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Abstract
Lower urinary tract symptoms affect 2.3 billion individuals worldwide and pose a substantial
burden on the quality of life. An important step in a LUTS investigation is the exclusion of a
urinary tract infection with the help of nationally recommended urine tests. These tests
include the routine midstream urine culture, which is regarded as the UK’s gold standard for
detecting infection. Microbial confirmation of UTI stems from criteria that were originally
proposed in the 1950s, following a study that examined patients with acute pyelonephritis.
Whilst the clinical diagnosis of UTI is considered to be straightforward in patients that
describe hallmark symptoms, notably acute frequency and dysuria, the presentation of less
well-recognised LUTS may not be as straightforward to diagnose and treat.
This thesis consists of original work from three specific studies. Firstly, a retrospective
observational study was conducted to compare the clinical characteristics of patients
describing LUTS with a suspected UTI, on the basis of their routine MSU culture findings.
This study revealed the striking clinical similarities between patients with a culture result of
doubtful significance that consists of multiple organisms and patients with a positive culture
that represents significant bacteriuria.
Secondly, an evaluation of the UK’s MSU culture was performed by comparing the microbial
yield achieved with three different culture techniques. Additionally, the urinary bacterial
community, represented by the cultured spun urinary cell sediment was characterised in three
different cohorts. These were (i) first-visit symptomatic patients suspected to have a UTI, (ii)
chronic patients with recurrent or unresolved LUTS from a previous symptomatic episode
and (iii) asymptomatic individuals. Species-level microbial identification was achieved with
matrix-assisted laser desorption ionisation time-of-flight mass spectrometry. The criteria used
to determine significant bacteriuria and the technique employed to perform the MSU culture
were identified as factors with the potential to limit the microbiological detection of UTI.
Finally, following the disproved assumption of the healthy urinary tract as a sterile
environment, molecular characterisation of LUTS patient and asymptomatic control urinary
tract bacterial communities was achieved using 16S rRNA gene sequencing. The core
bacterial taxa shared by both patient and healthy communities were determined, with
Enterobacteriaceae identified as the most abundant bacterial group in patients and
Streptococcus noted as the most abundant taxa in controls. Analysing unspun urine combined
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with concentrated urinary cell sediment significantly discriminated between the species
richness of both communities.
The presented original work establishes the potential significance of mixed growth urine
cultures, prompting the question of their dismissal without further investigation. In addition
to identifying the limitations of the UK’s MSU culture, the complex bacterial communities of
asymptomatic and LUTS patients have been characterised mostly at the genus level and
established as a foundation for subsequent functional characterisation to help elucidate the
mechanisms involved in LUTS and UTI development.
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1.1. Anatomy and physiology of the urinary tract
The urinary tract consists of two kidneys, two ureters, a bladder and a urethra, which are
essential to the formation, transport, storage and expulsion of urine. An outline of the human
urinary tract and the location of its main anatomical structures are illustrated in Figure 1-1.

INFERIOR VENA CAVA

ABDOMINAL AORTA

LEFT KIDNEY
RIGHT KIDNEY

LEFT URETER

RIGHT URETER

BLADDER
URETHRA

Figure 1-1. An outline of the human urinary tract and location of the key anatomical structures. Not drawn
to scale. Illustration by S. Sathiananthamoorthy (2016).

1.1.1. Kidneys and the formation of urine
The kidneys are a pair of bean-shaped organs with several important homeostatic functions,
including the filtration of soluble urinary waste. Each kidney is approximately 10-12cm long,
5-7cm wide, 3cm thick, and they are both situated between the peritoneum and posterior wall
on either side of the vertebral column (1). The right kidney’s position is located slightly
inferior to the left kidney due to the space occupied by the anatomically superior liver (2).
The kidneys consists of a renal cortex, medulla which is made up of 8-18 renal pyramids, and
a pelvis which leads into a ureter (3). The cortex and medulla are composed of approximately
one million nephrons, which are the kidney’s main functional filtering units (4). Each
nephrons has a renal corpuscle with a capillary network termed glomerulus, which is encased
by Bowman’s capsule, and a tubule of approximately 5.5cm in length that is subdivided into
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the proximal convoluted tubule, loop of Henle, distal convoluted tubule and collecting duct
(5). Several nephrons empty into a single collecting duct and these collecting ducts converge
into several hundred papillary ducts, which drain into 8-18 cup-like structures called minor
calyces (1). The minor calyces deliver urine to 2-3 major calyces, which drain urine into the
renal pelvis (1, 6).
The Bowman’s capsule of each nephron consists of an outer parietal layer composed of
simple squamous epithelial cells and an inner visceral layer of podocytes, which extend footlike projections called pedicels that wrap around the single endothelial cell layer of the
glomerulus (7, 8). Plasma filtered from the glomerulus into the tubule passes through the
capillary endothelium, basal lamina and layer of podocytes (8, 9). The parietal and visceral
layers are separated by Bowman’s space, which fills up with glomerular filtrate (3). The
proximal convoluted tubule is composed of cuboidal epithelial cells with a brush border of
microvilli that face the lumen and increase the surface area for reabsorption and secretion of
glomerular filtrate (3). The descending limb of the loop of Henle and the thin ascending limb
of juxtamedullary nephrons contain cuboidal to low columnar epithelial cells (3). The final
part of the ascending limb is densely populated with columnar cells, which are referred to as
the macular densa (9, 10). The majority of cells within the distal convoluted tubule and the
collecting duct are principal cells, which respond to a variety of stimuli to control sodium and
potassium transport, and the minority of cells are called intercalated cells, which are involved
in pH regulation, transport of potassium and ammonia, and contribute to the innate immune
system (11, 12).
The formation of urine relies on (i) glomerular filtration, in which water and solutes from the
blood plasma move from the glomerulus to Bowman’s capsule and along the tubule, (ii)
tubular reabsorption, where approximately 99% of glomerular filtrate is reabsorbed back into
the blood and (iii) tubular and collecting duct secretion of wastes and ions into the filtrate (5).
The final composition of urine is approximately 95% water and 5% is represented by a
combination of electrolytes and solutes such as urea, creatinine, uric acid, urobilinogen and
other substances including hormones, fatty acids, and enzymes (5).
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1.1.2. Ureters and the transport of urine
The ureters are hollow structures that transport urine from the renal pelvis of each kidney to
the bladder by a combination of peristaltic contractions of the ureter walls, hydrostatic
pressure and gravity (2). Ureters have a retroperitoneal location and are approximately 2230cm long with a narrow diameter of 0.1-1cm (13). The point at which each ureter enters the
bladder wall obliquely is referred to as the ureterovesical junction (UVJ) and the ureters
continue up to the bladder lumen (6). While the bladder fills up with urine, the subsequent
change in pressure compresses the ureteral openings, thereby preventing vesicoureteral reflux
(VUR) during the storage and voiding phases (6). The wall of each ureter is made up of three
histologically distinct layers; mucosa, muscularis and adventitia (13). The mucosa is the
deepest layer and contains a superficial layer of transitional epithelial cells, better known as
the urothelium (3, 13). This layer also outlines the renal pelvis, bladder and urethra, and has
the ability to stretch, enabling the ureter and other structures to adapt to varying urinary
volumes (14). The lamina propria of the mucosa is composed of connective tissue with
collagen, fibrocytes, lymphatic tissue and small blood vessels (15). The muscularis layer is
crucial to peristaltic movement and contains an outer layer of circular smooth muscle fibres,
and an inner layer of longitudinal smooth muscle fibres, with an additional outer layer of
longitudinal fibres present in the distal third of the ureters (3). The adventitia is composed of
connective tissue which has blood, lymphatic and nerve supplies (3).

1.1.3. Bladder and the storage of urine
The primary function of the bladder is to receive, temporarily store and release soluble
urinary waste. The bladder is a distensible hollow organ that is located inferiorly to the uterus
and anteriorly to the vagina in females, and positioned anteriorly to the rectum in males. The
bladder forms a tetrahedral shape with four external surfaces when it is empty (16). The
superior surface is known as the dome and is covered by the peritoneum (16). The inner wall
of the posterior surface or the base contains the trigone, which forms an inverted triangle with
the internal urethral orifice as the apex, with the right and left ureteric orifices forming the
other angles (16). The bladder wall is composed of four main tissue layers: the mucosal layer,
the muscular layer, the adventitial layer and the serosal layer, which are illustrated in Figure
1-2 (3, 17). The innermost mucosal layer consists of the urothelium, a single cell basement
membrane and the lamina propria (17). The urothelium is the outermost layer that forms an
impermeable physical barrier to urine while simultaneously preventing water from escaping
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the cells into hypertonic urine (18). The superficial layer of the urothelium consists of highly
differentiated mono- or binucleate polyhedral umbrella (or facet) cells (18, 19). These cells
have an asymmetric unit membrane (AUM) on their apical surface which is covered by a
plaque of integral membrane proteins called uroplakins (specifically UPIa, UPII, UPIIIa and
UPIIIb) (17-19). As the bladder fills up with urine, the umbrella cells have a squamous
morphological appearance and become highly stretched, and when the bladder is empty these
cells revert to a cuboidal shape (17, 19). The umbrella cells are demarcated by tight junctions,
which contribute to the formation of a barrier by preventing proteins as well as ionic and nonionic substances from passing through it (18). Beneath this layer are the intermediate cell
layers, followed by a basal layer containing stem cells with the ability to differentiate into
other cell types (18, 19). The basal membrane lying immediately beneath the urothelium is
composed laminin, fibronectin and collagen type IV (20). The lamina propria is an
extracellular matrix composed of several cell types, including stellate-shaped interstitial cells
of Cajal (ICC), fibroblasts, adipocytes and has a rich vascular supply, nerve supply,
lymphatic channels and elastic fibres (21). This layer also contains smooth muscle cells
which form a delicate and often incomplete tissue called muscularis mucosae (22). The
muscular layer referred to as the detrusor muscle, is composed of three smooth muscle fibre
compartments that are named on the basis of their orientation (23).

UROTHELIUM

Transitional epithelium (3-5 cells wide): Umbrella cells,
intermediate cells and basal cells

BASAL MEMBRANE

Laminin, fibronectin and collagen type IV

LAMINA PROPRIA

ICCs, fibroblasts, adipocytes, sensory nerve endings, vasculature,
lymphatic channels and elastic fibres. Collagen types I and III

MUCOSA

MUSCULARIS MUCOSAE Smooth muscle cells

MUSCULARIS PROPRIA Smooth muscle fibre compartments: Outer longitudinal, middle
circular and inner longitudinal layers
(DETRUSOR)

MUSCULAR

ADVENTITIA

Connective tissue, vasculature, lymphatic channels, nerve
supply

ADVENTITIA

SEROSA

Connective tissue and mesothelium

SEROSA

Figure 1-2. Histologically distinct layers of the bladder wall. Illustration by S. Sathiananthamoorthy (2016).
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Smooth muscle fibres of the outer and inner muscular layers are arranged longitudinally,
while the middle layer fibres have a circular orientation (23). The detrusor muscle at the neck
of the bladder functions as the internal urethral sphincter (23). The external urethral sphincter
is a ring of skeletal muscle found directly below the internal urethral sphincter which
contracts to prevent urination when the detrusor muscle contracts (23). The adventitia is the
outermost layer of vascularised connective tissue that coats the posterior and inferior bladder
surfaces and continues on from both ureters (3). The superior surface of the bladder is also
covered by a layer of visceral peritoneum called the serosa, which is made of connective
tissue and squamous epithelium known as mesothelium (3, 16).
The lower urinary tract is innervated by both the autonomic (both sympathetic and
parasympathetic) and somatic divisions of the peripheral nervous system (24, 25). The
sympathetic nervous system is involved in bladder detrusor muscle relaxation and closure of
the internal urethral sphincter during bladder filling, with innervation arising from the
thoracic and lumbar spinal segments T1-L2 (26). The parasympathetic nervous system is
involved in detrusor muscle contraction and relaxation of the internal urethral sphincter
during the voiding phase, with innervation arising the sacral spinal segments S2-S4 (26). The
somatic efferent neurons maintain the tone of pelvic floor muscles and innervate the striated
muscles of the external urethral sphincter with somatic innervation arising from the sacral
spinal segments S2-S4 (26).
Typically, the bladder fills up with urine at a rate of 0.5-5ml per minute with little or no
change in bladder pressure (27). This is due to the extensive folding of the bladder wall and
the ability of the detrusor smooth muscles to expand, thereby maintaining a low intravesical
pressure, which is referred to as compliance (27). In response to stretch there is increased
afferent signalling and the resulting sympathetic innervation inhibits the parasympathetic
pathway and subsequently detrusor muscle contraction while stimulating the internal urethral
sphincter smooth muscle to contract (28). Somatic innervation also exerts a suppressive effect
on the parasympathetic pathway to the detrusor muscle and stimulates the external urethral
sphincter skeletal muscle to contract (28). The bladder detrusor muscle remains relaxed and
both urethral sphincters stay closed.
As the bladder fills up, the intravesical pressure steadily increases and the urethral resistance
increases whilst it remains closed and contractions of the external urethral sphincter steadily
increase (27). When approximately half the bladder capacity (approximately 200-400ml) has
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been reached, the micturition centre in the brain receives sensory information and the feeling
of a ‘full bladder’ is subconsciously accepted (27). At this point the inhibition of detrusor
muscle contraction is controlled cortically and the desire to void may be overcome by
voluntary control (27). It is not until a bladder capacity of 75% is reached when the desire to
urinate is achieved (29). The micturition centre activates the parasympathetic spinal cord
outflow which stimulates detrusor muscle contraction and causes the internal urethral
sphincter to open (28). Afferent signalling also supresses sympathetic outflow to the internal
urethral sphincter, which further contributes to its opening and also inhibits somatic
innervation, causing the external urethral sphincter to relax (28). The contraction of the
bladder detrusor and opening of both urethral sphincters induces urination.

1.1.4. Urethra and the expulsion of urine
The urethra is a tube and terminal portion of the urinary tract that starts from the internal
urethral orifice located on the bladder floor to the external urethral orifice, which leads to the
exterior of the body (30). It serves as the passageway for urine expelled by the bladder during
micturition (and seminal fluid from the seminal vesicles in males). The female and male
urethras have considerably distinct anatomical structures and locations. The female urethra is
approximately 4cm long and 0.6cm in diameter and is located behind the pubic symphysis,
with the external urethral orifice positioned between the clitoris and vaginal opening (30).
The male urethra is approximately 20cm long and passes through the prostate, perineum and
penis (30). The female urethral wall is composed of mucosa, which consists of an epithelium,
lamina propria, and a superficial muscularis (31). The anterior urethral mucosa is made of
transitional epithelium (urothelium) that runs continuously with that of the bladder (32). The
distal mucosa contains stratified columnar or pseudostratified columnar epithelium, and the
region near the external urethral orifice consists of non-keratinised stratified squamous
epithelium (32). The muscularis is composed of smooth muscle fibres with a circular
orientation which also continues along with that of the bladder (31). The male urethra is
subdivided into the prostatic urethra, membranous urethra and spongiose urethra (30). The
prostatic urethra consists of urothelium that runs continuously with that of the bladder (31).
This layer becomes stratified columnar epithelium or pseudostratified columnar epithelium
more distally, which finally becomes non-keratinised stratified squamous epithelium near the
external urethral orifice (31). The muscularis of the prostatic urethra is made of circular
smooth muscle fibres which shape the internal urethral sphincter of the bladder, whereas the
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muscularis of the membranous urethra consists of skeletal muscle fibres with a circular
orientation that shape the external urethral sphincter of the bladder (6).
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1.2. Lower urinary tract symptoms
1.2.1. Definition
Lower urinary tract symptoms (LUTS), is a generic, collective term that refers to symptoms
attributed to conditions or diseases affecting the lower urinary tract, including the bladder,
urethra, prostate and sphincters. LUTS was coined twenty years ago in 1994 to replace the
presumptive diagnosis of “prostatism” (33). The shift in terminology extends reference to a
more extensive group of symptoms that are non-specific to age or sex and considers causes
other than those associated with the prostate (33).
The International Continence Society (ICS) has subdivided LUTS into categories of storage,
voiding, and post-micturition symptoms, which are presented in Table 1-1 (34). The
categorisation was intended to promote widespread consistency in the use of common
terminology within all relevant clinical circumstances to facilitate epidemiological
comparison (34, 35). Storage symptoms are typically associated with overactive bladder
(OAB) syndrome and include urgency, increased day-time frequency, nocturia and urgency
urinary incontinence (UUI) (34). Urinary incontinence may be more specifically referred to
as stress urinary incontinence (SUI), urgency urinary incontinence (UUI), a combination of
both, known as mixed urinary incontinence (MUI) or passive incontinence (34). A noticeably
slower or weaker stream, intermittent stream, splitting or spraying stream, hesitation or strain
when voiding, or terminal dribbling all comprise the voiding symptoms category (34). Postmicturition symptoms include post-micturition dribble and the sensation of incomplete
emptying (34). Pain and other suspicious or abnormal symptoms including dysuria or
haematuria may be a significant indicator of pathological disease, such as urinary tract
infection, urological cancers (e.g. urothelial cell carcinomas) and urinary tract stones. A
thorough LUTS assessment during a patient’s initial presentation may guide the clinician
towards an appropriate diagnosis, suitable and theoretically sound treatment options and a
successful treatment outcome for the patient.
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Table 1-1. The three main lower urinary tract symptom (LUTS) categories according to the International
Continence Society (ICS) guidelines. Information was acquired from Abrams et al. Neurourology and
Urodynamics. 2002. 21: 167-178.

SYMPTOM

DEFINITION

Storage

Experienced during the urine storage phase

Urgency

Complaint of the sudden compelling urge to pass urine

Frequency

Complaint of voiding too often by day

Urgency urinary incontinence

Complaint of involuntary leakage of urine which is preceded by urgency

Nocturia

Complaint that the individual has to wake one or more times to void

Voiding

Experienced during the urine voiding phase

Slow stream

The perception of reduced urinary flow

Splitting or spraying

Complaint of splitting or spraying urinary flow

Intermittent stream

Urinary flow that stops or starts on at least one occasion during
micturition

Hesitancy

Difficulty in initiating micturition. Delay in onset of voiding after
individual is ready to pass urine

Straining

Muscular effort required to initiate, maintain or improve urinary stream

Terminal dribble

A prolonged final part of micturition when the flow has slowed to a
dribble

Post-micturition

Experienced immediately after the urine voiding phase

Feeling of incomplete emptying

Sensation felt immediately following micturition

Post-micturition dribble

Involuntary loss of urine after finishing passing urine
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1.2.2. Epidemiology
Several research groups have attempted to estimate the prevalence of particular symptom
subsets within the LUTS spectrum. Irwin and colleagues identified studies that limited their
assessment by: (i) examining only urinary incontinence in women whilst analysing all LUTS
in men, (ii) introducing selection bias in the demographic population studied and (iii)
obtaining data that is non-compliant with the standardised terminology for lower urinary tract
dysfunction (36). With these limitations in mind, the EPIC study was designed and conducted
in 2005 to examine the prevalence of LUTS in men and women aged ≥18 years in five
countries: Canada, Germany, Italy, Sweden and the UK, in accordance with most recent ICS
LUTS definitions (36, 37). Data collected from this study indicated that the prevalence of
LUTS was similar in men (62.5%) and women (66.6%) aged ≥40 years (36, 37). Storage
symptoms were more prevalent than post-micturition and voiding symptoms with nocturia
identified as the most commonly reported symptom (36). OAB syndrome, generally defined
by a combination of storage symptoms (section 1.2.1.) was present in similar rates in men
(10.8%) and women (12.8%) and noted to be more commonly reported with increasing age
(36, 37). Irwin et al also found OAB symptoms to be more frequently described in women
than men aged ˂60 years, but prevalence to be higher in men aged ˃60 years (36, 37).
Comparison with other countries indicates that this observation is consistent with findings
reported from the Swedish Institute for Opinion (SIFO) study in 2001 (38), which analysed
OAB symptoms across Europe, and the National Overactive Bladder Evaluation (NOBLE)
study presented in 2003 (39), conducted to examine OAB prevalence within the USA.
Similarly, a population-based survey involving male and female participants aged 40-79
years from four centres located in the Netherlands, France, UK and Republic of Korea
revealed older men to have a higher prevalence than older women, and younger women to
have a higher prevalence than younger men (40).
From the collected data, Irwin et al estimated that 1.9 billion individuals (45% of the total
population) worldwide aged ≥20 years had one or more LUTS in 2008 (41, 42). The global
prevalence of LUTS was seen to increase with age, and estimated to be 44.1% in men and
46.3% in women (41). The increase in prevalence with age was also apparent from the multinational UrEpik study carried out in 2003, where data were acquired from centres in the UK,
Netherlands, France and Korea (40). Based on the predicted aging of the worldwide
population, the total number of individuals affected was expected to have increased to 2.1
billion in 2013, and was estimated to have risen further in 2016 to 2.3 billion individuals (41).
11

Chapter 1

Introduction

The predicted increase in the number of individuals affected is suggested to be the result of
US international database predictions made on population growth and aging of worldwide
and regional populations (41). Since LUTS prevalence had only previously been investigated
on a small scale in the USA in the form of the Boston Area Community Health Survey
(BACH), the EPIC study authors executed the Epidemiology of LUTS (EpiLUTS) study, to
acquire large-scale symptomatic data from the USA (43). This included symptomatic
surveillance of both the UK and Sweden for previously demonstrating the lowest and highest
symptom prevalence rates (43). Cross-sectional data acquired from the assessment that was
performed using a five-point Likert scale questionnaire, revealed 72.3% of men and 76.3% of
women aged ≥40 years to ‘sometimes’ experience at least one LUTS and 47.9% of men and
52.5% of women to ‘often’ have one or more symptoms (43).

1.2.3. Associated diseases and conditions
LUTS have been associated with a range of diseases and conditions. OAB syndrome is
characterised by storage symptoms, specifically urgency, frequency, nocturia, with or without
UUI (34). The clinical diagnosis of OAB depends on a detailed medical history (of
symptoms), which includes the completion of a bladder diary to record daily voiding patterns
for signs of increased frequency and nocturia, and the use of validated symptomatic
questionnaires (44-47). LUTS may also be described by individuals with urological cancers,
including bladder cancer (48) and prostate cancer (49). Clinicians may recommend men
presenting with LUTS to undergo early prostate cancer screening, which involves the prostate
specific antigen (PSA) test (49). While some studies have suggested that LUTS is associated
with a high risk of prostate cancer, contradicting evidence has made the decision to screen
controversial (50). In the UK, the decision to have a PSA test is left optional for patients with
LUTS suggestive of bladder outlet obstruction (BOO), which is suspected to arise
secondarily to benign prostatic hyperplasia (BPH), if the prostate feels abnormal on a digital
rectal examination or if the patient is concerned about prostate cancer (51). BPH is
characterised by the enlargement of the prostate due to proliferating stromal and epithelial
cells (52). The resulting pressure on the urethra and constriction in the flow of urine may
cause storage and voiding symptoms, specifically increased urinary frequency, nocturia,
hesitancy, an intermittent urinary stream, incomplete bladder emptying and terminal dribbling
following voiding (52, 53). Individuals with BPH may also have BOO, which refers to the
pressure difference between the bladder neck and the prostatic urethra, resulting in
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obstruction of urinary flow (54). Many neurological diseases, dysfunctions and injuries such
as multiple sclerosis, Alzheimer’s disease, dementia, Parkinson’s disease, stroke, spinal cord
injury and neuropathy invoke a variable degree of voiding dysfunction (55-58). Since
micturition and urinary continence are controlled by the central nervous system and its
coordination with the sympathetic, parasympathetic and somatic nervous systems, LUTS
experienced by patients with neurogenic bladder dysfunction may be explained by the
damage inflicted on the nervous system, resulting in symptoms such as voiding dysfunction
and sphincter dyssynergia (59). Whilst the various plausible causes of LUTS should be
considered, an investigation for urinary tract infection is considered an important component
of a LUTS investigation (34).

1.2.4. Quality of life
Bothersome LUTS can impose a substantial financial, psychological, occupational, social,
domestic and physical burden on an individual’s quality of life (60). Specific diseases and
conditions associated with LUTS have a considerable financial burden. In the UK, the total
cost of OAB on the UK’s health system is estimated to be over 2 billion euros (~1.7 billion
pounds) (61). In addition to causing hindrances against physical activity and work
productivity, LUTS is associated with anxiety and depression (62, 63). The EpiLUTS study
revealed both men and women describing symptoms from all three LUTS categories (storage,
voiding and post-micturition) to have the lowest health-related quality of life (HRQL) as well
as the highest levels of anxiety (35.9% male and 53.3% female) and depression (29.8% male
and 37.6% female), compared with asymptomatic individuals or individuals with symptoms
from one or two LUTS categories (64). Markland et al found urinary incontinence to be
significantly associated with major depression (defined by a score of ≥10 on the Patient
Health Questionnaire) (65). Melville et al hypothesised that whilst depression may contribute
to involuntary loss of urine via neurological and biochemical pathways, negative emotional
side effects of urinary incontinence, such as embarrassment and social isolation could lead to
depression (66). These considerations led the authors to conduct a cohort study to clarify the
association between urinary incontinence and depression (66). Major depression (confirmed
by the Composite International Diagnostic Interview (CIDI-SF) and Centre for
Epidemiologic Studies Depression Scale (CES-D) suggested that women with depression
were likely to develop incontinence (OR:1.46, 95% CI:1.08-1.97) and not vice versa
(OR:1.03, 95% CI:0.75-1.42) (66). Studies have revealed a significantly higher occurrence of
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clinically diagnosed depression in individuals with OAB symptoms than those without (36,
37). Additionally, Darkow et al reported that the prevalence of falls and fractures was
significantly higher for OAB patients (25.3%) than for control subjects without OAB (16.1%)
(67). Parsons et al evaluated the association of LUTS to the risk of falls in elderly men aged ≥
65 years and found that the risk of falls increased by 11% among men with moderate
symptoms defined by a score of 8-19 points on the American Urological Association
Symptom Index (AUA-SI) (RR:1.11, 95% CI:1.01-1.22) and 33% among those with severe
symptoms defined by an AUA-SI score of 20-35 points (RR:1.33, 95% CI:1.15-1.53) (68). In
a study by Brown et al, urinary incontinence was independently associated with falling in
elderly women and non-spinal, non-traumatic fractures (69). Stewart et al noted an increased
risk of falling when men and women reported at least three nocturia episodes (70). LUTS has
also been associated with sexual difficulties, including decreased sexual activity, erectile
dysfunction and ejaculatory dysfunction (40, 71-73).
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1.3. Urinary tract infection
1.3.1. Definition
The term urinary tract infection (UTI) is used to describe the presence and proliferation of
pathogenic microorganisms within one or more structures of the urinary tract. Depending on
the affected anatomic region, infections can be broadly classified as either lower or upper
urinary tract infections and can give rise to several clinical manifestations that cover the
broad spectrum of LUTS. Table 1-2 summarises the different clinical manifestations of UTI
in order of increasing severity as the infection progresses from affecting the kidneys to the
circulatory system. An infection of the bladder, termed cystitis is classified as a lower urinary
tract infection (74). Upper UTIs affect the ureters and the kidneys (pyelonephritis), which
may also involve structures of the lower urinary tract (74). Upper UTIs are considered to be
potentially more life-threatening as they bear the risk of potential renal impairment and
urosepsis, which can rarely lead to organ dysfunction or organ failure and death (74-76).
Acute uncomplicated cystitis refers to a bladder infection characterised by an abrupt
symptomatic onset, with the complaint of frequency, urgency, dysuria, suprapubic pain, with
no apparent urinary tract symptoms acknowledged in the previous month before the current
episode (Table 1-2) (75, 77). Affected patients have no known risk factors or complications.
The diagnosis of acute pyelonephritis refers to a kidney infection, and is usually given to
patients who complain of fever, nausea, low back or abdominal pain, with or without
symptoms of cystitis (75, 77).
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Table 1-2. Recognised clinical manifestations of urinary tract infection and their most noted clinical symptoms.
Information from Johansen et al. Surgery (Oxford). 2011: 265-271, and Sheerin. Medicine. 2011: 384-389.

CLINICAL MANIFESTATION

Infection of the bladder.
Symptoms described by patients may include frequency, urgency,
dysuria, suprapubic pain, bladder pain, bladder tenderness, low grade
fever, haematuria, and offensive or cloudy urine.

Urosepsis

INCREASING SEVERITY

Cystitis

Pyelonephritis

DEFINITION & KEY SIGNS/SYMPTOMS

Infection of the renal parenchyma.
Symptoms described by patients may include fever, rigors, loin, low
back pain, tenderness, haematuria and toxic appearance. In severe cases
patients may also report nausea and vomiting. Patients may present with
or without symptoms of cystitis.
Sepsis (systemic infection of the blood) originating from the urinary
tract. Secondary to an infection of the urinary tract.
Symptoms described may include fever, shivering (temperature of
>38°C or <36°C), heart rate of >90 beats/minute, respiratory rate of 20
breaths/minute and circulatory failure. Organ dysfunction, organ failure,
perfusion abnormalities and hypotension are also apparent with
increasing severity. Patients may present with or without symptoms of
cystitis or pyelonephritis.

An infection of the urethra is termed urethritis and is considered separately to other clinical
manifestations of UTI, since it is predominantly regarded as sexually transmitted infection
(STI) in men, with the female equivalent being recognised as an infection of the cervix,
referred to as cervicitis (74, 78). Thus, investigations for STIs and UTIs are considered
separately (79). It is however, acknowledged that urethritis is not always an STI (79).
Figure 1-3 provides the classification terms that are used to describe a UTI and their
definitions. Individuals found to have quantitatively significant bacteriuria in the absence of
urinary tract symptoms are diagnosed with asymptomatic bacteriuria (ASB). (75, 76). In the
UK, ASB is confirmed by the presence of ≥105cfu/ml of bacteria from two consecutive urine
specimens (80). In the USA, ASB is defined by the Infectious Diseases Society of America
(IDSA) as one of the following: (i) in women: growth of the same bacterial strain at a
quantity of ≥105cfu/ml from two consecutive voided urine specimens, a criterion adopted
from Kass’s original work published in 1960 (81) (ii) in men: a single species isolated at
≥105cfu/ml from one voided urine specimen and (iii) in either women or men: growth of a
single species at a quantity of 102cfu/ml from a catheterised specimen of urine (82). Whilst
ASB is common in women aged ≤60 years, elderly individuals aged >65 years and diabetic
patients, the decision to treat infection in the absence of symptoms is controversial (83, 84).
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To address the question of whether ASB should be treated, a Cochrane systematic review of
nine studies was conducted, the findings of which, suggested that no clinical benefit was
achieved from treatment with antibiotics (85). It is therefore recommended that ASB is left
untreated in otherwise healthy individuals to avoid the unnecessary use of antibiotics, with
the exception of pregnant women (82). ASB is reported to occur in 2-10% of all pregnancies
(86-88). Pregnant women are recommended antenatal screening by quantitative culture and
antimicrobial treatment if tested positive, since ASB has been associated with pyelonephritis,
preterm birth and low neonatal birth weight (82, 89, 90). A Cochrane systematic review
published in 2015 analysed 14 studies investigating the treatment of ASB in pregnant women
and concluded that antibiotics reduced the incidence of pyelonephritis, preterm birth and low
neonatal birth weight (91).
Successful treatment of a UTI may be hindered in patients with underlying structural or
functional urinary tract abnormalities, surgical interventions, instrumentation (e.g.
catheterisation) or other co-morbid conditions or complications. To provide a more
informative diagnosis, the terms complicated UTI may be used to refer to infections with one
or more of these concerns, and uncomplicated UTI to refer to an infection in an otherwise
healthy patient (92). In addition to such complications, patients with a symptomatic UTI may
fail to respond to antimicrobial treatment due to several reasons, including the selection of an
unsuitable antimicrobial, its narrow spectrum or the ability of uropathogens to express
resistance towards it, poor patient compliance to treatment and severity of the infection. Such
factors may lead to the development of a recurrent UTI, which can be defined more
stringently as three or more uncomplicated UTIs in a period of 12 months (93).
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UNCOMPLICATED
Infection in an otherwise healthy
individual with no known structural
or functional complications or comorbidities

ACUTE
Infection characterised by
an abrupt symptomatic
onset

COMMUNITY-ACQUIRED
Infection that developed within
the community

ASYMPTOMATIC
Bacteria or yeast isolated in significant
quantities from a urine culture without
any accompanying urinary tract
symptoms, usually on two occasions

CLASSIFICATION OF
URINARY TRACT
INFECTION

NOSOCOMIAL
Infection acquired (secondarily)
within the hospital environment

CHRONIC
Relapsing, recurrent*,
persistent or unsuccessfully
treated infection

SYMPTOMATIC
Infection characterised by
urinary tract symptoms

COMPLICATED
Infection accompanied by structural
or functional urinary tract
abnormalities, instrumentation or
co-morbidities

Figure 1-3. Classification terminology used to describe urinary tract infections. Illustration by S.
Sathiananthamoorthy (2017).
* Recurrent UTI can be defined more stringently as three or more uncomplicated UTIs in a period of 12
months

1.3.2. Epidemiology
Approximately 150 million individuals worldwide are thought to have a UTI every year (94,
95). An estimated 10% of the global population are expected to have at least one episode
during their lifetime (96). In the UK alone, UTIs are reported to be the subject of 1-3% of all
general practitioners’ consultations (97). Although the literature on the epidemiology of UTI
in the UK appears to be scarce, the National Health Service (NHS) reports that 50% of
women will experience one symptomatic UTI in their lifetime and 1 in 3 women will have at
least one episode before the age of 24 (98). In contrast, 1 in 2000 men are affected by UTI
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(99). Hospital-acquired UTIs contribute to 40% of all nosocomial infections (75, 100). Global
Prevalence Infection in Urology (GPIU) studies conducted within hospitalised wards around
Europe revealed 9.4% of urological inpatients to develop an infection (101). Recurrent UTI is
reported to occur in 40-50% of women within 12 months of the initial episode (102) and 1627% of women within the first 6 months (103, 104).

1.3.3. Recognised uropathogens
Figure 1-4 illustrates the spectrum of recognised uropathogens. The majority of
uncomplicated and complicated UTIs are caused by Escherichia coli (E. coli) (94, 105).
Other recognised Gram negative aetiological agents of UTI include species of Proteus (P.
mirabilis), Klebsiella (K. pneumoniae and K. oxytoca), Pseudomonas (P. aeruginosa),
Enterobacter (E. cloacae), Citrobacter (C. koseri and C. freundii), Serratia (S. marcescens)
and Morganella (M. morganii) (92, 106). Whilst Gram negative rods (GNRs), particularly
those belonging to the Enterobacteriaceae family have been reported to cause the majority of
UTIs, Gram positive organisms, including species of Staphylococcus (S. saprophyticus, S.
aureus and S. epidermidis), Enterococcus (E. faecalis and E. faecium) and Group B
Streptococcus (GBS) (S. agalactiae) are also among recognised uropathogens (107). The
characteristics and virulence traits of E. coli and species belonging to the Proteus, Klebsiella,
Enterococcus, Streptococcus and Staphylococcus are discussed below.
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Enterobacteriaceae
Escherichia coli, Klebsiella, (K. pneumoniae, K.
oxytoca), Proteus (P. mirabilis) & Enterobacter
(E. cloacae), Citrobacter (C. koseri, C. freundii),
Serratia (S. marcescens), Morganella (M.
morganii)

Pseudomonadaceae
Pseudomonas (P. aeruginosa)

Staphylococcaceae
Staphylococcus (S. saprophyticus, S.
aureus & S. epidermidis, S. haemolyticus)

Streptococcaceae
Group B Streptococcus (S. agalactiae)

GRAM NEGATIVE
BACILLI

Enterococcaceae
Enterococcus (E. faecalis, E. faecium)

GRAM POSITIVE
COCCI

UROPATHOGENS
GRAM NEGATIVE COCCOBACILLI

GRAM POSITIVE
BACILLI
OTHER

Pasteurellaceae
Haemophilus (H. influenzae)

Corynebacteriaceae
Corynebacterium (C. urealyticum)

Mycoplasmataceae
Mycoplasma (M. hominis),
Ureaplasma (U. urealyticum)

Mycobacteriaceae
Mycobacterium (M. tuberculosis)

Saccharomycetaceae
Candida (C. albicans)

Chlamydiaceae
Chlamydia (C. trachomatis)

Figure 1-4. Organisms recognised to cause urinary tract infections. Illustration by S. Sathiananthamoorthy (2017).
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1.3.3.1. Escherichia coli
E. coli is a facultatively anaerobic GNR that belongs to the Enterobacteriaceae family
(Figure 1-4) (108). This glucose-fermenting bacillus can be motile or non-motile and has
been classified into several pathotypes that are known to cause UTI, enteric/diarrhoeal
disease and sepsis/meningitis (109). The different pathotypes are characterised by H
(flagella), O (lipopolysaccharide (LPS)) and K (capsular polysaccharide) antigens (109).
UTI-associated E. coli isolates that possess K1 or O18 antigens (such as the wellcharacterised UTI189 isolate) have been identified to encode more virulence factors than
other extraintestinal E. coli strains (110).
An extraintestinal pathotype called uropathogenic E. coli (UPEC) is globally cited as the
cause of 70-80% of all urinary infections (94). UPEC, formerly known as Bacillus coli has
been documented as a major culprit of acute and chronic infections as far back as the early
1900s, and has since been one of the most extensively studied uropathogens to date (111,
112). UPEC is distinguishable from other pathotypes since they possess a variety of
pathogenicity islands that encode specific virulence factors, including a range of adhesins,
toxins, iron acquisition systems and biofilm formation, which are crucial to UTI pathogenesis
and survival (113, 114).
In recent years, a considerable amount of UTI research has focussed on the ability of UPEC
to bind to, invade and colonise the urothelial cells lining the bladder wall, enabling this
organism to evade host defences, elude detection and inflict host damage, which is discussed
later (section 1.5.2). In addition to possessing peritrichous flagella, which are a noted fitness
property that enable motility against opposing forces and are useful in establishing mixed
infections, UPEC are equipped with adhesive organelles called pili or fimbriae, specifically
type 1, P, S and F1C pili (115-118). UPEC are capable of reverting between the expression of
different pili in a process called phase variation, which is considered to depend on
environmental triggers, suggesting functional differences (119). The tips of pili contain
adhesins which supervise the adhesion of UPEC to urinary tract cells. Type P pili contain
PapG adhesins and its expression has been associated with pyelonephritis, whereas type 1 pili
are expressed in both UPEC and commensal E. coli and contain the Fim H adhesin, which
mediates bacterial adhesion, invasion and intracellular biofilm formation within epithelial
cells (120, 121). UPEC secrete toxins such as alpha (α-) haemolysin (HlyA), which causes
host cell lysis, thereby providing uropathogens with cellular nutrients and iron for survival,
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degradation of the scaffold protein paxillin and disruption of host immune responses,
including the ability to degrade macrophage proteins (122). Other UPEC toxins include
vacuolating autotransporter toxin (Vat), which although is recognised to form cellular
vacuoles, has recently been associated with the urosepsis manifestation of UTI, its role in
UTI pathogenesis is yet to be fully characterised (123). The expression of secreted
autotransporter toxin (Sat) has been linked with renal (nephron) damage and cellular
vacuolation of kidney and bladder epithelial cells (124, 125). UPEC can also express
cytotoxic necrotising factor (CNF1), which enhances bladder cell apoptosis and exfoliation,
subsequently encouraging bacteria to access deep tissue layers, attenuate neutrophil functions
such as chemotaxis and phagocytosis as well as disrupting cellular function, which includes
causing membrane ruffling (126). UPEC are also known to express iron acquisition systems
that utilise iron sequestering siderophores with a high affinity for ferric iron, which is
retrieved from the host environment for bacterial survival (127, 128). Identified siderophore
systems include enterobactin, salmochelin, aerobactin, yersiniabactin as well as the haemin
uptake and iron/manganese transport systems (129-131).

1.3.3.2. Proteus
Proteus is a facultatively anaerobic GNR that belongs to the Enterobacteriaceae family
(Figure 1-4) (108). This bacillus is reported to cause 2% of uncomplicated UTIs and 2% of
complicated UTIs (132).
Proteus can revert from a short petrichously flagellated swimmer cell within liquid medium
to an elongated rapidly-moving swarmer cell when transferred onto the surface of particular
types of solid culture media (e.g. blood and chocolate agars) (133). The characteristic
confluence growth observed on solid agar facilitates the bench-top identification of Proteus,
although some strains are recognised to lack this feature (108). While this motility property
of Proteus facilitates the bacterium’s ability to migrate across the surfaces of catheters, and
ascend up the urinary tract (134), murine experiments suggest that this feature is not
mandatory to cause urinary infection (135). P. mirabilis is the most frequently identified
species of Proteus in epidemiological studies of UTI and is recognised for its ability to
hydrolyse urea into ammonia and carbon dioxide via urease production (136). The generated
alkaline environment within the urinary tract induces precipitation of calcium and magnesium
ions, resulting in the formation of stones (136, 137). P. mirabilis has been described as one of
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the leading causes of bladder, ureter or kidney stones, termed urolithiasis (138, 139), and
catheter-associated UTI (CAUTI) (134, 140). This GNR is recognised to form crystalline
deposits on the surfaces of indwelling catheters, which frequently become blocked, causing
substantial discomfort to individuals (141, 142). Wilks et al provided novel insight into the
stages of biofilm development and crystalline encrustations by P. mirabilis on silicone and
hydrogel latex catheter surfaces using real-time imaging over a period of up to 24 days (141).
The entire catheter surface was noted to be covered in crystalline deposits by day 4 (141).
Alongside urease production, stone, crystalline and biofilm formation, other virulent
characteristics expressed by P. mirabilis include a multitude of adhesins, toxins, zinc and iron
acquisition proteins (134, 136). Fimbriae expressed by P. mirabilis that are associated with
both bladder and renal cell colonisation during UTI are mannose-resistant Proteus-like
(MRP) fimbriae, which are also involved in biofilm formation (143) and Proteus mirabilis
fimbriae (PMF) (144). Although non-agglutinating fimbriae (NAF) are capable of binding to
urothelial cells in vitro, the precise mechanistic contribution to UTI pathogenesis is unknown
(132). Mannose-resistant Klebsiella-like (MRK) fimbriae are reported to facilitate bacterial
colonisation in the kidneys (143). In addition to its fimbriae range, P. mirabilis has two
autotransporters that bind to extracellular matrix proteins, trimeric autoagglutinin
autotransporter of Proteus (Taap), which binds to laminin and adhesion and invasion
mediated by the Proteus autotransporter (AipA), which binds to collagen (145). Murine
studies have shown that whilst Taap is required for the development of cystitis, AipA is
important in the development of pyelonephritis (145). P. mirabilis also utilises two ironsequestering siderophore systems called proteobactin and yersiniabactin-related, enabling
survival and growth in with the iron-deficient urinary tract environment (146). Zinc is
acquired using the high-affinity ZnuACB transport system and contributes to the production
of flagellin and motility (147). Additionally, P. mirabilis is capable of causing renal tissue
damage by producing two toxins known as haemolysin A from P. mirabilis (HpmA) (148)
and Proteus toxic agglutinin (Pta) (149).

