysbiosis expected posttransplantation? (ii) Is 
dysbiosis temporary and how long should it last? (iii) How 
would the transplant dysbiotic state differ from that observed 
with UTI development? and (iv) At what stage should there 
be intervention?

Our sediment culture and sequencing also highlighted 
known deficiencies in the diagnostic MSU culture and its 
accompanying criteria (presence of ≥105 cfu/mL of one 
uropathogen),30-32 indicating that this method underestimated 
both microbial growth and its predominantly polymicrobial 

FIGURE 6. Poly-pie matrix portraying microbial compositions of sediment cultures. A, Microbial compositions for renal transplant patients 
(N = 51). B, Microbial compositions for asymptomatic controls (N = 27). Microbial frequencies of <1% are indicated by small colored icon under 
each pie.
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nature and thus‚ may be misleading. Given our observations 
that some bacteria are host cell associated (Figure 10), sedi-
ment culture would be expected to enrich for such species, 
compared with MSU culture. Others have also successfully 
employed expanded quantitative urine culture protocols for 
microbial enrichment.24,28,29,51,54-56 Our comparison of taxa 
identified by culture and sequencing confirms that each 
approach carries limitations and biases (Figure 9). Although 
bacterial growth on culture is determined by the choices 
researchers make concerning media and laboratory condi-
tions, it permits strain-level identification, characterization, 
and susceptibility testing. On the other hand, 16S rRNA 
sequencing reveals more species richness compared with 
expansive culture but can fail to identify organisms because 
of vagaries in DNA extraction, PCR parameters, amplicon 

clean-up, and analysis. However, the development of effec-
tive diagnostics also relies on improved understanding of 
the community-based pathophysiological processes leading 
to UTI development. In the meantime, our results support 
the conclusion also shown by others that optimized culture 
and sequencing combined improves resolution of community 
richness.28,54,57,58

Insights Into the Microbial Communities of RTx 
Patients

Our study also allowed us to inspect differences in the 
urobiome between RTx patients and controls. The exist-
ence of a healthy urinary microbiota and its polymicrobial 
nature28,29,33,35,36 complicates the identification of which spe-
cies are involved in UTI. This is evident from the overlap in 

FIGURE 7. Percentage sequence abundances of the 15 most abundant taxa detected in renal transplant patients and control study groups.

FIGURE 8. Individual-level stacked plot showing the relative abundances of the 10 most abundant taxa in each renal transplant patient and 
control.
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predominant organisms identified on patient and control sedi-
ment cultures (Figure 4), which consisted of Staphylococcus, 
Enterococcus, and E. coli, which were also the most com-
monly co-cultured. Indeed, E. coli and E. faecalis are recog-
nized for their dual appearance in urinary specimens.59,60

Characterization of RTx patient urine using 16S rRNA 
sequencing revealed that Gardnerella, Escherichia, and 

Lactobacillus were most abundant, with some abundant 
taxa shared by controls (Figure 7). However, Flavobacterium 
was significantly more frequent in controls. Such urobiome 
differences may be attributed to the combined and poorly 
understood effects of immunosuppressants, antibiotics,38,61 
and steroids in patients. They may also or alternatively reflect 
meaningful UTI dysbiosis. Profiling urobiome genomic and 
functional capabilities may reveal key characteristics specific 
to non-UTI and UTI states in RTx patients.62,63

We identified an as-yet-unreported potential association of 
Gardnerella and Corynebacterium urotypes assigned to RTx 
patients, nearly all male. Corynebacterium has previously 
been associated with allograft dysfunction in RTx patients.64 
Patient samples containing >80% of sequences assigned to 
Gardnerella exhibited 2 or more positive diagnostic tests, rais-
ing the possibility that Gardnerella may be involved in UTI 
development and inflammation in RTx patients. Gardnerella 
(notably Gardnerella vaginalis) is traditionally associated 
with bacterial vaginosis but is also reported in vaginal and 
urine samples of healthy women.65-68 G. vaginalis has been 
shown to retrigger recurrent UPEC-induced UTI in mice.69 
Also of interest may be Gardnerella’s covert prevalence in 
men with inflammation observed on prostate biopsies70 and 
its status as an uncommon uropathogen for immunocompro-
mised and RTx patients.71 In our cohort, it is unclear whether 
Gardnerella is associated with infection, inflammation, or 
both, but further investigation is warranted.

CONCLUSIONS

This study highlights the serious inadequacies of traditional 
UTI diagnostics in the post-RTx cohort, whereas providing 
insights into their clinical and microbiological complexities. 
Future, in-depth urobiome studies may allow the development 
of an “early warning system” for the detection of future prob-
lematic UTIs.

FIGURE 9. Color-coded matrix of taxa that were identified by (i) culture only (yellow), (ii) sequencing only (blue), (iii) both approaches (purple), 
and (iv) neither technique (light gray) from renal transplant patient (n = 45) and control (n = 12) urine.

FIGURE 10. Immunofluorescence staining for evidence of bacterial 
association with uroplakin-positive urothelial cells in a renal transplant 
patient urine sample. A, WGA, a host cell membrane stain; (B) DAPI, 
which stains the DNA of the host cell nucleus (brightest blue ovals) 
and of the bacteria (much smaller blue bodies covering all cells; yellow 
arrows indicate some particularly large clusters of bacteria); (C) UP3 
antibody, a marker specific for urothelial cells; and (D) a merge of the 
3 previous channels. Scale bar is 30  µm. DAPI, 4’,6-diamidino-2-
phenylindole; UP3, uroplakin III; WGA, wheat germ agglutinin.
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Although our techniques improved microbial isolation 
and provided insights into their polymicrobial nature, future 
longitudinal studies profiling microbial dynamics during 
pre- and posttransplantation stages may provide clarity on 
the urobiome’s role in RTx patients. Additionally, the inclu-
sion and profiling of kidney donors may provide answers on 
how the urobiome is defined in corresponding recipients. It 
would also be valuable to consider the interplay of viruses 
and fungi, investigate associated niches (ie, gut72-74), as well as 
interactions with the immune system.75 More targeted thera-
peutics, facilitated by detailed understanding of the dynamic 
urinary tract microbial ecology, may reduce the need for pro-
phylactic antibiotics. This‚ in turn‚ would aid in antibiotic 
stewardship and reduce or prevent collateral harm to the 
human microbiome, which may have long-term implications 
for RTx patients.
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