1.3.3.3. Klebsiella
Klebsiella

is a facultatively anaerobic,

non-motile, GNR that belongs to the

Enterobacteriaceae family (Figure 1-4) (108). The majority of human Klebsiella infections
are caused by K. pneumoniae, which is frequently responsible for community-acquired (150)
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and hospital-acquired pneumonia, and is considered to pose an urgent threat in hospitals for
septicaemia, wound infections and UTI (151). K. pneumoniae is usually reported as the
second or third most frequently isolated uropathogen and accounts for 4.3-7% of communityacquired UTIs and 2-6% of nosocomial UTIs (152, 153). Neonates, elderly and
immunocompromised individuals are considered to be particularly vulnerable to K.
pneumoniae infections (151). Another less frequently observed Klebsiella species in the UTI
context is K. oxytoca (151, 154). The apparent interest in tackling nosocomial K. pneumoniae
UTIs and other infections is thought to be due to increasing multidrug resistance exhibited by
this species, which includes broad-spectrum beta-lactam and carbapenem resistance (155). K.
pneumoniae

resistance

to

aminoglycosides,

fluoroquinolones

and

third-generation

cephalosporins was found to have risen during 2011 to 2014 in Europe (156). Another cause
for concern is the emergence of hypervirulent (HV) K. pneumoniae strains, defined by their
acquisition of additional genetic traits that encode virulence factors which facilitate their
ability to establish invasive infections (157). While ‘classical’ K. pneumoniae strains can
cause both community-acquired and nosocomial UTIs, HV strains are considered to cause
community-acquired UTIs in otherwise uncomplicated, healthy individuals (158).
K. pneumoniae strains express several established virulence attributes that contribute to UTI
pathogenesis. These include an extracellular polysaccharide matrix capsule that surrounds the
bacterium, LPS (like other Gram negative bacteria), adhesins and iron-scavengers.

K.

pneumoniae strains are surrounded by a thick polysaccharide capsule, of which, there are 78
serologically distinct types called K antigens (denoted: K1-78) (159, 160). This capsule is
one of the most extensively characterised virulence properties of K. pneumoniae and provides
protection from (i) bacterial phagocytosis by macrophages and neutrophils, (ii) bactericidal
activity by serum factors, including defensins and lactoferrin, (iii) complement-mediated lysis
and opsonisation (161). Serotyping studies performed on strains from UTI patients have
shown that whilst K2 appears to be a prevalent serotype, the isolated uropathogenic strains
are not limited to this serotype and a wide range of other K antigens have also been identified
(162-164). HV strains possess a larger hypercapsule that usually belongs to either the K1 or
K2 serotypes (158). Although LPS provides protection against humoral defences (i.e.
secreted antibodies, antimicrobial peptides and complement proteins), it is also a potent
immune activator. The lipid A component of LPS is a ligand for toll-like receptor 4 (TLR4),
which leads to the expression of cytokines and chemokines, followed by immune cell
recruitment to help eliminate K. pneumoniae (158). Type 1 and Type 3 fimbriae are reported

24

Chapter 1

Introduction

to be involved in cell adhesion, colonisation and biofilm formation of UTIs and CAUTIs
(165). Additionally, iron-sequestering siderophores possessed by K. pneumoniae strains that
are associated with UTI virulence include enterobactin, which is expressed by the majority of
classical and HV strains, and aerobactin, which has been identified in 6% of classical strains,
but almost all HV strains (158). K. pneumoniae requires this iron source to proliferate and
establish an infection within the urinary tract.

1.3.3.4. Enterococcus
Enterococcus, formerly classified as Group D Streptococcus, is a facultatively anaerobic,
catalase-negative, non-motile Gram positive coccus that belongs to the Enterococcaceae
family (Figure 1-4) (108). This genus is a major cause of endocarditis, hepatobiliary sepsis,
neonatal sepsis, bacteraemia and UTI (166). Whilst a recognised pathogen of uncomplicated
UTI (107), Enterococcus is also a leading cause of hospital-acquired UTIs (101) and 15-30%
of CAUTIs (167). E. faecalis and E. faecium are the most predominant causative species,
accounting 95% of all enterococcal infections in humans, nosocomial and CAUTI (168).
Enterococci possess several virulence attributes, which include adhesion factors, such as
aggregation substance (Agg), which enables the formation of large cell aggregates (169),
extracellular surface protein (Esp), which facilitates adhesion to urinary tract cells, evasion
from host immune attack, formation of biofilms and resistance to antibiotics (170),
enterococcal fibronectin binding protein (EfbA) (171), adhesin of collagen from E. faecalis
(Ace) (172), and endocarditis and biofilm-associated pili (Ebp), which is essential for biofilm
formation (173). Other secreted pathogenic factors include cytolysin (CylA) (174, 175),
which causes haemolysis and demonstrates bactericidal activity towards other Gram positive
bacteria, and gelatinase (GelE), which is involved in biofilm development and hydrolyses
gelatin, collagen, casein and haemoglobin (175). Enterococcus is capable of forming biofilms
on the surfaces of indwelling urinary catheters, causing persistent cystitis and pyelonephritis
(176, 177). Enterococcal UTIs are considered to be particularly life-threatening, due to the
resistance exhibited against a range of commonly used antibiotics. This includes intrinsic
resistance to commonly used aminoglycosides, cephalosporins and penicillin (178) and
acquired resistance to glycopeptides such as vancomycin and teicoplanin (178, 179).
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1.3.3.5. Group B Streptococcus
S. agalactiae, also known as Group B Streptococcus (GBS), is a facultatively anaerobic, betahaemolytic, catalase-negative, non-motile, chain-forming Gram positive coccus that belongs
to the Streptococcaceae family (Figure 1-4) (108). In addition to causing early-onset neonatal
infections, specifically meningitis, pneumonia, and sepsis within the first seven days of life
(180), GBS is a common cause of UTI in pregnant women (181-183), elderly and
immunocompromised individuals (184), which include ASB, cystitis, pyelonephritis and
urosepsis clinical manifestations. GBS is responsible for 3% of uncomplicated UTIs and 2%
of complicated UTIs (132).
Whilst a number of GBS virulence factors have been identified, their precise role in UTI
pathogenesis is yet to be fully characterised. Alongside non-typeable strains, there are ten
recognised immunologically distinct serotypes of the surface capsular polysaccharide known
as Ia, Ib and II-IX (185). The capsular polysaccharide is the most recognised and investigated
virulence feature of GBS, with a significant role in survival against host and environmental
factors (186). In addition to mimicking host surface moieties, the sialic acid residues of the
capsule provide protection from phagocytic engulfment and destruction (186). These capsular
sialic acid residues interact with a cell-surface receptor of polymorphonuclear leukocytes
called Siglec-9, which suppresses the innate immune response against GBS (187). A
prospective study conducted by Ulett et al found capsular serotypes Ia, III and V to cause the
majority of recorded GBS UTIs, defined by a urine culture presenting monomicrobial growth
of >104cfu/ml and at least one UTI symptom (188). GBS also expresses a pore-forming toxin
known as β-hemolysin/cytolysin, which elicits inflammation, cytotoxicity towards urothelial
cells and promotes survival in the bladder during acute UTI (189).

1.3.3.6. Staphylococcus
Staphylococcus is a catalase-positive, non-motile, Gram positive coccus, belonging to the
Staphylococcaceae family (Figure 1-4) (108). Species identified as common uropathogens
include S. saprophyticus, a member of the coagulase negative staphylococci (CoNS)
subgroup and S. aureus, also referred to as coagulase-positive staphylococcus. S. aureus are
among the less frequently identified uropathogens and are reported to account for 1% of
uncomplicated UTIs and 3% of complicated UTIs (132). S. saprophyticus is a predominant
uropathogen that is responsible for 2.5-15% of uncomplicated UTIs (107, 132, 190). This
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species is reported to be frequently associated with UTI in young women and accounts for
42% of UTI within this group (191, 192).
S. saprophyticus expresses several virulence factors that contribute to UTI pathogenesis
including the autolytic adhesin called Aas, which is shown to bind to fibronectin and human
ureters (193, 194), surface-associated protein (Ssp), which is a cell wall-associated lipase that
appears to form a fibrillar structured surface layer (195). Whilst Ssp is seen to contribute
bacterial persistence, the precise underlying mechanism of this virulence factor remains
unclear (196, 197). Other virulence features include cell wall anchored proteins known as
uro-adherence factor A (UafA) and uro-adherence factor B (UafB), which are both involved
in adhesion to bladder epithelial cells (198, 199). Although not found in all S. saprophyticus
strains, UafB also binds to fibronectin and fibrinogen (199). Other identified cell wall
anchored proteins are serine aspartate repeat protein (SdrI), which binds to collagen and is
associated with persistent renal infection (196, 200), and S. saprophyticus surface protein F
(SssF) which has been suggested by King and colleagues to facilitate periurethral
colonisation (201). SssF demonstrates resistance to linoleic acid, which is abundant in the
periurethral area. (201). Similarly to Proteus, S. saprophyticus is also capable of producing
urease, which is involved in the formation of urinary calculi (202) and bladder persistence
(203). Additionally, there is evidence to support the expression of serologically distinct
capsules that are associated with resistance against phagocytosis by neutrophils (204).

1.3.4. Other uropathogens
Other organisms that have been identified to cause UTI include Mycoplasma hominis,
Ureaplasma urealyticum, Chlamydia trachomatis, Haemophilus influenzae (205-208).
However, such fastidious organisms are usually not routinely screened for as part of an initial
UTI investigation in hospital diagnostic laboratories, thus are less frequently reported (80)

1.3.4.1. Mycoplasma and Ureaplasma
Mycoplasma and Ureaplasma are both cell wall-deficient, slow-growing, fastidious bacteria
that belong to the Mycoplasmataceae family and are often referred to as mycoplasmas
(Figure 1-4) (108). Several reports indicate that mycoplasmas can cause cystitis and
pyelonephritis (205, 209, 210). Fairley et al examined male and female patients with UTI
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symptoms and reported 311 (55.4%) of 561 females to grow U. urealyticum, of which 28 had
a colony count of ˃105 colony forming units per millilitre (cfu/ml) (211). Forty seven
(8.38%) women grew M. hominis, with five of these patients demonstrating growth greater
than 105cfu/ml (211). While none of the 36 symptomatic male participants grew M. hominis,
14 (38.9%) male cultures contained U. urealyticum (211). A different study carried out by
Potts, investigated 48 women aged 18-72 years with urinary tract symptoms, revealed 22
(45.8%) of patients to have U. urealyticum and one patient (2.08%) to grow M. hominis
(212). In a study conducted by Baka et al, urethral, vaginal and cervical swabs were taken
from 153 women aged 24-70 years, with chronic urinary symptoms (213). Patients were
recruited following the exclusion of UTI by positive urinalyses results, although the precise
parameters employed to confirm a positive white cell count and urine culture were unclear
(213). U. urealyticum at a quantity of 104cfu/ml was cultured from 81 (52.9%) women and 5
(3.3%) women had cultures containing both M. hominis and U. urealyticum (213). More
recently in 2012, Humburg et al analysed a group of women describing LUTS, aged 18-72
years and isolated U. urealyticum and M. hominis from 30.3% of patients presenting with
LUTS, compared to 14.5% of asymptomatic individuals (214). Among the patient cohort, the
overall prevalence of U. urealyticum (24.1%) was higher than (16.4%) (214). Although there
are studies to support the ability of mycoplasmas to cause UTIs, the UTI literature suggests
that the precise virulence factors and uropathogenic mechanisms involved are yet to be fully
understood.

1.3.5. Microbial epidemiology
An international survey called the ECO·SENS study analysed the frequencies at which
uropathogens that demonstrated growth at ≥103cfu/ml were cultured from women with
uncomplicated UTIs across 17 different countries (190). Table 1-3 presents the percentage
frequencies at which uropathogens were identified from patients aged 18 to 65 years. E. coli
was by far the most predominant organism and accounted for 77% of isolates, with other
uropathogens isolated at much lower frequencies (190). P. mirabilis was the next most
commonly identified uropathogen, with an isolation frequency of 6.4% (190). S.
saprophyticus was noted to be more frequently isolated in younger women aged 18-50 years
(4.6%), when compared with older women aged 51-65 years (1.2%) (190). Other members of
the Enterobacteriaceae family that were identified in younger and older women at similar
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distributions were Citrobacter and Enterobacter (190). Enterococcus and Pseudomonas spp.,
were categorised together and accounted for 5.98% of isolates (190).
Table 1-3: Percentage distribution of pathogens isolated from women with uncomplicated UTI from the
ECO·SENS study. Data calculated from Khalmeter. J. Antimicrob. Chemother. 2003. 51; 69-76.
Superscripts: a = Acinetobacter, Citrobacter, Enterobacter & Morganella spp., b = Pseudomonas &
Enterococcus spp.

UROPATHOGENS

% FREQUENCY OF ALL UROPATHOGENIC ISOLATES

Escherichia coli
Proteus mirabilis
Klebsiella spp.
Other Enterobacteriaceae a
S. saprophyticus
Other pathogens b

77.0
6.35
3.11
3.90
3.63
5.98

Although predominant in all patient categories, E. coli appears to be responsible for a
relatively smaller proportion of hospital-acquired infections when compared with the
epidemiology of community-acquired infections. Other frequently reported nosocomial
uropathogens include Pseudomonas and Proteus (92). Table 1-4 presents the total percentage
frequency of uropathogens isolated from hospitalised patients over 8 years in a study called
Global Prevalence of Infections in Urology (GPIU) (101). The collected data showed E. coli
to be the most commonly identified uropathogen, but with an overall percentage frequency of
39% over the 8-year surveillance period (101). This was followed by Enterococcus,
Klebsiella, P. aeruginosa, other pathogens whose identity remained unknown, Proteus,
Enterobacter, S. aureus, CoNS and Citrobacter (101).
Table 1-4: Percentage frequency of the total number of isolated uropathogens in hospitalised patients over an
8-year surveillance period (2003-2010). Data acquired from Tandogdu. World J Urol. 2013. 32; 791-801.

UROPATHOGENS

TOTAL % FREQUENCY OVER 8 YEARS

Escherichia coli
Enterococcus spp.
Klebsiella spp.
Pseudomonas aeruginosa
Proteus spp.
Enterobacter spp.
Staphylococcus aureus
Coagulase negative staphylococcus
Citrobacter spp.
Others

39.0
11.5
11.0
10.8
5.7
5.3
3.1
2.8
1.7
9.7
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Complicated UTIs typically occur in (i) individuals with urinary tract obstructions such as
ureteral and urethral strictures, urinary tract tumours, urolithiasis, BPH, diverticulae and renal
cysts, (ii) those who have undergone urological instrumentation such as catheterisation,
indwelling catheters, ureteric stents and urological procedures, (iii) individuals with voiding
dysfunction caused by a neurogenic bladder, vesicoureteral reflux and ileal conduits, (iv)
metabolic abnormalities such as renal failure and (v) immunocompromised individuals (215,
216). Depending on the underlying complication, predominant aetiological agents isolated
from patients with complicated UTIs include E. coli, Pseudomonas, Proteus and
Enterococcus (217). Table 1-5 presents the differences in the frequencies of uropathogens
isolated from uncomplicated and complicated UTIs (132). While E. coli remained largely
predominant in both classifications, Enterococcus and Candida were more frequent in
individuals with complicated UTI (132).
Table 1-5: Percentage frequency of uropathogens identified in complicated UTIs and uncomplicated UTIs. Data
acquired from Flores-Mireles et al. Nat Rev Microbiol. 2015. 13; 269-283.

UROPATHOGENS
Escherichia coli
Klebsiella pneumoniae
Staphylococcus saprophyticus
Enterococcus
Group B Streptococcus
Proteus mirabilis
Pseudomonas aeruginosa
Staphylococcus aureus
Candida

% UNCOMPLICATED UTI

% COMPLICATED UTI

75
6
6
5
3
2
1
1
1

65
8
0
11
2
2
2
3
7

1.3.6. Risk factors
Several risk factors have been identified to increase an individual’s susceptibility to UTI.
Women are considered to have an increased risk of developing a UTI in comparison to men,
due to a short female urethra and its close proximity to the anus (218). The majority of
infections are hypothesised to originate from intestinal organisms and occur via the faecalperineal-urethral route (219). This route of infection is supported by genetic studies of
serotype and virulence characteristics of E. coli isolates acquired from urine and rectal swabs
of symptomatic patients and healthy individuals (220).
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Changes in the vaginal microbiota are also shown to alter the urinary tract’s susceptibility to
infection. Lactobacillus spp. are predominant vaginal inhabitants that exert a regulatory effect
on the urogenital microbial community and provide protection from bacterial vaginosis (221).
Lactobacilli achieve this by the production of organic acids (such as lactic acid) and hydrogen
peroxide, which are detrimental to pathogenic bacteria including E. coli (222). Vaginal
intercourse is shown to increase the risk of UTI by the trauma induced to the introitus,
consequently leading to vaginal colonisation of bacteria, migration, access and entry into the
urinary tract (223). Additionally, the use of contraceptives combined with spermicide
compounds encourages UTI development by altering the vaginal microbial composition (224,
225).
Pregnancy has been shown to increase the risk of bacteriuria (226), which is considered to be
likely due to the structural and physiological changes of the urinary tract expected in pregnant
women (182). Such changes involve urinary tract dilation, mild hydronephrosis, the
compression of the enlarged uterus against the bladder and the subsequent rise in intravesical
pressure, which can cause urine to flow backwards into the bladder, known as vesicoureteral
reflux (VUR), and bladder urinary retention (182). The remaining urine is reported to create a
favourable environment for bacterial growth (182).
Post-menopausal status is characterised by oestrogen deficiency, which can cause vaginal
dryness, dyspareunia, urinary incontinence and increase the risk of developing a UTI (227).
Oestrogen is reported to encourage the growth of vaginal Lactobacilli, which represses the
colonisation of uropathogens (228).
Several studies indicate that UTI and ASB are common in patients with diabetes mellitus
(DM), than in individuals without DM (229, 230). UTI in diabetic patients may lead to
serious complications, including pyelonephritis, emphysematous cystitis and perinephric
abscess (230). Geerlings et al demonstrated that diabetic women with ASB had lower levels
of interleukins (IL), specifically IL6 and IL8, which was coupled with a lower leukocyte
count, when compared with non-diabetic individuals with ASB (231). The authors
hypothesised that the decrease in the quantity of leukocytes contributes to bacteriuria in
diabetic patients (231). The same research group also identified Type 1 fimbriae of E. coli to
demonstrate enhanced adherence to urothelial cells isolated from the urine of DM women,
compared to the cells isolated from individuals without DM. This finding correlated with a
higher level of glycosylated haemoglobin (HbA1c) (232). It was therefore suggested that DM
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patients have a different glycosylation of urothelial cell surface receptors, which enhances
bacterial adherence (232).
Other recognised risk factors for UTI development include complications such as renal
calculi, ureteral occlusion, neurogenic bladder, urethral stricture, catheterisation, indwelling
urinary catheters, urethral dilatation and cystoscopy (233). Additionally, polymorphisms of
genes encoding C-X-C motif chemokine receptor 1 (CXCR1), Toll-like receptor 2 (TLR2),
TLR4 and TLR5 which mediate innate and adaptive immune responses are suggested to
confer genetic predisposition to UTI (234, 235).
Whilst a range of risk factors have been associated with UTI susceptibility, it is likely that a
complex interplay between host, microbial and environmental factors contribute to UTI
development and pathogenesis.
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1.4. Routine urine investigation
1.4.1. Diagnostic tests
Alongside a thorough symptomatic assessment, the diagnosis of a UTI involves screening a
patient’s urine specimen for known markers of infection. The UK Standards for
Microbiology Investigations issued by Public Health England (SMI B41: Investigation of
urine) recommends that diagnostic laboratories should perform (i) light microscopy for the
detection of urinary leukocytes (ii) the urinary dipstick analysis for leukocyte esterase and
nitrite and (iii) microbial culture of urine as part of a UTI investigation (80).

1.4.2. Quality of urine specimens
The results of urine tests depend on the quality of urine specimens provided and whether the
sample was handled appropriately during the pre-analytical phase. The quality of the
specimen is determined by several factors, including the temperature at which specimens
were kept, the presence of any bactericidal agents or growth-promoting substances and the
length of time spent in the pre-analytical phase. Such factors determine the reliability of
urinalyses results, which will ultimately guide patient diagnosis and treatment.
In order to reduce the effect of time on microbial growth, it is preferable to process urine
specimens closer to the time of collection. However, the number of hours spent in the preanalytical phase varies between laboratories and may be dictated by the specimen’s time of
arrival and the overall specimen workload (urine and other clinical samples) of the diagnostic
laboratory. Observational studies have demonstrated that samples processed within four
hours of collection are likely to closely reflect the original bacterial populations, whereas
longer pre-analytical time periods at room temperature may generate false-positive cultures
(236). Porter et al reported that a time delay of three days led to a 58% increase in the number
of samples with significant growth (>105cfu/ml) (237). Hindman et al showed three (6.4%) of
47 urine specimens to increase in microbial quantity and shift from no significant growth
(<105cfu/ml) to significant growth (>105cfu/ml) when processed after four hours (238). Lum
and Meers reported that the number of significant growth (>105cfu/ml) samples increased
from 38 (21.7%) of 175 samples to 42 (24%) samples after four hours, 90 (51.4%) samples
after 24 hours and 109 (62.3%) after 48 hours (239). Since bacteria are able to multiply in
temperatures of >15°C, diagnostic laboratories in the UK are recommended by PHE to store
urine samples at 4°C or use a boric acid preservative to inhibit bacterial multiplication during
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the pre-analytical phase, where delays in specimen processing are unavoidable (80). Watson
et al demonstrated that viable counts remained constant over a period of 72 hours when
simulated specimens of urine containing known bacterial strains were refrigerated at 4°C
(240). Boric acid preservative has been reported to exert a bacteriostatic effect for a duration
of 48-96 hours, with no apparent effect on other cellular components including red blood
cells, white blood cells and casts (237). When treated with 1.8% boric acid, counts for all
strains remained constant, with the exception of E. coli and P. aeruginosa, where boric acid
seemed to have a bactericidal effect in the presence of bacterial quantities of 107cfu/ml (240).
Porter et al also noted reductions in Proteus and Klebsiella strains in the presence of boric
acid (237).
A recent observational study analysed the effect of time and storage conditions on urinary
microscopic white blood cell counts and found numbers to decline rapidly to approximately
60% of its original count within 2 hours of idle pre-analytical time at room temperature, to
20% after 24 hours (241). Storage at 4°C had slowed down white blood cell decay to counts
of approximately 80% at 2 hours to 40% after 24 hours (241). However, 2% boric acid,
regardless of storage temperature, appeared to be the most effective at preservation,
maintaining white blood cell counts to 60% after 24 hours (241).

1.4.3. Microscopic analysis of urine
Microscopic analysis of urine is a well-recognised standard and clinically useful screening
tool routinely employed in diagnostic laboratories to detect and quantify leukocytes (242).
This diagnostic marker of UTI, termed pyuria, can be an indicator of bacterial infection and
tissue inflammation (242). Neutrophils, one of five classes of leukocytes, are the first cells to
approach the site of microbial infection (243). Bacteria trigger epithelial cells to release
inflammatory mediators, which include chemokines and expression of chemokine receptors
and the resulting chemotactic gradient causes neutrophils to migrate (a process known as
chemotaxis) from the bloodstream, across the submucosa and the urothelial cell barrier under
attack to kill bacteria by phagocytosis (244-246). This primary innate immune response
results in the presence of neutrophils in the urine.

Urinary white cells can be identified by loading urine onto a counting chamber known as a
haemocytometer, a method that was initially described in 1893 (247). In 1928, Dukes
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identified the clinical need to characterise and discriminate between ‘normal’ and
pathological levels of urinary leukocytes, which led him to microscopically analyse urine
specimens obtained from 1000 healthy individuals with no previous history of genitourinary
tract infections and 219 patients with clinically confirmed urinary sepsis (248, 249). In 300
healthy cases men were found to have a mean excretion rate of 1.6 white cells per microlitre
(wbc/µl) and healthy women had a mean excretion rate of 5.4wbc/µl (249). However, the
wide range of white cell counts observed in both groups (range: 0-50wbc/µl) suggests
positively skewed data, in which case the median may have been a more suitable measure of
central tendency and therefore a more informative alternative to the mean. The median counts
are therefore more likely to have been even smaller (or zero) than the slightly exaggerated
mean counts. Dukes concluded that a count below 10 white cells should be dismissed as
insignificant, and that a count between 10 and 100 white cells should be regarded as
excessive (249). He also reported that patients with urosepsis had a count of at least 100
white cells (249). Additionally, Mond and colleagues assessed patients with an acute UTI and
found that all patients had a microscopic count of at least 10 urinary leukocytes (250).
Stansfeld also proposed the same cut-off based on the white cell counts of symptomatic
children aged between one month and 14 years (251). Eventually the arbitrary threshold of
10wbc/µl was accepted as the standard threshold to confirm a urinary infection by
microscopy in all clinical circumstances. Whilst the national guidelines for UK’s diagnostic
laboratories recognise that significant pyuria is usually defined as 10wbc/µl, no specific
counts of white cells other than their presence is considered within the specific criteria
provided (80).

Diagnostic laboratories perform white cell microscopy using a haemocytometer or microtitre
tray with an inverted microscope. The results are then recorded according to the hospital
laboratory’s standard operating procedures (SOPs). For example hospital laboratories may
report white blood cell counts as ‘none’ (0-4wbc/field), ‘few’ (5-50wbc/field), ’moderate’
(50-200wbc/field) or ‘numerous’ (>200wbc/field) (252).

In the absence of bacteriuria in urine, the presence of urinary white cells has however been
observed in association with other diseases and conditions, including STIs (Gonorrhoea and
Chlamydia), genitourinary tuberculosis, fungal infections (caused by Candida), viral
infections (genital herpes, herpes zoster, human and human immunodeficiency virus) and
parasitic infections (Trichomonas vaginalis and Schistosoma haematobium) (253-260). It is
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therefore recommended that an investigation for UTI considers clinical presentation and the
results of other tests (261).

Urinary microscopy may also be useful in the detection of other key markers of urinary tract
pathology such as red blood cells, epithelial cells, casts, crystals and microorganisms such as
bacteria and yeasts (242).

1.4.4. Urinary dipstick
The urinary dipstick is a relatively quick non-specific bedside test designed to detect and
measure several key markers that may indicate of a range of conditions, including UTI. The
dipstick consists of test pads to detect the presence of leukocyte esterase, blood, glucose,
ketones, proteins and nitrite, as well as measure the pH and specific gravity of urine (262).
Figure 1-5 illustrates the urinary dipstick before use (A) and after the test was immersed in
urine provided by a patient suspected to have a UTI (B). Each marker is detected and
interpreted as one of the following options, which are in order of increasing urinary
concentration: negative, trace/positive, one plus (+), two plus (++), three plus (+++) and four
plus (++++). The dipstick also measures the pH and specific gravity of the urine specimen
(262). The test strip is immersed into the specimen and subsequently placed into an
automated plate reader that will interpret the results within one minute. The leukocyte
esterase and nitrite tests are particularly relevant and frequently used to confirm UTI in
symptomatic patients (97, 262).
Glucose

Specific gravity

pH

Nitrite
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Ketone

Blood

Protein

Leukocyte esterase
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+++
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+++
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Figure 1-5. Siemens Multistix 8SG urinary dipstick (Siemens Healthcare Diagnostic, Germany): (A) before use
and (B) appearance after dipstick was immersed in urine from a patient reporting LUTS. Positive colour
changes are indicated. Illustration by S. Sathiananthamoorthy (2018).
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The leukocyte esterase test is a surrogate marker of pyuria that may be employed alongside or
as a faster patient bedside alternative to the microscopic detection of urinary white cells.
(244, 246). Depending on the dipstick manufacturer, the leukocyte esterase test pad will
contain either an indoxyl or pyrole carbonic acid ester along with a diazonium salt (242). In
the presence of esterase, which is an enzyme produced by leukocytes, a positive test is
achieved in a two-step reaction: (i) leukocyte esterase hydrolyses the indoxyl/pyrole carbonic
acid ester and (ii) the resulting indoxyl/ pyrole compound reacts with diazonium salt to yield
a purple azo dye to indicate a positive reaction (242). The intensity of the colour is directly
proportional to the quantity of leukocyte esterase, which reflects the number of urinary
leukocytes (242, 263). Practical benefits of this test include rapid bedside detection of pyuria,
which may speed up the process of confirming a UTI diagnosis and immediate treatment. The
dipstick also detects esterase from intact and lysed urinary leukocytes, which may not be
identified with urinary microscopy. However, the leukocyte esterase test may produce falsepositive or false-negative results. False-positive reactions can occur from the contamination
of urine specimens with vaginal white cells (262). Beer et al identified that antibiotics such as
imipenem, meropenem and clavulanic acid (the component of co-amoxiclav that serves as the
beta-lactamase inhibitor) are capable of reacting with the indoxyl or pyrole carbonic acid on
the test pad to produce a false-positive reaction (264). False-positive detection of pyuria may
also be caused by bladder tumours and analgesic neuropathy (265). False-negative reactions
may happen if specimens have an elevated specific gravity or high concentrations of proteins,
glucose or ketones, which may cause white cells to crenate, rendering them unable to release
esterase (242, 262). Particular antibiotics such as cephalexin (Keflex), tetracycline and
gentamicin can reduce the reactivity of leukocyte esterase, which may produce a falsenegative result (262). Additionally nitrofurantoin (Furadantin) may colour the urine specimen
and mask the colour change of a positive reaction to yield a false-negative reaction (242).
Furthermore, there are significant discrepancies in the quantification of white cells by
microscopy and urinary dipstick. Although time-consuming, an accurate white cell count is
achievable with microscopy. However, a trace result for leukocyte esterase on the urinary
dipstick is equal to a count of 15 white cells or more (263). While a microscopic count of at
least 10 cells per µl is considered indicative of a UTI, this result would produce a negative
result on the urinary dipstick.
The urinary dipstick nitrite test offers another method of detecting bacteriuria, representing
bacterial invasion of the urinary tract that may be present in the specimens of patients with
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symptomatic UTI or ASB. Particular genera of the Enterobacteriaceae family such as E. coli,
Proteus, Klebsiella, Enterobacter and Citrobacter produce enzymes that are able to fulfil the
Griess reaction, which involves the conversion of urinary nitrate to nitrite (242, 266). The
nitrite test pad contains p-arsanilic acid and a quinolone compound (242). Following the
bacterial reduction of nitrate, nitrite reacts with p-arsanilic acid to produce a diazonium
compound which combines with the quinolone to produce a positive pink colour (242, 266).
Enteric GNRs produce a positive nitrate reaction when present at quantities of ≥105 cells per
ml, which equates to a nitrite concentration of 16.2µmol/l (263). However, the nitrite test is
unable to detect the presence non-reductive bacteria, including recognised Gram positive UTI
pathogens, notably Staphylococcus, Enterococcus and Candida (262). A false negative
reaction may also occur as a result of low bacterial titres, high specific gravity, elevated
urobilinogen levels or a low nitrate diet (262).

1.4.5. Test performance of surrogate infection markers
Several systematic reviews have evaluated the performance of leukocyte esterase and nitrite
tests against the routine MSU culture (267-269). However, these reviews have shown
significant heterogeneity in test performance, which may be explained by variables, such as
the quantitative threshold that was used to identify a positive MSU culture, the population
sampled, mean age of the study population, the length of time from the collection point to the
processing laboratory and whether the interpretation of the dipstick results was manual
(human) or automated. Deville et al conducted a meta-analysis of 70 studies and for most
studied populations reported low sensitivities (proportion of individuals correctly identified to
have the disease) for nitrite detection (45-60%) and high specificities (proportion of
individuals correctly identified to not have the disease) of (85-98%) (267). Leukocyte
esterase detection had comparatively higher sensitivities (48-86%) and lower specificities
(17-93%) (267).
In contrast to the urinary dipstick literature for nitrite and leukocyte esterase, systematic
reviews and meta-analysis that have assessed the performance of urinary white cell miscopy
appear to be scarce. Additionally, it is also apparent that a small fraction of published work
on white blood cell detection of UTI has been evaluated against the current reference
standard of microbial culture (241, 270). The detection of ≥10 white cells demonstrated a low
sensitivity of 42%, a specificity of 73%, a positive predictive value (PPV) of 40% and a
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negative predictive value (NPV) of 75%, against the MSU culture demonstrating significant
monomicrobial growth of ≥105cfu/ml, in a patient population with LUTS (241). The authors
concluded that microscopy performed poorly as a surrogate marker for UTI by bacterial
culture (241). Pfaller acquired a white cell microscopy sensitivity of 95%, a specificity of
71.7%, a PPV of 58.3% and an NPV of 97.2% (270). The differences in performances
between the two studies may be attributed to discrepancies seen with the criteria used to
define a positive culture. In the latter study, the diagnosis of UTI was confirmed by two
possibilities; (i) a culture demonstrating the growth of one or two organisms at ≥103cfu/ml
when patients presented with a selective group of clinical symptoms (dysuria, urgency,
frequency, flank pain, fever, and suprapubic tenderness), or (i) culture demonstrating the
growth of one or two organisms at ≥105cfu/ml in asymptomatic individuals (270).
In our department, Khasriya and colleagues demonstrated the inadequacy of both the urinary
dipstick and white cell microscopy in the detection of infection in patients with chronic
LUTS (271). The sensitivities and specificities of each test were calculated by using urine
culture as a reference standard. For white blood cell microscopy, leukocyte esterase and
nitrites, catheter specimens of urine (CSU) revealed sensitivities of 66%, 59%, and 20%
respectively and specificities of 99%, 66% and 72% respectively (271). The analysis of
clean-catch midstream urine (MSU) samples had even lower sensitivities of 56%, 56% and
10% respectively and specificities of 99%, 66% and 72% respectively (271). The sensitivities
and specificities for diagnostic tests are likely to vary with different clinical manifestations,
an effect known as spectrum bias (272). The performances of both urinary dipstick and
microscopy tests have been evaluated against the current diagnostic standard, namely
microbial culture, which in the majority cases involved using a cut-off of ≥105cfu/ml.
However, the validity and suitability of this test to provide the final verdict of UTI or no UTI
has remained a concurrent theme throughout the UTI diagnostic literature.

1.4.6. Microbial culture of urine
A UTI is microbiologically characterised by the presence and proliferation of organisms
within one or more structures of the urinary tract. Thus, microbial culture of urine is a
directly relevant diagnostic tool with a given purpose of providing visual confirmation of the
responsible uropathogen. Urine culture is currently regarded as our gold standard test to
confirm a UTI and is performed routinely in most hospital diagnostic laboratories (97).
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A urine culture is usually performed using the loop technique which involves inoculating a
calibrated loop of urine onto nutrient agar medium. Following an incubation period of 18-24
hours, the culture is read and interpreted in one of three ways: (i) Cultures revealing
microbial growth below a proposed quantitative threshold of significance are reported as “no
significant growth”, with no further investigation. (ii) Cultures showing the growth of two or
more organisms are reported as “mixed growth of n types of organisms” as they are
automatically dismissed to be contaminated. (iii) Cultures containing microbial growth equal
to or greater than the proposed threshold are reported as “significant growth”. Depending on
the outcome, urine culture results are usually available after 24-72 hours. Whilst negative or
mixed cultures may be immediately reported, organisms on a positive culture will need to be
subcultured to perform antimicrobial susceptibility testing.
Urine cultures can provide several benefits in a UTI investigation. In addition to being a
diagnostic requirement for accurate confirmation of a UTI, the resulting antibiotic sensitivity
testing performed on positive cultures may be particularly important for patients where
empirical treatment is considered risky or has failed. Microbial cultures may also be used to
monitor whether a confirmed infection is clearing up or worsening on the current
antimicrobial regime. Official urine culture reports can also form an extremely useful
component of previously documented UTI history, in the event of a recurrent infection.

1.4.7. Quantitative threshold for significant bacteriuria
The use of microbial culture to confirm a UTI in symptomatic patients was initially reported
by Marple in the 1940s (273). However, it was not until late the 1950s when Kass proposed a
specific quantitative criterion to represent significant bacteriuria (274-277). This work is
recognised as a major milestone in Urology. Kass performed urine cultures on 74 women
diagnosed with acute pyelonephritis and 337 asymptomatic females (274, 277). Kass noted
that whilst 95% of symptomatic patients had bacterial growth greater than 105cfu/ml, and 3%
revealed bacterial growth between 104-105cfu/ml, the majority of asymptomatic women had a
bacterial count less than 104cfu/ml (274, 277). He concluded that in this particular group of
patients, a microbial count of 105cfu/ml discriminated between infection and specimen
contamination with commensal bacteria (274, 277). However, in 1982, Stamm questioned the
use of this quantitative threshold in women with symptoms of acute frequency and dysuria,
emphasising that the majority of women seen by a clinician did not suffer from pyelonephritis
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or asymptomatic bacteriuria (278). Stamm compared the growth of coliforms on bladder
urine cultures obtained by suprapubic aspiration and catheterisation to clean-catch MSU
specimens and found that when using the growth of coliforms at any quantity as the reference
standard, the threshold of 105cfu/ml missed 50% of coliform infections and a lower threshold
of 102cfu/ml identified 95% of infections (278, 279). He concluded that the latter threshold
would therefore be more appropriate for diagnosing UTIs (278).

1.4.8. National and international recommendations
Published guidelines reveal significant discrepancies in the technique, interpretation and
reporting of urine cultures. National guidelines put forward by Public Health England (PHE),
(formerly the Health Protection Agency (HPA) for urine investigation in the UK have
emphasised that studies published in the 1950s, still form the basis for interpreting urine
cultures and recommend that a general threshold of 105cfu/ml to confirm a UTI (80). Some
hospital laboratories in the USA have also adopted this threshold, but many laboratories are
instead implementing Stamm’s lower threshold of 102cfu/ml (280). Table 1-5 details the
recommended interpretation criteria for urine cultures performed by laboratories in the UK
and USA. It is worth noting that guidelines for Urological infections that were issued by the
European Association of Urology (EAU) state that no fixed microbial count may be suitably
applied to confirm a UTI in all clinical situations (75). Although all three published
guidelines have attempted to prescribe thresholds for specific clinical manifestations of UTI,
the various cut-offs are unable to accommodate for the large numbers of specimens
(approximately 200-300 urine samples) that are received by laboratories per day (281). This
situation is often unaided by a brief or absent clinical summary for each patient.
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Table 1-5. Urine culture methods and criteria for reporting significant growth employed by diagnostic
laboratories in the UK and USA. Criteria are subject to adjustment by local laboratories.
Abbreviations: MSU = midstream urine specimen, CCU = clean-catch urine, SCU = single intermittent
catheter, CSU = catheter specimen of urine, CYS = cystoscopy specimen, SMI = Standards for Microbiology
Investigations, SPA = suprapubic aspirate, CLED = cysteine lactose electrolyte-deficient, MAC = MacConkey
agar, EMB = Eosin methylene blue agar, CNA = colistin nalidixic acid agar, MMI = minimal morphological
identification.
COUNTRY &
INVESTIGATION

CULTURE
METHOD(S)

DIAGNOSTIC LABORATORY CRITERIA FOR
SIGNIFICANT GROWTH & AST

UK
Published by: Public
Health England
Protocol: SMI B41
Investigation can
involve microscopy,
quantitative culture,
semi-automated urine
analyser (flow
cytometry, particle
recognition system)
with use of chemical
screening methods
(urinary dipstick
leukocyte esterase,
nitrite, protein and
blood) (80).

All culture
methods use
CLED or
chromogenic
agar:
 Calibrated
loop (0.3µl,
1µl, 2µl, 5µl,
10µl).
 Sterile filter
paper strip.
 Multipoint
technology.

USA
Published by
American Society for
Microbiology
Protocol states that a
uniform or standard
method of urine
processing for all
laboratories does not
exist. Investigation
can involve Gram
stain, chemical
analysis (urinary
dipstick leukocyte
esterase and nitrite),
microscopy and
quantitative culture
(280).

Urine cultures
are usually
processed on
blood agar and
Gram negative
medium (MAC
or EMB).
Laboratories
may add Gram
positive medium
(CNA or
phenylethyl
alcohol agar).
Alternatively
chromogenic
agar may be
used:
 Calibrated
loop.
 Dip paddle.

Protocol states that the provided criteria are for guidance only and
are subject to supplementation with local reporting policies.
 Growth of one organism at ≥105cfu/ml.
 Growth of two organisms each at ≥105 cfu/ml or ≥105cfu/ml
and ≥104cfu/ml, provided that sample (MSU, CCU, SCU,
BAG) has WBC and patient is symptomatic.
 Growth of two organisms with one predominant organism at
≥105 cfu/ml or 104cfu/ml.
 Growth of one organism at 104-105cfu/ml.
 Growth of two organisms with one predominant at ≥104cfu/ml
provided that sample has WBC and patient (child) is
symptomatic.
 Growth of two organisms with one predominant organism at
103 -104cfu/ml provided that the sample (MSU, CCU, CSU,
IL) has WBC and patient (female) is symptomatic or male
clinically diagnosed with prostatitis.
 Growth of two organisms each at ≥103cfu/ml, including one
possible pathogen (e.g. E. coli or S. saprophyticus), provided
that samples has WBC and patient (female) is symptomatic or
(male) clinically diagnosed with prostatitis.
 Growth of one organism at 102-105cfu/ml provided that
sample is an SPA, CYS or SCU.
 Growth of two organisms each at ≥103cfu/ml provided that
the sample (SPA, CYS or SCU) has WBC.
 Growth of three organisms with one predominant organism at
≥103cfu/ml provided that the sample (SPA, CYS or SCU) has
WBC.
Clean-catch MSU, indwelling (Foley) catheter and pediatric bag
 Growth of one organism at ≥104cfu/ml.
 Growth of two organisms each at ≥104cfu/ml.
 Growth of two organisms with one at ≥104cfu/ml and one at
<104cfu/ml. ID and AST for the former and MMI for the
latter.
 Growth of three organisms with one at ≥10 5cfu/ml and two at
<104cfu/ml. ID and AST for the former & MMI for the latter.
Straight catheter, SPA, cystoscopy and nephrostomy
 Growth of one organism at ≥103cfu/ml.
 Growth of two organisms both at ≥103cfu/ml.
 Growth of two organisms with one at ≥103cfu/ml and one at
<103cfu/ml. ID and AST for the former and MMI for the
latter.
 Growth of three organisms with one at ≥104cfu/ml and two
organisms at <103cfu/ml. ID and AST for the former and
MMI for the latter.
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Table 1-6 presents the urine culture guidelines for three UK university hospital diagnostic
laboratories with a UCL teaching affiliation. The comparison reveals differences in the
criteria used to determine which patient specimens are cultured, differences in culture
methodology and interpretation of significant growth.
Table 1-6. Summary of guidelines for urine culture methodology and interpretation criteria of significant
growth employed by three different hospital laboratories (denoted A, B, C) affiliated with University College
London, United Kingdom.
Abbreviations: BHSB = Beta-haemolytic streptococcus group B, CSU = catheter specimen of urine, CLED =
cysteine lactose electrolyte-deficient.

LABORATORY

A

B

C

SIGNIFICANT GROWTH
CRITERIA
 Pure culture of 105
organisms/ml.
 Pure culture of 104–105
organisms/ml.
 Two different types of
organism, both 105
organisms/ml.
 One type of organism
predominant, i.e. 105
organisms/ml (other types
present, but each <104
organisms/ml).

URINE INVESTIGATION

CULTURE METHOD

Cultures are performed only
if the urinary dipstick detects
leukocyte esterase and/or
nitrite.
Cultures are mandatory for
particular patient
populations (i.e. pregnant
women, leukemic patients,
CSU samples and all
immunocompromised
patients).
Both microscopy and culture
are performed for patient
groups: renal, urology,
rheumatology and children
of ≤ 4 years of age, plus in
patients where microscopy
has been requested and
relevant clinical details have
been provided. Microscopy
is used to identify the
presence of white blood
cells, red blood cells, casts,
squamous epithelial cells,
bacteria, yeast and other
cellular components in the
urine.

Calibrated loop culture
(10µl) on CLED agar.

Microscopy and urine
culture are performed for all
patients. Microscopy is used
to identify white blood cells,
red blood cells, epithelial
squamous cells, casts and
crystals.

Calibrated loop culture
(1µl) on chromogenic
ChromID CPS agar.

 Pure culture of 105
organisms/ml.
 Pure culture of 104–105
organisms/ml.
 Pure culture of BHSB of
˃104organsisms/ml.

Urine culture is performed
for all patients.

(Automated) Mast Uri
System.
(80µl) on chromogenic
agar.

 Reported either as ‘pure
growth of ˃102cfu/ml’ or
‘pure growth of >105
cfu/ml’.
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1.4.9. Interpretation of microbial epidemiological data
While laboratory data can provide a general perspective on the microbial epidemiology of
UTI, (i.e. predominant uropathogens for the general population or specific patient groups),
the interpretation of such data may depend on several factors. The UK Standards for
Microbiology Investigations published by PHE for urine investigation (SMI B41:
Investigation of urine) provides a generic protocol on how to perform and interpret urine
cultures (80). The protocol also recommends that adjustments may be made by local
laboratories to accommodate for ‘local requirements’ (80). While diagnostic laboratories in
the UK report the prevalence of organisms demonstrating growth of ≥105cfu/ml, laboratories
may report microbes present at lower quantitative thresholds (i.e. 103-104cfu/ml) (Table 1-5,
Table 1-6). Consequently, laboratories using higher quantitative cut-offs may lose
information regarding the growth of uropathogens at lower counts, which in turn may distort
the recorded epidemiology of the population diagnosed with UTI on both a local and
international scale. Differences are also noted in the nutrient agar recommended for urine
culture (Table 1-5, Table 1-6). The UK is recommended to perform urine cultures on either
cysteine lactose electrolyte-deficient (CLED) agar or chromogenic agar, both of which,
support the growth of a similar spectrum of Gram positive and Gram negative bacteria (80,
282). Laboratories in the USA are suggested to use a combination of culture media,
specifically non-selective blood agar combined with a medium supporting Gram negative
organisms such as MacConkey agar (MAC) or eosin-methylene blue (EMB) agar, along with
the option of colistin nalidixic agar (CNA) or phenyl ethyl alcohol agar to screen for Gram
positive organisms (280). Chromogenic agar has also been suggested as an alternative culture
system (280). Variation in the choice of culture media between laboratories may also reflect
the differences in the spectrum of organisms recorded and their respective frequencies, which
should be considered when comparing microbial data from different laboratories.

1.4.10. Semi-automated methods to screen urine
Prior to investigation by microbial culture and sensitivity testing, clinical laboratories within
the UK may screen out negative urine specimens using approved and cost-effective calibrated
instruments, such as flow cytometers or particle recognition systems (80). This extra step is
intended to reduce the number of unnecessary cultures, thereby improving turnaround time
and workload.
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1.4.10.1. Flow cytometry
Flow cytometry is an automated method of urinalysis that measures electrical impedance,
light scatter and fluorescent dyes to provide information on size, shape, complexity and
nucleic acid (DNA/RNA) content of a heterogeneous population of urinary particles, which
may include white cells, red blood cells, epithelial cells, casts, crystals, bacteria, yeast and
spermatozoa (283).
Flow cytometers encompass several components that enable it to acquire information on
cellular shape and size. These include fluidics to direct the sample, a light amplification
source (laser) of a specific wavelength to produce forward and side light scatter, optics to
gather light, detectors to sense the light and a computer system to analyse the collected
information (283). Once the flow cytometer takes up the urine specimen and incorporates it
with an isotonic buffer solution and fluorescent staining dyes (carbocyanine stains cell
membranes and phenanthridine stains nucleic acids), the resulting suspension is led through
a narrowing channel that forces cells into a single file line before coming into contact with
the laser beam (283, 284). As each urinary cell passes through the laser beam, light is
scattered in multiple directions, producing forward scatter and side scatter light (283, 285).
The forward scatter light is directly proportional to the size of the cell, is sensed by a detector
that converts the light into a directly proportional voltage pulse and the acquired list mode
data is analysed by computer software into an interpretable format, which includes
histograms (286). Side scattered light is proportional to the shape and internal complexity of
the cell, is sensed by a different detector and is converted into a directly proportional voltage
pulse (286). The flow cytometer also detects and quantifies light emitted by fluorochromelabelled monoclonal antibodies, which bind to antigen structures of cells and are excited
when passed through the laser at particular wavelengths (286, 287). The light emitted by
fluorophores are detected by a path of emission filters, which is then directed towards
photomultiplying tubes (PMTs) to convert the photons into voltage pulses and subsequently
analysed (286, 287) .
Available flow cytometers that have been applied by various laboratories to screen for
negative urine specimens include the widely used Sysmex systems (UF-100, UF500i, UF1000i and UF5000i) (Sysmex, America, Mundelein, IL, USA) (288). Whilst the first
generation systems have demonstrated variable performances in their ability to detect
significant pyuria and bacteriuria (which have been assessed by calculating sensitivity and
specificity), follow-up generation flow cytometers (Sysmex UF-500i and UF-1000i), which
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contain a separate channel for detecting bacteria, showed improved performances (289). Flow
cytometers typically require a minimal urinary volume of 2-5ml for specimens to be
analysed, with the Sysmex UF-1000i system demonstrating a sample throughput of up to 100
specimens per hour (290). Shang et al conducted a systematic review of eight studies that
screened for UTI based on white cell counts and six studies that determined infection by
screening exclusively for significant bacteria using the Sysmex UF-100 or UF-1000i flow
cytometers (291). The metanalysis conducted on performance data that used urine culture as
the reference standard revealed high pooled sensitivities of 87% and 92% for significant
pyuria and bacteriuria respectively, but low specificities of 67% and 60% respectively (291).
The low specificity values imply a high number of false positive results on the flow
cytometer alongside a negative culture result, suggesting that flow cytometry may not reduce
the number of unnecessary cultures if employed for negative sample screening. However, the
assessed performance parameters maybe influenced by variables, including a lack of
available information regarding symptomatology in order to ascertain any differences
between the sampled populations studied (291). The included studies also applied different
cut-offs to define significant bacteriuria and pyuria on the flow cytometer (291). Furthermore,
the criterion to determine a positive culture result also appeared to vary between studies, with
some authors interpreting the growth of two organisms with a count above the threshold as
significant, while others adopted a more stringent criterion of monomicrobial growth above a
cut-off to confirm UTI (291). Additionally, not all studies provided information on mixed
cultures which may affect the performance parameters of the flow cytometer (i.e. an increase
in the number of false positives) (291).

1.4.10.2. Particle recognition systems
Particle recognition systems, also referred to as automated intelligence microscopy (AIM),
use digital imaging and autoparticle recognition software (APR) to identify urinary particles
by acquiring information on size, shape, contrast and texture (292). With a similar
identification spectrum to flow cytometry, the particle recognition systems permit the
identification of red blood cells, white blood cells, white blood cell clumps, casts, epithelial
cells, bacteria, yeasts, crystals, spermatozoa and mucus (288). Particle recognition systems
consist of a fluid system, an electro-optical system and image-processing components (292).
Urine specimens are hydrodynamically focussed as a sheet between two layers of suspension
fluid called laminar on a planar flow cell (292). A stroboscopic lamp fires microsecond bursts
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to halt the motion of moving specimens (292). The paused view is observed through the
objective lens of a microscope and the images are captured with a charge coupling device
(CCD) high definition camera, which takes 500 frames per sample (288). The equipped
autoparticle recognition software (APR) uses size, shape, contrast and texture to
automatically classify urinary particles and the operator can then visually confirm or reassign
particle classifications (292). Particles that cannot be identified with a high level of
confidence are assigned to a category called unclassified particles, which can be reclassified
later by the operator (292). Examples of particle recognition systems include the Iris range
(Iris Diagnostics, Chatsworth, CA), of which the Iris iQ200 Urine Microscopy Analyser
system is an example that requires a minimal sample volume of 3ml and demonstrates a
specimen throughput of 60 samples per hour (288). There do not appear to be any systematic
reviews or pooled performance evaluations of such particle recognition systems.
Ince et al compared the performance and concordance of specimen results acquired with the
Iris iQ200 ELITE automated urine particle analyser to that of manual microscopy (293). The
study reported similar white blood cell counts when specimens were analysed by both
methods (293). When cell counts were classified using semi-quantitative ranges, concordance
rates measured by Cohen’s Kappa coefficient showed a good agreement between the two
methods (0.61-0.80) of 0.73 for white blood cell counts and moderate agreement (0.41-0.60)
of 0.52 for the presence and absence of bacteria (293). When using manual microscopy as the
reference standard with a positive cut-off of five white blood cells per high power field, the
Iris iQ200 demonstrated a high sensitivity of 77.7% and high specificity of 93.9%, a PPV of
91.2% and an NPV of 83.7% (293). Shayanfar et al demonstrated a similar white cell
sensitivity of 76% (294). However, such automated particle analysers have been identified
not to count lysed or distorted white blood cells that may otherwise be observed and
considered with manual microscopy (293). Studies have also reported difficulty in the
interpretation of bacteria using automated particle analysers and APR software, with many
recommending that bacteriuria is determined by manual microscopy (293).
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1.4.10.3. Diagnostic technologies for the future
As the evidence describing the possible limitations of routinely employed diagnostic tools for
UTI accumulates, the need for alternative detection methods, improved antimicrobial
stewardship and new antimicrobials is increasingly appreciated. The advancement and
improved accessibility of molecular tools has led to an evolved understanding of the complex
nature and existence of microorganisms in health and disease. Emerging technologies
including the proteomics applications of mass spectrometry, as well as fluorescence in situ
hybridisation (FISH), PCR-based approaches, biosensors, microfluidics and lab-on-a-chip
technology are being explored for potential repurposing for UTI diagnosis and treatment
(295-301).
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1.5. The urinary tract in health and disease
1.5.1. Defence mechanisms of the urinary tract
The healthy human urinary tract features a complex combination of definitive and nonspecific anatomical, physiological and immunological mechanisms that serve to actively
defend this organ system from unwanted pathological invasion, eradicate early stage
infections, or at the very least, attempt to impede or slow down the progression and
development of an established infection. Until recently, the kidneys, ureters, and bladder,
with the exception of the urethra, were assumed to be sterile and devoid of microbial
colonisation (302-304). Recent evidence suggests that this theory is no longer true with
respect to the urinary bladder (305-307). What remains clear however is the pivotal role of
the urinary tract’s complex network of formidable defence mechanisms required to mediate
and control synchronised microbial habitation and homeostasis within the urinary tract.

FACET (UMBRELLA)
CELL LAYER

INTERMEDIATE CELL
LAYER

BASAL CELL LAYER

Figure 1-6. A cross-sectional view of the bladder urothelium and constituent cell types. Illustration is adapted
with permission from Ingersoll et al. Mucosal Immunology (2013): 1041-53.

The urothelial cell lining of the urinary tract, illustrated in Figure 1-6, is a primary physical
defence barrier that prevents microbial entry and subsequent tissue and bloodstream invasion.
(306).
The low mechanical force of urine in the kidneys and ureters, and the relatively larger force
of urine when expelled from the bladder during micturition may wash out or dilute any
inhabiting microorganisms (308). However, microscopic analysis has revealed that
recognised uropathogens such as UPEC may successfully counter this cleansing action by
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extending fibrous structures called fimbriae to form adhesin-uroplakin receptor bonds,
thereby securing their position to the bladder urothelium (306).
Whilst a high urea concentration, high osmolarity and low pH are thought to have a
detrimental effect on residing organisms (309), urine stored within the bladder for long
periods of time provides a nutrient-rich medium to promote microbial growth of particular
species (310).
Phagocytic immune cells embedded within the urothelial cell lining, such as macrophages
and dendritic cells detect the presence of microbes via pattern recognition receptors (PRR).
PRRs such as Toll-like receptors (TLRs), notably TLR 2, 3, 4, 5, 9 and 11 recognise
microbial pathogen-associated molecular patterns (PAMPs) and trigger immediate signalling
cascades and immune responses (309-311).
The role of known soluble microbial inhibitory factors has been described in much detail
within the literature using both animal and human models. It is however important to outline
the key roles of such environmental mediators in order to highlight the various host defence
mechanisms that uropathogens have successfully overcome to initiate and establish an
infection. Urinary tract epithelial cells secrete a range of soluble mediators including proinflammatory cytokines (particularly noted are IL-1, IL-6 and IL-8) for summoning
phagocytes to the site of infection (94), antimicrobial peptides such as defensins,
cathelicidins, lactoferrin, secretory immunoglobulin A, as well as an antimicrobial protein
called uromodulin, also known as Tamm-Horsfall protein (THP) (94, 306, 310). Other
secreted proteins include neutrophil gelatinase-associated lipocalin (NGAL), which is
secreted by alpha-intercalated kidney cells and binds to bacterial siderophores (310).
Defensins are highly cationic antimicrobial peptides, of which the alpha (α) and beta (β)
subfamilies are found within neutrophils, macrophages and epithelial cells lining the urinary
tract (95). Defensins possess microbicidal activity, which involves binding directly to anionic
phospholipids on microbial cell walls and disruption of the membrane (95, 312). The
formation of pores permits the release of intracellular contents, subsequently causing
homeostatic imbalance and cell breakdown (95, 312). In addition to direct microbial insult,
defensins can also trigger innate immune responses such as mast cell degranulation and
neutrophil chemotaxis by increasing the secretion of IL-8 (94, 95). Whilst particular subtypes
such as human β-defensin-1 and human β-defensin-5 are found to be constitutively
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expressed, other subtypes may be upregulated in the presence of an infection (306). Βdefensins in particular are abundantly expressed by the urinary tract cell lining (95, 312). In
addition to β-defensin subtypes, Spencer and colleagues demonstrated that α-defensin-5 is
also expressed by the urothelium and collecting tubules of the kidney, with upregulated
expression observed in the presence of acute infection (313).
Similarly cathelicidin, also referred to as LL-37, is another antimicrobial peptide that operates
by direct damage to the microbial membrane (302, 306). LL-37 is produced by translation of
the cathelicidin gene called CAMP into the pro-peptide termed pro-LL-37, followed by
extracellular cleavage into cathelin and LL-37, with both products demonstrating
antimicrobial activity (302). Murine studies revealed more UPEC attachment to the bladder
urothelium in the absence of LL-37 (314). Whilst it is constitutively expressed by urinary
tract epithelial cells, LL-37 expression increases within the cytoplasm of renal epithelial cells
during an acute infection (314).
In a desperate attempt to avoid or reduce large bacterial titres from penetrating deeper into
the bladder urothelium, the bacteria-loaded superficial facet cells have been observed to shed
themselves into the urine (310). Urothelial cell exfoliation has also been suggested to reduce
the magnitude at which pro-inflammatory cytokines are secreted, since continuous large-scale
expression could have a detrimental effect on the bladder (310). With the intention to repair
and restore the superficial urothelial cell layer, the basal stem cells produce an intracellular
signalling molecule called sonic hedgehog (SHH), which triggers the WNT signalling
pathway involved in the proliferation of urothelial cells (310).
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1.5.2. Pathophysiology of urinary tract infection
The majority of reported studies have explored the predominant UTI pathogen, UPEC in
order to try and elucidate the key pathophysiological stages in UTI development, which are
highlighted in Figure 1-7. It is thought that the most common starting point of a urinary
infection involves UPEC colonising the bowel and periurethral area, followed by migration to
the urethra and subsequently the bladder (109). Murine model infection studies present
evidence that UPEC residing within the bladder are likely to express rod-shaped type 1
fimbriae (109, 315). Each type 1 pilus contains a mannose binding adhesin called Fim H,
which binds to UP1a receptors or integrins α3 and β1 (304, 316). The Fim H-uroplakin
attachment is reported to be structurally modified and strengthened in response to the shear
force of urine against attached E. coli (304). Bacterial invasion of bladder urothelial cells

Figure 1-7. The pathogenesis of urinary tract infection using uropathogenic Esherichia coli as the model
causative agent. Illustration presented with permission from Kaper et al. Nature Reviews Microbiology (2004):
123-140.

occurs when UPEC are internalised by fusiform vesicles, an observation also noted with K.
pneumoniae, P. mirabilis and S. saprophyticus (113, 134, 316, 317). Whilst most engulfed
UPEC are considered to be removed by exocytosis, some may form quiescent intracellular
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reservoirs (QIRs) within exposed intermediate layer cells, whilst superficial cells are being
shed (113). Established QIRs may remain inactive within intermediate cells for months and
may cause a recurrent UTI when prompted to differentiate into umbrella cells (316).
Alternatively UPEC may escape from fusiform vesicles to form intracellular biofilm
structures called intracellular bacterial communities (IBCs) within the cytosol (316, 318).
Bacteria may divide into shorter coccoid-shaped cells which clump together within host facet
cells to form pod structures that are unaffected by host-induced or clinician-prescribed
antimicrobial attack (113). Bacteria within these pods may become rod-like or filamentous in
morphology which flux out of cells and may attach to neighbouring epithelial cells to repeat
the cycle of infection (113, 319). Murine model infections have suggested that whilst cystitisinflicting UPEC express type 1 pili constantly, they are not very well expressed in strains
identified in kidney infections (109, 315). Bacteria may ascend up the ureters and into the
kidneys where they can attach to renal epithelial cells using P-fimbriae (109). Bacteria that
successfully invade the single-cell layered proximal tubules can pass into the bloodstream to
cause bacteraemia, with countering immune responses leading to sepsis (109).

1.5.3. Polymicrobial interaction and infection
Given the species diversity of natural habitats and the colonised sites of the healthy human
body (e.g. skin, oral cavity, gastrointestinal tract and urogenital tract), the growing evidence
of infections involving the pathogenic mechanisms of multiple microbes is unsurprising.
The term polymicrobial refers to combinations of bacteria, fungi and viruses. The
development of a polymicrobial infection relies on several modes of microbial interactions
and a plethora of mechanisms. Whilst the colonisation of other particular organisms may
create a favourable environment or niche for the habitation of other organisms, it may
simultaneously create an unsuitable environment for the existence of other microbes,
enabling selective groups of species to thrive (320). It is also possible for combinations of
non-pathogenic organisms to interact with each other to induce polymicrobial infection (320).
Polymicrobial diseases with recognised, specific combinations of causative agents include
acquired immunodeficiency syndrome (AIDS), periodontal disease, lung abscesses, cystic
fibrosis, peritonitis, hepatitis and endocarditis (320). In contrast, several combinations of
microbes have been associated with polymicrobial UTI, suggesting a comparatively more
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complex polymicrobial disease, the precise interactions and mechanisms of which, are
steadily being characterised (320).
Several groups have examined the effects of co-infecting of the urinary tract with recognised
uropathogens using murine models. Tsuchimori et al monitored the histopathological changes
in the kidneys of mice that were inoculated with both P. aeruginosa and E. faecalis (321).
The group reported that infection with both strains resulted in quicker development of
pyelonephritis when compared with a monomicrobial infection involving P. aeruginosa alone
(321). P. aeruginosa strains also demonstrated enhanced resistance to treatment by betalactam antibiotics in the presence of E. faecalis (321). In a different study, Kline et al coinfected mice with GBS and UPEC and reported comparatively larger titres of UPEC and
reduced immune responses of macrophages in the presence of GBS (322). Following 24
hours post-infection, the bladder was also noted to be almost devoid of GBS, The study’s
findings suggested that GBS influences host-pathogen interactions that are crucial to the
development of acute and chronic UTI (322). More recently, the relationship between
bacterial metabolism and UTI pathogenicity was explored in murine co-infection models
involving UPEC and P. mirabilis (323). The infection experiments revealed that although
both strains possessed the all required genes and enzymes for central metabolic pathways,
they each utilised different metabolic pathways. P. mirabilis fitness relied on glycolysis,
Entner-Doudoroff and pentose phosphate pathways, whereas E. coli fitness was dependent
upon gluconeogenesis and the tricarboxylic acid (TCA) or Krebs cycle (323). The utilisation
of different pathways suggests that the two recognised uropathogens can successfully co-exist
with direct competition for survival being unnecessary and unlikely (323). This speculation is
supported by the observation that co-infection with E. coli and P. mirabilis results in
enhanced colonisation and persistence of both bacteria, which was determined by quantifying
the bacterial titres (323).
Polymicrobial UTI has also been reported in the presence of other host complications and risk
factors such as spinal cord injury (324), catheter-associated UTI (325) as well as the elderly
and immunocompromised populations (326).
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1.5.4. The role of biofilms in urinary tract infection
In addition to an already substantial virulence armamentarium, bacteria are capable of
existing as part of larger aggregates within various environments and are often observed as
films or sludge, termed biofilms.
Biofilms are assemblages of organised communities of sessile microorganisms called
microcolonies that attach to each other and/or a surface, and are embedded in a self-produced
matrix of extracellular polymeric substance (EPS) (327, 328). This matrix is typically
composed of polysaccharides, proteins, lipids and extracellular deoxyribonucleic acid
(eDNA). The presence or absence of these biofilm matrix constituents varies between
biofilms and depends on several factors, which include the resident microbial population,
nutrient availability, temperature, and acting shear forces (329). Biofilm matrix components
possess several functions that are essential for survival, including the provision of nutrients
and water for bacterial residents, drawing bacteria closely together to facilitate cell-to-cell
communication as well as DNA exchange, and promoting the dispersion of resistance
markers and virulence factors (329). The matrix forms a stable three-dimensional scaffold
that protects the microbial community from harmful effects and agents, such as biochemical
disinfection, desiccation, oxidation, radiation, predation (for e.g. from protozoa), host
immune responses such as opsonisation and phagocytosis, and antimicrobial attack (330336). Such advantages enable biofilm-forming pathogens to evade harm, persist and establish
chronic infections, such as UTI and other device or implant-associated urological infections,
including CAUTI (141, 337). Coordinated communication between bacterial cell neighbours
is imperative for biofilm development, maintenance and survival, and is regulated by quorum
sensing (QS), which enables the biofilm community to sense the population density and
adjust gene expression accordingly (338). This complex regulatory QS system involves
measurement and response to specific signalling molecules called autoinducers (AIs) and
enables the biofilm population of cells to programme and synchronise processes such as
biofilm development, virulence factor expression and antibiotic production (339).
In the context of UTI pathogenesis, two distinct forms of biofilm development have been
recognised. In addition to the ability of uropathogenic bacteria to form biofilms within
urothelial cells, better recognised as IBCs (section 1.5.2.), biofilms may also develop
externally on the surfaces of urinary tract cells or indwelling devices, such as catheters. The
formation and development of extracellular biofilms has been outlined in several stages,
specifically the introduction of bacteria to a surface, reversible and irreversible attachment,
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maturation which involves the formation of an extracellular matrix and development of a
three-dimensional scaffold, and finally dispersal (340).
Planktonic bacteria can be introduced to surfaces randomly by a combination of attractive
and repulsive conditions, including physical forces such as gravitational or hydrodynamic
forces, nutrient availability, pH and temperature (341, 342). Bacteria may also be drawn
directly to the adhesion site by more direct approaches, including the use of motility protein
complexes and chemotaxis (343). The attachment of bacteria onto a surface can occur by
organelle appendages such as fimbriae, adhesins and flagella (343). Since initial attachment is
reversible, bacteria may return to their planktonic free-floating state when confronted by
repulsive forces and conditions (344). Irreversible attachment occurs when flagella synthesis
is repressed and bacteria are able to overcome physical and chemical hostility within an
environment while maintaining their attachment to surfaces (345). UPEC are able to mediate
their attachment by type 1 pili, cell surface filaments called curli and antigen 43 (346, 347).
During the maturation stages of biofilm development, bacterial surface contact induces
changes in gene expression and upregulation of factors involved in sessility and EPS
production to form an extracellular matrix (348, 349). Although cellulose, polyglucosamine
(PGA) and colonic acid have been identified as important components of UPEC biofilms,
their EPS composition is yet to be characterised in detail (350-352). In the mature state,
biofilms have a three-dimensional structure, the morphology of which is determined by the
EPS composition (353). Alongside such EPS components, eDNA forms an interwoven mesh
that becomes an important structural and stabilisation component of UPEC biofilms and
essential for DNABII extra-bacterial proteins called integration host factor (IHF) and histonelike protein (HU), both of which have been shown to contribute to the development and
structural integrity of UPEC biofilms (354).
A biofilm’s structure adjusts itself according to the gradients of nutrients, water, waste
products and signalling molecules that exist within the different biofilm regions (355). In this
state it is also possible for detachment to occur and bacterial cells to revert to their planktonic
state or the formation of microcolonies (356). This process may be triggered by the
degradation of the biofilm matrix by bacterial enzymes, QS signalling elicited by
environmental conditions such as nutrient deprivation, a build-up of toxic agents, physical
and chemical forces or stress inducing conditions (357). Rowe et al determined that an
accumulation of extracellular iron triggers UPEC biofilm disassembly, whilst Wang and
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colleagues reported that carbon storage regulator A (CsrA) protein inhibits the production of
PGA, which contributes to biofilm detachment (358, 359).

1.5.5. Polymicrobial biofilms
The apparent polymicrobial nature of environmental ecosystems and the human body in
health and disease suggest that multispecies biofilm communities are the more predominant
and fittest form of biofilm existence. The involvement of different species within a
community adds another dimension to the level of complexity involved in cell-to-cell
communication, synergistic and antagonistic behaviour, competition for nutrients, chemical
and physical resources, spatial distribution and gene expression, all of which, shape the
phenotype of the entire polymicrobial biofilm community, including its ability to evade harm,
persist and thrive within a chosen habitat (360).
Polymicrobial biofilms have been extensively studied in the oral cavity, most notably by
analysing saliva and plaque bacterial communities in health and disease (e.g. denture
stomatitis and periodontitis) (361-364). Additionally, diabetic foot infections have the
potential to manifest into biofilm-mediated chronic ulcerating wounds that may require
amputation when the involved bone and associated muscle have been compromised (365,
366). Patients with cystic fibrosis have also been reported to develop polymicrobial biofilmassociated infections within their lower airways (367, 368). In contrast, a handful of studies
are available on the significance of single-species biofilms formed by predominant UTI
pathogens and work concerning polymicrobial interactions and biofilm formation is in its
preliminary stages (369, 370). Additionally, there is an increased likelihood of abiotic single
species and multi-species biofilm development in the presence of medical implants or
devices, among which, biofilm-associated CAUTI is of growing interest.
CAUTI refers to an infection that is associated with the use of long-term or short-term
catheterisation at the time or 48 hours prior to the occurrence of an infection (371). In the
UK, short-term catheterisation refers to a time frame of ≤28 days and long-term is considered
to be greater (>28 days) (371). Similarly, the threshold that discriminates between short and
long-term catheter use is 30 days in the USA (372). Catheter insertion routes can be
transurethral (reached bladder via urethra), suprapubic (reaches bladder via an abdominal
incision) or involve a nephrostomy line (reaches the renal parenchyma or calyx via an
abdominal incision) (373-375). Transurethral CAUTIs can develop in two ways. Organisms
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(bacteria and fungi) may ascend up the urinary tract from the periurethral region through a
film that forms between the superficial epithelial cell lining of the urethra and the extraluminal catheter surface (376). Contamination of the drainage bag with organisms also
permits their migration along the tube to access the bladder or kidney (376). Prolonged use of
catheters, particularly in cases where patients are subjected to long-term catheterisation,
which involves catheter replacement approximately every 10-12 weeks, provides an ample
amount of time for bacteria to colonise extra- and intra-luminal catheter surfaces and
blockage by crystalline biofilm formation (377). Bacterial populations form biofilm
communities, which coat catheter surfaces that range in thickness from 3-490µm (378). The
biofilm forming culprits of CAUTIs are usually identified from a select group of species;
among which, P. mirabilis is considered to be of “unique importance”, since it is frequently
isolated in patients with long-term indwelling catheters (379). Urease enzyme produced by P.
mirabilis hydrolyses ammonia to produce ammonium and carbonate ions, causing an
elevation in the urinary pH (380). The alkaline environment favours the formation of
magnesium and calcium phosphate crystals and these crystalline deposits are colonised by
bacteria, which develop into crystalline biofilm communities, which block urinary flow
through the catheter (380, 381). While other GNRs including species of Proteus, K.
pneumoniae, M. morganii, P. aeruginosa, Providencia spp. and Staphylococcus spp. are also
able to produce urease, only a few of these bacteria, including Proteus vulgaris (P. vulgaris)
and Providencia rettgeri (P. rettgeri) have been reported to cause substantial encrustation on
catheters (382).
Macleod and Stickler analysed biofilm species of indwelling catheters that were removed
from patients and found 76 (71.7%) to harbour mixed biofilm communities compared to 31
(29.2%), which were colonised by a single species (383). The study’s findings indicated that
P. aeruginosa and E. faecalis were the most frequently isolated bacteria of mixed community
catheter biofilms, followed by E. coli and P. mirabilis (383). In a different study of 535
catheters, Hola et al used a vortexing-sonication technique for optimal microbial recovery
from catheter biofilms and reported the isolation of a single strain from 69 (12.9%) catheters
and 2-7 strains from 466 (87.1%) catheters (384). In order of most frequently isolated, this
study found E. faecalis, E. coli, P. aeruginosa and C. albicans to be predominantly isolated
from all studied catheters (384). An assessment of the biofilm-formation capacity of each
strain by cultivation on microtitre tissue culture plates with brain heart infusion (BHI) broth
and 4% glucose for 24 hours revealed that more than 68% of the 1555 isolates were “strong”
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biofilm producers (optical density (OD) > 4ODnegative
“intermediate” biofilm behaviour (2ODnegative

control

control)

and 19% demonstrated

< OD < 4ODnegative

control)

(384). The

proportion of biofilm-forming strains within each species varied, but was highest in E.
faecalis (94.2%), whereas the proportion of biofilm forming E. coli strains was comparatively
low (34.7%) (384). In both studies, the catheters were collected over several years, but the
length of time spent within patients was not reported.
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1.6. Characterisation of the urinary tract microbial community
1.6.1. Culture-based characterisation the urinary tract community
Culture studies detailing the microbial composition of the healthy urinary tract date as far
back as the late 1970s. However, until the findings were reinforced by those of molecular
characterisation studies, the majority of the asymptomatic urinary tract was perceived to be
microbiologically sterile.
Table 1-7 represents a summary of the taxa identified from studies that characterised urinary
tract specimens obtained from healthy and/or asymptomatic females and males. From this
collection of studies, it can be seen that Lactobacillus, Staphylococcus, Streptococcus, and
Corynebacterium were predominantly cultivated from samples belonging to the healthy
cohort. Although Bollgren et al inoculated urethral specimens onto a range of culture media;
the information presented on the predominant aerobic genera was incomplete, since the
study’s main aim was to perform an anaerobic characterisation (385). Marrie et al showed
discrepancies in the cultivated urinary microbiota between females characterised by
menopausal status (386). Lactobacillus was predominantly isolated in the reproductive age
group and accounted for 28% of isolates, compared with 14% in the other healthy control
groups (386). Corynebacterium and CoNS were also frequently identified in all three healthy
groups (386). Interestingly, members of the Enterobacteriaceae family were identified in five
healthy post-menopausal women, all of whom grew E. coli (386). One recruited female grew
E. coli, Proteus and Enterobacter, which are recognised uropathogens (section 1.3.3.) (386).
Studies conducted by Hilt, Pearce and Price compared the urinary microbiota of patients with
OAB, UUI and UTI symptoms respectively to asymptomatic equivalents (305, 387, 388).
However, the controls recruited by Hilt et al were reported to undergo benign gynaecologic
surgery (387). Pearce et al reported 61% (n = 31) of their controls to have taken oestrogen
replacement therapy at the time of recruitment, while Price et al described 15% (n = 11)
control subjects to have used vaginal oestrogen prior to recruitment and 13% (n = 10) to
taken vaginal oestrogen at the time of the study (305, 388). Whilst the potential influences of
both surgery and oestrogen therapy were not discussed in the respective studies, the effect of
oestrogen was recently reported to cause a shift in the urinary microbiota (389).
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Table 1-7: Studies that describe a culture-based microbial characterisation of the healthy urinary tract (n = 8).
Where possible, the three most abundant taxa are indicated in bold font. *Predominant anaerobic taxa are provided since studies main focus was an anaerobic characterisation.
Incomplete information on aerobic organisms is presented. Abbreviations: BAK = Brucella blood agar with sheep blood and vitamin K, CLED = cysteine lactose electrolyte
deficient, CNA = colistin-nalidixic acid, CSU = catheter specimen of urine, LKV = kanamycin-vancomycin-laked blood agar, MSU = midstream specimen of urine.
STUDY (Year, Country)
REFERENCE

Marrie (1978, US)
(390)

Bollgren (1979, Sweden)
(385)

Marrie (1980, US)
(386)

SUBJECTS

 Healthy females (n = 5)
aged 18-20 years

 Healthy premenarchial females (n = 18)
aged 5-14 years

 Healthy premenarchial females (n = 9)
aged 3-15 years
 Healthy reproductive females (n = 10)
aged 18-32 years
 Healthy postmenopausal females (n =
10) aged 67-86 years

SPECIMENS ANALYSED
 Urethral swab x 2 onto BAK & LKV agar
(anaerobic (hydrogen-carbon dioxide)
conditions), MacConkey & blood agar
(aerobic conditions) chocolate agar (510% CO2).
 Urethral urine (0.001ml & 0.01ml) onto
MacConkey & blood agar (aerobic
conditions) chocolate agar (5-10% CO2)
onto BAK & LKV agar (anaerobic
(hydrogen-carbon dioxide) conditions).
 MSU (0.001ml & 0.01ml) on blood,
MacConkey (aerobic atm conditions) &
chocolate agar (5-10% CO2).
 Urethral gelatin culture onto blood,
CLED, Enterococcosel & Mitis salivarius
(aerobic atmospheric conditions), hematin
(5% CO2), kanamycin-vancomycin blood,
neomycin-vancomycin, phenylethyl
alcohol, egg yolk-neomycin, Rogosa SL &
Veillonella agar (anaerobic (hydrogencarbon dioxide) conditions.
 Urethral urine (0.001ml & 0.01ml) on
BAK & LKV (anaerobic (hydrogencarbon dioxide) conditions), blood &
MacConkey agar (aerobic atm conditions)
& chocolate agars.
 MSU (0.001ml & 0.01ml) on BAK, LKV,
blood, MacConkey & chocolate agar (510% CO2).
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TAXA (From predominant isolates to least)
Aerobic organisms:
Lactobacillus, Staphylococcus,
Corynebacterium, Streptococcus, Escherichia,
Micrococcus.
Anaerobic organisms:
Bacteroides, Peptostreptococcus, Peptococcus,
Eubacterium, Clostridium.

Peptococcus, Peptostreptococcus,
Propionibacteria, Eubacterium, Bacteroides,
Fusobacterium, Leptotrichia, Veillonella,
Streptococcus, Lactobacillus, Escherichia,
Enterococcus, Staphylococcus, Candida*.

Healthy premenarchial females:
Corynebacterium, Lactobacillus,
Staphylococcus (CoNS), anaerobic Grampositive cocci, Bacteroides, Streptococcus,
anaerobic Gram positive bacilli, Fusobacterium.
Healthy reproductive females: Lactobacillus,
Staphylococcus (CoNS), Corynebacterium,
anaerobic Gram-positive cocci, Streptococcus,
anaerobic Gram positive bacilli, Bacteroides,
Fusobacterium.
Healthy postmenopausal females: Bacteroides,
Lactobacillus, Streptococcus, anaerobic Gram
positive bacilli, anaerobic Gram-positive cocci,
Corynebacterium, aerobic Gram-negative bacilli,
Staphylococcus (CoNS).
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STUDY (Year, Country)

Khasriya (2013, UK)
(391)

Hilt (2014, US)
(387)

Pearce (2014, US)
(305)

SUBJECTS

Introduction
SPECIMENS ANALYSED
 CSU (0.4ml) of spun urinary sedimentdiluted and undiluted) onto blood agar (at
5% CO2 & aerobic atm conditions).
 MSU (0.4ml) of spun urinary sedimentdiluted and undiluted) onto chromogenic
agar (aerobic atm conditions).

Healthy females (mean age: 43 years):
Staphylococcus, Streptococcus, Lactobacillus,
Corynebacterium, Micrococcus,
Propionibacterium, Actinomyces, Enterococcus,
Escherichia, Peptostreptococcus, Pseudomonas,
Neisseria, Bifidobacterium, Atopobium,
Gardnerella, Veillonella, Paenibacillus,
Arcanobacterium, Candida, Finegoldia,
Prevotella, Rothia, Bacillus, Brevibacillus,
Facklamia, Fusobacterium, Mobiluncus.
Healthy females and healthy males (mean age: 45
years): Staphylococcus, Escherichia,
Enterococcus, Streptococcus, Lactobacillus,
Yeast, Corynebacterium, Actinomyces,
Facklamia, Micrococcus, Paenibacillus, Other
coliforms (Klebsiella, Enterobacter, Serratia),
Proteus.

 CSU (0.1ml) onto blood, chocolate, &
CNA agar (5% CO2), blood agar (aerobic
atm conditions), CDC anaerobe 5% sheep
blood agar (Campy gas mixture: 5% O2,
10% CO2, 85% N or anaerobic
conditions), thioglyocolate medium onto
BAP and CDC anaerobe (aerobic &
anaerobic atm conditions).

Lactobacillus, Streptococcus, Bifidobacterium,
Staphylococcus, Micrococcus, Enterococcus,
Gardnerella, Corynebacterium, Actinomyces,
Alloscardovia, Rothia, Neisseria.

 CSU (0.1ml) onto blood, chocolate &
CNA agars (5% CO2), CDC anaerobe 5%
sheep blood agar (Campy gas mixture: 5%
O2, 10% CO2, 85% N or anaerobic
conditions), BAP & thioglyocolate media
(aerobic atm conditions).

Lactobacillus, Streptococcus, Enterococcus,
Bifidobacterium, Gardnerella, Micrococcus,
Staphylococcus, Corynebacterium, Actinomyces,
Alloscardovia, Candida, Escherichia, Klebsiella,
Neisseria.

 Healthy females, mean age: 43 years (n
= 26)
 Healthy females (n = 38) and healthy
males (n = 9), mean age 45 years

 Females without a urinary tract
infection (n = 24) (confirmed by
negative culture)
Age statistics not provided

 Females without urgency urinary
incontinence (n = 45)
Mean age 49 years*

TAXA (From predominant isolates to least)
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Price (2016, US)
(388)

SUBJECTS

 Females without a urinary tract
infection (n = 75)

Introduction
SPECIMENS ANALYSED
 CSU (0.001ml, 0.01ml & 0.1ml) urine
onto blood, MacConkey agar, chocolate,
CNA (5% CO2) & CDC anaerobic BAP
(Campy gas mixture: 5% O2, 10% CO2,
85% N or anaerobic conditions).

Streptococcus, Lactobacillus, Corynebacterium,
Actinomyces, Gardnerella, Staphylococcus,
Enterococcus , Aerococcus, Actinobaculum,
Alloscardovia, Candida, Klebsiella,
Bifidobacterium, Rothia, Facklamia,
Enterobacter, Trueperella, Proteus,
Brevibacterium, Arthrobacter, Haemophilus,
Micrococcus, Neisseria, Bacillus,
Brevundimonas, Campylobacter, Moraxella.

 MSU (0.01ml) onto Trypticase soy&
Schaedler agar (aerobic and anaerobic atm
conditions), CLED and MacConkey
dipslide (aerobic atm conditions).

Lactobacillus, Staphylococcus, Streptococcus,
Corynebacterium, Proprionibacterium,
Campylobacter, Actinomyces, Gardnerella,
Peptoniphilus, Alloscardovia, Enterococcus,
Prevotella, Escherichia, Veillonella ,
Bifidobacterium, Dialister, Finegoldia,
Micrococcus, Facklamia, Anaerococcus,
Arthrobacter, Brevibacterium,
Peptostreptococcus, Mobiluncus, Fusobacterium,
Bacteroides, Oligella, Proteus, Actinobaculum,
Dermabacter, Klebsiella, Acinetobacter,
Atopobium, Citrobacter, Clostridium, Kocuria,
Megasphaera, Neisseria, Sacklia, Weeksella.

Aged 60.6 years

Coorevits (2017, Belgium)
(392)

TAXA (From predominant isolates to least)

 Healthy females (n = 86)
 Healthy males (n = 15)
Aged 23-65 years
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1.6.2. Limitations of culture-based characterisation
Culture-based methods have previously been informative in the identification of
uropathogens and study of the urinary tract environment in health and disease. Such methods
are however recognised to possess several limitations, likely resulting in a biased portrayal of
microbial populations within natural environments. The cultured urinary microbiota depends
on the representative biological samples analysed (i.e. urine, swab, tissue), culture techniques
employed, nutrient medium used, laboratory conditions (e.g. pH, temperature, O2
concentration), as well as the viability, facultative and fastidious natures of urinary tract
organisms (393). Such factors will inevitably distort the species richness and diversity of the
urinary tract microbial community. Although the use of a broad selection of culture media
and adjustment of laboratory conditions may increase the yield of culturable organisms, some
may exist as viable but not cultivable (VBNC) cells, which are also referred to as
conditionally viable environmental (CVEC) cells, active but not culturable (ABNC) cells or
dormant cells. VBNC cells are unable to readily divide when plated on nutrient medium. This
state was first described in 1982 by Xu et al for E. coli and Vibrio cholera (393).
Characteristics associated with the VBNC state include cell size reduction, low metabolic
activity, changes in cell wall structure and cell membrane composition (394). Organisms in
this adaptive state may however be resuscitated into a culturable state under appropriate
conditions (395). This may be achievable by reversing the VBNC-state-inducing condition(s).
(396, 397).

1.6.3. Advantages of molecular characterisation
Molecular approaches to studying microbial ecology have revealed that the culturable
proportion of microorganisms represents <1% of the entire microbial population (398). Since
the majority of microbes cannot be cultured, the urinary tract community is better
characterised targeting biomolecules that are ubiquitously found in organisms, such as
nucleic acids (i.e. DNA or RNA). Nucleic acid-based molecular methods involve the
extraction of sequences that represent genomes or regions of particular genes directly from
the urinary tract environment (399). The resulting sequence data can provide information on
the urinary tract community diversity, based on phylogenetic relatedness, as well as the
presence of any novel species that remain undetected by culture-based methods (400). A
commonly targeted gene for DNA-based characterisation of the urinary tract bacterial
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community is the small subunit (SSU) ribosome called the 16S (Svedburg unit) ribosomal
ribonucleic acid (16S rRNA) gene.

1.6.4. 16S ribosomal RNA gene
Ribosomes are complex structures that are found in all living organisms and are fundamental
to the translation of messenger RNA (mRNA) and protein synthesis (401). Bacterial
ribosomes consist of a large 50S subunit and a small 30S subunit, which form complexes
with ribosomal RNAs and proteins (402). The small 30S subunit contains 16S rRNA and 20
proteins, whereas the large 50S subunit contains 23S rRNA, 5S rRNA and more than 30
proteins (403). The spatial arrangement of the subunits and associated proteins are crucial to
the assembly and functioning of ribosomes, thereby restricting changes to occur in the rRNA
genes (404). Most importantly, the 16S rRNA gene is found in all prokaryotic cells and has
the same cellular function across all organisms (405, 406). Preserved function indicates a
highly conserved protein, which is important for accurate determination of phylogenetic
relationships (406). The gene’s size of 1542 base pairs, makes it an attractive molecular target
for fast and economical high-throughput sequencing when compared with the 23S rRNA
gene (2906 base pairs) (407).
The 16S rRNA gene consists of nine hypervariable regions, denoted V1-V9, each with a size
of 50-100 bases long which are flanked by conserved regions (399, 408). The hypervariable
region are noted to mutate at faster rates and are useful for the identification of closely related
species, whereas the conserved regions can be used to determine distant relationships and for
the design of amplification primers (408). Whilst accurate species identification can be
achieved by sequencing the entire gene, achieving this would take longer and is considered
impractical when dealing with a large number of specimens (407). With the advent of
massively parallel sequencing platforms, it has become feasible to sequence short
hypervariable regions of a few hundred samples in a single day (399). This option is
considered to be faster and more cost-effective for a large-scale sample analysis (406, 408,
409). Additional 16S rRNA gene sequences have been extensively characterised for a range
of human and environmental colonisers, which are available for comparative identification in
the form of several databases including GreenGenes, Ribosomal Database Project and Silva
(410-412).
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1.7. Summary of Introduction
LUTS are a growing global burden to human health and are associated with several
debilitating conditions. A key step in the clinical assessment of patients describing LUTS is
an investigation for UTI. While the development of new diagnostic technologies is currently
in progress to accommodate for a continuously evolving understanding of the urinary tract
microbial community, diagnostic testing in most clinical microbiology laboratories depends
on routine urinalyses procedures, namely urinary dipstick, microscopic analysis and
midstream urine culture. However, the evidence supporting the inadequacies of such tests is
accumulating. With acknowledgement to the limitations identified with culture-based
characterisation of microbial communities, less biased molecular approaches such as 16S
rRNA gene sequencing have demonstrated far more sensitivity in profiling the urinary tract
communities in health and urinary tract disease.
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1.8. Thesis outline
1.8.1. Aims
1.

To clinically assess and compare patients describing lower urinary tract symptoms
using symptomatic assessment and the results of immediate on-site urinalyses. The
comparison will be conducted based on the routine MSU culture results.

2.

To analyse the microbial composition of symptomatic patients and asymptomatic
controls at the genus and species level, using the routine MSU culture test and
alternative methods of culture.

3.

To evaluate and compare the performance and agreement of routinely employed
microbial identification methods:
(i)

Analytical profile index (API) tests.

(ii)

Matrix-assisted laser desorption ionisation time-of-flight mass spectrometry
(MALDI-TOF MS).

4.

To characterise and compare the urinary tract bacterial communities of symptomatic
patients and asymptomatic controls, using 16S rRNA gene sequencing.

1.8.2. Hypotheses
1.

Patients describing LUTS with a mixed growth culture outcome would exhibit a
clinical profile that is similar to that of symptomatic patients with a positive urine
culture, defined by monomicrobial growth of >105cfu/ml.

2.

With microbiological confirmation from alternative culture methods, the routine MSU
culture test and its interpretation criteria may be limited in its ability to detect UTI in
symptomatic patients.

3.

Species identification by MALDI-TOF MS is a fast, reliable and practical method of
microbial identification when compared with API testing, assisted by bench-top
identification.

4.

The urinary tract bacterial community of asymptomatic controls and LUTS patients
would harbour similar predominant taxa that differ in their relative abundances.

67

CHAPTER 2. SUBJECT RECRUITMENT &
GENERAL METHODS

Chapter 2

Subject Recruitment & General Methods

2.1. Clinic assessment
2.1.1. Subject recruitment
All studies presented within this thesis were conducted with ethical approval from the East
London & the City, UK (REC reference number 07/H0704/74).
Each subject (patients and controls) was provided with an information sheet (see Appendix 1)
to read and asked for written consent. Adult male and female patients aged ≥18 years,
presenting with LUTS, were eligible for study inclusion. Asymptomatic male and female
control subjects aged ≥18 years were recruited from departmental staff, students and external
volunteers. Patients and controls provided clean-catch MSU specimens and were assessed on
their symptoms during their consultation at the Whittington Health Lower Urinary Tract
Symptoms Community Clinic, initially based at the University College London Archway
Campus before October 2013. After this date, this clinic migrated to the Whittington Health
Hornsey Central Neighbourhood Health Centre. Demographic data, symptomatic
assessments, clinical urinalysis results were stored onto a secure database, which was only
accessible via the Whittington Hospital Intranet and backed up once a day.

2.1.2. Assessment of urinary tract symptoms
Recruited subjects were assessed on the presence of urinary tract symptoms using a validated
symptomatic questionnaire (see Appendix 2) that abided by the Standardisation Terminology
of LUTS (34). The questionnaire assessed daily urinary frequency and urinary incontinence
patterns, alongside the presence of storage, pain, voiding and SUI symptoms, which were
answered in the binary (“yes/no”) format. The clinician was blinded to all urinalysis results
for the duration of the symptomatic assessment.

2.1.3. Specimen collection
Each subject was provided with verbal and written instructions regarding the collection of a
clean-catch MSU specimen. Female subjects were asked to wash their hands before using an
aseptic cleansing wipe to cleanse the genital area, and then the introitus while holding the
labia apart. The subject collected the middle part of the stream into a sterile disposable jug.
The terminal part of the stream was passed into the toilet. The female subjects then washed
their hands. Male subjects were asked to wash their hands before using an aseptic wipe to
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cleanse the genital area. They collected the middle part of the stream into a sterile disposable
jug. The terminal part of the stream was passed into the toilet. The male subjects then washed
their hands. All clean-catch urine specimens were decanted into sterile 30ml containers and
securely tightened (Sterilin, UK).

2.1.4. Specimen storage and transportation
Each collected urine specimen was immediately subjected to urinary dipstick and
microscopic analysis. Urine specimens that were collected at the Archway Campus LUTS
Clinic before the site move in October 2013 were stored at 4°C until they were individually
bagged and transported at the end of clinic in a cool pack container (at 4°C) to the
Whittington Health Hospital Microbiology Laboratory. Transportation from this clinic to the
hospital laboratory took approximately up to 10 minutes on foot. The lag time spent by each
specimen at 4°C from the point of collection to transit ranged from 0.5-3 hours, depending on
the time that each specimen was provided by the patient. Urine specimens that were collected
after the site move to Hornsey Central Neighbourhood Health Centre were stored at 4°C until
the end of clinic when they were individually bagged transported using the cool pack
container to the Whittington Hospital, which took up to 60 minutes by vehicle. The lag time
spent by each specimen from collection to transit ranged between 1-4 hours.

2.1.5. Urinary dipstick analysis
A Multistix 8SG dipstick (Siemen’s Healthcare Diagnostics, Germany) was immersed into
the urine specimen for 2-6 seconds before being placed onto the sterile platform of an
automated Clinitek Status colorimeter (Bayer Healthcare) for interpretation within 45-60
seconds. Figure 2-1 illustrates the possible negative and positive colour changes and
interpretations (negative, trace, one plus, two plus and three plus) that can be observed with
the leukocyte esterase test. The corresponding minimal leukocyte count (per microlitre) is
provided directly underneath each colour change. The leukocyte esterase test pad has a
minimal sensitivity of 15wbc/µl, which is interpreted as a trace result.
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Figure 2-1. The appearance of negative and positive reactions for the leukocyte esterase test on the Siemens
Multistix 8SG urinary dipstick (Siemen’s Healthcare Diagnostics, Germany). Information acquired from
Siemen’s Healthcare Diagnostics. Illustration by S. Sathiananthamoorthy (2016).

Figure 2-2 presents the negative and positive colour changes that may observed with the
nitrite test of the urinary dipstick. The nitrite test pad possesses a minimal sensitivity of
13µmol/l (0.06-0.1mg/dl) nitrite ions for a positive result.

NITRITE

Negative

Corresponding concentration of nitrite ions
in µmol/l (mg/dl)

Positive

Positive

13-22 (0.06-0.1)

Figure 2-2. Appearance of negative and positive reactions for the nitrite test on the urinary dipstick (Siemens
Multistix 8SG, Germany). Information acquired from Siemen’s Healthcare Diagnostics. Illustration by S.
Sathiananthamoorthy (2016).

2.1.6. Urinary microscopy
While the urine specimen was being analysed by the automated dipstick colorimeter, the
sample was simultaneously analysed under the light microscope to avoid any time delay. A
10µl aliquot of each urine specimen was immediately loaded onto a sterile Hawksley DS 748
Neubauer haemocytometer counting chamber without time delay. The prepared specimen
was examined using a x20 objective with a x10 optical (magnification x200) of an Olympus
CX41 light microscope (Olympus, UK). The cells were enumerated in either one or five large
squares of the counting chamber and subsequently multiplied by 10 or doubled to achieve
counts per 1µl. Urinary cells were included in the count if they crossed the top or right
external margins of the chamber and ignored if they crossed the bottom or left external
chamber margins. The lower detection limit was 2 cells per microlitre for both cell types.
Each urine specimen was analysed once and was inverted 6-8 times to ensure that the sample
was well mixed before loading onto the haemocytometer.
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2.2. Microbiology investigation
2.2.1. Routine MSU culture
An aliquot of each urine specimen was submitted to the Whittington Hospital NHS Trust
Microbiology Departmental Laboratory for routine MSU culture. The specimen was
processed either immediately on arrival, or following overnight storage at 4°C in the hospital
laboratory. Each specimen was inverted 6-8 times before being plated once to ensure good
mixing before inoculation. Replicates were not performed for each specimen. A 1μl loop of
unspun urine was plated onto ChromID CPS chromogenic culture medium (bioMérieux,
France), which was kept at a temperature of 37°C for 18-24 hours. Microbial colonies were
identified using the manufacturer’s colour criteria accompanied with bench top biochemical
tests (section 2.3.3). A count of ≥105cfu/ml of one organism was regarded as a significant
result. Cultures with a count below this threshold were reported as “no significant
growth”. MSU cultures with more than one organism were reported as “mixed growth of n
types of organisms”. MSU culture results were retrieved from the hospital intranet 24-72
hours after the culture request was initially processed.

2.2.2. Interpretation criteria for MSU culture
Routine MSU cultures performed at the Whittington Hospital Microbiology Department were
interpreted as: no significant growth, mixed growth and significant growth, the definitions of
which have been provided in Table 2-1.
Table 2-1. The interpretation criteria for routine MSU cultures that were performed by the Whittington Hospital
Microbiology departmental laboratory.
Information provided by David Whittington in (November 2014). The presented criteria were applied to all
studies within this thesis.
GROWTH

COUNT/ML

ACTION & REPORTING

˂10 colonies

˂104 organisms/ml

Report as: No significant
growth

Mixed growth

˂100 colonies

No further action. Report as: No
significant growth

Mixed growth

˃100 colonies

No further action. Report as:
Mixed growth of n types of
organisms

Pure growth: 10-100 colonies

104-105 organisms/ml

Report as: 104-105 cfu/ml
Perform and report sensitivity

Pure growth: >100 colonies

>105 organisms/ml

Report as: >105 cfu/ml
Perform and report sensitivity
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2.2.3. Laboratory MSU culture
An MSU culture was performed in an identical manner to urine culture that was processed at
the Whittington Hospital Microbiology Laboratory, with the difference of collecting more
detailed information regarding the exact microbial composition and quantity with the former
culture. A 1µl inoculum of each urine specimen was plated onto a quadrant of a chromogenic
agar plate and placed in an ordinary incubator set at 37°C for 18-24 hours. All microbial
colonies were identified using an adjusted version of the manufacturer’s colour criteria
(section 2.3.1.), which was accompanied by biochemical tests (section 2.3.3.) and quantified.
The lower detection limit for microbial quantification was 1.0x103cfu/ml and the upper
detection limit was 3.5x105cfu/ml. Each specimen was inverted 6-8 times to ensure good
mixing before being plated once. Replicates were not performed for each specimen.

2.2.4. Unspun culture of 50µl
Fifty microlitres of each urine specimen was dispersed onto a quadrant of ChromID CPS
chromogenic agar using a disposable spreader. The culture was kept at 37°C for 18-24 hours
and the resulting microbial colonies were identified using the manufacturer’s colour criteria
and enumerated. The lower detection limit for microbial quantification was 2.0x101cfu/ml
and the upper detection limit was 7.0x103cfu/ml. Each specimen was inverted 6-8 times to
ensure good mixing before being plated once. Replicates were not performed for each
specimen.

2.2.5. Sediment culture
Urine was spun down using a Denley BR401 centrifuge (Denley, UK) at 3000 revolutions per
minute (relative centrifugal force = 1411) for five minutes. The sediment was resuspended in
400µl of sterilised phosphate buffer saline (PBS) solution and evenly mixed by pipetting.
Using this neat solution, ten-fold serial dilutions were performed using PBS. A volume of
50µl of the neat solution and each serial dilution were dispersed onto each divided quarter of
two ChromID CPS chromogenic agar plates. The culture was stored at 37°C for 18-24 hours.
Microbial colonies present on each quadrant were identified using the manufacturer’s criteria
and then quantified. The lower detection limit for microbial quantification was 2.6x101

cfu/ml and the upper detection limit 9.3x106cfu/ml. Replicates were not performed for each

specimen.
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2.3. Identification and storage of isolates
2.3.1. Bench-top microbial identification on chromogenic medium
The different microbial colonies were identified based on colour and morphology using the
criteria provided by the manufacturer. Identification was occasionally assisted or confirmed
with biochemical tests (section 2.3.3.). Table 2-2 describes the macromorphology and colour
that was observed for organisms on chromogenic agar throughout the experiments.
Table 2-2. Modified manufacturer's criteria for the identification of microbial colonies on chromogenic agar.
a= uncharacteristic colours that were observed during experiments.
COLOUR ON
CHROMOGENIC AGAR
Burgundy, pale bright pinka,
mauvea

MICROBE

MACROMORPHOLOGY

Escherichia coli

Medium, wet, round edges

Proteus

Medium/large, wet, undulating
edges

Creama, beige, brown

Pseudomonas

Small, wet, irregular edges

Creama, light/dark brown, glossy,
metallic

Klebsiella/Enterobacter/ Serratia

Medium, wet, mucoid-like, round
edges

Light/dark green

Citrobacter

Medium, wet, irregular edges

Cream, translucent white

Enterococcus

Small, wet, round edges

Turquoise, teal, lilaca, whitea
violeta

Staphylococcus aureus

Small, wet, round edges

Pale/bright yellow

Group B Streptococcus

Small, tiny, wet round edges

Indigoa, lilaca, violet

Yeast

Small, medium, wet or dry, round
edges

Snow white

Corynebacterium

Small/tiny, dry, irregular edges

Whitea, creama, turquoisea

Whilst chromogenic agar was designed to identify common UTI pathogens, it became
increasingly clear that the media could also support the growth of some known fastidious
organisms, such as Corynebacterium, which generally presented as tiny-sized, dry colonies.
The criteria shown above were therefore modified to include this observation as well as other
uncharacteristic colours for other organisms that were observed during the experiments.
It was also clear that the growth of several organisms that were supported by chromogenic
agar appearance of colourless or cream coloured colonies. In such circumstances, a Gram
stain was initially performed to verify the morphology, which was followed-up with the
appropriate biochemical tests (section 2.3.3.) for presumptive Genus identification.
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2.3.2. Determination of micromorphology by Gram stain
A smear of the organism to be stained was prepared using an inoculum of a single colony
from a pure subculture and 20μl of sterile PBS. The smear was initially stained with crystal
violet stain (ProLab Diagnostics, UK) for 30 seconds. Following a rinse with distilled water,
the stained smear was immersed in iodine solution (ProLab Diagnostics, UK) for 30 seconds.
After a second rinse with distilled water, the slide was washed with 95% acetone for two
seconds and then rinsed thoroughly with distilled water. The slide was counter-stained with
dilute carbol fuchsin (ProLab Diagnostics, UK) for 30 seconds. Following a final wash with
distilled water, the stained slide was dried with absorbent blotting paper. The prepared slide
was analysed with a drop of immersion oil under a light microscope at x100 objective (oil
immersion lens) and x10 optical (magnification x1000).

2.3.3. Biochemical tests
Microbial identification using the provided colour criterion was supplemented with additional
biochemical tests, specifically indole, oxidase, catalase, coagulase and streptococcal grouping
(Remel, Basingstoke, UK).

2.3.3.1. Indole test
The spot indole test was used to identify E. coli and some species of Proteus by the presence
of the enzyme tryptophanase. This enzyme breaks down tryptophan to release indole, which
combines with the reagent molecule called p-dimethylaminocinnamaldehyde to form a blue
or blue-green coloured compound. A colony of the organism was inoculated onto blotting
paper containing the reagent and observed for 1-3 minutes. A positive colour change was
indicated by a blue to blue-green colour, whereas a negative result demonstrated by a
colourless or pink colour. The E. coli ATCC 25922 strain (Oxoid, Basingstoke, UK) was
used as a positive control.
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2.3.3.2. Oxidase test
The spot oxidase test was used to identify Pseudomonas by revealing the presence of
bacterial cytochrome oxidase. This enzyme oxidises tetramethyl-p-phenylenediamine
dihydrochloride to indophenol. A sterile cotton swab containing the reagent was inoculated
with a colony of the organism and observed for 1-3 minutes. A positive colour change was
indicated by a dark blue to purple colour and a negative result demonstrated by no change in
colourless appearance. The P. aeruginosa NCTC 12934 strain (Oxoid, Basingstoke, UK) was
used as a positive control.

2.3.3.3. Catalase test
The catalase test was used to discriminate between streptococci and staphylococci. Hydrogen
peroxide is a toxin produced during normal metabolism in aerobic and facultatively anaerobic
bacteria. Bacterial catalase reduces hydrogen peroxide into water and oxygen, as part of a
detoxification process. A colony of an organism was inoculated onto a clean glass slide. A
20µl volume of 3% hydrogen peroxide was added to the colony and observed for
effervescence. A sustained appearance of effervescence was reported as a positive result for
Staphylococcus. The S. aureus ATCC 29213 strain was used as a positive control.

2.3.3.4. Coagulase test
The Staphaurex latex agglutination kit (Oxoid, Basingstoke, UK) was used to identify
Staphylococcus aureus from other Staphylococcus species. S. aureus possess bound
coagulase (or cell-associated clumping factor), which reacts with fibrinogen to cause bacterial
aggregation, and protein A which has an affinity for the Fc moiety of immunoglobulin G
(IgG). The Staphaurex reagent contained polystyrene latex particles that were coated with
fibrinogen and IgG. Two to five colonies of an organism were added to a circular ring on a
reaction card containing two drops of the Staphaurex reagent. Figure 2-3 illustrates negative
(1) and positive (2) coagulase test reactions. A positive reaction for S. aureus was indicated
by the development of an agglutinated pattern showing clumping of latex particles almost
instantaneously. A negative reaction was demonstrated by the lack of agglutination and an
unchanged milky appearance. The S. aureus ATCC 29213 strain was used as a positive
control.
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Figure 2-3. Coagulase test results: (1) negative test result produced by Staphylococcus haemolyticus and (2)
positive test result produced by Staphylococcus aureus.

2.3.3.5. Streptococcal grouping
All streptococcal isolates were classified into Lancefield groups: A, B, C, D, F and G
according to the possession of specific carbohydrate antigens using a latex agglutination kit
(Oxoid, Basingstoke, UK). Once isolates were confirmed as Gram positive, catalase negative
bacteria, they were grown on CBA blood plates overnight at 37°C and indications of
haemolysis were recorded to aid group classification. Two to five colonies an organism were
emulsified in Streptococcus extraction enzyme that was provided within the kit and the
suspension was kept at 37°C for 10 minutes. After five minutes the suspension was shaken
vigorously for 2-3 seconds and then kept at 37°C for a further five minutes. The suspension
was then left to cool at room temperature. A drop of each latex reagent for each group was
added to the circular rings of the provided reaction card. A single drop of bacterial suspension
was added to each of the six rings and mixed evenly within the entire area of the ring using
the provided stick. Each circle was observed for 30 seconds for the appearance of
agglutination, which indicated a positive result for the corresponding group. A polyvalent
positive control was provided within the kit and used for quality control purposes.

2.3.4. Subculture of organisms
A sterile disposable 1µl loop was used to inoculate a single microbial colony onto a CBA
blood agar plate (Oxoid, Basingstoke, UK). In the case of yeast isolates, a single colony was
inoculated onto SABC Sabouraud agar plate (Oxoid, Basingstoke, UK). The subculture was
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grown for 24 hours at 37°C and then verified for sufficient and pure growth. Subcultures
were repeated for plates with confirmed or suspected contamination.

2.3.5. Storage of organisms
Several colonies of each cultivated organism were transferred from blood agar plates into 2ml
cryovial tubes consisting of 30% glycerol in BHI broth and porous microbeads (ProLab
Diagnostics, UK). The tubes were closed and inverted 4-5 times to emulsify the organisms
and stored at -80°C.

2.3.6. Summary of experimental workflow
The experimental stages of each presented study and the locations at which they were
performed are provided in Appendix 3. All personnel involved with each experiment are
provided in Appendix 4.
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3.1. Introduction
While substantial progress is being made in the development of novel diagnostic technologies
(section 1.4.10.3.), microbial culture of urine remains the current gold standard tool for
diagnosing UTI (281). While the clinical symptomatology and microbial epidemiology of
patients with a positive MSU culture result (usually defined by the criterion of >105cfu/ml of
one organism in the UK) has previously been characterised, little information is available on
the clinical characteristics and treatment decisions made for symptomatic patients with a
negative or mixed growth culture (241, 413). This situation presents a challenge to the
medical community, particularly when the initial symptomatic assessment suggests a
clinically suspected urinary infection. Some healthcare providers may employ empirical
antimicrobial treatment as the course of action for patients presenting with urinary tract
symptoms, but many may wait for diagnostic confirmation by the MSU culture, in order to
pursue a course to treatment that is more likely to successfully treat the UTI (414).
Diagnostic laboratories in the UK refer to urine cultures revealing the growth of more than
one organism as a mixed growth culture (80). The term mixed growth is employed to indicate
contamination of a urine specimen with organisms recognised to colonise the periurethral,
vaginal and perianal regions. In some processing laboratories, a mixed growth culture result
may be followed up with a repeat MSU culture, while in many others, the result is dismissed
from further investigation (80). Analysing the clinical and microbiological characteristics of
patients that produce a mixed growth culture may help identify any similarities or differences
to patients that are diagnosed with a UTI defined by a positive MSU culture. Obtaining this
clinical information, alongside a microbiological assessment may contribute to the
determination of whether the mixed growth culture result represents a comparatively different
clinical grade of infection with distinct pathophysiological traits.
This study presents a clinical characterisation of patients presenting with LUTS that received
one of three possible MSU culture test outcomes: no significant growth, mixed growth and
significant growth defined by >105cfu/ml of one organism, based on a symptomatic
assessment and the results of nationally recommended tests; urinary dipstick and microscopic
examination.
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3.2. Aims
This study had two aims:
(i) To characterise symptomatic patients attending a community LUTS clinic with a
clinically suspected UTI using symptoms and urinalysis results, based on the outcome of
the MSU culture.
(ii) To determine if patients with a mixed growth culture outcome exhibit a similar clinical
profile to that of positive culture patients.

3.3. Study groups
The following three patient groups will be analysed throughout this study:
(i) Patients with a no significant growth MSU culture outcome (n = 186). This outcome will
be referred to as a negative culture.
(ii) Patients with a mixed growth MSU culture outcome (n = 184).
(iii) Patients with a culture that demonstrated >105cfu/ml of one organism (n = 186). This
outcome will be referred to as a positive culture.

3.4. Hypothesis
The study had one hypothesis:
(i) Patients with a mixed growth culture result would exhibit a similar clinical (symptomatic
and urinalysis) profile to that of patients with a positive urine culture (defined by
monomicrobial growth of >105cfu/ml).

3.5. Materials and methods
3.5.1. Experimental procedures
Patients were instructed by the attending research assistant (see Appendix 4) on how to
provide a clean-catch MSU specimen (section 2.1.3.). Once collected, each specimen was
immediately tested with the urinary dipstick for leukocyte esterase and nitrite (section 2.1.5.),
and analysed for urinary white cells and epithelial cells by light microscopy (section 2.1.6.).
During the consultation conducted by the clinician (see Appendix 4), all recruited patients
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were assessed on their experience of SUI symptoms, voiding symptoms, pain symptoms and
storage symptoms in the form of the validated symptomatic questionnaire that was answered
in a binary ‘yes/no’ format (Appendix 2). The clinician was blinded from the dipstick and
microscopy results, until each patient had completed the symptomatic assessment. The
remaining volume of each MSU specimen was submitted to the Whittington Hospital
Microbiology Department for an MSU culture. Each culture was interpreted using the
hospital laboratory’s culture criteria (section 2.2.2.) and the results were available on the
hospital intranet within 24-72 hours of processing the specimen.

3.5.2. Statistical analysis
All descriptive and inferential statistics were generated using SPSS version 24.0 software
(IBM, New York, USA). Data that were not normally distributed were statistically analysed
using the Kruskal-Wallis test, if homogeneity of variance was observed with all compared
groups. Mood’s median test was used if the homogeneity of variance assumption had been
violated. All frequency data were compared using the Chi-squared test. A multinomial
logistic regression model was generated to determine if particular symptomatic categories,
microscopic test results and demographic characteristics were statistically significant
predictors of the MSU culture outcome. This model included five categorical predictors,
specifically gender, storage symptoms, voiding symptoms, pain symptoms and SUI
symptoms, and five numerical predictors, which were age, number of frequency and
incontinence episodes, microscopic white cell and epithelial cell counts. LUTS patients that
were reported to have a “no significant growth” MSU culture were applied as the reference
category for this model to predict the outcome of a positive culture over a negative culture
and a mixed growth culture over a negative culture. This multinomial model was
subsequently followed up with a binary logistic regression model using identical independent
variables to predict a positive culture outcome over a mixed growth culture. Logarithmic
transformation was applied to all recorded microscopic cell counts in order to accommodate
for the exponentially distributed counts acquired for both these cell types.
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3.6. Results
3.6.1. Summary
Between 2004 and 2011, 556 LUTS patients (113 males and 443 females; mean age = 58.3
years; SD = 17.1) underwent their first LUTS investigation, which incorporated an
assessment using a symptomatic questionnaire, urine testing by dipstick, microscopy and
culture. The symptomatic patient population was largely female, making up 79.7% of the
entire cohort. Table 3-1 provides key clinical characteristics of the patients studied.
A LUTS investigation was conducted on 186 (33.5%) patients with a “no significant growth”
culture, 184 (33.1%) patients with a “mixed growth culture of n types of organisms” and 186
(33.5%) patients who grew “˃105cfu/ml” of a single organism”.
The median number of voiding episodes among LUTS patients was 10.0 episodes (95%
confidence interval (CI); 9.0 to 10.0) and the median number of incontinence episodes was
0.5 episodes (95% CI; 0.5 to 0.5).
Table 3-1. The clinical characteristics of the LUTS patient cohort.
Abbreviations: CI = confidence interval, SD = standard deviation, SUI = stress urinary incontinence.

CLINICAL CHARACTERISTIC

LUTS PATIENTS (n = 556)

Female participants
Male participants
Mean age in years (SD)
Frequency in 24 hours
Incontinence in 24 hours
Frequency of symptoms
Storage (%)
Pain (%)
Voiding (%)
SUI (%)

Mean
11.1
1.1

443 (79.7)
113 (20.3)
58.3 (17.1)
Median
10.0
0.5

SD
5.4
1.6

95% CI of median
9.0-10.0
0.5-0.5

443 (79.7)
221 (39.7)
126 (22.7)
111 (20.0)

3.6.2. Urinary frequency and incontinence
Table 3-2 presents the average and median number of urinary frequency and incontinence
episodes within 24 hours when the LUTS patients were categorised by their MSU culture
results. The Kruskal-Wallis test revealed no significant difference in the total number of
frequency episodes (χ2 = 0.6, df = 2, P = 0.753) and no significant difference in the total
number of incontinence episodes (χ2 = 2.5, df = 2, P = 0.294) between the three culture
groups.
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Table 3-2. Summary of clinical characteristics for LUTS patients discriminated by MSU culture outcome.
Abbreviations: CI = confidence interval, SD = standard deviation, SUI = stress urinary incontinence.
CLINICAL CHARACTERISTIC
Female participants (% within group)
Male participants (% within group)
Frequency in 24 hours
Incontinence in 24 hours
Range of frequency episodes
Range of incontinence episodes
Frequency of symptoms
Storage (%)
Pain (%)
Voiding (%)
SUI (%)

NO SIGNIFICANT GROWTH
(n = 186)
93 (50)
93 (50)
Mean SD
Median (95% CI)
10.9
4.9
10.0 (9.0-11.0)
1.0
1.5
0.5 (0.004-0.5)
2.5-26.0
0.0-8.5

MIXED GROWTH
(n = 184)
175 (95.1)
9 (4.9)
Mean SD
Median (95% CI)
11.4
5.5
10.0 (9.0-11.0)
1.1
1.4
0.5 (0.5-0.5)
1.5-26.0
0.0-6.0

POSITIVE CULTURE
(n = 186)
175 (94.1)
11 (5.9)
Mean SD Median (95% CI)
11.2
5.9 9.5 (9.0-10.0)
1.3
1.8 0.5 (0.210-0.5)
2.5-26.0
0.0-7.5

149 (80.1)
39 (21.0)
48 (25.8)
18 (9.7)

143 (77.7)
90 (48.9)
35 (19.0)
52 (28.3)

152 (81.7)
93 (50.0)
43 (23.1)
41 (22.0)
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3.6.3. Symptomatic spectrum
The symptoms described by LUTS patients were categorised into four groups, specifically
storage, pain, SUI and voiding symptoms, which are illustrated in Figure 3-1. Categorisation
revealed 443 (79.7%) LUTS patients to report storage symptoms, 221 (39.7%) described pain
symptoms, 126 (22.7%) described voiding symptoms and 111 (20.0%) described SUI
symptoms. Whilst 295 (53.1%) of patients reported symptoms exclusively from a single
category, 261 (46.9%) reported a mixed symptomatic complex, with 13 (2.3%) experiencing
symptoms from all four categories. The storage symptomatic subgroup referred to a range of
urgency and incontinence symptoms (illustrated in Figure 3-1), and was the most frequently
reported category both exclusively (37.2%) and in combination with other symptoms (42.4%)
within this patient cohort.
Figure 3-2 illustrates and compares the percentage frequency of the assessed symptoms
groups for LUTS patients when they were categorised by their MSU culture results. The Chisquared test revealed statistically significant differences in observed frequencies of LUTS
patients with SUI symptoms (χ2 = 20.7, df = 2, P < 0.001) and pain symptoms (χ2 = 41.3, df =
2, P < 0.001), when all patient cases were categorised by their urine culture result. The results
of the subsequent post-hoc analysis using Bonferroni’s correction are presented in Table 3-3.
This analysis revealed a significantly higher frequency of stress symptoms in the mixed
growth group (χ2 = 11.8, df = 1, P < 0.008) and a significantly lower frequency was observed in
the negative culture group (χ2 = 18.5, df = 1, P < 0.008). A significantly higher frequency of
pain symptoms was also noted for both mixed growth (χ2 = 8.5, df = 1, P < 0.008) and positive
growth culture groups (χ2 = 12.3, df = 1, P < 0.008). No significant difference was identified in
the number of cases with voiding symptoms (χ2 = 2.5, df = 2, P = 0.292) and urge symptoms
(χ2 = 0.718, df = 2, P = 0.698) when patients were categorised by urine culture results.
Hence, SUI symptoms and pain symptoms were able to discriminate between the different
MSU culture groups, with the mixed growth group associated with a high frequency of SUI
symptoms and pain symptoms being equally high and frequent in patients with mixed and
positive cultures.
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≥1 PAIN SYMPTOM(S)
Suprapubic pain
Filling bladder pain
Voiding bladder pain
Post-void bladder pain
Pain fully relieved by voiding
Pain partially relieved by voiding
Pain unrelieved by voiding
Loin pain
Iliac fossa pain
Pain radiation to genital regions
Pain radiation to legs
Dysuria
Urethral pain

≥1 SUI SYMPTOM(S)
Cough/sneeze incontinence
Exercise incontinence
Laughing incontinence
Passive incontinence
Positional incontinence
Standing incontinence

1.8

9.5

0.7

4.5

2.2

15.1

0.2

37.2

6.3

2.3
1.4

5.2
2.7

1.3

9.5

≥1 STORAGE SYMPTOM(S)
Urgency
Urgency incontinence
Latchkey urgency
Latchkey incontinence
Waking urgency
Waking incontinence
Running water urgency
Running water incontinence
Cold urgency
Anxiety urgency
Premenstrual aggravation

≥1 VOIDING SYMPTOM(S)
Hesitancy
Reduced stream
Intermittent stream
Straining to void
Terminal dribbling
Post-void dribbling
Double voiding

Figure 3-1. Four-member Venn diagram illustrating the percentage frequencies and distribution of stress urinary
incontinence (SUI) symptoms, pain symptoms, voiding symptoms, and storage symptoms reported by LUTS
patients (n = 556).
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≥1 PAIN SYMPTOM(S)
Suprapubic pain
Filling bladder pain
Voiding bladder pain
Post-void bladder pain
Pain fully relieved by voiding
Pain partially relieved by voiding
Pain unrelieved by voiding
Loin pain
Iliac fossa pain
Pain radiation to genital regions
Pain radiation to legs
Dysuria
Urethral pain

≥1 SUI SYMPTOM(S
Cough/sneeze incontinence
Exercise incontinence
Laughing incontinence
Passive incontinence
Positional incontinence
Standing incontinence

1.6
2.7
1.1

7.0
11.4
10.2
2.2
2.7
1.6

0.0
0.5
1.6

5.4
15.2
24.7

0.0
0.0
0.5

8.1
2.7
2.7

1.1
2.2
1.1

2.7
12.0
4.3
0.0
3.3
3.8
2.7
1.6
3.8

1.1
1.6
1.1

53.2
31.5
26.9

2.2
5.4
8.1

12.9
7.1
8.6
≥1 STORAGE SYMPTOM(S)
Urgency
Urgency incontinence
Latchkey urgency
Latchkey incontinence
Waking urgency
Waking incontinence
Running water urgency
Running water incontinence
Cold urgency
Anxiety urgency
Premenstrual aggravation

≥1 VOIDING SYMPTOM(S)
Hesitancy
Reduced stream
Intermittent stream
Straining to void
Terminal dribbling
Post-void dribbling
Double voiding

Figure 3-2. Four member Venn diagram illustrating the percentage frequencies and distribution of storage symptoms,
pain symptoms, voiding symptoms and stress urinary incontinence (SUI) symptoms described by LUTS patients when
grouped by MSU culture outcomes: “no significant growth”(n = 186), “mixed growth of n types of organisms” (n =
184) and “>105cfu/ml of one organism” (n = 186).

87

Chapter 3

A Clinical Assessment of Patients with Lower Urinary Tract Symptoms

Table 3-3. Chi-squared (χ2) post-hoc analysis using Bonferonni’s correction to identify the significant differences in observed frequencies between the three
patient midstream urine (MSU) culture groups.
Degrees of freedom = 1 and applied Bonferonni-corrected p -value = 0.00833. Bold font indicates a statistically significant difference between observed and
expected frequencies. P-values are shown to 5 decimal places (5dp) for accuracy.

SYMPTOM
STRESS URINARY INCONTINENCE
Observed count: expected count
(χ2, P-value)
PAIN
Observed count: expected count
(χ2, P-value)

NO SIGNIFICANT GROWTH
(n = 186)

MIXED GROWTH
(n = 184)

POSITIVE CULTURE
(n = 186)

18:37.1
(18.5, 0.00002)

52:36.7
(11.8, 0.00058)

41:37.1
(0.76, 0.38430)

39:73.9
(41.2, 0.00000)

90:73.1
(8.5, 0.00350)

93:73.9
(12.3, 0.00047)
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3.6.4. Urinary dipstick analysis
Table 3-4 presents the number of LUTS patients that tested positive for leukocyte esterase
(defined by a trace result or higher) and negative on the urinary dipstick, when patients were
grouped by MSU culture results. Leukocyte esterase was detected in a total of 221 (39.7%)
patients. Among 186 patients with a UTI-diagnosing positive culture, 89 (47.8%) tested
positive for urinary dipstick leukocyte esterase. The Chi-squared test revealed a significant
difference in the observed frequencies in the number of patients with a positive test result
between the three groups (χ2 = 22.9, df = 2, P < 0.05), with post-hoc analysis using
Bonferroni’s correction identifying a significantly low frequency in the negative MSU culture
group (χ2 = 22.7, df = 1, P < 0.08). The observed frequencies for the mixed growth (84
(45.7%)) and positive (89 (47.8%)) MSU culture groups were statistically similar, indicating
that microscopic leukocyte detection could discriminate between the negative culture
subgroup and the other two groups, but was unable discriminate between the mixed and
positive culture subgroups.
Table 3-4. Frequency table of urinary dipstick leukocyte esterase test results for LUTS patients when
discriminated by MSU culture result.
LEUKOCYTE ESTERASE TEST
RESULT
Tested positive
Tested negative
Total

MSU CULTURE RESULT OF LUTS PATIENTS
No significant growth
48
138
186

Mixed growth
84
100
184

Positive culture
89
97
186

Table 3-5 presents the frequency of LUTS patients that tested positive and negative for nitrite
with the urinary dipstick. Nitrite was detected in a total of 42 (7.6%) patients. Within the
positive culture group of patients, 30 (16.1%) tested positive for urinary nitrite. The Chisquared test confirmed a significant difference in the number of positive nitrite tests between
the three culture groups (χ2 = 33.4, df = 2, P < 0.05). Post-hoc analysis using Bonferroni’s
correction confirmed a statistically significant difference between all three groups in the
number of positive nitrite tests.
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Table 3-5. Frequency table of urinary dipstick nitrite test results for LUTS patients when discriminated by MSU
culture result.
NITRITE TEST RESULT
Positive result
Negative result
Total

MSU CULTURE RESULT OF LUTS PATIENTS
No significant growth
1
185
186

Mixed growth
11
173
184

Positive culture
30
156
186

3.6.5. Urinary microscopic analysis
Table 3-6 provides the descriptive statistics of urinary microscopic white cell and epithelial
cell counts (per one microlitre) for LUTS patients, which were categorised by MSU culture.
The microscopic counts were log-transformed to accommodate for the extensive range. A
leukocyte count of zero cells per microlitre (0wbc/µl) was recorded for 232 (47.1%) patients,
when 10µl of each urine specimen was loaded. An increase in the median log white cell count
was seen across the groups, from patients with a negative culture to patients with a mixed
growth culture and then to patients with a positive MSU culture. Mood’s median test
confirmed a statistically significant difference in median leukocyte counts between the three
groups (χ2 = 9.4, df = 2, P < 0.05). Post-hoc analysis using Bonferroni’s correction identified
a significant difference between no significant growth and mixed growth groups (χ2 = 6.9, df
= 1, P < 0.05) and no significant growth and positive culture groups (χ2 = 7.5, df = 1, P <
0.05). No significant difference was identified between mixed growth and positive culture
groups (χ2 = 0.01, df = 1, P = 0.915).
Mood’s median test showed a statistically significant difference in the median log epithelial
cell counts between the three MSU culture groups (χ2 = 9.4, df = 2, P < 0.05). An epithelial
cell count of zero cells per microlitre (0epc/µl) was recorded for 469 (84.3%) patients
Subsequent post-hoc analysis revealed significant differences between negative culture and
mixed growth culture groups (χ2 = 17.8, df = 1, P < 0.05) and negative culture and positive
culture groups (χ2 = 28.1, df = 1, P < 0.05). No significance difference in epithelial cell
counts was observed between mixed growth and positive culture groups (χ2 = 1.5, df = 1, P =
0.23).
In summary, low log microscopic urinary cell counts (per µl), performed on 10ul volumes of
unspun urine were significantly associated with a negative MSU culture result compared with
other culture outcomes. Differences in log cell counts were not observed between mixed
growth and positive MSU culture groups.
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Table 3-6. Descriptive statistics of log-transformed microscopic urinary leukocyte and epithelial cell counts for
LUTS patients categorised by MSU culture results.
Abbreviations: CI = confidence interval, epc/µl = epithelial cell count per microlitre, SD = standard deviation,
wbc/µl = white blood cell per microlitre.
URINARY CELL
Number of patients
LEUKOCYTES (log wbc/µl)
Mean log cell count, SD (95% CI)
Median log cell count (95% CI)
Frequencies (% of culture group)
zero wbc/µl
1-9 wbc/µl
≥10 wbc/µl
EPITHELIAL CELLS (log epc/µl)
Mean log cell count, SD (95% CI)
Median log cell count (95% CI)
Frequencies (% of culture group)
zero epc/µl
1-9 epc/µl
≥10 epc/µl

MSU CULTURE RESULT OF LUTS PATIENTS
No significant growth
(n = 186)

Mixed growth
(n = 184)

Positive culture
(n = 186)

1.0, 0.4 (0.7-1.2)
0.0 (0.0-0.0)

2.1, 1.2 (1.8-2.4)
1.8 (1.4-2.6)

3.1, 1.2 (2.8-3.5)
3.4 (2.9-3.7)

121 (65.1)
12 (6.5)
53 (28.5)

64 (34.8)
10 (5.4)
110 (59.8)

47 (25.3)
9 (4.8)
130 (69.9)

0.1, 0.4 (0.0-0.2)
0.0 (0.0-0.0)

0.5, 1.2 (0.3-0.7)
0.0 (0.0-0.0)

0.6, 1.2 (0.4-0.7)
0.0 (0.0-0.0)

178
0
8

149
4
31

142
8
36

3.6.6. Multinomial logistic regression analysis
A multinomial logistic regression analysis was performed to model the relationship between
the 10 potential predictor variables (gender, storage symptoms, voiding symptoms, pain
symptoms, SUI symptoms, age, number of frequency episodes, number of incontinence
episodes, microscopic white cell counts and epithelial cell counts) with the MSU culture
outcome as the dependent variable. The addition of predictors to the null model containing
only the intercept significantly improved the model fit (χ2 = 247.3, df = 20, P < 0.001),
(Nagelkerke Pseudo R-square = 0.404). As shown in Table 3-7, statistically significant
contributions were made by gender, the presence of pain symptoms, log epc/µl and log
wbc/µl.
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Table 3-7. The unique contributions of each independent variable (predictor) in the multinomial logistic
regression model (n = 556).
Abbreviations: epc/µl = epithelial cell count per microlitre, wbc/µl = white blood cell count per microlitre. Chisquare is equal to the amount by which -2log likelihood increases when the predictor is removed from the
model. *P-value < 0.05 and ** p-value < 0.001. P-values are provided to 3dp for accuracy.

PREDICTOR

CHI-SQUARE

Age
Gender
Frequency episodes
Incontinence episodes
Stress urinary incontinence
Voiding
Pain
Storage
Log epc/µl
Log wbc/µl

DEGREES OF FREEDOM

0.7
75.1
3.3
4.8
4.4
1.5
19.9
3.1
7.3
40.0

2
2
2
2
2
2
2
2
2
2

P-VALUE
0.695
< 0.001**
0.191
0.091
0.110
0.464
< 0.001**
0.214
0.026*
< 0.001**

LUTS patients with a negative culture were used as the reference group in the multinomial
regression model. According to the parameter estimates presented in Table 3-8, gender,
incontinence episodes, stress, pain, log epc/µl and log wbc/µl were statistically significant
contributors for predicting the outcome of a mixed growth culture over a no significant
growth culture result. In this case, incontinence episodes made a significantly negative
contribution in predicting a mixed growth result. Table 3-8 also indicates that gender, pain,
log epc/µl and log wbc/µl were statistically significant in predicting a positive culture instead
of a no significant growth culture.
When other predictors were held constant, a female patient was 14.2 times more likely to
produce a mixed growth MSU culture instead of a negative culture compared to a male
patient. Similarly, a female patient growing a positive culture instead of a negative culture
was 10.5 times more likely than a male patient. While urinary frequency did not significantly
contribute to the predicted odds of a mixed or positive culture, an increase in incontinence by
one episode decreased the odds of a mixed growth culture over a negative culture by 18.4%.
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Table 3-8. Independent variables and parameter estimates to independently predict the likelihood of a mixed growth culture and positive culture over a no significant growth
culture (n = 556).
Abbreviations: B = logistic regression coefficient, CI = confidence interval, epc/µl = epithelial cell per microlitre, OR = odds ratio, SUI = stress urinary incontinence,
DEPENDENT VARIABLE

PREDICTOR

Mixed growth

Age
Gender (0 = female, 1= male)
Frequency episodes
Incontinence episodes
SUI symptoms (0 = present, 1 = absent)
Voiding symptoms (0 = present, 1= absent)
Pain symptoms (0 = present, 1 = absent)
Storage symptoms (0 = present, 1= absent)
Log epc/µl
Log wbc/µl

Age
Gender (0 = female, 1= male)
Frequency episodes
Incontinence episodes
SUI symptoms (0 = present, 1= absent)
Voiding symptoms (0 = present, 1= absent)
Pain symptoms (0 = present, 1 = absent)
Storage symptoms (0 = present, 1= absent)
Log epc/µl
Log wbc/µl
Reference category: No significant growth
wbc/µl = white blood cell per microlitre. * P-value < 0.05, **p-value < 0.001.
Positive culture

B

OR

P-VALUE

0.006
2.654
0.047
-0.203
0.708
0.151
1.188
0.437
0.483
0.190

1.006
14.209
1.048
0.816
2.031
1.164
3.281
1.547
1.621
1.209

0.458
< 0.001**
0.084
0.032*
0.045*
0.692
< 0.001**
0.228
0.017*
0.004*

Lower bound
0.991
6.368
0.996
0.678
1.015
0.550
1.786
0.761
1.090
1.061

Upper bound
1.021
31.708
1.103
0.982
4.060
2.460
6.030
3.147
2.409
1.377

0.006
2.355
0.027
-0.115
0.381
0.436
1.290
0.659
0.441
0.375

1.006
10.535
1.027
0.891
1.464
1.546
3.633
1.933
1.554
1.455

0.423
< 0.001**
0.317
0.213
0.303
0.253
< 0.001**
0.080
0.030*
< 0.001**

0.991
4.850
0.975
0.744
0.709
0.733
1.959
0.924
1.044
1.280

1.022
22.884
1.082
1.068
3.025
3.261
6.737
4.040
2.312
1.653
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Scrutiny of the symptomatic predictors indicated that a patient describing SUI symptoms was
2.0 times more likely to produce a mixed growth culture than a negative culture compared to
a patient with no SUI symptoms (P < 0.05, 95% CI for odds ratio (OR) = 1.0 to 4.1).
However, SUI symptoms did not significantly contribute to the prediction of a positive
culture over a negative result (P = 0.303, 95% CI for OR = 0.709 to 3.025). Furthermore,
voiding and storage symptoms did not significantly contribute to the prediction of obtaining a
mixed growth or a positive culture instead of a negative culture. A patient that presented with
pain symptoms was 3.3 times more likely to have a mixed growth culture (P < 0.001, 95% CI
for OR = 1.786 to 6.030) and 3.6 times more likely to have a positive culture instead of a
negative culture (P < 0.001, 95% CI for OR = 1.959 to 6.737).
The effect of both microscopic cell type predictors was comparatively similar. An increase in
microscopic epithelial cells made it 1.6 times more likely to obtain a mixed growth culture (P
< 0.05, 95% CI for OR = 0.090 to 2.409) and 1.6 times more likely to have a positive culture
over a negative culture (P < 0.05, 95% CI for OR = 1.044 to 2.312). An increase in
microscopic white cells made it 1.2 times more likely to produce a mixed growth culture (P <
0.05, 95% CI for OR = 1.061 to 1.377) and 1.5 times more likely to produce a positive
culture over a negative culture (P < 0.001, 95% CI for OR = 1.280 to 1.653).
Use of this multinomial logistic regression model to predict the MSU culture outcome would
result in 57.2% of LUTS patients being correctly predicted. More specifically, 70.4% of
patients with a negative culture, 57.0% of patients with a positive culture and 44.0% of mixed
growth cultures were correctly predicted using this model.

3.6.7. Binary logistic regression analysis
Since the multinomial regression analysis predicted the likelihood of a positive culture and
mixed growth culture over a negative culture independently, the analysis was followed up
with the formulation of a binary logistic regression model to predict the likelihood of a
positive culture over a mixed growth culture using the same 10 predictor variables. A test of
the full model against the null model consisting of only the constant was statistically
significant (χ2 = 22.833, df = 10, P = 0.013). A Nagelkerke R square of 0.076 suggested a
very weak relationship between prediction and the observed culture groupings. The overall
prediction success of the model was 62.2% (63% of mixed growth cultures and 61.3% of
positive cultures were correctly predicted).
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As shown in table 3-9, the Wald statistic demonstrated that log wbc/µl was the only variable
to make a significant contribution to the regression model used to predict a positive culture
(Wald = 13.402, df = 1, P < 0.001). The odds ratio indicates that when log wbc/µl increases
by one log, the outcome of a positive MSU culture was 1.2 times more likely.
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Table 3-9. Parameter estimates and independent variables used to predict the outcome of a positive culture over a mixed growth culture (n = 370).
Abbreviations: B = logistic regression coefficient, CI = confidence interval, epc/µl = epithelial cell per microlitre, OR = odds ratio, SUI = stress urinary incontinence,
wbc/µl = white blood cell per microlitre. * P-value < 0.05, **p-value < 0.001.
PREDICTOR
Age
Gender (0 = Female, 1 = Male)
Frequency episodes
Incontinence episodes
SUI symptoms (0 = Present, 1 = Absent)
Voiding symptoms (0 = Present, 1 = Absent)
Pain symptoms (0 = Present, 1 = Absent)
Storage symptoms (0 = Present, 1 = Absent)
Log epc/µl
Log wbc/µl
Reference category: mixed growth

B

WALD

0.000
0.193
-0.021
0.081
0.333
-0.267
-0.098
-0.265
-0.041
0.183

0.0
0.2
1.0
1.1
1.4
0.7
0.2
0.8
0.1
13.4

DEGREES OF FREEDOM
1
1
1
1
1
1
1
1
1
1
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P-VALUE

OR

1.000
0.695
0.321
0.303
0.233
0.394
0.682
0.361
0.710
< 0.001**

1.000
1.213
0.980
1.084
1.395
0.765
0.906
0.767
0.960
1.200

95% CI FOR OR
Lower bound
0.987
0.461
0.941
0.930
0.807
0.414
0.566
0.434
0.772
1.089

Upper bound
1.013
3.192
1.020
1.264
2.411
1.416
1.452
1.355
1.192
1.324
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3.6.8. Scrutiny of individual symptoms
Table 3-10 presents a statistical comparison of the frequencies for the complete dataset of 28
symptoms described by each patient culture group. Statistically significant differences were
not observed for 15 symptoms, which included four storage symptoms (non-specific urinary
urgency, running water urgency, latchkey urgency and waking-up urgency) and all assessed
voiding symptoms. This suggests that all three culture groups exhibited similar voiding
symptom profiles.
Statistically significant differences in frequency were confirmed for 13 symptoms. This
included cold weather urgency (χ2 = 11.3, df = 2, P < 0.05), urgency that was aggravated by
anxiety (χ2 = 8.3, df = 2, P < 0.05), filling bladder pain (χ2 = 13.7, df = 2, P < 0.05), pain that
was partially relieved by voiding (χ2 = 8.3, df = 2, P < 0.05) and loin pain (χ2 = 16.4, df = 2, P
< 0.05). In each of these cases, Bonferroni’s correction attributed the significant differences
to the negative culture group (see Appendix 5), which suggests that the mixed growth and
positive culture patient groups presented similar profiles for these symptoms. Patients with a
negative culture presented the lowest frequencies for all assessed symptoms of pain (Table 310). Significant differences in the frequency of patients with dysuria were noted for all three
culture groups, which were verified with Bonferroni’s correction (Appendix 5).
Significant differences were noted for all SUI symptoms, with the mixed growth patient
group presenting the highest frequencies for each assessed symptom. For symptoms of
cough/sneeze incontinence (χ2 = 16.9, df = 2, P < 0.05), exercise incontinence (χ2 = 13.3, df =
2, P < 0.05) and laughing incontinence (χ2 = 14.8, df = 2, P < 0.05). Post-hoc analysis
revealed that these differences are more specifically located to the negative culture and mixed
growth culture patients (Appendix 5), implying that all three culture groups had distinct
frequencies for these incontinence symptoms. Additionally, significant differences for
standing incontinence (χ2 = 12.2, df = 2, P < 0.05) and passive incontinence (χ2 = 7.8, df = 2,
P < 0.05) were attributed exclusively to the mixed growth culture result.
Although differences in frequencies were noted for positional incontinence (χ2 = 7.0, df = 2,
P < 0.05) and pain radiating to the legs (χ2 = 6.2, df = 2, P < 0.05), Bonferroni’s correction
could not identify the groups associated with this significance, thereby suggesting marginal
statistical differences between all three patient culture groups.
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Table 3-10. Frequencies of individual symptoms experienced by all recruited patients (n = 556), when categorised by their midstream urine culture result.
Bold font indicates significant differences in frequencies across culture groups.
SYMPTOM
No significant growth
(n = 186)
STORAGE
Urgency
Cold weather urgency
Running water urgency
Latchkey urgency
Waking up urgency
Anxiety urgency
STRESS URINARY INCONTINENCE
Cough-sneeze incontinence
Exercise incontinence
Laughing incontinence
Standing incontinence
Positional incontinence
Passive incontinence
VOIDING
Hesitancy
Reduced stream
Intermittent stream
Straining to void
Terminal dribbling
Post-void
Double-voiding
PAIN
Filling bladder pain
Pain fully relieved by voiding
Pain partially relieved by voiding
Loin pain
Dysuria
Genital pain
Iliac fossa pain
Leg pain
Post-void bladder pain

FREQUENCY (%)
Mixed growth
(n = 184)

CHI-SQUARED

P-VALUE

Positive culture
(n = 186)

145 (78.0)
89 (47.8)
62 (33.3)
90 (48.4)
117 (62.9)
10 (5.4)

134 (72.8)
60 (32.6)
63 (34.2)
81 (44.0)
105 (57.1)
23 (12.5)

138 (74.2)
63 (33.9)
59 (31.7)
89 (47.8)
107 (57.5)
26 (14.0)

1.4
11.3
0.3
0.8
1.6
8.3

0.498
< 0.05
0.873
0.657
0.445
< 0.05

18 (9.7)
8 (4.3)
6 (3.2)
5 (2.7)
4 (2.2)
7 (3.8)

48 (26.1)
29 (15.8)
27 (14.7)
21 (11.4)
15 (8.2)
19 (10.3)

38 (20.4)
20 (10.8)
17 (9.1)
10 (5.4)
9 (4.8)
9 (4.8)

16.9
13.3
14.8
12.2
7.0
7.8

< 0.001
< 0.05
< 0.05
< 0.05
< 0.05
< 0.05

29 (15.6)
35 (18.8)
25 (13.4)
13 (7.0)
18 (9.7)
11 (5.9)
18 (9.7)

23 (12.5)
24 (13.0)
21 (11.4)
9 (4.9)
18 (9.8)
10 (5.4)
17 (9.2)

29 (15.6)
35 (18.8)
26 (14.0)
10 (5.4)
24 (12.9)
9 (4.8)
14 (7.5)

0.9
2.1
0.6
0.8
1.3
0.2
0.6

0.623
0.232
0.741
0.662
0.523
0.900
0.742

16 (8.6)
9 (4.8)
7 (3.8)
8 (4.3)
10 (5.4)
4 (2.2)
4 (2.2)
2 (1.1)
3 (1.6)

36 (19.6)
16 (8.7)
17 (9.2)
30 (16.3)
14 (7.6)
7 (3.8)
8 (4.3)
8 (4.4)
5 (2.7)

41 (22.0)
13 (7.0)
22 (11.8)
30 (16.1)
38 (20.4)
10 (5.4)
5 (2.7)
11 (5.9)
10 (5.4)

13.7
2.2
8.3
16.4
24.8
2.7
1.6
6.2
4.4

< 0.05
0.338
< 0.05
< 0.001
< 0.001
0.264
0.441
< 0.05
0.109
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3.6.9. Microbial epidemiology of positive cultures
Figure 3-3 illustrates the organisms that were identified on all 186 MSU cultures that grew
105cfu/ml of one organism (see Appendix 6 for frequencies of organisms identified on
positive cultures). The different colony types were identified by clinical scientists at the
Whittington Hospital Microbiology Department, using the chromogenic agar colour criterion
(section 2.3.1.) and biochemical tests (section 2.3.3.). The advantage of chromogenic agar is
that the different colonies were easily distinguishable by colour and macromorphology.
Within this studied cohort of patients, E. coli was identified in 102 (54.8%) positive urine
cultures and was the most predominantly isolated organism. Other frequently isolated
organisms included members of the coliform group (which were reported by the diagnostic
laboratory as ‘KES’) specifically Klebsiella, Enterobacter and Serratia, which were isolated
from 28 (15.1%) positive cultures and Enterococcus, which was found in 23 (12.4%) positive
cultures. Sixteen positive cultures (8.6%) grew Streptococcus, of which, eight were identified
as beta-haemolytic streptococcus group B (BHSB). Proteus was identified in eight (4.3%)
positive cultures.
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Figure 3-3. Frequency (raw culture count) of each organism identified on positive midstream urine cultures
(defined by >105cfu/ml of one organism).
Abbreviations: KES = Klebsiella/Enterobacter/Serratia.
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3.6.10. Symptoms associated with positive culture organisms
The presence of SUI symptoms, voiding symptoms, pain symptoms and storage symptoms
were matched according to the monomicrobial growth of predominant bacteria (>105cfu/ml)
identified on positive MSU cultures of 186 patients.
As shown in Table 3-11, the Fisher’s exact test revealed a statistically high frequency of E.
coli in patients that produced a MSU culture that was positive for E. coli (χ2 = 10.9, df = 1, P
< 0.05). It was also noted that MSU cultures containing monomicrobial growth of
Enterococcus were significantly more frequently produced by patients without storage
symptoms (χ2 = 4.8, df = 1, P < 0.05) at 105cfu/ml.
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Table 3-11. Frequency of symptoms associated with the predominant organism cultivated on (positive) midstream urine culture.
Abbreviations: BHSB = beta-haemolytic streptococci group B. The coliform group includes Klebsiella, Enterobacter and Serratia species. a = Fisher’s exact test

ORGANISM
BHSB (%)
Coliform (%)
Enterocccus (%)
E.coli (%)

Present
3 (7.3)
7 (17.1)
3 (7.3)
22 (53.7)

SUI
(n = 41)
Absent
38 (92.7)
34 (82.9)
20 (92.7)
19 (46.3)

P-value a
0.281
0.662
0.266
0.863

VOIDING
(n = 43)
Present
Absent
1 (2.3)
42 (97.7)
9 (20.9)
34 (79.1)
3 (7.0)
40 (93.0)
24 (55.8)
78 (44.1)

P-value a
0.466
0.219
0.221
0.883
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Present
6 (6.5)
13 (14.1)
15 (16.3)
45 (48.9)

PAIN
(n = 92)
Absent
86 (93.5)
79 (85.9)
7 (83.7)
47 (51.1)

P-value a
0.140
0.728
0.106
0.108

Present
5 (3.3)
21 (13.8)
15 (9.9)
92 (60.5)

STORAGE
(n = 152)
Absent
P-value a
147 (96.7)
0.150
131 (86.2)
0.318
137 (90.1)
< 0.05
60 (39.5)
< 0.05

Chapter 3

A Clinical Assessment of Patients with Lower Urinary Tract Symptoms

3.7. Discussion
The purpose of this study was to construct and compare the clinical profiles of patients
presenting with LUTS at a community clinic, on the basis of their MSU culture outcome,
with a particular interest in how the mixed growth culture patients compared with that of
patients with a positive MSU culture result.
Three different clinical profiles were characterised (negative culture, mixed growth culture
and positive culture) using the information acquired from a detailed symptomatic
questionnaire (Appendix 2) that employed the International Continence Society LUTS
standardisation terminology (34), and the detection of surrogate markers of inflammation and
infection, specifically leukocyte, nitrite and epithelial cell detection via urinary dipstick and
microscopic analysis. These tests are recommended by PHE (SMI: B41) and were performed
immediately upon specimen collection to reduce the magnitude of inevitable urinary
leukocyte and epithelial cell degradation that occurs with time (241, 415). Patients were
provided with both written and verbal instructions regarding the collection of a clean-catch
MSU specimen, in order to reduce the possibility of urinary contamination by microbes
colonising the periurethral, perianal and vaginal regions. Although the microscopic detection
of epithelial cells is not a commonly described method in comparison to urinary white cell
quantitation, the detection of this cell type is a nationally recommended component of urine
investigations for UTI and considered to indicate urinary tract inflammation, suggestive of
infection (80). In an asymptomatic individual, epithelial cells are reported to have a turnover
rate of once approximately every 3-6 months (416). However, in the event of an infection,
urothelial cell exfoliation appears to be exacerbated in a drastic attempt to reduce the
invading and multiplying bacterial load (310, 346, 417). In a different study, these urinary
epithelial cells were verified to originate from the urinary tract rather than epithelial cell
shedding from other anatomical structures in close proximity to the urethra (i.e. vaginal
epithelial cells) with the use of a urothelial cell-specific uroplakin III antibody staining
protocol (418).
Previously conducted assessments of the LUTS population have focussed exclusively on
patients that acquired either a positive culture or negative urine culture result (271, 391, 413,
419), with only one study providing summarised descriptive statistics of microscopic white
blood cell counts for all three culture outcomes (241). This study provides a complete clinical
characterisation series of all possible culture outcomes obtained by LUTS patients, which
included symptomatic individuals identified to produce the so-called mixed growth culture
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result, as well as consider the plausible clinical implications of such a result. A mixed growth
result is traditionally assumed to imply specimen contamination with organisms colonising
the periurethral, perianal and vaginal regions (276). However, the definition of mixed growth
appears to vary between diagnostic laboratories (80), suggesting that the reason for this
microbiological presentation and its association with the underlying pathophysiology and
clinical state of the patient are not completely understood, more acceptably unknown. Hence,
there is a need to characterise and compare the profile of symptomatic patients producing
mixed growth cultures. Contributing to this challenge is the unclear distinction between the
identification of mixed growth suggestive of contamination and growth indicating
polymicrobial urinary infection. Information acquired from the clinical characterisation of
mixed growth, alongside a microbiological assessment (presented in Chapter 4) may assist
with the diagnosis and treatment stages. The clinicians that examined all recruited patients
were blinded to all urinalyses results, until the symptomatic assessment had been completed.
Each recruited patient was suspected by the examining clinician to have a UTI. In a primary
care setting, clinical signs and symptoms suggestive of UTI can be sufficient evidence to
justify empirical antimicrobial treatment (414). Since the aim of this study was to compare
the clinical characteristics of symptomatic patients based on their culture outcome, a control
group was not included in this investigation.
The median number of 24-hour urination episodes (10.0) and median number of 24 hourincontinence episodes (0.5) for the entire recruited patient population for this study agreed
with data from other studies that analysed LUTS populations (391, 413). A study led by
Khasriya found the mean number of urinary episodes to be 12 and the mean number of
incontinence episodes to be 0.5 (391). A different study led by Gill reported a median 24hour urinary frequency of 8 episodes and median 24-hour incontinence of 0.5 episodes (413).
In this study, inferential statistics confirmed that there was no statistical difference in the
median number of urination episodes and incontinence episodes within 24 hours between the
three patient groups, implying similarity in 24-hour urinary frequency patterns for all three
patient groups.
A symptomatic assessment of the patient population revealed storage symptoms to be the
most commonly reported symptom group (described by 79.7% of patients) and SUI to be the
least frequently reported symptom category (described by 20.0% of patients). These
frequencies agreed with calculated figures reported by another study of LUTS patients with a
clinically suspected UTI (413).
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Similarities and differences between patient culture profiles were determined by statistical
comparisons of symptomatic frequencies and medians (in the cases of quantitative counts).
When patients were classified according to their MSU culture result, no statistical difference
was observed between each group for storage and voiding symptoms. However, the Chisquared test revealed significant differences in the presence of pain symptoms and SUI
symptoms between the three patient culture outcomes. Scrutiny of individual symptoms
belonging to the four categories (storage, voiding, SUI and pain) identified no significant
differences in the frequencies of four storage symptoms (non-specific urgency, running water
urgency, latchkey urgency and waking up urgency), six voiding symptoms (hesitancy,
reduced stream, intermittent stream, straining to void, terminal dribbling, post-void and
double-voiding) and four pain symptoms (pain fully relieved by voiding, genital pain, iliac
fossa pain and post-void bladder pain) for the three patient culture groups. These results
emphasise the substantial clinical similarities between the different groups of patients,
irrespective of the MSU culture result.
Alongside these clinical characteristics, the presented study highlighted the presence of other
symptoms and markers infection that were strikingly similar for patients with a mixed growth
result and patients with a positive culture, but were statistically distinct to patients with a
negative culture. These were the presence of two storage symptoms (cold weather urgency,
and anxiety urgency) and the presence of three pain symptoms (filling bladder pain, pain
partially relieved by voiding and loin pain). Loin pain is considered to be among the hallmark
symptoms for pyelonephritis, a notably serious clinical manifestation of UTI (420), which in
this study presented itself in 30 (16.3%) patients with mixed growth and 30 (16.1%) of
patients with a positive culture. Additionally, the Chi-squared test and subsequent post-hoc
analysis using Bonferonni’s correction identified similarities in the frequency of urinary
dipstick leukocyte esterase and microscopic analysis for leukocytes for mixed growth and
positive culture patients. The significant differences were attributed exclusively to the
negative culture group. It was also noted that less than half of positive culture patients
(47.8%) that would otherwise be diagnosed with a UTI, tested positive for leukocyte esterase
and 69.9% had a microscopic count of ≥10wbc/µl. These results reaffirmed previous findings
concerning the inadequacy of the urinary dipstick leukocyte esterase test and pyuria identified
by microscopy against the gold standard culture. In a study of LUTS patients with symptoms
of acute frequency and dysuria, the urinary dipstick leukocyte esterase test had a calculated
sensitivity of 56% and microscopic pyuria defined by a count of ≥10wbc/µl also had a
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sensitivity of 56% (271). Bonferonni’s correction following the Chi-squared test also
confirmed that there was no significant difference in the log epithelial cell count between
mixed growth and positive culture patients. Thus, the data indicate that patients a positive
culture and patients reported to produce mixed growth express a similar magnitude of urinary
microscopic inflammatory cells, which alongside LUTS, suggest UTI. Thus, the symptomatic
similarities shared between these two patient groups suggest that the decision to dismiss
further investigation for patients with a mixed growth culture should be reconsidered.
The observed similarities in the clinical profiles of mixed culture and positive culture patients
prompted the formulation of a multinomial logistic regression model to ascertain the
contribution of symptoms and surrogate markers in predicting the outcomes of a mixed
growth and positive culture independently over a negative culture and quantify how a unit
increase in each included predictor variable would affect the likelihood of predicting both
culture outcomes. Statistically significant positive likelihood ratios for mixed and positive
culture results were observed for age, pain symptoms, microscopic white cell and epithelial
cell counts. While an increase in the epithelial cell count produced similar likelihood ratios
for mixed and positive culture results, the likelihood ratios for the presence of pain and
increase in white cell count were slightly higher for a positive culture than a mixed growth
over a negative result. Although the two outcomes were independently compared with a
negative result, one possible explanation that warrants further investigation is that the mixed
growth result could represent the presence of a slightly lower grade or earlier stage of
infection in comparison to patients with a positive culture. Follow-up of this regression model
with a binary logistic regression analysis made it possible to determine if the same predictor
variables could discriminate between patients with a positive culture and patients with a
mixed growth culture. This analysis revealed that nine of the incorporated predictor variables
could not significantly contribute to the prediction of a positive culture over a mixed growth
culture, which reinforces the similarity in the clinical profiles of both these culture outcomes.
Although microscopic urinary white cell count was a statistically significant predictor
variable, likelihood of a positive culture result instead of a mixed growth result was 1.2 times
more.
Aside from the strikingly similar clinical profiles of both mixed and positive culture patients,
symptoms noted to be significantly more apparent in the mixed growth culture cohort of
patients belonged to the SUI category. The multinomial logistic regression analysis
demonstrated that the presence of SUI symptoms doubled the likelihood of obtaining a mixed
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growth culture result over a negative culture. However, this symptom category did not
significantly contribute to the prediction of a positive culture over a negative result,
suggesting that the clinical manifestation of mixed growth patients may be unique in this
respect. Assessment of the individual symptoms using the Chi-squared test followed by posthoc analysis showed that patients with a mixed growth culture had significantly higher
frequencies of all individually assessed SUI symptoms than patients with a positive culture or
negative culture. Despite the low frequency of SUI symptoms reported for the studied LUTS
cohort, the association of mixed growth and SUI does not appear to be documented and
warrants further investigation in order to determine its significance.
A comparison of symptom frequencies against the four most frequently isolated uropathogens
of positive MSU cultures, identified a significant association with storage symptoms and the
monomicrobial growth of E. coli. While this singular growth in biased culture conditions may
not necessarily represent the bladder microbiota (investigated in Chapter 6) this result
suggests that predominant E. coli growth may be linked with the development of symptoms
of urgency and incontinence.
Although not the primary focus of this clinical study, information acquired from the routine
MSU culture data was limited by several factors, rendering a direct microbiological
comparison between patients with a positive culture and patients with a mixed growth culture
out of the question. Data detailing the microbial composition of mixed growth and negative
cultures were not reported, since the criteria for significant bacteriuria were not met.
Additionally, a small volume (1µl) of urine was used for culture. The use of larger sample
volumes would assist in determining the proportion of organisms that may be missed by the
routine MSU culture (investigated in Chapter 4). Whilst the calibrated loop used for the
routine culture method may be able to isolate planktonic bacteria, it is possible that bacteria
associated with or colonising urinary tract epithelial cells may be missed by the 1µl calibrated
loop. Culturing the microbial population associated with and/or colonising the urinary tract
epithelial cells harvested by centrifugation may better represent UTI pathophysiology.
From the results presented for this study, several possible theories may explain the
significance behind a mixed growth culture and require further studies. While one theory is
that mixed growth cultures may represent a comparatively lower grade of infection, it is also
possible that this result reflects the manifestation of polymicrobial UTI, particularly since the
culture criteria adopted by the processing diagnostic laboratory uses the term to indicate the
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presence of two or more organisms at >105cfu/ml. Another possibility is that this culture
outcome indicates a low-grade polymicrobial UTI. Alongside the characterisation of the
clinical profile of patients with a mixed growth culture, a microbiological investigation would
provide us with more information on the symptomatic mixed growth urinary tract complex.
While the diagnostic laboratory involved in this study did not specify the microbial
composition of mixed growth cultures, laboratories that document such results and request
for repeat specimens from affected symptomatic patients may have the potential to confirm
whether the mixed growth resulted from coincidental contamination and consider the
possibilities of a high or low count multimicrobial UTI.

3.8. Conclusion
This study presents original clinical evidence to suggest that the clinical profile of
symptomatic patients with a mixed growth culture result is similar to that of patients with a
UTI-confirming positive culture defined by >105cfu/ml of monomicrobial growth, making
the dismissal of mixed growth cultures without further investigation questionable. Laboratory
reporting of the observed microbial composition; the identification of organisms isolated with
the respective colony counts for mixed growth cultures may not only be more informative for
may lead to more focussed studies that are able to link underlying pathophysiological
processes to the development of LUTS suggestive of UTI.
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4.1. Introduction
Midstream urine (MSU) culture is employed as part of a routine urine investigation in UK’s
mainstream diagnostic laboratories to confirm a UTI (80). The routine procedure has been
amalgamated with in-vitro antimicrobial susceptibility testing to fulfil two fundamental
clinical requirements: (i) provide visible microbial confirmation of UTI and (ii) guide
clinicians towards an appropriate antimicrobial treatment strategy.
A comparison of international, national and local hospital protocols for urine investigation
indicate considerable variability in the method and criteria applied to perform and interpret
the MSU culture test (section 1.4.8.) (80). This variation may determine which patients are to
be prescribed antimicrobial treatment and which patients are to be dismissed from further
investigation for UTI. Many studies have provided evidence that bacteria isolated at
quantities lower than 105cfu/ml could indicate a UTI, with some laboratories in the USA
adopting a threshold as low as 102cfu/ml (278, 388, 421-424).
Other factors that have yet to be investigated in detail include the technique used to perform
the urine culture and the interpretation criteria used to confirm or rule out UTI. Studies
conducted in the USA have used expanded quantitative unspun urine culture techniques to
scrutinise how well the growth of standard urine cultures reflect on the cultivable urinary
bacterial communities (305, 387, 388). While an understanding of the diversity of urinary
bacterial communities in patients with urgency urinary incontinence (UUI) was acquired
from such studies, they possess several limitations. The variability in how cultures are
performed, interpreted and reported internationally render the studies of limited use for
comparison with diagnostic laboratory practices in the UK, warranting an overdue evaluation
of the UK’s recommended protocol for diagnostic confirmation by culture. Studies conducted
by Brubaker, Price et al have assessed the USA’s diagnostic culture (388). However, the
primary preferred method of urine specimen in the UK is the collection of midstream urine,
the culture technique of which is yet to be evaluated. Additionally, the significant variation in
the definition of polymicrobial UTI and the implications of determining significant growth by
using a quantitative cut-off on the distinction between insignificant mixed growth and
polymicrobial infection need to be considered.

109

Chapter 4

A Microbiological Investigation of the Midstream Urine Culture

A key step in the development and persistence of acute and chronic (unsuccessfully treated or
recurrent) UTI is the pathogenic attachment and invasion of urothelial cells lining the urinary
tract (section 1.5.2.). Earlier studies conducted microscopic examinations of exfoliated
urothelial cells, which were found to be coated by pathogens, such as E. coli and Proteus,
collected from the spun sediment of urine specimens provided by patients with a clinically
diagnosed UTI (425, 426). More recently, this approach was applied to characterise the
urinary bacterial community isolated from the spun sediment of patients with chronic LUTS
(391). However, this study could only compare the reported MSU culture outcome of
symptomatic patients to sediment bacterial growth, making a more detailed evaluation of the
MSU culture’s microbial composition impossible.
Microbial identification on conventional culture media, such as MacConkey agar and CLED
agar relies on a combination of colony appearance, odour and additional biochemical testing.
This process is less straightforward when the different microbial colonies present are similar
in colour, making it possible to misinterpret cultures and miss clinically significant bacteria.
Chromogenic medium is designed to speed up the process of interpreting urine cultures on
the basis of colony colour. This medium consists of coloured chromogen molecules that
release enzyme substrates (427). The substrates are hydrolysed in the presence of particular
bacterial enzymes, resulting in the release of coloured molecules that retain their association
to microbial colonies. This results in the presence of different coloured colonies which are
identified using colour-coded criteria provided by manufacturers (427).
The initial use of chromogenic agar was reported by Kilian and Bülow in 1976, for the
selective identification of E. coli present in urine specimens (428). This culture medium has
since undergone extensive development and is capable of selectively identifying frequently
reported urinary pathogens cultivated from the specimens of UTI patients (190).
Chromogenic agar not only achieves immediate visual microbial identification with
considerable accuracy, but is also considered to be particularly useful for the identification of
mixed growth cultures in comparison to conventional media such as CLED agar (282).
Chromogenic culture media that are available for the identification of pathogens recognised
to cause UTI include chromID CPS Elite agar (BioMérieux, France), Brilliance UTI Clarity
agar (Oxoid, UK) and BBL CHROMagar Orientation (Becton Dickinson, USA) (429).
Additionally, more specialised forms of chromogenic agar have been developed to permit the
detection of specific pathogens such as Pseudomonas, Staphylococcus aureus, and Candida
and screen for the presence of resistant organisms, including carbapenem-resistant
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Enterobacteriaceae (430), extended-spectrum β-lactamase-producing Enterobacteriaceae
(431), methicillin resistant Staphylococcus aureus (432) and vancomycin-resistant
enterococci (433).
This study presents a microbiological investigation of three subject cohorts: (i) patients with
LUTS suggestive of UTI, attending their first clinic appointment prior to antimicrobial
treatment, (ii) patients with chronic LUTS suggestive of UTI, following initial antimicrobial
treatment and (iii) asymptomatic healthy individuals. This investigation involved a clinical
characterisation of all subjects and an evaluation of the routine MSU culture by comparison
with alternative methods of unspun and spun culture.
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4.2. Aims
This study had two aims:
(i)

To identify aspects of the MSU culture technique that may compromise the ability of this
test to confirm a UTI.

(ii)

To characterise the urinary tract community at the genus level using culture conditions
employed in hospital diagnostic laboratory settings.

4.3. Study groups
The following three patient groups were analysed throughout this study:
(i) New LUTS patients (n = 33): Patients attending their first clinical consultation at the
Community LUTS Clinic. Patients had not taken antibiotics in the previous four weeks.
(ii) Chronic LUTS patients (n = 30): Patients attending their clinical consultation that were
experiencing a recurrent acute exacerbation of urinary tract symptoms following initial
antimicrobial treatment or remained unresponsive to treatment.
(iii) Asymptomatic controls (n = 29): Asymptomatic individuals that have not been diagnosed
with a UTI or any other urinary tract abnormality or dysfunction. Controls had not taken
antibiotics in the previous four weeks.

4.3.1. Hypothesis
This study had three hypotheses:
(i) The MSU culture technique would produce a comparatively fewer number of organisms
at lower frequencies compared with unspun and spun cultures of larger volumes.
(ii) Organisms recognised to cause UTI would be present at quantities lower than the
national threshold of >105cfu/ml, which may be considered indicative of urinary
infection at other laboratories.
(iii) The urinary tract community represented by organisms grown on spun sediment cultures
will differ between patients and controls in two ways: (i) the frequency of organisms
present for each group and (ii) since the culture medium supports the growth of UTI
organisms, patients would be expected to exhibit a greater diversity of microbes in this
context.
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4.4. Materials and methods
4.4.1. Experimental procedures
New patients attending their first clinic appointment were considered for recruitment (section
2.1.1.), provided that antibiotics had not been taken in the preceding four weeks. Chronic
patients experiencing a recurrent acute exacerbation indicated by a worsening of their
symptoms following antimicrobial treatment or remained unresponsive to initial treatment
were also recruited. Controls were recruited from volunteering staff, students and friends
(section 2.1.1.). Patients and controls were given clear and written verbal instructions on how
to provide a clean-catch MSU specimen (section 2.1.3.). Once collected, each specimen was
immediately tested with the urinary dipstick for leukocyte esterase and nitrite (section 2.1.5.),
and analysed for urinary white blood cells and epithelial cells by light microscopy (section
2.1.6.). During the consultation conducted by the clinician (Appendix 4), all recruited patients
were assessed on their experience of SUI symptoms, voiding symptoms, pain symptoms and
storage symptoms in the form of a validated symptomatic questionnaire that was answered in
a binary ‘yes/no’ format (Appendix 2). The clinician was blinded from the dipstick and
microscopy results, until each patient had completed the symptomatic assessment.
A 2-5ml volume of each MSU specimen was submitted to the Whittington Hospital
Microbiology Laboratory for an MSU culture. Each culture was interpreted using the hospital
laboratory’s culture criteria (section 2.2.2.) and the results were available on the hospital
intranet within 24-72 hours of processing the specimen. The remaining aliquot of patient
urine was anonymised by the allocation of a random four-digit study number and
subsequently used for the unspun and spun cultures to be performed at the UCL Division of
Medicine Laboratories (Appendix 3). Three cultures were performed on each patient and
control urine specimen. An identical MSU culture was performed using 1µl of urine (section
2.2.3), 50µl of unspun urine (section 2.2.4) and a spun sediment culture of 30ml urine (2.2.5)
were performed and plated onto chromogenic agar. The cultivated organisms were identified
to the species level (discussed in Chapter 5) and quantified in cfu/ml. Replicates were not
performed for each culture method. With respect to microbial confirmation, the MSU culture
had a lower detection limit of 1.0x103cfu/ml and an upper detection limit of 3.5x105cfu/ml.
The 50µl unspun culture had a lower detection limit of 2x101cfu/ml and an upper detection
limit of 7.0x103cfu/ml. The 30ml spun urine sediment culture had a lower detection limit of
2.6x10-1cfu/ml and an upper detection limit of 9.3x106cfu/ml.
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4.4.2. Quantification of cultivated organisms
The following calculations were performed for each culture technique to obtain a count in
cfu/ml.
(i) MSU culture (1µl): colony count x 100 (for 1ml)
(ii) Unspun culture (50µl): colony count x 20 (for 1ml)
(iii) Spun sediment culture (30ml):
[colony count x 20 (for 1ml) x 0.4 (resuspended sediment in 400µl PBS) x dilution
factor] / 30ml (volume of urine) (for 1ml)

4.4.3. Statistical analyses
All descriptive and inferential statistics, as well as graphical illustrations were generated
using SPSS version 24.0 software (IBM, New York, USA) and Origin Pro version 9.0
software (OriginLab, Massachusetts, USA). Logarithmic transformation was applied to all
recorded microscopic urinary leukocyte, epithelial and microbial cell counts in order to
accommodate for the exponentially distributed accounts acquired for all cell types and
facilitate quantitative comparison. Non-parametric data were compared using Kruskal-Wallis
test, if homogeneity of variance was observed for all groups. Mood’s median test was applied
where the homogeneity of variance assumption had been violated. Frequency data were
statistically compared using Fisher’s exact test and Chi-squared test. The frequencies of each
genus were statistically compared across all employed culture methods using Cochran’s Q
test.
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4.5. Results
4.5.1. Summary
Between 2012 and 2015, clean catch MSU specimens were collected from 33 new patients,
30 acute LUTS patients and 29 asymptomatic controls. The collected specimens were
subjected to: (i) a hospital routine MSU culture (1µl), (ii) an outpatient routine MSU culture
(1µl), (iii) an unspun culture (50µl) and (iv) a spun urinary sediment culture (30ml). The
different microbial colonies were identified to the genus level and quantified. Table 4-1
presents the clinical characteristics of the patient and control groups studied. The KruskalWallis test confirmed a statistically similar age distribution for all three study groups (χ2 =
4.4, df = 2, P = 0.113).

4.5.2. Urinary frequency and incontinence
Mood’s median test identified a statistically significant difference in the median number of
daytime urinary episodes across the three groups (χ2 = 7.6, df = 2, P<0.05), with post-hoc
analysis identifying a significantly higher frequency in new patients (χ2 = 5.2, df = 1, P <
0.05) and chronic patients (χ2 = 6.7, df = 1, P < 0.05) compared to controls. Mood’s median
test also confirmed a significant difference in nocturia (the number of urinary episodes during
the night) across the three study groups (χ2 = 12.2, df = 2, P < 0.05). Similarly to daytime
urinary frequency, post-hoc analysis identified a higher number of nocturia episodes in new
patients (χ2 = 11.6, df = 1, P < 0.05) and chronic patients (χ2 = 6.7, df = 1, P < 0.05)
compared to controls. Thus, the 24-hour urinary frequency patterns were similar for both
patient groups, but distinct from those of asymptomatic controls.
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Table 4-1. Clinical characteristics of study groups: new patients, chronic patients and asymptomatic controls.
$

Statistical comparison of frequencies for patient groups only
*MSU culture results were missing from the hospital system for new patients (n = 1) and chronic patients (n = 1).
a
Kruskal-Wallis test, bMood’s median test, cChi-squared test
Abbreviations: CI = confidence intervals, MSU = midstream urine culture, SD = standard deviation, SUI = stress urinary incontinence.

CLINICAL CHARACTERISTIC

NEW PATIENTS
(n = 33)

Demographics
Female participants (%)
Male participants (%)
Mean age in years (SD)
Age range
Frequency in 24 hours
Nocturia in 24 hours
Symptoms$ [Yes/No] (% within group)
Storage (%)
Pain (%)
Voiding (%)
SUI (%)
MSU culture* (% within group)
No significant growth
Mixed growth of two organisms
Mixed growth of three organisms
>105cfu/ml of one organism$

Mean
8.8
1.7

32 (97.0)
1 (3.0)
48.7 (16.5)
18-77
SD
Median (95% CI)
5.1
6.5 (5.5-10.5)
1.7
1.5 (0.5-2.0)

CHRONIC PATIENTS
(n = 30)

Mean
8.5
1.6

27 (90.0)
3 (10.0)
47.8 (16.5)
24-78
SD
Median (95% CI)
3.7
8.0 (6.5-9.5)
1.9
1.0 (0.0-2.5)

CONTROLS
(n = 29)

Mean
5.9
0.3

26 (89.7)
3 (10.3)
40.7 (15.7)
20-76
SD
Median (95% CI )
1.5
5.5 (5.5-6.5)
0.4
0.0 (0.0-0.5)

P-VALUE

0.113a
< 0.05b
< 0.05b

25 (75.8)
24 (72.7)
29 (87.9)
17 (51.5)

12 (40.0)
26 (86.7)
21 (70.0)
2 (6.7)

0 (0.0)
0 (0.0)
0 (0.0)
0 (0.0)

< 0.05c
0.172 c
0.080 c
< 0.05 c

21 (63.6)
3 (9.1)
4 (12.1)
4 (12.1)

23 (76.7)
2 (6.7)
2 (6.7)
2 (6.7)

22 (75.9)
4 (13.8)
1 (3.4)
2 (6.9)

0.670 c
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4.5.3. Symptomatic spectrum
The control subjects did not report any LUTS and differed significantly from both patient
cohorts studied. Table 4-1 also presents the frequency of new and chronic patients with
storage, pain, voiding and SUI symptoms. Fisher’s exact test revealed a significantly higher
number of new patients than chronic patients to report storage symptoms (χ2 = 8.3, df = 1, P <
0.05) and SUI symptoms (χ2 = 15.0, df = 1, P < 0.001). No significant difference was
identified in the frequency of individuals with voiding symptoms (χ2 = 3.1, df = 1, P = 0.12)
and pain symptoms (χ2 = 1.9, df = 1, P = 0.221) between the two patient groups.
Figure 4-1 illustrates the symptomatic presentations of new patients and chronic patients,
which were assessed during the clinical consultation. Whilst 28 (84.8%) new patients and 22
(73.3%) chronic patients reported symptoms from a combination of categories rather than
from a single category, Fisher’s exact test confirmed this difference to be statistically
insignificant (χ2 = 1.3, df = 1, P = 0.4). The most frequently reported symptom combinations
of new patients were storage + voiding + pain (n = 9, (27.3%)) and storage + voiding + pain
+ SUI (n = 8, (24.2%)). In chronic patients, voiding + pain was the most frequently reported
complex (n = 11, (36.7%)).
Table 4-2 presents the frequencies and results of inferential statistics performed for each
individually assessed symptom for new patients and chronic patients. Significantly higher
frequencies of new patients were reported to have one SUI symptom (cough/sneeze
incontinence), five storage symptoms (urgency, latchkey urgency, latchkey incontinence,
waking urgency, and anxiety-induced urgency) and one voiding symptom (terminal
dribbling), when compared with the chronic patient cohort. However, the pain profiles of
both patient cohorts were similar. Hence, the key discriminating symptomatic category
between the new patients and chronic patients was storage, with some differences in SUI and
voiding profiles, and no difference in pain symptoms.
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≥1 PAIN SYMPTOM(S)
Suprapubic pain
Filling bladder pain
Voiding bladder pain
Post-void bladder pain
Pain fully relieved by voiding
Pain partially relieved by voiding
Pain unrelieved by voiding
Loin pain
Iliac fossa pain
Pain radiation to genital regions
Pain radiation to legs
Dysuria
Urethral pain

≥1 SUI SYMPTOM(S
Cough/sneeze incontinence
Exercise incontinence
Laughing incontinence
Passive incontinence
Positional incontinence
Standing incontinence

0
0
0

2
6
0
0
0
0

0
1
0

0
3
0

4
0
0

2
6
0

0
11
0

1
0
0
8
2
0
9
4
0

4
0
0

1
0
0

0
0
0

2
2
0
≥1 STORAGE SYMPTOM(S)
Urgency
Urgency incontinence
Latchkey urgency
Latchkey incontinence
Waking urgency
Waking incontinence
Running water urgency
Running water incontinence
Cold urgency
Anxiety urgency
Premenstrual aggravation

≥1 VOIDING SYMPTOM(S)
Hesitancy
Reduced stream
Intermittent stream
Straining to void
Terminal dribbling
Post-void dribbling
Double voiding

Figure 4-1. Four-member Venn diagram illustrating the frequency and distribution of storage symptoms, pain
symptoms, voiding symptoms and stress urinary incontinence (SUI) symptoms described by “new patients”(n = 33),
“chronic patients” (n = 30) and “asymptomatic controls” (n = 29).
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Table 4-2. Frequency of individually assessed symptoms for new patients (n = 33) and chronic patients (n = 30).
*Male subjects were excluded from statistical comparison. Bold font indicates statistically significant differences between patient groups.
Degrees of freedom = 1
SYMPTOM
STRESS URINARY INCONTINENCE
Cough/sneeze incontinence
Exercise incontinence
Lifting incontinence
Laughing incontinence
Positional incontinence
Coughing with urgency incontinence
STORAGE
Urgency
Urgency incontinence
Cold weather urgency
Running water urgency
Running water incontinence
Latchkey urgency
Latchkey incontinence
Waking up urgency
Waking rising incontinence
Anxiety urgency
Premenstrual aggravation*
VOIDING
Hesitancy
Reduced stream
Intermittent stream
Straining to void
Terminal dribbling
Post-void dribbling
Double voiding
Incomplete emptying

FREQUENCY (%)
New patients (n = 33)
Chronic patients (n = 30)

FISHER’S TEST
χ2

P-VALUE

13 (39.4)
5 (15.2)
0 (0.4)
3 (9.1)
0 (0.0)
3 (9.1)

2 (6.7)
1 (3.3)
1 (0.3)
1 (3.3)
1 (3.3)
2 (6.7)

9.3
2.5
1.1
0.9
1.1
0.1

< 0.05
0.199
0.476
0.614
0.476
1.000

22 (66.7)
11 (33.3)
10 (30.3)
9 (27.3)
1 (3.0)
12 (36.4)
7 (21.2)
17 (51.5)
3 (9.1)
15 (45.5)
5 (15.2)

11 (36.7)
4 (13.3)
3 (10.0)
3 (10.0)
1 (3.3)
3 (10.0)
0 (0.0)
6 (20.0)
4 (13.3)
3 (10.0)
4 (13.3)

5.7
3.5
4.0
3.0
0.01
6.0
7.2
6.7
0.3
9.7
0.01

< 0.05
0.080
0.064
0.112
1.000
< 0.05
< 0.05
< 0.05
0.700
< 0.05
1.000

18 (54.5)
21 (63.6)
14 (42.4)
17 (51.5)
23 (69.7)
9 (27.3)
15 (45.5)
18 (54.5)

17 (56.7)
19 (63.3)
16 (53.3)
13 (43.3)
12 (40.0)
7 (23.3)
14 (46.7)
11 (36.7)

0.02
0.001
0.8
0.4
5.6
0.1
0.01
2.0

1.000
1.000
0.454
0.616
< 0.05
0.778
1.000
0.208
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Table 4-2. Continued. Frequency of individually assessed symptoms for new patients (n = 33) and chronic patients (n = 30).

SYMPTOM
PAIN
Filling bladder pain
Bladder pain fully relieved by voiding
Bladder pain partially relieved by voiding
Bladder pain unrelieved by voiding
Bladder or suprapubic pain
Loin pain
Dysuria
Urethral pain
Genital pain
Iliac fossa pain
Radiating leg pain
Pain during void
Post-void bladder pain

FREQUENCY (%)
New patients (n = 33)
Chronic patients (n = 30)
18 (54.5)
3 (9,1)
14 (42.4)
0 (0.0)
16 (48.5)
8 (24.2)
6 (18.2)
7 (21.2)
4 (12.1)
10 (30.3)
4 (12.1)
4 (12.1)
8 (24.2)

15 (50.0)
3 (10.0)
10 (33.3)
1 (3.3)
20 (66.7)
12 (40.0)
8 (26.7)
13 (43.3)
4 (13.3)
8 (26.7)
4 (13.3)
8 (26.7)
3 (10.0)
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FISHER’S TEST
χ2

P-VALUE

0.1
0.02
0.6
1.1
2.1
1.8
0.7
3.5
0.02
0.1
0.02
2.2
2.2

0.803
1.000
0.604
0.476
0.203
0.278
0.547
0.103
1.000
0.787
1.000
0.202
0.189
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4.5.4. Urinary dipstick analysis
Table 4-3 presents the urinary dipstick leukocyte esterase test results for both patient and
control groups. Leukocyte esterase (≥ trace result) was detected in 13 (39.4%) new patients,
11 (36.7%) chronic patients and six (20.7%) asymptomatic controls. The Chi-squared test
revealed no significant difference in the number of positive tests (defined by a “trace” result
or higher) across the patient and control groups (χ2 = 2.8, df = 2, P = 0.248). However, it was
noted that none of the control subjects obtained a result higher than “trace”, suggesting that
only a low degree of pyuria was observed in six controls.
Table 4-3. Urinary dipstick leukocyte esterase test results for new patients, chronic patients and controls.
NEW PATIENTS
CHRONIC PATIENTS
(n = 33)
(n = 30)
Tested negative (%)
20 (60.6)
19 (63.3)
Tested positive (%)
13 (39.4)
11 (36.7)
Breakdown of positive results (corresponding number of leukocytes)
Trace (15)
5
6
One plus (+) (70)
4
2
Two plus (++) (125)
2
2
Three plus (+++) (500)
2
1
LEUKOCYTE ESTERASE

CONTROLS
(n = 29)
23 (79.3)
6 (20.7)
6
0
0
0

Table 4-4 displays the urinary dipstick nitrite test results for the three study groups. No
significant difference was identified in the frequency of individuals with a positive nitrite test
across the three study groups (χ2 = 1.8, df = 2, P = 0.405). Urinary nitrite was detected in one
(3.0%) new patient, which agreed with the MSU culture result that was positive for E. coli.
All asymptomatic control subjects tested negative for nitrite. Thus, the urinary dipstick
leukocyte esterase and nitrite tests were unable to discriminate between symptomatic patients
and controls.

Table 4-4. Urinary dipstick nitrite test results for new patients, chronic patients and asymptomatic controls.
NITRITE TEST
Tested positive
Tested negative
Total

NEW PATIENTS

CHRONIC PATIENTS

CONTROLS

1
32
33

0
30
30

0
29
29
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4.5.5. Urinary microscopic analysis
Table 4-5 provides the descriptive statistics of urinary microscopic white cell and epithelial
cell counts (per µl) for both patient groups and asymptomatic controls. The positively skewed
data were log-transformed. Due to the limited normalisation effect of this transformation,
non-parametric means of assessment were employed. The Kruskal-Wallis test confirmed a
significant difference in log leukocyte counts between the three study groups (χ2 = 6.2, df = 2,
P < 0.05). Post-hoc analysis using Bonferroni’s correction identified this difference between
controls and new patients (χ2 = 4.2, df = 1, P < 0.05), and between controls and chronic
patients (χ2 = 4.2, df = 1, P < 0.05). No significant difference in log leukocyte counts was
identified between new patients and chronic patients (χ2 = 0.1, df = 1, P = 0.768).
Significantly higher microscopic leukocyte counts were therefore associated with patients
rather than controls.
The Kruskal-Wallis test did not identify a significant difference in log epithelial cell counts
across the three study groups (χ2 = 2.0, df = 2, P = 0.359). However, a significant difference
in log epithelial cell counts was identified when all patients (n = 63) were categorised
ordinally according to white cell counts per µl (zero, 1-9 and ≥10 wbc/µl) (χ2 = 7.8, df = 2, P <
0.05). Post-hoc analysis using Bonferroni’s correction identified a significantly higher
number of patients with urine that was completely devoid of white cells (zero wbc/µl) than
patients with ≥10 white cells (χ2 = 8.0, df = 1, P < 0.05).
Table 4-5. Urinary microscopic white blood cell and epithelial cell counts for new patients, chronic patients
and controls.
Abbreviations: CI = confidence interval, epc/µl = epithelial cells per microlitre, SD = standard deviation,
wbc/µl = white blood cells per microlitre
URINARY CELL
LEUKOCYTES (log wbc/µl)
Mean log cell count, SD (95% CI)
Median log cell count (95% CI)
Frequencies (% of group)
zero wbc/µl
1-9 wbc/µl
≥10 wbc/µl
EPITHELIAL CELLS (log epc/µl)
Mean log cell count, SD (95% CI)
Median log cell count (95% CI)
Frequencies (% of group)
zero epc/µl
1-9 epc/µl
≥10 epc/µl

NEW PATIENTS
(n = 33)

CHRONIC PATIENTS
(n = 30)

CONTROLS
(n = 29)

0.7, 0.9 (0.3-1.0)
0.3 (0.0-0.3)

0.7, 1.0 (0.4-1.1)
0.5 (0.0-0.8)

0.2, 0.4 (0.1-0.3)
0.0 (0.0-0.8)

15 (45.5)
11 (33.3)
7 (21.2)

12 (40.0)
11 (36.7)
7 (23.3)

20 (69.0)
8 (27.6)
1 (3.4)

0.6, 0.7 (0.3-0.9)
0.3 (0.0-1.0)

0.5, 0.5 (0.3-0.7)
0.3 (0.0-0.9)

0.3, 0.3 (0.2-0.5)
0.3 (0.0-0.6)

15 (45.5)
7 (21.2)
11 (33.3)

11 (36.7)
11 (36.7)
8 (26.7)

14 (48.3)
13 (44.8)
2 (6.9)

122

Chapter 4

A Microbiological Investigation of the Midstream Urine Culture

4.5.6. Routine midstream urine culture
Table 4-1 summarises the results of MSU cultures that were processed by the Whittington
Hospital Microbiology Laboratory for patients and controls. The majority of new patients
(63.6%), chronic patients (76.7%) and controls (75.9%) were reported to have a negative
MSU culture. Six (9.5%) symptomatic patients received a positive culture result and two
(6.9%) recruited asymptomatic controls had a positive culture. Fisher’s exact test confirmed
no significant difference in the number of individuals with positive MSU cultures between
patients and controls (χ2 = 0.2, df = 1, P = 1.0), which suggests that the MSU culture test
results were unable to discriminate between controls and patients in this study sample size.
Organisms identified from the positive MSU cultures of all recruited subjects are presented in
Table 4-6. All new patients with positive cultures grew E. coli (n = 4), whereas Enterococcus
(n = 1) and a coliform belonging to the Klebsiella/Enterobacter/Serratia group (n = 1) were
reported for the positive MSU cultures of chronic patients. Proteus (n = 1) and Group B
Streptococcus (n = 1) were cultivated from asymptomatic controls. The diagnostic laboratory
reports did not however, detail the microbial composition of mixed growth or negative
cultures, which necessitated the reproduction of the MSU cultures using an identical protocol
at the research department laboratory.
Table 4-6. Isolates identified from the positive cultures of new patients, chronic patients and controls
Abbreviations: BHSB = Beta-haemolytic streptococci group B
POSITIVE CULTURE
ISOLATE
Escherichia coli
Enterococcus
Proteus
BHSB
Klebsiella/Enterobacter/Serratia

NEW PATIENTS
(n = 4)
4
-

CHRONIC PATIENTS
(n = 2)
1
1

CONTROLS
(n = 2)
1
1
-

4.5.7. Laboratory midstream urine culture
Figure 4-2 presents the percentage frequency of isolates cultivated from MSU cultures that
were replicated in the research laboratory for controls, new patients and chronic patients. No
growth on the research laboratory MSU culture was observed for 17 (58.6%) controls, 12
(36.4%) new patients, and 13 (43.3%) chronic patients. Whilst 19 isolates were grown from
12 asymptomatic control MSU cultures, 39 isolates were identified from 21 new patient
cultures and 25 isolates were grown from 17 chronic patient cultures. With this replicated
diagnostic culture, Enterococcus and Escherichia were predominantly cultured from new
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patients and chronic patients, whereas Streptococcus and Staphylococcus were most
frequently isolated from controls. A direct visual comparison of isolate frequencies between
new patients and asymptomatic controls is provided in Figure 4-3, since neither of the
individuals within these groups had taken antibiotics in the past four weeks. Fisher’s exact
test confirmed a significantly higher frequency of Escherichia (χ2 = 5.4, df = 1, P < 0.05) and
Enterococcus (χ2 = 8.9, df = 1, P < 0.05) isolated from new patient cultures than from
controls, which can also be visually noted from Figure 4-3. No other significant differences
were identified between both groups for other isolated organisms. The chronic patient group
was also observed to produce a significantly higher number of Enterococcus isolates than the
control group (χ2 = 6.4, df = 1, P < 0.05). No significant differences were observed in the
frequencies of microbial isolates between both patient groups. No statistical difference was
identified in the frequency cultures containing each genus between negative and mixed
growth MSU culture groups for new and chronic patients.
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Figure 4-2. Organisms cultivated on the laboratory midstream urine (MSU) cultures performed for
asymptomatic controls (n = 29), new patients (n = 33) and chronic patients (n = 30).

*P < 0.05 (new patients versus control cultures), *P < 0.05 (chronic patients versus control cultures)
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Control

New LUTS

Streptococcus
Staphylococcus
Pseudomonas
Proteus
Morganella

Organism

Lactobacillus
Klebsiella
Escherichia
Enterococcus

Corynebacterium
Citrobacter
Candida
Acinetobacter

20

15

10

5

0

5

10

15

20

% Frequency

Figure 4-3. Percentage total frequency of cultivated on the laboratory MSU culture performed for asymptomatic
controls and new patients.

4.5.8. Monomicrobial and mixed midstream urine cultures
Table 4-7 presents a summary of the number of MSU cultures that were sterile (absence of
growth), monomicrobial and contained multiple species. Each organism was defined by
morphological and hue appearance, followed by genus and species (discussed in Chapter 5)
identification. Whilst none of the observed combinations of microbes on new patient MSU
cultures were particularly frequent, Streptococcus was identified on all six multispecies
control MSU cultures, while Enterococcus was present on all seven multispecies MSU
cultures.
Table 4-7. Frequency of sterile (no growth), monomicrobial and multispecies sediment cultures observed within
each study group.

MSU CULTURES
Sterile (% of cultures)
Monomicrobial (% of cultures)
Multispecies (% of cultures)
 Two isolates
 Three isolates

NEW PATIENTS
(n = 33)
12 (36.4)
9 (27.3)
12 (36.4)
6 (18.2)
6 (18.2)
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CHRONIC PATIENTS
(n = 30)
13 (43.3)
10 (33.3)
7 (23.3)
6 (20.0)
1(3.3)

CONTROLS
(n = 29)
17 (58.6)
6 (20.7)
6 (20.7)
5 (17.2)
1 (3.4)
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4.5.9. Quantifying microbial isolates of midstream urine cultures
Isolates identified from MSU cultures of seven new and four chronic patients that received a
mixed growth result by the hospital diagnostic laboratory are provided in Figure 4-4. Twenty
three (88.5%) isolates from mixed patient cultures demonstrated growth at ≥104cfu/ml with
11 (42.3%) presenting growth at 105cfu/ml. Enterococcus represented the highest proportion
of isolates among mixed growth cultures.

MIXED
CULTURE
ORGANISMS

COLONY COUNT
(cfu/ml)
103

104

≥105

TOTAL NUMBER
OF ISOLATES

Candida
Citrobacter
Enterococcus
Escherichia
Klebsiella
Morganella
Proteus
Staphylococcus
Streptococcus
Total

1
1
9
3
2
1
2
4
3
26

Frequency
1
2
3
4

Colour

Figure 4-4. Isolates and their respective quantities in (cfu/ml) from laboratory MSU cultures of patients
(n = 11) reported to have a mixed growth result.

Twenty one new patients and 23 chronic patients were reported by the hospital diagnostic
laboratory to have a negative MSU culture, of which 12 (57.1%) new patients and 13 (56.5%)
chronic patients showed no growth on the corresponding MSU culture replicated in the
research laboratory. Figure 4-5 presents the microbial constituents of the MSU cultures for
the remaining nine new patients and 10 chronic patients that obtained a ‘no significant
growth’ result from the hospital diagnostic laboratory. Twenty five (96.2%) isolates were
cultivated at 103-104cfu/ml. One laboratory MSU culture grew Pseudomonas at ≥105cfu/ml.
Enterococcus was the most frequently isolated genus among patients reported to have a
negative MSU culture.
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COLONY COUNT
(cfu/ml)
103
104
≥105

TOTAL NUMBER
OF ISOLATES
11
7
1
1
3
3
26

Frequency
1
2
3
4
5
6
7

Colour

Figure 4-5. Isolates and their respective colony counts in (cfu/ml) from laboratory MSU cultures of
patients (n = 25) reported to have a ‘no significant growth’ result, but had visible growth.

4.5.10. Microbial isolation compared between unspun and spun culture techniques.
Figure 4-6 presents the percentage frequency of organisms cultivated from patients using
three different methods of culture: (i) MSU culture in which 1µl of urine was plated, (ii)
unspun urine culture of 50µl of urine and (iii) spun sediment culture of 30ml of urine. The
spun sediment culture produced the highest number of isolates for each observed genus. In
both groups of patients, both unspun culture methods were unable to isolate particular genera,
notably Corynebacterium, Enterobacter and Leclercia, which appeared on sediment cultures.
Improved urinary microbial isolation with spun sediment cultures was also observed for
asymptomatic control samples, which is illustrated in Figure 4-7.
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Figure 4-6. Frequency of organisms identified from patient samples (n = 63) using three different
culture techniques: routine midstream urine (MSU) culture (white), unspun culture of a 50µl
sample volume (grey) and a spun sediment culture of a 30ml sample volume (black). Data is
presented as a percentage of the total number of isolates identified.
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Figure 4-7. Frequency of organisms identified from asymptomatic control cultures (n = 29) using
three different culture techniques: routine midstream urine (MSU) culture (white), unspun culture
of a 50µl sample volume (grey) and a spun sediment culture of a 30ml sample volume (black).
Data is presented as a percentage of the total number of isolates identified.

128

Chapter 4

A Microbiological Investigation of the Midstream Urine Culture

To determine whether the unspun (50µl) and spun sediment cultures improved on the
isolation of organisms compared to the MSU culture technique, the proportions of cultures
containing each genus were statistically compared across the three different culture methods
using the Cochran’s Q test. Table 4-8 presents a summary of the inferential analysis for
patient cultures. A significant difference in the proportion of cultures containing each genus
across the three different culture techniques was noted for four genera, namely Enterococcus
(χ2 = 25.8, df = 2, P < 0.001), Escherichia (χ2 = 22.2, df = 2, P < 0.001), Klebsiella (χ2 = 8.4,
df = 2, P < 0.05) and Staphylococcus (χ2 = 24.0, df = 2, P < 0.001). Post-hoc analysis, which
involved a pair-wise comparison of each culture method found significantly higher
proportions of Escherichia on unspun (50µl) cultures (χ2 = 11.0, df = 1, P < 0.05) and spun
sediment cultures (χ2 = 12.0, df = 1, P < 0.05) in comparison to MSU cultures, with no
significant difference identified between the unspun (50µl) and spun culture techniques (χ2 =
1.0, df = 1, P = 0.317). Similarly, a significantly higher proportion unspun (50µl) cultures (χ2
= 4.0, df = 1, P < 0.05) and spun sediment cultures (χ2 = 5.0, df = 1, P < 0.05) grew Klebsiella
in comparison to MSU cultures, with no significant difference found between spun and
unspun (50µl) cultures (χ2 = 1.0, df = 1, P = 0.317). Whilst significantly higher proportions of
cultures with Enterococcus were observed with both the unspun (50µl) (χ2 = 7.4, df = 1, P <
0.05) and spun sediment cultures (χ2 = 17.2, df = 1, P < 0.001) than MSU cultures, and the
proportion of sediment cultures containing Enterococcus was also significantly higher than
the unspun (50µl) method (χ2 = 10.0, df = 1, P < 0.05). Likewise, higher proportions of
unspun (50µl) (χ2 = 8.0, df = 1, P < 0.05) and spun sediment cultures (χ2 = 16.0, df = 1, P <
0.001) contained Staphylococcus, compared to the MSU culture method, with the spun
culture technique producing significantly higher proportion than the unspun (50µl) technique
(χ2 = 8.0, df = 1, P < 0.05).
Table 4-9 provides a statistical comparison of the proportions of organisms identified on
MSU, unspun (50µl) and sediment cultures of control specimens. A significant difference in
the proportions of cultures containing each genus was identified for four genera, specifically,
Corynebacterium (χ2 = 6.5, df = 2, P < 0.05), Enterococcus (χ2 = 14.9, df = 2, P < 0.05),
Escherichia (χ2 = 10.0, df = 2, P < 0.05) and Staphylococcus (χ2 = 19.8, df = 2, P < 0.001). As
seen with the patient cohort, a higher proportion of unspun cultures (χ2 = 5.0, df = 1, P <
0.05) and sediment cultures (χ2 = 5.0, df = 1, P < 0.05) than MSU cultures contained
Escherichia, with no significant difference in proportions between sediment and unspun
(50µl) cultures (χ2 = 0.0, df = 1, P = 1.0). Similarly, a higher proportion of unspun cultures
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Table 4-8. Results of the statistical comparisons of the proportions of patient (n = 63) unspun and spun
cultures that contained each genus, using Cochran’s Q test.
Degrees of freedom for each test = 2

Abbreviations: χ2 = Cochran’s Q test statistic

FREQUENCY (NUMBER OF CULTURES)
GENUS
Acinetobacter
Candida
Citrobacter
Corynebacterium
Enterococcus
Escherichia
Klebsiella
Lactobacillus
Leclercia
Morganella
Proteus
Pseudomonas
Staphylococcus
Streptococcus

MSU (1µl)

UNSPUN (50µl)

SEDIMENT (30ml)

0
1
2
0
24
15
4
1
1
1
2
4
4
3

1
2
2
0
33
27
8
3
0
1
2
4
12
4

1
2
3
2
43
27
9
4
0
1
3
4
20
6

χ2

P-VALUE

2.0
2.0
2.0
4.0
25.8
22.2
8.4
4.7
2.0
0.0
2.0
0.0
24.0
4.7

0.368
0.368
0.368
0.135
< 0.001
< 0.001
< 0.05
0.097
0.368
1.000
0.368
1.000
< 0.001
0.097

Table 4-9. Results of the statistical comparisons of the proportions of control (n = 29) unspun and spun
cultures that contained each genus, using Cochran’s Q test.
Degrees of freedom for each test = 2

Abbreviations: χ2 = Cochran’s Q test statistic

FREQUENCY (NUMBER OF CULTURES)
GENUS
Acinetobacter
Corynebacterium
Enterococcus
Escherichia
Klebsiella
Proteus
Staphylococcus
Streptococcus

MSU (1µl)

UNSPUN (50µl)

SEDIMENT (30ml)

1
0
2
2
1
3
3
5

1
1
9
7
1
4
8
7

1
4
11
7
1
4
16
8

χ2

P-VALUE

0.0
6.5
14.9
10.0
0.0
2.0
19.8
4.7

1.000
< 0.05
< 0.05
< 0.05
1.000
0.368
< 0.001
0.097

(χ2 = 7.0, df = 1, P < 0.05) and spun sediment cultures (χ2 = 9.0, df = 1, P < 0.05) than MSU
cultures contained Enterococcus. Unlike the patient cohort, no significant difference was
identified between the proportion of unspun (50µl) and spun sediment cultures (χ2 = 2.0, df =
1, P = 0.157). A significantly higher proportion of unspun (50µl) cultures (χ2 = 5.0, df = 1, P
< 0.05) and sediment cultures (χ2 = 13.0, df = 1, P < 0.001) than MSU cultures contained
Staphylococcus, with a significantly higher proportion of sediment cultures identified to
contain Staphylococcus than unspun (50µl) cultures (χ2 = 8.0, df = 1, P < 0.05). While a
significant difference could not be seen between the number of unspun (50 µl) and spun
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sediment cultures with Corynebacterium (χ2 = 3.0, df = 1, P = 0.083), a significantly higher
number of sediment cultures containing Corynebacterium than MSU cultures was observed
(χ2 = 4.0, df = 1, P < 0.05).
In summary a marked improvement in the number of cultures containing Escherichia and
Klebsiella, by increasing the volume of unspun urine from 1µl to 50µl. Whilst further
improvement in isolation can be seen by spinning 30ml of urine, the improvement between
unspun (50µl) and spun methods was not statistically significant for these Gram negative
rods. However, a significant improvement was observed in the isolation of Gram positive
cocci (Enterococcus, Staphylococcus), not only by increasing the volume of unspun urine
(50µl), but also between this method and the spun sediment culture technique.

4.5.11. Microbial isolation compared between study groups
Figure 4-8 presents the percentage frequency of the genera identified from the spun urinary
sediment cultures of patient and control urine specimens. Whilst 15 different genera were
grown from symptomatic patient specimens, eight genera were isolated from control samples.
Seven genera were shared by both patients and control groups, which were Corynebacterium,
Enterococcus, Escherichia, Klebsiella, Proteus, Staphylococcus and Streptococcus.
Organisms that were cultivated from patient samples that were not isolated from control
specimens

were

Candida,

Citrobacter,

Enterobacter,

Leclercia,

Morganella

and

Pseudomonas. In symptomatic patients, Enterococcus, Staphylococcus and Escherichia were
the most frequently identified organisms. In asymptomatic controls, Staphylococcus,
Enterococcus and, Streptococcus were most frequently isolated. However, Staphylococcus (χ2
= 3.7, df = 1, P = 0.064) and Streptococcus (χ2 = 2.4, df = 1, P = 0.2) were present at
statistically similar frequencies in patients. Fisher’s exact test revealed a significantly higher
frequency of Enterococcus isolates cultivated from the new patient group than from
asymptomatic controls (χ2 = 6.2, df = 1, P < 0.05). No significant difference was observed
with any other genus between new patients and control subjects. Comparison of frequencies
between control and chronic patients using Fisher’s exact test revealed a significantly higher
frequency of Staphylococcus (χ2 = 6.9, df = 1, P < 0.05), and Streptococcus (χ2 = 7.0, df = 1,
P < 0.05) in controls than chronic patients. No significant differences in the number of genera
were identified between new patients and chronic patients.
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Figure 4-8. Organisms identified with the spun sediment cultures from asymptomatic control (n = 29), new
patients (n = 33) and chronic patients (n =30) urine as a percentage of the total isolates identified.
*P < 0.05 (new patients versus control cultures), *P < 0.05 (controls versus chronic cultures)

4.5.12. Monomicrobial and mixed sediment cultures
Table 4-10 summarises the frequencies of sterile, monomicrobial and multispecies spun
sediment cultures (see Appendix 8 for raw data on the sediment culture composition of
patient cultures). The number of sterile sediment cultures for both patient groups and controls
was lower than observed with the MSU culture (Table 4-7). Whilst it was noted that 16
(53.3%) chronic patient sediment cultures and 16 (55.2%) control sediment cultures
contained more than one organism, the Chi-squared test, followed by post-hoc analysis using
Bonferroni’s correction confirmed that the number of polymicrobial sediment cultures (n =
28 (84.8%)) was significantly higher than sterile and monomicrobial cultures within the new
patient group (χ2 = 8.76, df = 1, P < 0.008). This analysis indicated that the majority of new
patient sediment cultures were polymicrobial and polymicrobial cultures from all three
groups presented 2-3 isolates on average. In the new patient cohort, the most frequently
observed combination of microbes on sediment culture were Enterococcus and Escherichia
(n = 9). This combination was also the most frequently observed among chronic patient
sediment cultures (n = 9). Enterococcus combined with Streptococcus and Staphylococcus (n
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= 4) was the most frequently observed combination on the sediment cultures of control
specimens.
Table 4-10. Frequency of sterile (no growth), monomicrobial and polymicrobial sediment cultures observed
within each study group.

SEDIMENT CULTURES
Sterile (% of cultures)
Monomicrobial (% of cultures)
Multispecies (% of cultures)
 Two isolates
 Three isolates
 Four isolates
 Five isolates
 Six isolates
 Seven isolates
Mean isolate count (SD, 95% CI)

NEW PATIENTS
(n = 33)
1 (3.0)
4 (12.1)
28 (84.8)
9
12
5
2
0
0
2.6 (1.2, 2.2-3.1)

CHRONIC PATIENTS
(n = 30)
4 (13.3)
10 (33.3)
16 (53.3)
8
6
0
0
1
1
1.9 (1.6, 1.3-2.5)

CONTROLS
(n = 29)
5 (17.2)
8 (27.6)
16 (55.2)
2
8
4
2
0
0
2.1 (1.6, 1.5-2.7)

4.5.13. Quantifying the total microbial load of sediment cultures
A review of the counts (cfu/ml) at which the dominant genera grew on patient and control
sediment cultures indicated that these bacteria were largely present at counts of 1-10 cfu/ml
(see Appendix 7). However, it was noted that 5 (31.1%) of all Escherichia isolates identified
on new patient cultures grew at ≥105 cfu/ml. Figure 4-9 illustrates the median logtransformed total colony counts of organisms grown on the spun sediment cultures for all
three study groups. Statistical comparison using Mood’s median test confirmed that there was
no significant difference in the median log total colony counts of sediment cultures across the
three groups (χ2 = 0, df = 2, P = 1.0), although it can be seen that the new patients had a
higher upper boundary for the 95% confidence interval in comparison to chronic patients and
controls.
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Figure 4-9. Median log-transformed total colony counts for organisms grown on sediment culture for each
study group.

Figure 4-10 shows the median total log colony counts of patient sediment cultures compared
by the MSU culture result. Mood’s median test confirmed that there was a significant
difference in the median total log colony counts of new and chronic patient sediment cultures,
when patients were grouped according to their MSU culture result (χ2 = 26.4, df = 2, P <
0.001). Post-hoc analysis using Bonferroni’s correction determined the median total log
culture count to be significantly higher for patients with a mixed growth MSU culture result
(χ2 = 19.8, df = 1, P < 0.001) and a positive MSU culture (χ2 = 11.8, df = 1, P < 0.05) than for
patients with a negative MSU culture.
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Figure 4-10. Median log-transformed total colony counts per millilitre (log total cfu/ml) for new patients and
chronic patients when categorised by midstream urine (MSU) culture result: no significant growth, mixed
growth and positive culture.

Figure 4-11 shows the median total log colony counts for patient sediment cultures, when
grouped into three different urinary leukocyte categories: zero wbc/µl, 1-9wbc/µl and
≥10wbc/µl. Mood’s median test confirmed that there was no significant difference in the
median log total colony count of sediment cultures when microbial counts were grouped and
compared by the different urinary leukocyte categories (χ2 = 2.1, df = 2, P = 0.345). Figure 412 shows the median total log colony counts for patient sediment cultures when grouped into
three urinary epithelial cell count categories: zero epc/µl, 1-9epc/µl and ≥10epc/µl. The
median test confirmed a statistically significant difference in median log total sediment
culture counts (χ2 = 8.3, df = 2, P < 0.05). Post-hoc analysis using Bonferroni’s correction
showed significantly higher counts in the category of ≥10epc/µl than the 1-9epc/µl (χ2 = 7.9,
df = 1, P < 0.05) and significantly higher counts in patients with no epithelial cells than in
patients with a count of 1-9epc/µl (χ2 = 4.4, df = 1, P < 0.05).
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Figure 4-11. Median log-transformed total colony counts per millilitre (log total cfu/ml) with 95% confidence
intervals for new patients and chronic patients when grouped into three ordinal urinary leukocyte count
(wbc/µl) categories: zero cells, 1-9 cells and ≥10 cells.

Figure 4-12. Median log-transformed total colony counts per millilitre (log total cfu/ml) with 95%
confidence intervals for new patients and chronic patients when grouped into three ordinal urinary leukocyte
count (wbc/µl) categories: zero cells, 1-9 cells and ≥10 cells.
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4.6. Discussion
The purpose of this study was to evaluate two aspects of the routine MSU culture performed
in a UK diagnostic laboratory: (i) the accompanying interpretation criteria and (ii) the culture
technique employed. This evaluation was crucial since the test is considered to be the gold
standard diagnostic tool for confirming or excluding a UTI in symptomatic patients.
Following a clinical examination of the recruited subjects, an assessment of the interpretation
criteria was conducted by replicating the routinely performed MSU culture procedure in
research laboratory settings, with the intention to scrutinise its microbial composition in
detail and compare to the result reported by the hospital diagnostic laboratory. This analysis
was followed up with an assessment of the MSU culture technique, which involved a
comparison of the microbial yield to that achieved with alternative culture methods.
Diagnostic laboratories in the UK remain fixed on the culture criteria proposed in the 1950s
(80). The threshold of 105cfu/ml relies on Gram negative bacilli counts that were isolated
from a small sample of patients with acute pyelonephritis, a notably serious clinical
manifestation of UTI (274, 277). It is imperative that clinicians responsible for the care of
LUTS patients are informed of the potential underlying limitations associated with the MSU
culture test to promote more a cautious decision-making approach regarding LUTS patient
care.
This study of the MSU culture was performed using clean-catch MSU specimens collected
from two patient groups that attended a LUTS clinic. One group consisted of new patients
that presented to the clinic for the first time with acute LUTS suggestive of UTI and the
second group represented chronic patients that had been treated empirically for UTI, but were
experiencing recurrent symptoms or were symptomatically unresponsive to initial
antimicrobial therapy. Both patient groups were compared to a group of asymptomatic
controls to identify any differences in the cultured bacterial communities (characterisation of
bacterial communities using a molecular approach is presented in Chapter 6). All three
groups had statistically similar age distributions, making all participants ideal for comparison.
The three groups were clinically assessed using a symptomatic questionnaire and provided
clean-catch MSU specimens. Whilst studies have argued that a urine specimen collected by
catheterisation would provide a more accurate representation of the bladder’s microbial
composition and reduce the possibility of contamination with colonisers of the periurethral,
vaginal and perianal regions, a clean-catch MSU specimen collection technique was selected
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for several reasons. The aim of this study was to evaluate the routine MSU culture technique,
which is the primary go-to method for collecting a urine sample for culture, provided that this
method is practically feasible for the patient. In symptomatic patients, catheterisation is
potentially an invasive, uncomfortable and painful method of collection that has also been
reported to increase the risk of developing an infection (434). If the clean-catch technique is
performed correctly, it has been reported to produce similar results to the CSU technique
(435). Furthermore, catheterisation may bypass organisms colonising the urethra, which may
represent an early stage UTI. Hooton et al discussed this as a possible reason for why a lower
threshold is usually applied to CSU cultures and a higher count is considered for MSU
cultures, since it is unclear if the latter collection method has sampled bacteria from the
bladder and/or the urethral region (436).
The asymptomatic volunteers did not report any LUTS and were therefore clinically distinct
from the recruited symptomatic patient groups. Clinical characteristics of new and chronic
patient groups exhibited similar day and night urinary frequency patterns, voiding symptoms
and pain symptoms. Whilst a higher number of new patients had SUI symptoms, a statistical
comparison of the individual symptoms between both patient groups attributed most of this
significant difference to cough/sneeze incontinence. Clear differences between the patient
groups were however noted with five storage symptoms (urgency, latchkey urgency, wakingup urgency, anxiety urgency and latchkey incontinence).
Urinary dipstick and microscopy tests were performed to identify the proportion of patients
that produced positive results on diagnostic tests that were able to provide immediate results.
Whilst similar frequencies new and chronic patients produced tested positive for leukocyte
esterase, only one new patient tested positive for urinary nitrite, indicating the presence of
Gram negative bacilli (section 1.4.4.). Khasriya et al previously reported that urinary dipstick
leukocyte esterase detection had a sensitivity of 56% and nitrite sensitivity of 10% against the
reference standard MSU culture (271). In this study, leukocyte esterase performed better than
expected, since only four new patients and two chronic patients were reported to have
positive cultures, whilst 13 new patients and 11 chronic patients were positive for leukocyte
esterase. Three of four patients with an MSU culture positive for E. coli produced tested
negative for urinary nitrite, which reinforced the evidence demonstrating its lack of
sensitivity (267, 271). It was also noted that six control urine samples contained a trace of
leukocyte esterase, while eight controls excreted urinary white cells within the 1-9wbc/µl
range. Leukocyte excretion by asymptomatic individuals is supported by findings of studies
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conducted by Dukes and Stansfield (248, 251). In this study, the controls subjects had
statistically lower leukocyte counts than both patient groups. Although no difference was
observed between patient and control microscopic epithelial cell counts, the presence of
epithelial cells in controls may be attributed to the acknowledged healthy urothelial cell
turnover (416, 437).
Routine MSU culture results reported by the diagnostic laboratory revealed that less than
10% of patients with a clinically suspected UTI had a positive MSU culture, with only four of
33 new patient cultures producing monomicrobial growth at 105cfu/ml. In this study cohort
the MSU culture was unable to discriminate between patients and controls. A possible
contributor to this result could be the small sample sizes studied. Since the majority of patient
MSU cultures were reported as negative and mixed and the microbial composition was
unknown, the culture test was replicated using an identical protocol to determine what
organisms were grown and what quantities were dismissed as insignificant. New patient
MSU cultures produced a higher number of isolates in comparison to controls and chronic
patients, which may be explained by the selection bias of culture medium used ChromID
CPS3 (now called ChromID Elite) was designed to selectively support the growth of bacteria
and fungi that frequently cause UTI, whilst unable to support the growth of bacteria that are
conventionally

recognised

as

non-pathogenic

(including

Corynebacterium

and

Lactobacillus). While alternative culture media could have been used for this study for the
isolation of other communities including fungi and anaerobic bacteria, this investigation
provided insight into whether the bacterial yield recognised as uropathogenic could be
optimised under identical laboratory conditions. Routine MSU culture processing does not
initially involve the use of culture media other than CLED and chromogenic agar (80).
However, in this study, chromogenic agar was able to support the slow or weak growth of
Corynebacterium and Lactobacillus. The significant differences observed in the frequencies
of isolates from chronic patient cultures compared to controls may be explained by current or
recent use of antimicrobials. Enterococcus and Escherichia were the most frequently isolated
bacteria from new patients. The predominance of Enterococcus and E. coli were reported in a
study of polymicrobial infections, which described the organisms to frequently occur together
(438).
Organisms present on all mixed and negative patient MSU cultures grew at 103-105 cfu/ml.
The use of a 1µl loop requires visible growth of 100 colonies quantity for a count of
105cfu/ml. Thus, 10 colonies equate to a quantity of 104cfu/ml and one colony is interpreted
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as 103cfu/ml. This however means that the loop is unable to accurately detect urinary
microbes present at quantities of 102cfu/ml, which is used routinely by laboratories outside
the UK to confirm a UTI (280). From a diagnostic perspective, this culture method is
sufficient to comply with the UKs’ recommendations on the thresholds used to confirm
significant growth. However, symptomatic patients that do produce microbial growth as low
as 102cfu/ml may not be diagnosed and treated, which may lead to the development of a
chronic or complicated infection, against which, an empirical first line antimicrobial may not
be sufficient for successful treatment.
Whilst specimen contamination may inevitably occur, it is important to remember the
possibility that the causative organism involved in the infection maybe present among
commensal microbes. Identifying and reporting the exact microbial composition of a mixed
culture may provide useful information when deciding on a suitable course of treatment, or
could also be important for future reference in the event of a recurrent infection. Mixed
growth cultures may also be the result of polymicrobial infections. Whilst organisms isolated
from healthy and disease human states are traditionally referred to either as commensals or
pathogens, it is becoming increasingly clear that some infectious diseases, including UTI may
arise from or be associated with complex microbial communities within the host. Microbes
may either exist in mutualistic or synergistic relationships, or even exist competitively. A
shift in the microbial population or compromise in host immunity could pave the way for
opportunistic pathogens to cause infection (362).
Microbial isolation was generally seen to improve with alternative methods of culture, with
significantly higher numbers of unspun (50µl) and spun cultures containing Escherichia,
Enterococcus, Klebsiella, and Staphylococcus. Whilst significantly higher numbers of unspun
(50µl) and sediment cultures contained Escherichia and Klebsiella compared to the number
of MSU cultures, no significant difference was observed between the two alternative methods
of culture. Additionally this significant difference in the number of Klebsiella cultures across
the three culture methods was found exclusively in patients. In contrast, not only were there
significantly higher numbers of sediment cultures and unspun (50µl) cultures that contained
Enterococcus and Staphylococcus in comparison to MSU cultures, but a significant
difference was also identified between the numbers of unspun (50µl) and sediment cultures
that contained these Gram positive cocci. A significantly higher number of sediment cultures
with these Gram positive cocci may be explained by the improved isolation of Gram positive
cocci associated with urothelial cells concentrated by the sediment culture method. Whilst the
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ability of Staphylococcus to bind to and invade urothelial cells is yet to be explored in detail,
the ability of Enterococcus to adhere to and penetrate urothelial cells has previously been
demonstrated (418). It is also noted that a significant improvement in the isolation of
Enterococcus with the sediment culture method was observed exclusively in the patient group
and not with controls. Although the ability of Klebsiella to bind to and invade urothelial cells
needs to be examined, the absence of a significant difference between the number of
sediment cultures and unspun cultures (50µl) containing Escherichia may be explained by the
challenge met in witnessing Escherichia that are able to penetrate the cells, which has also
been reported previously (418). It is also possible that the centrifugation step may have
detached the bacteria from excreted urothelial cells, which might explain the absence of a
significant different between the number of sediment cultures and unspun (50µl) cultures that
contained Escherichia. This theory could be confirmed with a study on a larger cohort of
patients and controls with the assistance of confocal or scanning electron microscopy to
determine if the harvested bacteria are bound or have penetrated urothelial cells.
Alternatively, the invasive abilities of the Escherichia, Klebsiella, Enterococcus and
Staphylococcus strains isolated from sediment cultures could be assessed using appropriate
cell lines or models (418, 439, 440). Although the number of control sediment cultures that
grew Corynebacterium was significantly higher than the number of MSU cultures, the
observed difference was considerably small.
Comparison of the cultivated urinary microbial community showed more genera to be
isolated from urinary sediment of patient specimens than controls, which is likely to be
attributed to the culture medium used and its limited ability to support the growth of a
broader spectrum of organisms that are less commonly associated with UTI. However, this
culture medium proved to be useful in revealing UTI-associated organisms that were shared
by symptomatic and asymptomatic populations. Bacteria shared by patients and controls were
Corynebacterium Enterococcus, Escherichia, Klebsiella, Proteus, Staphylococcus and
Streptococcus. Although the isolation frequencies of these bacteria may suggest which
organisms are involved in microbial homeostasis of the urinary tract and which organisms are
associated with the presence of LUTS suggestive of UTI, a more definitive approach would
involve analysing the cultivated urinary microbial community at a molecular level which
should provide more information on which organisms are involved in health and LUTS.
The total cultivated urinary microbial community excreted in the urine appears to be
statistically similar in quantity, although the 95% confidence intervals suggest that the total
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counts of new patients are higher than those of chronic patients and controls. This finding,
alongside the differences in frequencies of particular genera between patients and controls
suggest that rather than a change in the total microbial titre between the asymptomatic and
LUTS states, there are shifts in the abundance of particular genera that colonise the urinary
tract. However, within-group differences in total colony counts can be seen when patients are
categorised by their MSU culture result. New and chronic patients with a mixed growth or
positive MSU culture had significantly higher colony counts than patients with a negative
MSU culture. This result reinforces the similarity of patients mixed growth culture to patients
with a positive culture, with the key difference being the multimicrobial presence on culture.
However, whilst other diagnostic possibilities should be considered, it is also possible that
symptomatic patients with a negative culture may have a low grade or early stage UTI that
could not be detected with the MSU culture and its accompanying criteria for significant
growth. Additionally, to determine if there was a significant association between the grade of
inflammation and total microbial growth, the total microbial counts for patients were grouped
by log microscopic white cell and epithelial cell counts. When categorised ordinally, the
magnitude of microscopic white cell counts did not significantly reflect the total cultivated
urinary microbial load.
While concentrating the urine samples by centrifugation may better represent the cultivable
urothelial cell-associated microbial population, it may skew the respective microbial titres,
particularly for species present at high colony counts. Microbial counts will also be distorted
by the culture medium’s ability to support the organisms present in urine, the ability of
species to compete for agar nutrients and space.

4.7. Conclusions
These results suggest that the performance of the routine MSU culture may be limited by
several factors, among which, is the interpretation criteria that is unaided by the reliance on a
quantitative threshold. The threshold of 105cfu/ml was based on bacterial counts from
patients at one extreme of the pathological spectrum. Comparison with alternative culture
methods suggests that the calibrated loop MSU technique is missing a significant proportion
of microbes, the majority of which appear to be recognised uropathogens. The high
proportion of polymicrobial patient cultures evident from the presented data should inform
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the medical community to consider the interpretations of negative or mixed cultures
cautiously.
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5.1. Introduction
Microbial identification forms an integral component of the diagnostic laboratory workload
and is defined by several aspects. Processing a large number of specimens in a timely manner
depends on quick, accurate, practically feasible, and economical methods of identification,
which will vary with each hosting microbiology laboratory. Accurate species identification
can be crucial in determining which antimicrobial treatment choices would increase the
likelihood of successful treatment and which antimicrobials should be contraindicated. In the
context of studying urinary microbial ecology, characterisation at the species-level may
provide more specific information on urinary tract colonisers, from which the similarities and
differences between healthy and LUTS urinary microbial communities can be determined.
Conventional methods of bacterial and fungal identification include the use of microscopy
with various stains, morphological appearance on culture, inherent resistance to particular
antimicrobials, metals or toxins, atmospheric and/or temperature requirements, serotyping
and the presence of particular enzymes or occurrence of particular biochemical reactions.
Commercially available kits that incorporate a selection of biochemical reactions for the
species-level identification of bacteria and fungi include the Crystal identification systems
(Beckton Dickinson and Company, USA), MicroScan panels using the MicroScan SI
instrument (MicroScan Incorporated, USA), the Vitek 2 and Vitek 32 systems (BioMérieux,
France), the Phoenix 100ID/AST system (Beckton Dickinson and Company, USA) and the
Analytical profile index (Api) kits (BioMérieux, France) (441-445).
Api systems are available for the species-level identification of Enterobacteriaceae, nonenteric Gram negative rods (GNRs), staphylococci, micrococci, streptococci, enterococci,
coryneforms, yeasts, anaerobic bacteria, as well as species of Listeria, Neisseria,
Haemophilus, Moraxella catarrhalis and Campylobacter based on the results of
approximately 10-20 biochemical reactions (with the exception of Api 50 CHB, CHE, CHL
test kits), the use of which depends on the identification protocol of the diagnostic laboratory.
More recently incorporated into routine microbial identification within UK’s diagnostic
laboratories is the use of matrix-assisted laser desorption/ionisation time-of-flight mass
spectrometry (MALDI-TOF MS) (446). The principle behind microbial mass spectrometry is
the ionisation and separation of microbial (protein) particles based on their mass-to-charge
ratio, from which, the detected singly charged ions generate a mass spectrum that is

145

Chapter 5

Microbial Identification to the Species Level

compared to a library of spectra for organisms for identification. This method is able to detect
intracellular proteins in the range of 4-15 kilo Daltons, which includes ribosomal proteins
(447). Following the advent of the mass spectrometric analysis of volatile compounds,
MALDI-TOF-based microbial proteomics was introduced towards the end of the 1980s,
whereby particles remain intact during ionisation (448, 449). MALDI-TOF MS is a sensitive
technique and therefore requires a low microbial biomass of approximately 104-106 bacterial
cells (‘fresh’ or lag phase growth cells) for successful identification (p173) (450, 451).
Firstly, a fraction of a pure colony is applied onto a sterilised target plate with a solution
consisting of alpha-4-hydroxycinnamic acid dissolved in 50% acetonitrile and 2.5%
trifluoroacetic acid (known as matrix solution), which co-crystallises with the microbe upon
air drying (451). This solution serves to preserve the isolate from decomposing and
transforms the incoming laser light into heat (452). This results in sample desorption and the
formation of singly protonated ions (453). A magnetic field created by a fixed electric
potential (mV) accelerates the ions before they enter the flight tube (450). Once in the flight
tube, the mass of ions is separated and analysed (452, 454). The lighter ions travel faster and
are detected earlier than heavier ions (452, 454). Figure 5-1 illustrates the described
principles of MALDI-TOF MS and a workflow of the key stages involved in microbial
identification (454). This process generates a mass spectrum known as a peptide mass
fingerprint, in which the mass-to-charge ratio is plotted against the signal intensity (452). The
spectrum may contain signature peaks that represent a particular genus and species, which is
compared to a library of spectra of characterised organisms in order to achieve a match (452).
Commercially available MALDI-TOF MS software systems for microbial identification
include the Bruker Daltonics system (Bruker Daltonics, Germany), Vitek MS (BioMérieux,
France), Andromas (Andromas SAS, France) and MicrobeLynx (Waters Corporation, UK),
of which, the former is the most widely used and has been extensively evaluated (455-458).
The three preparatory methods that can be used for microbial identification by MALDI-TOF
MS, the first of which is (i) direct colony approach, which involves applying a microbial
colony directly onto the target plate. In cases where this method is unsuccessful, an extra
protein extraction stage may be incorporated. This involves (ii) chemical or enzymatic lysis
of microbial colonies which can include (iii) physical disruption which involves heating at
95°C for 1 hour to facilitate the breakdown of the bacterial cell peptidoglycan layer,
particularly of Gram positive bacteria and yeasts, since the mechanical disruption caused
during the direct colony plate method may be insufficient (459-463). Gorton et al presented
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evidence for the successful identification of 97.4% of yeast isolates with the incorporation of
a formic acid extraction protocol to assist with the disruption of the robust fungal cell wall
made of glucans and chitins (464).
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A

B

Figure 5-1. (A) Principle behind MALDI-TOF MS-based microbial identification Red, blue and orange spheres indicate analytes. Green spheres indicate matrix solution.
Illustration is presented with permission from Wieser et al (2012). (B) Workflow of the direct colony approach to microbial identification. Illustration by S.
Sathiananthamoorthy (2016).
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Additionally, studies have assessed the potential of this screening tool to identify significant
bacteriuria directly from urine specimens, with the intention to reduce the specimen
processing time scale. Ferreira et al compared other methods of UTI diagnosis, including the
screening of samples with the Sysmex UF-1000i flow cytometer (section 1.4.10.1) and
culture of positive samples to direct screening of spun urine with the MALDI-TOF MS using
an Autoflex mass spectrometer (Bruker Daltonics, Germany) (465). Two hundred and four
(92.7%) urine samples with colony counts at >105 cfu/ml were identified at the genus-level
and 202 (91.8%) specimens were further identified to the species level (465). MALDI-TOF
MS-based microbial identification could not be achieved for 14 specimens, with
disagreement of identification by conventional (using the Vitek-2 system) and MALDI-TOF
MS methods in two cases (465).
Wang et al performed a similar investigation on a larger scale and found the flow cytometer
and MALDI-TOF MS results to agree for 387 (90.0%) of 430 urine samples that were
identified to grow a single organism on culture (466). The MALDI-TOF MS method did
however struggle to correctly interpret samples that contained two organisms on culture
(466). Forty four urine samples grew two organisms on culture, of which only four samples
(9.1%) samples were identified by the MALDI-TOF MS to contain two organisms, while
only one of the organisms could be identified in 20 (45.5%) and the remaining 20 samples
had an unreliable identification (466). The ability of microbial mass spectrometry to detect
multiple organisms was further assessed by analysing mixtures of known bacteria at various
ratios (466). This study found that bacteria within mixed populations were simultaneously
detected when mixed at ratios of 1:1 and only dominant bacteria would be detected at a 1:9
ratio (466).
Both Ferreira and Wang research groups conducted positive control experiments involving
the use of known concentrations of bacteria to identify the minimum quantity required for the
detection of bacteriuria. Positive control experiments using known quantities of E. coli, P.
aeruginosa and E. faecalis indicated that a reliable identification at the species level required
quantities as high as 8x104cfu/ml, 1.2x105cfu/ml and 1.5x105cfu/ml respectively are required
(465). Experiments using known quantities of K. pneumoniae, P. mirabilis and S. aureus
indicated that respective counts of 3x104cfu/ml and 1.2x105cfu/ml were required for reliable
identification (466). Ferreira et al and Wang et al provided evidence that supported the
abilities, as well as the limitations of MALDI-TOF MS as a direct screening tool for
bacteriuria indicative of UTI. Bacterial identification could only be achieved at adequate
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quantities. Although Gram negative rods (GNRs) with counts of <105cfu/ml could be
detected and identified, Gram positive bacteria present at this quantity provided an unreliable
identification and is suspected to be due to the less problematic lysis of Gram negative
bacteria, enabling ribosomal proteins to be released easily for detection and identification
(465, 466). Additionally, samples containing multiple organisms are more likely to be
misinterpreted by the MALDI-TOF MS (466).
MALDI-TOF MS has also been trialled and evaluated for the detection of antibiotic
resistance. This approach is considered to be particularly favourable given the extensive
resistance and acquired mechanisms of antimicrobial resistance, the limitations of phenotypic
(culture-based) sensitivity testing methods, the current climate of rising antimicrobial
resistance (467-469). Mass spectrometric application to monitor antibiotic resistance has been
conducted by the detection of enzymes and other resistance markers (470-472),
characterisation of proteins expressed by resistant microbes (proteomics) and the detection of
single nucleotide polymorphisms (473, 474).
This chapter presents a species-level characterisation by MALDI-TOF MS of the urinary
microbial communities that were sampled from patients with LUTS suggestive of UTI and
asymptomatic healthy individuals. This chapter also measures the concordance of
conventional biochemical reaction-based microbial identification using commercial Api
testing kits against MALDI-TOF MS-based microbial identification.
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5.2. Aims
This study had two aims:
(i) To characterise the cultivated urinary tract microbial communities at the species level in
patients with LUTS and asymptomatic individuals.
(ii) To compare microbial identification to species-level using (i) analytical profile index
(Api) tests and (ii) matrix-assisted laser desorption ionisation time-of-flight mass
spectrometry (MALDI-TOF MS).

5.3. Study groups
Isolates cultured from the MSU specimens of the following three study groups (previously
assessed in Chapter 4) will be identified to species-level and compared:
(i) New LUTS patients (n = 33): Patients attending their first clinical consultation at the
community LUTS Clinic. Patients had not taken antibiotics in the previous four weeks.
(ii) Chronic LUTS patients (n = 30): Patients attending their clinical consultation that were
experiencing a recurrent acute exacerbation of urinary tract symptoms following initial
antimicrobial treatment or remained unresponsive to treatment.
(iii) Asymptomatic controls (n = 29): Asymptomatic individuals that have not been diagnosed
with a UTI or any other urinary tract abnormality or dysfunction. Controls have not taken
antibiotics in the previous four weeks.

5.4. Hypotheses
This study had one hypothesis:
(i) Microbial identification by MALDI-TOF MS would increase the rate of successful genus
and species-level identification, with the rate of identification being higher for Gram
negative organisms than Gram positive organisms.
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5.5. Materials and methods
5.5.1. Species identification by analytical profile index
An analytical profile index (Api) test is a multi-testing identification system that is frequently
used in clinical microbiology laboratories. An Api consists of approximately 20 microtubes
(with the exception of the Api Candida test), and each tube contains a dried substrate to test
for the occurrence of a particular biochemical reaction and the presence of a particular
microbial enzyme. Selection of the appropriate Api test usually depends on the
morphological characteristics of the organism to be identified. The Api tests used for this
study have been presented in Table 5-1. The methods for performing the various Api tests
and using the MALDI-TOF MS for microbial identification using the direct colony method
and ethanol formic acid extraction are described below.
Table 5-1. Analytical profile index tests used to identify cultivated isolates and their required time for
identification.

API TEST

MICROBE INDENTIFIED

INCUBATION TIME

Gram negative rod (Enterobacteriaceae)

18-24 hours

Api 20NE

Gram negative rod (non-enteric)

18-24 hours

Api Staph

Gram positive, catalase positive coccus

18-24 hours

Api 20Strep

Gram positive, catalase negative coccus

4 hours

Api Coryne

Gram positive, catalase positive rod

18-24 hours

Api Candida

Candida species

18-24 hours

Api 20E

5.5.1.1. Api 20E
The Api 20E (bioMérieux, France) test was used to identify Gram negative rod bacteria to the
species-level based on its ability to fulfil 20 biochemical reactions plus an oxidase test
(section 2.3.3.2.) for interpretation. A bacterial suspension with turbidity equivalent to that of
a 0.5 McFarland standard (1.5x108cells/ml) was prepared in 5ml of sterile distilled water and
used to inoculate all 20 microtubes and a CLED agar plate to confirm the purity of the
organism. Five to six drops of mineral oil were added to the wells testing for the presence of
the following enzymes or reactions: arginine dihydrolase (ADH), lysine decarboxylase
(LDC), ornithine decarboxylase (ODC), urea hydrolysis (URE) and hydrogen sulphide
production (H2S), to generate an anaerobic environment and to prevent the escape of
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metabolites. Following a 24-hour incubation period at 37°C, the CLED subculture was
examined for pure growth. Api reagents, namely ferric chloride, James reagent and VogesProskauer reagents (VP1 and VP2) were added to microtubes testing for tryptophan
deamination (TDA), indole production (IND) and acetoin production (VP). Positive and
negative colour changes were determined and the results were converted into a seven-digit
code that was entered onto the online database called Apiweb (bioMérieux, France) to obtain
species-level identification.

ONPG ADH

LDC

ODC

CIT

H2S

URE

TDA

IND

VP

GEL

GLU

MAN

INO

SOR

RHA

SAC MEL

AMY

ARA

Figure 5-2. Schematic of the Api 20E test strip for the species-level identification of Gram negative bacilli.
Positive colour changes are shown. Illustration by S. Sathiananthamoorthy (2016).

5.5.1.2. Api 20NE
The Api 20NE test strip (bioMérieux, France) consists of 20 biochemical reactions and an
requires the result of the oxidase test (2.3.3.2.) for interpretation. A bacterial suspension with
turbidity equivalent to that of a 0.5 McFarland standard was prepared in 5ml of sterile
distilled water and used to inoculate the first 8 wells from NO3 (potassium nitrate reduction)
to PNPG (p-nitrophenyl-βD-galactopyranoside hydrolysis). Four drops of the suspension
were then added to a 7ml AUX medium (0.2% ammonium sulphate, 0.15% agarose, 1.05%
vitamin solution, 0.01% trace elements, 0.624% monosodium phosphate, 0.15% potassium
chloride in demineralised water at pH 7.0-7.2) that was provided within the kit and the mixed
suspension was used to inoculate the remaining wells from GLU (glucose fermentation) to
PAC (phenyl acetate assimilation). Five to six drops of mineral oil were added to the wells
testing for the presence of the following enzymes or reactions: glucose fermentation (GLU),
arginine dihydrolase (ADH) and urea hydrolysis (URE). The inoculated test strip was placed
in the incubator at 37˚C for 24 hours. Following incubation chemical reagents (NIT 1 and
NIT 2 to the GLU well and James’s reagent to the TRP (tryptophane) well) were added to the
corresponding wells. The positive and negative colour changes were entered onto the Apiweb
database and converted into a seven-digit numerical profile, from which the bacterial species
was determined.

153

Chapter 5

NO3

TRP

GLU

Microbial Identification to the Species Level

ADH

URE

ESC

GEL

PNPG

GLU

ARA

MNE

MAN

NAG

MAL GNT

CAP

ADI

MLT

CIT

PAC

MNE
Figure 5-2. Schematic of the Api NE test for the species-level
identification of non-enteric Gram negative
bacilli. Positive colour changes are shown. Illustration by S. Sathiananthamoorthy (2016).

5.5.1.3. Api Staph
The Api Staph test strip (bioMérieux, France) is made up of 20 biochemical reactions. A
bacterial suspension equivalent to a 0.5 McFarland standard was made up in 6ml of Api
Staph medium (0.05% yeast extract, 1% bactopeptone, 0.5% sodium chloride and 1% trace
elements in demineralised water at pH 7.0-7.4) that was provided within the kit. This
suspension was used to inoculate each well present on the strip. Five to six drops of mineral
oil were added to the wells testing for arginine dehydrolase (ADH) and urea hydrolysis
(URE) to generate an oxygen-free environment and entrap metabolites from each reaction.
The inoculated test strip was placed in the incubator at 37˚C for 24 hours. The purity of the
organism was verified by inoculating a blood agar plate with the prepared bacterial
suspension, which was placed in the incubator alongside the test strip. Following incubation,
additional chemical reagents (labelled NIT1, NIT2, ZymA, ZymB, VP1 and VP2) were added
to the corresponding wells (NIT (nitrate reduction), PAL (alkaline phosphatase) and VP
(acetoin production respectively). The positive and negative colour changes were then
entered onto the Apiweb database and converted into a seven-digit numerical profile to
provide species level identification.

O

GLU

FRU

MNE MAL

LAC

TRE

MAN

XLT

MEL

NIT

PAL

VP

RAF

XYL

SAC

MDG NAG

ADH

URE

Figure 5-3. Schematic of the Api Staph test for the species-level identification of Staphylococci and Micrococci.
Positive colour changes are shown. Illustration by S. Sathiananthamoorthy (2016).

5.5.1.4. Api Strep
The Api Strep test strip (bioMérieux, France) is made up of 20 biochemical reactions and
requires the determination of beta-haemolysis for identification, which was confirmed by
inoculating the isolate into blood agar. A bacterial suspension of the Gram positive coccus
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was made using sterile distilled water with turbidity equivalent to McFarland Standard 4
(1.2x109cells/ml). This was used to inoculate the first 10 wells (from VP (acetoin production)
to ADH (arginine dihydrolase). Half a millimetre of the suspension was then transferred into
a capsule containing 2ml of GP medium (0.05% L-cystine, 0.02% tryptone, 0.5% sodium
chloride, 0.05% sodium sulphite and 0.02% phenol red in demineralised water at pH 7.4-7.6)
which was provided within the kit. The suspension was used to inoculate the next 10 wells
(labelled RIB (ribose fermentation) to GLYG (glycogen fermentation), which in addition to
the ADH well, were covered with five to six drops of mineral oil. After four hours of
incubation at 37˚C, a selection of chemical reagents (labelled VP1, VP2, ninhydrin, ZYMA
and ZYMB) were added to the corresponding wells (VP, HIP (hippurate) and PYRA
(pyrrolidonylaryl-amidase) to LAP (leucine arylamidase) respectively). Evidence of
haemolysis on the pure subculture was given a positive test result. The colour changes and
the haemolysis test result were reported onto the Apiweb database, a numerical code was
generated and the bacterial species was identified.

VP

HIP

ESC

PYR α-GAL β-GUR β-GAL PAL
A

LAP

ADH

RIB

ARA MAN

SOR

LAC

TRE

INU

RAF

AMD GLY
G

Figure 5-4. Api Strep test for the species-level identification of Streptococcus and Enterococcus species. Positive
colour changes are shown. Illustration by S. Sathiananthamoorthy (2016).

A

B

C

Figure 5-5. Api Strep tests performed for five bacterial isolates cultured from new patients. A = Enterococcus
faecalis, B = Enterococcus faecium, C = Streptococcus agalactiae. Image was taken by S. Sathiananthamoorthy
(2014).
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5.5.1.5. Api Coryne
The Api Coryne test (bioMérieux, France) strip is made up of 20 biochemical tests and
requires the result of the catalase test (section 2.3.3.3.) for identification. A bacterial
suspension with turbidity equivalent to that of a McFarland standard 6 (1.8x109cells/ml) was
made in 3ml demineralised water. This suspension was used to inoculate the first 11 wells
and a blood agar plate to confirm the purity of the organism. Half a millimetre of this
suspension was pipetted into a capsule containing 2ml GP medium (0.05% L-cystine, 0.02%
tryptone, 0.5% sodium chloride, 0.05% sodium sulphite and 0.02% phenol red in
demineralised water) which was used to inoculate the next nine wells (labelled O (negative
control) to GLYG (glycogen fermentation)). Five to six drops of mineral oil were added to
the same nine wells and the URE (urea hydrolysis) well. Following 24 hours of incubation at
37˚C, chemical reagents (NIT1, NIT2, Pyz, ZYMA and ZYMB) were added to the
corresponding wells (NIT (nitrate reduction), PYZ (pyrazinamidase) and PyrA (pyrrolidonyl
arylamidase) to βNAG (N-acetyl-β glucosaminidase). The colour changes along with the
catalase test result were entered onto the Apiweb database, a numerical code was generated
and the bacterial species was determined.

NIT

PYZ

PyrA

PAL βGUR

βGAL αGLU βNAG

ESC

URE

GEL

O

GLU

RIB

XYL

MAN

MAL LAC

SAC GLY
G

Figure 5-6. Schematic of the Api Coryne test for the species level identification of Corynebacterium. Positive
colour changes are shown. Illustration by S. Sathiananthamoorthy (2016).

5.5.1.6. Api Candida
The Api Candida test strip consists of 10 biochemical tests. A suspension of the yeast with
turbidity equivalent to that of McFarland standard 3 (9.0x108cells/ml) was made using a 2ml
capsule sodium chloride medium (0.85% sodium chloride in demineralised water) provided
within the kit. The suspension was used to inoculate all ten wells of the test strip (GLU
(glucose acidification) to URE (urea hydrolysis). Five to six drops of mineral oil were added
to six wells (from labels GLU to RAF (raffinose acidification) and URE) and the test strip
was placed in the incubator at 37˚C for 24 hours. The colour changes were interpreted,
converted into a numerical code and entered onto the Apiweb database to determine the
species.
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GLU

GAL

SAC

TRE

RAF βMAL αAMY βXYL ΒGUR
βNAG βGAL

URE

Figure 5-7. Schematic of the Api Candida test strip used for the identification of Candida species. Positive
colour changes are shown. Illustration by S. Sathiananthamoorthy (2016).

5.5.2. Species identification by MALDI-TOF MS
5.5.2.1. Direct colony plate method
All cultivated organisms were subcultured onto blood agar 18-24 hours before preparation
and analysis by the MALDI biotyper (Bruker Daltonics, USA) at the Whittington Hospital
Microbiology Department, which is shown in Figure 5-8. Each subculture was verified for
purity before being analysed by the mass spectrometer. MALDI-TOF MS-based microbial
identification has a lower detection limit of 104cfu/ml and an upper detection limit of
106cfu/ml. A colony of the isolate to be identified was picked using a sterile toothpick and
then smeared onto each spot of a sterilised 96-well target plate. Each isolate was spotted
twice to maximise the possibility of identification and good scores. The identification code of

Figure 5-8. Bruker (microflex LT) Daltonik MALDI Biotyper system used for microbial species-level identification
of cultured isolates (Bruker, USA). Image taken by S. Sathiananthamoorthy (2015).
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each spotted isolate was recorded on a hardcopy template of the target plate. The smeared
target plate was left to air-dry before applying the matrix solution. Once dry, a 1µl volume of
matrix solution (Bruker Daltonics, USA) consisting of alpha-cyano-4-hydroxycinnamic acid
dissolved in 50% acetonitrile and 2.5% trifluoroacetic acid) was added to each smear and the
target plate was left to air dry. The dried target plate was inserted into the MALDI biotyper
and time was given for the high vacuum to be restored. Using the MALDI Biotyper TM 3.0
software programme (Bruker Daltonics, USA), the isolate identifiers were manually recorded
onto the programme and the Bruker Taxonomy library was selected for the analysis.

5.5.2.2. Ethanol-formic acid extraction
In the event of an unsuccessful MALDI identification using the direct colony approach, the
ethanol-formic acid extraction protocol was adopted to assist with microbial cell wall
disruption and release of ribosomal proteins. A heavy suspension of the unidentified isolate
was made in 300µl of sterile distilled water. A volume of 900µl of absolute ethanol was then
added to the microbial suspension, which was vortexed and spun down at 13,000rpm
(20,000xg) for 2 minutes. The resulting ethanol was decanted and the centrifugation step was
repeated. Residual ethanol was removed and the resulting pellet was left to air dry at room
temperature for 3-5 minutes. The dried deposit was resuspended in a volume of 20µl-50µl of
70% formic acid. An equal volume of acetonitrile was added to this mixture, which was then
centrifuged at 13,000rpm for 2 minutes. The supernatant was then spotted onto a sterilised
target plate twice and left to air dry, before resuming with the direct approach protocol from
the point of adding matrix solution to each dried spot (see 5.5.2.1.).

5.5.2.3. Interpretation of MALDI-TOF MS results
Successfully identified isolates were usually given an identification accompanied by a score
suggesting taxonomic accuracy. A score of ≥2.0 was considered to represent valid specieslevel identification. Scores between 1.7 and 2.0 were regarded as valid genus-level
identifications. Isolates that could not be identified were deemed ‘uninterpretable’ by the
MALDI biotyper. Each bacterial isolate to be identified was spotted twice on the target plate
for a total of two readings. The second reading was used as insurance in the event of an
unsuccessful reading in the first instance.
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5.6. Statistical analysis
All descriptive and inferential statistics were generated using SPSS version 24.0 software
(IBM, New York, USA) and Origin Pro version 9.0 software (OriginLab, Massachusetts,
USA). The frequencies of each species were statistically compared using the Fisher’s exact
test. The identified isolates were initially categorised into the following four groups: (i)
Enterobacteriaceae and other Gram negative rods, (ii) staphylococci, (iii) enterococci and
streptococci, and (iv) Corynebacterium. Agreement of genus and species identifications
achieved with Api tests and MALDI-TOF MS were initially assessed for each of these four
groups by calculating the percentage agreement. Since the results of Api tests depended on
personnel interpretation of colour changes, which introduces the possibility of guessing, a
Cohen’s Kappa statistic was calculated for each of the four groups and interpreted according
to Cohen’s criteria (475, 476).
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5.7. Results
5.7.1. Summary
Microbial isolates grown from the urine sediment cultures of 33 new patients, 30 chronic
patients and 29 asymptomatic controls (see Chapter 4 for clinical characteristics) were
identified to the species level using Api tests and MALDI-TOF MS. Identifications achieved
with MALDI-TOF MS were used to characterise and compare the species isolated across all
three study groups. Significant differences in the frequency of species between patient and
control groups were assessed as pair-wise comparisons using Fisher’s exact test.

5.7.2. Comparison of species across study groups
Figure 5-9 presents the organisms isolated from new patients, chronic patients and
asymptomatic controls at the species level identified by MALDI-TOF MS. The new patient
group grew 26 different species, chronic patients grew 13 species and controls grew 15
different species. Discrepancies in the most abundant species within each study group were
observed. E. faecalis was the most frequently isolated organism (12.1%) from new patient
sediment cultures, followed by E. coli (7.7%) and S. haemolyticus (5.8%). In chronic patients,
E. faecalis (7.7%) was also most frequently isolated, followed by Escherichia coli (5.8%) and
K. pneumoniae (2.9%). In asymptomatic controls, S. haemolyticus (5.3%) was most
frequently isolated, followed by E. faecalis (4.8% and S. epidermidis (3.9%). As illustrated in
Figure 5-9A E. coli was the most frequently isolated Gram negative species from all three
study groups. Identified species that were considered to be atypically associated with urine
and UTI symptoms were Leclercia adecarboxylata, which was identified from one new
patient and Acinetobacter lwoffii (A. lwoffi), which was isolated from two new patients and
one asymptomatic individual. Figure 5-9B presents the abundance of Staphylococcus spp.
and shows that S. haemolyticus was most frequently from all three study groups. Figure 5-9C
shows that E. faecalis was the most frequent species of Enterococcus, followed by S.
agalactiae as the most frequent species of Streptococcus. Figure 5-9D presents the species of
Corynebacterium and other organisms that were isolated from each study group. The only
isolated fungus was C. glabrata and it was identified exclusively from chronic patient
cultures.
A pairwise statistical comparison of the number of patient cultures that grew each species
using the Fisher’s test identified a significantly higher number of new patients (n = 23,
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69.7%) to grow E. faecalis than asymptomatic controls (n = 10, 34.5%) (χ2 = 7.7, df = 1, P <
0.05). No other significant difference was identified with any other species between these two
groups. The Fisher’s test also confirmed a significantly higher number of asymptomatic
controls (n = 8, 27.6%) than chronic patients (n = 1, 3.3%) to grow S. agalactiae (χ2 = 6.7, df
= 1, P < 0.05). No other significant difference was identified with any other species between
these two groups. No significant differences in the frequency of each species were observed
between new patients and chronic patients.
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Figure 5-9. Species cultivated from new patients (n = 33), chronic patients (n = 30) and controls (n = 29). A = Enterobacteriaceae family and other nonenteric bacilli, B = Staphylococcus species, C = Enterococcus and Streptococcus species and D = Corynebacterium species and other organisms.
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5.7.3. Time frame of identification methods
Figure 5-10 presents a workflow of the approximate time required for each stage of the
identification of a single isolate using Api test strips (A) and MALDI-TOF MS (B). With the
exception of streptococci, identification of one isolate using an Api test strip required an
incubation period of 24 hours and took approximately two days and one hour from the point
of subculture to the interpretation of biochemical results. Since the Streptococcus isolates
required 24-48 hours to obtain sufficient growth from subculture, identification with an Api
Strep required a total time of two days and five hours which had a comparatively shorter
incubation period of four hours. In the case where an unacceptable profile was produced, a
minimum of four days may be spent in total to achieve identification by Api. MALDI-TOF
MS-based microbial identification using only the direct colony approach required one day
(for subculture) and 18 mins for preparing the specimen and loading the biotyper. In the event
of unsuccessful identification, an additional 20 minutes as required for the ethanol-formic
extraction protocol. Hence, the MALDI-TOF MS reduced the time required for identification
by at least one day.
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A

B

Figure 5-10. Approximate time-scale for the stages of identification by (A) Api tests and (B) MALDI-TOF MS. Illustration by S. Sathiananthamoorthy (2016).
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5.7.4. Api and MALDI-TOF MS identifications compared
A total of 207 isolates were cultured from new patients, chronic patients and controls, of
which, 202 were identified by both Api and MALDI-TOF MS methods. The Api tests
provided identification for 197 (97.5%) isolates. MALDI-TOF MS provided identification for
all 202 (100.0%) isolates. Whilst the direct colony approach provided identification for 195
(96.5%) of isolates, seven isolates (3.5%) required the additional ethanol-formic acid
extraction step for identification. Both methods provided matching identifications at the
species level for 163 (80.7%) isolates.
The Api systems, specifically Api 20NE, Api Coryne and Api Strep tests produced
unacceptable profiles for five isolates (2.5%), among which the MALDI-TOF MS identified
three as Acinetobacter lwoffii, one as Corynebacterium propinquum and one as Streptococcus
urinalis. The MALDI-TOF MS ethanol-formic acid extraction protocol was required to
identify three species of Corynebacterium (C. amycolatum, C. aurimucosum and C.
minutissimum), three species of Staphylococcus (S. cohnii, S. condimenti and S.
haemolyticus) and one P. aeruginosa isolate. Disagreements between MALDI-TOF MS and
Api identifications occurred for 32 (15.8%) of cultured isolates. Differences at the genus
level were seen for 10 isolates, among which, MALDI-TOF MS identified one isolate as
Pseudomonas, one isolate as E. coli and eight isolates as Enterococcus. Excluding these
genus-level discrepancies, disagreements at the species level were seen for 22 isolates, of
which, MALDI-TOF MS identified 16 isolates Staphylococcus species, three were species of
Corynebacterium, one as Enterococcus, one as Streptococcus and one as Enterobacter.
Table 5-2 presents the percentage agreement and Cohen’s Kappa statistics for 200 cultured
isolates (excluding two yeast isolates) that were categorised into four groups: (i) GNRs,
which consisted of the Enterobacteriaceae family, as well as species of Pseudomonas and
Acinetobacter, (ii) staphylococci, (iii) enterococci and streptococci and (iv) Corynebacterium.
Cohen’s Kappa statistic indicated a strong agreement between the identifications achieved at
both the genus and species level between Api tests and MALDI-TOF MS methods for Gram
negative bacilli. Scrutiny of the individual comparisons, which is shown in Table 5-3,
revealed that all three A. lwoffii isolates produced an unacceptable profile on the Api 20 NE
test. Additionally, the Api 20E test identified one Enterobacter cloacae isolate as
Enterobacter gergoviae and one E. coli isolate was identified as Enterobacter amnigenus.
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Whilst no discrepancies were noted for the identification of the Staphylococcus genus for all
55 isolates, differences were noted for 16 isolates at the species level, with Cohen’s Kappa
confirming moderate agreement between Api and MALDI-TOF identification methods
(Table 5-2). Nine (32.1%) of 28 isolates, which were identified by MALDI-TOF MS as S.
haemolyticus were identified as other species with the Api Staph test, which is presented in
Table 5-4. Other Staphylococcus species that produced different Api results were S. aureus,
S. epidermidis, S. cohnii, S. condimenti and Staphylococcus lugdunensis.
Cohen’s Kappa revealed moderate agreement of 0.69 between Api and MALDI-TOF MS
identifications of Enterococcus and Streptococcus isolates at both the genus and species
level, with 59 (84.3%) of 70 isolates producing a matching species-level identification (Table
5-2). Table 5-5 provides the individual species identifications for all Enterococcus and
Streptococcus isolates. Among the 45 E. faecalis isolates, two were identified as Gemella
haemolysans and four were identified as Aerococcus viridans by the Api Strep test. Two
isolates that were identified as Enterococcus hirae were instead identified as Aerococcus
viridans and Enterococcus avium by the Api test strip. One isolate that could not be identified
at the species level was identified as Enterococcus faecium by MALDI-TOF MS and one
isolate provided an unacceptable profile on the Api Strep, but was identified as Streptococcus
urinalis by MALDI-TOF MS. One of nine Streptococcus agalactiae isolates was identified as
Streptococcus constellatus on the Api Strep test.
Cohen’s kappa showed a strong correlation in the genus identification of Corynebacterium
isolates between Api and MALDI-TOF MS methods. However, a minimal correlation of 0.28
was witnessed at the species-level (Table 5-2). Disagreements between both methods were
observed with all four identified species of Corynebacterium that were identified by MALDITOF MS.
Although not included in the presented concordance analysis of bacteria, both Api and
MALDI-TOF MS produced identical results for two yeast isolates, both of which were
identified as Candida glabrata.
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Table 5-2. Measures of agreement between Api and MALDI-TOF MS results at the genus and species-level for cultured isolates (n = 200).
Abbreviations: CI = confidence interval

MEASURE OF
AGREEMENT

GRAM NEGATIVE
BACILLI
Genus
Species
65
65
60 (92.3)
59 (90.8)
0.886
0.865
(0.80-0.98)
(0.77-0.96)

Number of isolates
Matching ID (%)
Cohen’s Kappa
(95% CI)

STAPHYLOCOCCI
Genus
55
55 (100.0)

Species
55
39 (70.9)
0.607
(0.46-0.76)

-

ENTEROCOCCI &
STREPTOCOCCI
Genus
Species
73
73
64 ( 87.7)
62 (84.9)
0.704
0.721
(0.54-0.87)
(0.59-0.86)

CORYNEBACTERIUM
Genus
7
6 (85.7)
-

Species
7
3 (42.9)
0.282
(-0.04-0.60)

Table 5-3. Cross tabulation to show concordance of Api and MALDI-TOF MS species-level identification of Gram negative bacilli (n = 65).

MALDI-TOF MS ID
API ID
Unacceptable profile
E. coli
C. freundii
C. koseri
C. braakii
K. pneumoniae
K. oxytoca
E. amnigenus
M. morganii
P. mirabilis
P. aeruginosa
L. adecarboxylata
A. hydrophila
E. gergoviae
Total

E.
coli
0
34
0
0
0
0
0
1
0
0
0
0
0
0
35

C.
freundii
0
0
1
0
0
0
0
0
0
0
0
0
0
0
1

C.
koseri
0
0
0
1
0
0
0
0
0
0
0
0
0
0
1

C.
braakii
0
0
0
0
1
0
0
0
0
0
0
0
0
0
1

K.
pneumoniae
0
0
0
0
0
9
0
0
0
0
0
0
0
0
9

K.
oxytoca
0
0
0
0
0
0
1
0
0
0
0
0
0
0
1

M.
morganii
0
0
0
0
0
0
0
0
1
0
0
0
0
0
1
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P.
mirabilis
0
0
0
0
0
0
0
0
0
7
0
0
0
0
7

P.
aeruginosa
0
0
0
0
0
0
0
0
0
0
3
0
1
0
4

L.
adecarboxylata
0
0
0
0
0
0
0
0
0
0
0
1
0
0
1

A.
lwoffii
3
0
0
0
0
0
0
0
0
0
0
0
0
0
3

E.
cloacae
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0

Total
3
34
1
1
1
9
1
1
1
7
3
1
1
1
65
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Table 5-4. Cross tabulation to show concordance of Api and MALDI-TOF MS species-level identification of staphylococci (n = 55).

MALDI-TOF MS ID
API ID
S. haemolyticus
S. capitis
S. lugdunensis
S. aureus
S. epidermidis
S. hominis
S. warneri
S. simulans
S. caprae
Total

S. haemolyticus
20
0
2
3
1
3
0
0
0
29

S. capitis
0
1
0
0
0
0
0
0
0
1

S. lugdunensis
0
0
1
1
0
0
0
0
0
2

S. aureus
0
1
0
3
0
0
0
0
0
4

S. epidermidis
0
0
0
2
11
0
0
0
0
13

S. hominis
0
0
0
0
0
1
0
0
0
1

S. warneri
0
0
0
0
0
0
1
0
0
1

S. condimenti
0
0
0
0
0
0
0
2
0
2

S. cohnii
0
1
0
0
0
0
0
0
0
1

S. caprae
0
0
0
0
0
0
0
0
1
1

Table 5-5. Cross tabulation to show concordance of Api and MALDI-TOF MS species-level identification of enterococci and streptococci (n = 73).

MALDI-TOF MS ID
API ID
Unacceptable profile
E. faecalis
E. faecium
S. gallolyticus
S. agalactiae
G. haemolysans
A. viridans
E. avium
S. salivarius
S. constellatus
No species ID
Total

E. faecalis
0
45
0
0
0
2
4
0
0
0
0
51

E. faecium
0
0
4
0
0
0
0
0
0
0
1
5

S. gallolyticus
0
0
0
1
0
0
0
0
0
0
0
1

S. agalactiae
0
0
0
0
11
0
0
0
0
1
0
12
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S. salivarius
0
0
0
0
0
0
0
0
1
0
0
1

E. hirae
0
0
0
0
0
0
1
1
0
0
0
2

S. urinalis
1
0
0
0
0
0
0
0
0
0
0
1

Total
1
45
4
1
11
2
5
1
1
1
1
73

Total
20
3
3
9
12
4
1
2
1
55
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Table 5-6. Cross tabulation to show concordance of Api and MALDI-TOF MS species-level identification of Corynebacterium (n = 7).

MALDI-TOF MS ID
API ID
Unacceptable profile
C. jerkeium
C. amycolatum
C. propinquum
C. macginlei
Total

C. amycolatum
0
1
1
0
0
2

C. propinquum
1
0
0
2
0
3

C. aurimucosum
0
0
1
0
0
1

C. minutissimum
0
0
0
0
1
1
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Total
1
1
2
2
1
7
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5.8. Discussion
This chapter investigated the species-level identification of cultured urinary (predominantly
bacterial) isolates from patients with LUTS suggestive of UTI and healthy asymptomatic
individuals. Microbiological comparison of cultivated organisms at the genus level revealed
little difference between antibiotic-free new patients, chronic patients with recurrent or
unresolved LUTS and asymptomatic, healthy controls (Chapter 4). The first aim was to
characterise and compare the cultured urinary microbial communities of the three described
study cohorts at the species level. In addition to identify species that are more associated with
urothelial cell invasion, the findings of this study could lead to future studies that focus
exclusively on the role and behaviour of species that could be significant in the distinction
between asymptomatic and symptomatic states.
As seen at the genus level, sediment cultures of new patients portrayed a richer urinary
community than that of healthy controls. The depleted species richness observed with the
chronic patient group may be attributed to the recent use of antimicrobials. No significant
differences in the frequency of cultures species were identified between patient and controls,
which indicates that both patient groups were microbiologically very similar. Whilst
discrepancies were noted in the most abundant bacteria from all three groups, E. faecalis and
E. coli were frequently cultured from new patients and chronic patients with a significantly
higher relative frequency of E. faecalis noted for new patients than controls. This increase
suggests an association between E. faecalis and LUTS suggestive of UTI. The predominance
of E. faecalis is further supported by other unspun and spun urine studies that have examined
the microbial epidemiology using culture methods (388, 391). The ability of both E. faecalis
and E. coli to invade and colonise urothelial cells has been established both by culture and
microscopic studies (418).
While other species of CoNS, notably S. saprophyticus have been reported to demonstrate
adherence and intracellular colonisation of urinary epithelial cells, the invasive potential of S.
haemolyticus is yet to be determined (477, 478). However, frequent presentation of S.
haemolyticus in control and new patient groups suggests that this particular species may have
a significant role in the maintenance of urinary tract health. Surprisingly, this was reported to
appear in the post-treatment unspun culture of only one UTI patient that reported unresolved
symptoms (388). However, this study reported the processing of small quantities of unspun
urine (388). In a previous study of sediment culture composites in chronic LUTS patients, the
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isolation of S. haemolyticus was reported for five patient cultures, but the experiment was
performed sediment cultures on varying volumes of urine (391).
S. agalactiae was identified in significantly more number of controls than chronic patients.
Since there was no significant difference in the number of S. agalactiae isolates cultures from
new patients and controls, it is possible that the low frequency in chronic patients is the result
of antibiotic treatment.
The second aim of this chapter was to assess the approximate time taken and concordance of
genus- and species-level identifications of patient and control sediment culture isolates by
conventional Api testing and MALDI-TOF MS. This analysis conducted to reveal the faster
and more efficient approach to definitive microbial identification in a diagnostic laboratory.
In contrast to Api testing, MALDI-TOF MS achieved species-level identification for all
sediment culture isolates. Taking into account the time required to produce a pure subculture,
MALDI-TOF MS identification achieved microbial identification one day earlier than use of
an Api kit. Switching from Api to MALDI-TOF MS would lead to faster processing of MSU
culture results as well as other clinical specimen testing. Timely and accurate identification is
fundamental to the rapid diagnosis and treatment of patients, as well as turnover of the
demanding specimen workload. In the event of two unsuccessful identifications with the
MALDI-TOF direct colony approach, an ethanol-formic acid extraction protocol was
employed to address the possibility of ineffective ribosomal protein extraction. This protocol
was successful in the identification of seven bacterial isolates, of which six were Gram
positive organisms. In these cases, it is likely that the ethanol-formic acid extraction protocol
was effective in protein release. Improved success rates for bacterial identification using
ethanol-formic acid extraction were also reported by several others (461, 479-481). API tests
require 24-48 hours of subculture time to prepare isolates for identification, with mixed
subcultures can causing further delays. Since API tests depend on the interpretation of colour
changes, the tests were subject to interpretation bias. This was noted to be particularly
problematic with the Api Staph test when the colour change did not exactly match the
expected positive and negative colour profiles. Unlike MALDI-TOF MS-based microbial
identification, repeating an Api test required an additional 4-24 hours of incubation time.
Although 16S rRNA gene sequencing is considered to be the gold standard tool for microbial
species identification and is particularly useful for isolates that cannot be identified and slowgrowing isolates, the stages required to achieve identification are more expensive and time
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consuming for routine use in diagnostic laboratories (482, 483). In this study, Cohen’s Kappa
statistic provided a more stringent interpretation that considered the probability of
identification by chance. This was particularly relevant to the colour-based interpretation
required to interpret Api tests. This statistic was calculated for groups that represented each
Api test, with the exception of Gram negative bacteria. Strong agreement was observed
between MALDI-TOF MS and Api identifications of Gram negative urine culture isolates, at
both genus and species levels. Both concordance results and percentage agreement were very
similar to the findings reported by Risch and colleagues (484). In all cases that the MALDITOF MS identified Acinetobacter lwoffi, the Api 20 NE test was unable to provide
identification. Discordant results were observed for species identification of one Enterobacter
isolate and one isolate identified by the Api 20E test as Enterobacter amnigenus (E.
amnigenus), but was identified by MALDI-TOF MS as E. coli. Problems with the
identification of Enterobacter spp. were also reported by Risch et al (484).
With the exception of Corynebacterium, the percentage agreements observed for all Gram
positive organisms between both methods agreed with those reported by others (484). At the
genus-level, Cohen’s Kappa identified a strong agreement in the identification of
Staphylococcus isolates by both methods, while moderate agreement was observed for
Enterococcus and Streptococcus isolates. The strength of concordance determined by
Kappa’s statistic for Enterococcus and Streptococcus remained unaltered at the species level.
However, these concordance rates were weakened at the species level for other Gram positive
organisms, with moderate agreement observed for Staphylococcus and minimal agreement
observed for Corynebacterium. The latter result may be amplified by the low numbers of
Corynebacterium available for comparison.

5.9. Conclusions
Species-level characterisation of the cultured urinary tract community, representative of
concentrated urinary tract epithelial cells identified E. faecalis and E. coli to be most
frequently isolated from the patient cohort and S. haemolyticus to be most frequently isolated
from asymptomatic controls. Identification of cultured isolates by MALDI-TOF MS reduces
the time required to identify isolates from routine urine cultures, providing species level
identification for all 212 (100.0%) urinary isolates tested. A strong level of concordance was
observed for the species-level identification of Gram negative organisms, whereas moderate
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levels of concordance were observed with the identification of Staphylococcus spp.,
Enterococcus spp. and Streptococcus spp.
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6.1. Introduction
The midstream urine (MSU) culture is a test, initially designed for the isolation and
identification of uropathogens suspected to cause urinary tract infection (UTI). This
diagnostic tool was based on the conventional theory that the urinary tract is a sterile,
microbe-free environment in the healthy individual (485). Until recently, this theory has
remained unquestioned, given the broad spectrum activity of most prescribed first-line
antibiotics and the subsequent resolution of symptoms in patients. With acknowledgment to
the limitations known to accompany the use of culture techniques, studies that adopted a
molecular approach, primarily by 16S ribosomal ribonucleic acid (16S rRNA) gene
sequencing, have demonstrated that the healthy bladder (represented by catheter specimens of
urine or suprapubic aspirates) and the urinary tract (captured by urine sampling without
intervention) are hosts to a bacterial niche distinctive to that of the gut and vagina of close
proximity. Table 6-1 summarises the most abundant bacterial taxa identified from subjects
that represented the healthy population (305, 486-490).
While data depicting the bladder and urinary tract bacterial communities of patients with
overactive bladder (OAB) and urgency urinary incontinence (UUI) has steadily accumulated
over time, fewer studies have characterised such communities in patients with clinically
suspected UTI (491). Additionally, most molecular characterisation studies have so far
explored the planktonic non-specific urinary community harboured by the urinary tract.
However, there is substantial evidence that supports the invasion of uropathogens and the
formation of intracellular bacterial communities within the cells of the superficial urothelial
barrier (section 1.5.2.). The exacerbation of urothelial cell shedding in an attempt to reduce
the microbial titres is a noted host immune response to UTI (section 1.5.1.). Whilst the
excreted urothelial cells and associated microbes have previously been harvested and
characterised from a conventional culture-based perspective, it is unknown if a more focussed
molecular characterisation of these epithelial cells yields a community that is distinct to that
of the planktonic (unspun) urinary community and therefore a more informative
representation of microbes associated with UTI pathogenesis.
This study characterises the urinary tract bacterial community of patients with a clinically
diagnosed UTI and healthy asymptomatic individuals using 16S rRNA gene sequencing. In
addition to the characterisation of the planktonic free-floating community of bacteria, a more
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directed approach involving the concentration of exfoliated urinary epithelial cells will be
used.
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Table 6-1: A summary of published studies that involved characterising the healthy urinary tract microbiota.
Abbreviations: CSU = catheter specimen of urine, MSU = midstream urine specimen, SPA = suprapubic
aspirate. $ = Ages of subjects unknown, * = subjects underwent benign gynaecologic surgery.

STUDY (Year,
Country)

Siddiqui (2011,
Norway)

Fouts (2012, US)

SPECIMENS
ANALYSED

SUBJECTS

 Healthy females (n = 8)$

 Healthy females (n = 15)
 Healthy males (n = 11)

MSU

MSU, CSU

aged 22-57 years

Nelson (2012,
US)

Wolfe (2012,
US)

Lewis (2013,
UK)

Pearce (2014,
US)

 Healthy men (n = 18) aged
14-17 years

 Asymptomatic females (n =
12)$*

 Healthy females (n = 10)
aged 26-90 years
 Healthy males (n = 6) aged
39-83 years

 Females without urgency
urinary incontinence (n =
45). Mean age 49 years

First-void urine

MSU, CSU, SPA

MSU

CSU

177

TAXA
Lactobacillus, Prevotella,
Gardnerella, Peptoniphilus,
Dialister, Finegoldia,
Anaerococcus, Allisonella,
Streptococcus,
Staphylococcus
Orders: Lactobacillales,
Enterobacteriales,
Actinomycetales, Bacillales,
Clostridiales, Bacteroidales,
Burkholderiales,
Pseudomonadales,
Bifidobacteriales,
Coriobacteriales
Streptococcus,
Lactobacillus,
Staphylococcus,
Gardnerella,
Corynebacterium,
Veillonella, Anaerococcus,
Prevotella,
Escherichia/Shigella
Lactobacillus,
Actinobaculum, Aerococcus,
Anaerococcus, Atopobium,
Burkholderia,
Corynebacterium,
Gardnerella, Prevotella,
Ralstonia, Sneathia,
Staphylococcus,
Streptococcus, Veillonella %
Abundant taxa for all groups
not provided due to age
catgeorisation. Predominant
female phyla:
Actinobacteria,
Bacteroidetes
Lactobacillus,
Staphylococcus,
Corynebacterium,
Enterobacteriaceae,
Finegoldia, Peptoniphilus,
Streptococcus,
Anaerococcus
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6.2. Aims
This study had one aim:
(i) To characterise and compare the urinary bacterial communities of patients with a
clinically suspected UTI and asymptomatic individuals using 16S rRNA gene
sequencing.

6.3. Study groups
This study analysed the urinary bacterial communities of the following three female patient
groups (previously assessed in Chapter 4) using culture-based techniques:
(i) New LUTS patients (n = 32): Patients attending their first clinical consultation at the
community LUTS Clinic. Patients had not taken antibiotics in the previous four weeks.
(ii) Chronic LUTS patients (n = 27): Patients attending their clinical consultation that were
experiencing a recurrent acute exacerbation of urinary tract symptoms following initial
antimicrobial treatment or remained unresponsive to treatment.
(iii) Asymptomatic controls (n = 26): Asymptomatic individuals that have not been diagnosed
with a UTI or any other urinary tract abnormality or dysfunction. Controls have not taken
antibiotics in the previous four weeks.

6.4. Hypotheses
This study had two hypotheses:
(i) 16S rRNA gene sequencing would be expected to portray rich and diverse urinary
bacterial communities than that observed with previously explored routine and
alternative methods of culture.
(ii) The patient urinary tract community would portray reduced bacterial diversity in
comparison to the urinary tract community of the asymptomatic healthy cohort.
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6.5. Materials and methods
6.5.1. Specimen collection and storage
One 1000µl aliquot of unspun urine and one 400µl aliquot of spun urine (from an original
urine volume of 30ml) in 50% volume by volume (v/v) of glycerol (Sigma-Aldrich®, USA)
were stored at -80°C until the specimens were ready to be used for high throughput
sequencing.

6.5.2. 16S rRNA gene sequencing
Prior to 16S rRNA gene sequencing on the Illumina Miseq platform, the workflow consisted
of four main stages: (1) DNA extraction, (2) amplicon amplification, (3) amplicon
purification and (4) pooling the DNA library.

6.5.2.1. DNA extraction
Unspun and spun urine specimens were defrosted, briefly vortexed and spun down using a
pre-cooled centrifuge at 14,000rpm (18,000xg) for 5 minutes at 4°C. The supernatant was
discarded and the remaining cell pellets were resuspended in 500µl of extraction buffer
consisting of 120Mm potassium phosphate (K2PO4) buffer (pH 8.0) with 5%
hexadecyltrimethylammonium bromide (CTAB) (Sigma-Aldrich, USA) in 0.7M NaCl. The
specimen tubes were vortexed and transferred into sterilised 2ml tubes containing zirconia
beads equivalent to the volume of a 200µl PCR tube. A 500µl volume of phenol chloroform
isoamyl (PCI) (25:24:1) alcohol (Invitrogen, USA) was added to each sample and kept on ice.
The samples were homogenised using a RiboLyser (Hybaid, Germany) for 30 seconds at
5.5m/s and spun down at 14,000rpm for 15 minutes. The top layer of DNA supernatant of
each samples was extracted, to which, chloroform isoamyl (CI) alcohol (Invitrogen, USA)
was added at a 1:1 ratio (~500µl). Each tube was vortexed and spun down at 14,000rpm for 2
minutes at 4°C and the DNA was precipitated by adding 30% polyethylene glycol (PEG8000) (Sigma-Aldrich, USA) at a 2:1 ratio (800-1000µl).. Each sample tube was mixed by
inversion before storage for 18-24 hours at 4°C.
The samples were vortexed and spun down at 14,000rpm for 15 minutes at 4°C. The PEG
supernatant was discarded and 180µl of 70% ice cold ethanol stored at -20°C was added to
each DNA precipitate. Following centrifugation at 14,000rpm for 5 minutes at 4°C, the first
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wash of alcohol was removed and was followed by a second 200µl ethanol wash. The
samples were centrifuged at 14,000rpm for 5 minutes at 4°C and the second ethanol wash
was removed. The pellets were dried for 20 minutes and resuspended in 50µl of sterile
DNase/RNase-free water (Life Technologies, UK). These resuspended pellets were left at
room temperature for 1 hour before the DNA concentration was determined.

6.5.2.2. Determining genomic DNA concentration
The DNA concentration of each sample tube following extraction was quantified using the
Qubit high-sensitivity DNA assay kit (Life Technologies, UK) which was kept at 2-8°C and a
Qubit 2.0 fluorometer (Life Technologies, UK). The volume of the working stock solution
required for the entire assay was adjusted depending on the number of samples that required
DNA quantification and the volume of the sample to be used for determining the
concentration. A DNA sample volume of 2µl was chosen consistently for each assay. The
working stock solution consisted of a reagent and buffer mixture and was made up to the
required assay ratio of 1:200. A calculation that was made to determine the DNA
concentration of 20 extracted samples is shown in Table 6-2.
Table 6-2. Calculations of reagent and buffer volumes required to determine sample DNA concentrations.

DNA HIGH-SENSITIVITY ASSAY
Standard assay 1 (S1)
Standard assay 2 (S2)
Sample assay (SA)
Working stock calculations
Standard assay working stock
Sample assay working stock
Total volumes required
Working stock
Reagent
Buffer

QUANTITY
1
1
20

VOLUMES
190µl (working stock) +10µl (S1) = 200µl
190µl (working stock) +10µl (S2) = 200µl
198µl (working stock) +2µl (SA) = 200µl

2
20

190µl x 2 = 380µl
198µl x 20 = 3960µl

(SAx20)+S1+S2)
(SAx20)+S1+S2)
(SAx20)+S1+S2)

3960µl + 380µl = 4340µl
4340µl / 200µl = 21.7µl
4340µl – 21.7µl = 4318.30µl

In the above example, 21.7µl of reagent and 4318.30µl of buffer were required to generate
the working stock for 20 sample assays and two calibration assays. From this working stock,
190µl was added to 10µl of S1 and S2 for each standard assay and 198µl was added to 2µl of
sample for each sample assay. All assay tubes were briefly vortexed before being read by the
fluorometer at room temperature. S1 and S2 assays were read first to calibrate the
fluorometer to the high-sensitivity assay that was used. Once the fluorometer had
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successfully read both standards, each sample assay was loaded and interpreted. The
fluorometer provided an initial measurement in nanograms per millilitre (ng/ml). The volume
of sample DNA added to each assay (2 µl) was selected to calculate the concentration of the
original stock based on the measured assay concentration. The concentration in ng/µl was
recorded for each sample.

6.5.2.3. Polymerase chain reaction
Polymerase chain reaction was performed to amplify DNA encoding the variable regions V5V7 of the 16S rRNA gene. This region was amplified using the universal 785F and 1175R
primers, which were modified to incorporate Illumina adapter sequences, 8-nucleotide sample
indices and reverse primer sequences (Sigma-Aldrich, USA), (see Appendix 9 for full set of
primers). The adapter sequences were added to allow the amplicons to bind to the flow cell
and the eight-nucleotide barcode sequences were added to allow each sequence amplicon to
be identified. Barcode sequences were obtained from http://earthmicrobiome.org/empstandard-protocols/16s/ and the adapter and linker sequences were designed by Anna Tymon
(Microbial Diseases, Eastman Dental Institute). The result was an individually and uniquely
tagged 96-PCR reaction set using 12 reverse primers and 8 forward primers. The sample
identification number and primer combinations were recorded in a grid template, which is
presented in Figure 6-1.
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Figure 6-1. 96-PCR reaction set. Each sample used the coordinate forward (F) and reverse (R) primers.
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All components required for the PCR reaction, specifically the DNA template, 8 forward
primers, 12 reverse primers, PCR-grade water (Molzym, Germany), Moltaq 16S DNA
polymerase (Molzym, Germany), PCR buffer (Molzym, Germany), magnesium chloride
(MgCl2) (Bioline, UK) and deoxy ribonucleotide triphosphates (dNTPs) (Bioline, UK) were
stored at -20°C, defrosted and kept in ice throughout the experiment. Each 25µl PCR reaction
contained 0.625 units of 16S Moltaq DNA polymerase (Molzym, Germany) 1x concentrated
PCR buffer (incorporated with MgCl2) (2.5µl), 0.5 mM MgCl2, 0.2mM dNTPs. A summary
of reagents and the concentrations required for each sample PCR is provided in Table 6-3.

Table 6-3. Reagents and required concentrations and volume for each PCR
REAGENT
PCR-grade H2O
Molzym buffer
Moltaq DNA polymerase
dNTPs
MgCl2
Forward primer (F1-F8)
Reverse primer (R1-R12)
DNA template
Total volume

STOCK
CONCENTRATION

REQUIRED
CONCENTRATION

FINAL VOLUME
(µl)

-

-

9.625

10 X
500 Units (5U/µl)
10 mM
50 mM
100 µM
100 µM
-

1X
0.625 Units
0.2 mM
0.5 mM
0.4 µM
0.4 µM
-

2.5
0.125
0.5
0.25
1
1
10
25

All PCR reaction tubes were briefly vortexed and spun down using a microfuge. In addition
to the samples, the commercial community HM-782D (Bei Resources, USA), which
consisted of known bacteria was incorporated into the sample set.
The PCR reaction tubes were finally placed in a UNOII Biometra thermocycler, which
underwent an initial denaturation step at 95°C for 5 minutes and subsequently amplified for
30 cycles at 94°C for 30 seconds (denaturation), 54°C for 40 seconds (annealing), 72°C for
60 seconds (elongation) with one final extension step at 72°C for 10 minutes. A final hold of
4°C was added to the programme. Once the programme was complete the PCR reactions
were temporarily stored at -20°C before the next stage. The PCR performed for each
extracted sample was duplicated and pooled together to generate a sufficient concentration of
DNA for each sample.
The PCR reactions were run on a gel to visibly confirm the presence of the amplified product
of size 504bp. One litre of tris-acetate-EDTA (TAE) buffer (Promega, UK) was prepared by
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dissolving 20ml of 50X TAE buffer in 980 ml of sterile distilled water. A 1% agarose gel
mixture was prepared by dissolving 1 gram (g) of agarose powder (Bioline Reagents, UK) in
100ml of TAE buffer. The mixture was heated until it appeared clear and left to cool. A
volume of 1µl of ethidium bromide (10mg/ml) was added to the agarose mixture. The agar
mixture was poured into the cast and allowed to set. Alongside the 1 kilobase pair (1Kbp)
Hyperladder (Bioline Reagents, UK) and negative control containing PCR water, 4µl of each
PCR reaction plus 1µl of 5X loading dye (Bioline Reagents, UK) were added to each well.
The gel was run in TAE buffer at a voltage of 100 millivolts (mV) for 40 minutes. The gel
was visualised using an AlphaImager ultra-violet (UV) transilluminator (Alpha Innotech,
USA) set at 320 nanometres (nm) and an image illustrated in Fig 6-2 was captured using the
AlphaEase AlphaImager software programme.

600bp
400bp
200bp
1

2

3

4

5

6

7

8

N
1Kbp

Figure 6-2. PCR gel electrophoresis run for eight samples (1-8), followed by a negative control (N) and
1Kbp ladder.

6.5.2.4. Purification of >500bp sized amplicons
Before starting the clean-up stages, the binding buffer consisting of 20% PEG-8000 in 2.5M
sodium chloride (NaCl) solution was prepared. The binding buffer was stored at 4°C. Thirty
minutes before the start of clean-up, the binding buffer and Agencourt AMPure XP-PCR
magnetic particles (Beckman Coulter, USA) were incubated at room temperature. The PCR
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reactions and their duplicates were defrosted, vortexed briefly and kept on ice. All specimens
were transferred into a sterile 200µl 96-well PCR plate (4-titude, UK) giving a total of 50µl
for each sample in each well. 40µl of magnetic beads solution was added to each well and
incubated at room temperature for five minutes. The DNA-bound magnetic beads were
pelleted using a DynaMag-96 side skirted magnet (Invitrogen, UK) for two minutes. The
supernatant was removed whilst keeping the well-plate on the magnet. A 200µl volume of
freshly prepared 80% ethanol was added to each well using a multi-channel pipette and
incubated at room temperature for 30 seconds. This first wash of ethanol was removed from
each well and a second wash of 200µl 80% ethanol was pipetted and left to incubate at room
temperature for 30 seconds. Once this wash was discarded, the DNA pellets were left to dry
for 3-5 minutes. The magnet was removed and the pellets were resuspended in 50µl of
elution buffer (EB) (Qiagen, Germany). After two minutes incubation at room temperature,
40µl of binding buffer was added to each tube, mixed thoroughly by pipetting 6-8 times and
incubated at room temperature for five minutes. The well-plate was then placed on the
magnet and after two minutes of pellet formation the supernatant was removed and discarded.
A 200µl was of 80% ethanol was pipetted into each well while keeping the well-plate on the
magnet. After 30 seconds, the first ethanol wash was discarded and a second 80% ethanol
wash was added and incubated at room temperature for 30 seconds. The second ethanol wash
was discarded the pellets were left to dry on the magnet for 3-5 minutes. The magnet was
removed and the pellets were resuspended in 20µl of EB. The well plate was placed on the
magnet and incubated at room temperature for two minutes and the resulting colourless eluate
was transferred into sterile tubes. The DNA concentration for each sample was determined
using the high-sensitivity DNA Qubit assay protocol (section 6.5.2.2.).

6.5.2.5. Generation of DNA library
DNA concentrations achieved for each sample after amplicon purification were converted
into nanomolar (nM) values using the following equation:

DNA concentration (Qubit reading in ng/µl) x 106
Concentration (nM) =
649 (molecular weight) x 504 (amplicon size + barcoded primers)
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A concentration of 2nM or more was selected and a final target volume for all samples was
selected. Once the dilutions and volumes and been calculated, the required volumes from
each sample were pooled together and diluted with EB to achieve the final concentration.
Three DNA libraries were generated. Library 1 (pooled concentration 4.1nM) and library 2
(pooled concentration 5.4nM) were adjusted to a final concentration of 2nM. Library 3
represented samples that had low DNA concentrations following the amplicon purification
stage. The amplicon purification stage (section 6.5.2.4.) was repeated for these samples in an
attempt to improve on the initial DNA concentrations and was pooled to a final library
concentration of 0.37nM.

6.5.2.6. DNA library quality control
In addition to unspun and spun patient specimens, the following three mock community
preparations were incorporated as positive controls:
1.

Mock 1: self-custom-made mock community

2.

Mock 2: self-custom-made mock community

3.

Mock 3: Commercial mock community HM-782D (Bei Resources, USA)

Mock 1 and Mock 2 consisted of ten Gram positive and Gram negative bacteria that are
associated with UTI pathogenesis (see Appendix 10 for full composition). Mock 3 consisted
of pure genomic DNA from 20 Gram positive and Gram negative bacteria and included in the
sample set at the PCR stage (see Appendix 11 for full composition).
Prior to DNA library denaturation, the concentration of the libraries 1-3 were verified with
the high-sensitivity Qubit assay (section 6.5.2.2). The library was analysed using an Agilent
2200 Tape Station bioanalyser (Agilent Technologies, USA) and the Tape Station Controller
software. The product size (expected to be 504bp) and concentration of the pooled DNA
libraries were verified using the high sensitivity D1000 Screen Tape assay. The assay kit
consisted of a DNA ladder and sample buffer, which were stored at 2-8°C when not in use.
The reagents were allowed to equilibrate 30 minutes before use, were briefly vortexed and
pulse centrifuged. Two microlitres of the sample buffer was added to 2µl of the DNA library
and the mixture was vortexed using an IKA MS3 vortex and plate adapter at 2000rpm for 1
minute. The tube was briefly spun down to collect the mixture at the base, which was loaded
into the TapeStation. The samples were selected on the TapeStation Controller software and
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the sample was analysed. Figure 6-3 presents the output produced for pooled DNA library 2.
516bp product with a molarity of 5.4nM was identified.
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B

Figure 6-3. Data output from 2200 TapeStation Analysis software A.01.05 for pooled DNA library 2. A: Gel image of library 2 (represented by B1) and 1.5Kbp DNA
ladder. B: Region-mode electropherogram of library 2, illustrating the average size of library product (for region demarcated in green).
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6.5.2.7. Denaturation of DNA libraries
The DNA concentrations of libraries 1 and 2 were adjusted to 2nM. From each library, 10µl
was diluted with an equal volume of 0.2 normal (N) sodium hydroxide (NaOH) solution. The
mixture was vortexed, pulse centrifuged and left to incubate at room temperature for 5
minutes to allow the DNA to denature into single strands. Nine hundred and eighty
microlitres of HT1 hybridisation buffer that was provided within the MiSeq Reagent v2 Kit
(Illumina, USA) was added to provide 1ml of a 20 picoMolar (pM) library. The DNA library
was further diluted to 8pM by adding 400µl of pM of the library to 600µl of HT1
hybridisation buffer.
A PhiX control library was added for quality control purposes. Two microlitres of a 10nM
stock PhiX was added to 8µl of distilled water to produce 10µl of 2nM PhiX library. The
PhiX library was denatured by adding 10µl of 0.2N NaOH. The mixture was briefly vortexed
and incubated at room temperature for 5 minutes. From this mixture, 60µl was added to 40µl
of HT1 hybridisation buffer to give 100µl of 12pM PhiX library. The final 1ml library
preparation consisted of 100µl of 12pM PhiX library (10%) and 900µl of the DNA library.

6.5.2.8. Denaturation of low concentration DNA library
Since library 3 had a concentration below 2nM, an alternative method developed by Tony
Brooks (UCL Institute of Child Health) was used for the preparation of low concentration
DNA libraries. Forty microlitres of 0.2N NaOH was added to 40µl of the 0.37nM DNA
library 3. The mixture was vortexed, pulse-centrifuged and incubated at room temperature for
5 minutes. Forty microlitres of 200mM Tris-HCl (pH 7.0) was added to the mixture, which
was vortexed, pulse-centrifuged and followed by the addition of 880µl of HT1 hybridisation
buffer to produce 1ml of a 14.8pM DNA library. From this library, 540.5µl was added to
459.5µl of HT1 hybridisation buffer to produce 1ml of an 8pM DNA library.
From an initial 1m stock of a 20pM PhiX control library, 60µl was added to 40µl HT1
hybridisation buffer to produce 100µl of a 12pM PhiX library. The final 1ml library
preparation consisted of 100µl of 12pM PhiX library (10%) and 900µl of the DNA library.
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6.5.2.9. MiSeq cartridge preparation
The MiSeq Reagent v2 cartridge (Illumina, USA) was thawed overnight at 4°C before the
day of loading and sequencing. The cartridge was inverted 10 times to ensure that the
reagents were evenly mixed and air bubbles were removed. The foil seal was cleaned with
low-lint lab tissue. Reagent ports 12, 13, 14 and 17 were pierced with a sterile 1ml pipette tip.
Read primer 1 (5’-ACGTACGTACGTGGATTAGATACCCBRGTAGTC-3’) (5.1µl) from a
100µM

stock

was

added

to

port

12.

The

index

primer

(5’-

GAGGAAGGHGGGGAYGACGTGGCTGACTGACT-3’) (5.1µl) from a 100µM stock was
added to port 13. Read primer 2 (5’-AGTCAGTCAGCCACGTCRTCCCCDCCTTCCTC-3’)
(5.1µl) from a 100µM stock was added to port 14. The denatured library combined with PhiX
(1ml) was added to port 17 and mixed by pipetting.

6.5.2.10. Loading of flow cell onto platform
Using the MiSeq Control Software (MCS) interface, the ‘Sequence’ option was selected to
run the sequence set-up steps. The single flow cell that was provided within the MiSeq
Reagent v2 kit was removed from its container, washed with double-distilled water and
gently dried with lens paper (VWR International, USA). The flow cell holder was cleaned
with 70% ethanol and the flow cell was loaded into the flow cell compartment of the MiSeq
desktop sequencer. PR2 buffer was taken from storage at 2-8°C and placed in the reagent
compartment of the sequencer to replace the wash bottle. The v2 reagent cartridge was
inserted into the chiller. The MCS software was directed towards spreadsheet that detailed the
samples of the DNA library to be sequenced and the run was started.

6.5.3. Statistical analysis
All descriptive statistics and graphical illustrations were generated using SPSS version 24.0
software (IBM, USA) and Origin Pro version 9.0 software (OriginLab, USA). Frequency data
were statistically compared using the Fisher’s exact test.
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6.5.4. Bioinformatics
The raw read data from all three pooled DNA libraries was analysed using the Quantitative
Insights Into Microbial Ecology (QIIME) pipeline (version 1.8) (492). The sequences were
joined together and assigned to the corresponding sample in a step called demultiplexing and
filtered by quality so that reads with a quality score of >20 were selected. Operational
taxonomic units (OTUs) were generated by the clustering of reads based on a high level
(97%) of sequence similarity. Taxonomic assignment was performed by aligning the pairedend reads to the GreenGenes reference database (http://greengenes.lbl.gov) (410) using
PyNAST (493). Chimera sequences were detected and removed using the UCHIME (494).
The bacterial composition was visualised at the family and genus level. Rarefaction curves
were generated to assess diversity and richness across patient and control groups as well as
considering factors such as age, microscopic cell counts and MSU culture results.

Diversity

and richness measures were statistically compared using the Welch’s t test and the nonparametric Kruskal-Wallis test.
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6.6. Results
6.6.1. Summary
Between May 2013 and September 2015, 16S rDNA sequencing stages were carried out on
unspun and spun urine samples from new patients (n = 33), chronic patients (n = 30) and
asymptomatic control subjects (n = 29) (see Chapter 4 clinical characteristics and routine and
extensive culture analysis for all three study groups). Urine specimens belonging to male
subjects were excluded from this analysis due to the small number.

6.6.2. Quality of sequencing reads
The percentage of identified sequencing reads or reads that passed filter (PF) (Q30 >70%) for
loaded DNA libraries 1-3 were: (i) 77.9% (10,122,606 PF reads), (ii) 80.0% (14,910,030 PF
reads) and (iii) 68.3% (10,129,563 PF reads) respectively.
Bacterial DNA was detected in the urine samples of 32 (97.0%) of 33 recruited new patients
(30 unspun urine samples and 30 spun samples), 26 (89.7%) of 29 control samples (22
unspun samples and 23 spun samples) and 22 (73.3%) of 30 chronic patients (21 unspun
samples and 21 spun samples). Samples that yielded low DNA concentrations were salvaged
with an extended protocol (section 6.5.2.8). However, the absence of bacterial DNA in one
new patient and three controls could be attributed to a very low initial urinary bacterial titre
and/or ineffective extraction of bacterial DNA with the described DNA extraction protocol
(section 6.5.2.1).

6.6.3. Mock community analysis
Figure 6-4 illustrates the taxa that were identified from mock communities 1-3. Mock 3
contained equimolar concentrations of 20 species and 17 genera, and was incorporated as a
sample in libraries 1 and 2 (Appendix 11). Sequences from mock 3 of library 1 were assigned
to 16 families and 14 genera. Genera that went undetected included Escherichia,
Pseudomonas and Rhodobacter. With the exception of Rhodobacter, the families of each of
these bacteria were identified at the family level. These genera also went undetected from
mock 3 of library 2, which demonstrated consistency of results. With the exception of the
staphylococci and streptococci of which, multiple species were incorporated within mock 3,
the expected percentage abundance of all other taxa was 5% and the observed abundances
191

Chapter 6

Molecular Characterisation of the Urinary Bacterial Community

ranged from 0.7-16.9%. Bacillus (1.8%), Clostridium (1.5%), Acinetobacter (1.4%),
Enterobacteriaceae (0.8%) and Propionibacterium (0.7%) were observed with sequence
abundances below 2%.
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Figure 6-4. Stacked plots of microbial taxa identified at the family and genus levels identified for three mock
Mock Community
communities (Mock 1-3).

Mock communities 1 and 2 were composed of 10 recognised Gram positive and Gram
negative uropathogens (Appendix 10). Mock 1 was used to assess the effectiveness of the
DNA extraction protocol and consisted of approximately equal bacterial quantities (cfu/ml)
of the ten species. Since five isolates belonged to the Enterobacteriaceae family, the
expected proportion was 50% and the observed abundance was 56.6%. Genera that went
undetected included Escherichia, Enterobacter and Gardnerella. Mock 2 consisted of the
same ten bacterial species at equimolar DNA concentrations and incorporated into the sample
set at the PCR amplification stage. Mock 2 was included to assess the effectiveness of the
gene region chosen to be sequenced, as well as the amplicon purification and sequencing
stages, whilst bypassing the possibility of an ineffective DNA extraction protocol. Genera
that went undetected for mock 2 were Escherichia and Enterobacter. Higher percentage
sequence abundances were observed in mock 2 compared with mock 1 for two genera, which
were Staphylococcus (3.3% mock 1 and 15.5% mock 2) and Streptococcus (12.4% mock 1,
39.3% mock 2). Higher percentage sequence abundances were observed in mock 1 compared
with mock 2 for two taxa, which were Enterobacteriaceae (56.6% mock 1 and 20.4% mock
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2) and Enterococcus (10.8% mock 1 and 7.7% mock 2). Although Enterobacteriaceae was
detected in all three mock communities, the absence of particular genus-level taxa, notably
Escherichia and Enterobacter suggests suggested these bacteria may not be identified at this
taxonomic level with the V5-V7 region of the 16S rRNA gene. The increase in
Staphylococcus and Streptococcus from mock 1 to mock 2 suggests that the DNA extraction
protocol struggles with the effective extraction of DNA from Gram positive organisms.

6.6.4. Richness and diversity of patient and control cohorts
Figure 6-5 illustrates the rarefaction curves for the observed species (a count of all unique
operational taxonomic units (OTUs)) for the unspun and spun urine samples of new patients,
chronic patients and controls. Sampling without replacement at a rarefaction depth of 2000
sequences illustrates reduced species richness for the chronic patient group, with the new
patient group demonstrating the most community richness.

Figure 6-5. Rarefaction analysis of unique operational taxonomic units (OTUs) from unspun and spun urine
samples of new patients (n = 60), chronic patients (n = 42) and controls (n = 45).

The species richness of all three patient urinary communities was also assessed using the
Chao1 index at a rarefied sample depth of 2000 sequences, which is illustrated in Figure 6-6.
The analysis produced a similar result to the OTU species richness rarefaction analysis, with

193

Chapter 6

Molecular Characterisation of the Urinary Bacterial Community

the chronic patient group exhibiting the lowest species richness of the three subject urinary
communities.

Figure 6-6. Rarefaction analysis of the mean Chao 1index values estimated for the 16S rRNA gene sequences
from unspun and spun urine samples of new patients (n = 60), chronic patients (n = 42) and controls (n = 45).

Figure 6-7 shows the rarefaction curves plotted for a depth of 2000 sequences of the species
diversity for all three study groups, which is represented by the mean Shannon’s diversity
index values. Whilst the diversity of the new patient and control communities appears to be
similar, decreased species diversity is illustrated for the chronic patient group.

Figure 6-7. Rarefaction analysis of the mean Shannon index values estimated for 16S rRNA gene sequences
from the unspun and spun urine samples of new patients (n = 60), chronic patients (n = 42) and controls (n
= 45).
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6.6.5. Overall richness and diversity between samples
Figure 6-8 provides the rarefaction curves of the estimated species richness represented by
number of unique OTUs identified from unspun and spun urine samples for new patients and
controls. Figure 6-9 illustrates the rarefaction analysis of the species diversity represented by
Shannon’s index for both sample types. The rarefaction analysis suggests that the new patient
spun sampled community exhibits a distinct community of increased species richness and
species diversity to that of the new patient unspun samples, as well as the unspun and spun
samples of controls. However, the communities of unspun and spun control appear to be
similar in richness and diversity.

Figure 6-8. Rarefaction analysis of operational taxonomic units for new patient (n = 30 unspun urine and n =
30 spun) and control (n = 22 unspun and n = 23 spun) samples by sample type.
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Figure 6-9. Rarefaction analysis of mean Shannon’s index values for new patient (n = 30 unspun urine and n =
30 spun) and control (n = 22 unspun and n = 23 spun) samples by sample type.

Table 6-4 presents the richness and diversity measures of new patient and control urinary
tract bacterial communities. Richness was assessed by comparing the mean number of OTUs
and mean Chao1 estimator values using the Welch’s two-sample t test. Diversity was
assessed by comparing the mean Shannon index and mean inverse Simpson’s index using the
Welch’s two-sample t test. Pair-wise comparisons indicated no significant difference in the
mean number of observed OTUs and Chao1 estimator (Table 6-5) between patient and
control unspun samples, spun samples and both combined. Additionally, no significant
difference was observed in the mean Shannon’s index and inverse Simpson’s index (Table 66) between patients and control communities.
However, the Kruskal-Wallis test did identify significantly higher distribution of median
number of observed OTUs overall (spun and unspun samples combined) between new
patients and controls (χ2 = 8.0, df = 2, P <0.05). Since significant differences were not
identified between the unspun samples (χ2 = 4.6, df = 2, P = 0.09) and spun samples (χ2 = 3.8,
df = 2, P = 0.14) alone, these results suggest that combining the unspun urine and spun urine
samples improves the resolution and clarifies the distinction between LUTS and healthy
urinary bacterial communities.
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Table 6-4. Richness and diversity measures for the urinary tract bacterial communities of new patient and control cohorts, represented by unspun and spun urine sampling
methods.

METRIC

NEW LUTS
Spun (n = 30)

Both (n = 60)

Unspun (n = 22)

CONTROLS
Spun (n = 23)

Both (n = 45)

237.5 (122.4)
251.0
4-510

243.5 (145.1)
224.0
7-606

247.0 (137.7)
247.5
4-619

271.8 (271.8)
247.0
10-639

264.7 (235.2)
217.5
6-1016

276.2 (214.0)
230
6-1016

310.2 (147.7)
340.9
7-570.5

317.0 (159.7)
283.4
7.2-706.0

333.3 (164.4)
334.2
7-740.6

341.6 (205.0)
315.1
20.5-780.2

336.9 (253.0)
295.6
7.5-1085.7

362.5 (255.9)
321.1
7.5-1193.4

1.6 (0.8)
1.5
0.3-3.3

1.7 (0.9)
1.8
0.5-3.3

1.7 (0.9)
1.7
0.3-3.3

1.8 (0.8)
1.9
0.4-3.2

1.7 (0.8)
1.7
0.3-3.4

1.7 (0.8)
1.8
0.3-3.4

3.4 (2.8)
2.6
1.1-14.6

4.0 (3.2)
3.0
1.2-13.2

3.7 (3.0)
2.7
1.1-14.6

3.9 (2.6)
3.3
1.1-11.6

3.9 (3.5)
2.5
1.1-17.0

3.9 (3.0)
3.1
1.1-17.0

Unspun (n = 30)
OTU Numbers
Mean (SD)
Median
Min-Max
Chao1 estimator
Mean (SD)
Median
Min-Max
Shannon’s index
Mean (SD)
Median
Min-Max
Inverse Simpson’s Index
Mean (SD)
Median
Min-Max
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Table 6-5. Statistical comparison of richness measures for new patient and control bacterial urinary tract communities using Welch’s two-sample t test.

COMPARISON OF RICHNESS MEASURES
OTU Numbers
Patient unspun vs. control unspun
Patient spun vs. control spun
Patient unspun and spun vs. control unspun and spun
Chao1 estimator
Patient unspun vs. control unspun
Patient spun vs. control spun
Patient unspun and spun vs. control unspun and spun

P-VALUE
0.38
0.68
0.39
0.47
0.72
0.45

Table 6-6. Statistical comparison of diversity measures for new patient and control bacterial urinary tract communities using Welch’s two sample t-test.

COMPARISON OF DIVERSITY MEASURES
Shannon’s index
Patient unspun vs. control unspun
Patient spun vs. control spun
Patient unspun and spun vs. control unspun and spun
Inverse Simpson’s index
Patient unspun vs. control unspun
Patient spun vs. control spun
Patient unspun and spun vs. control unspun and spun

P-VALUE
0.29
0.82
0.55
0.46
1.00
0.64
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6.6.6. Taxonomic composition
Sequences from control samples were classified into 18 phyla, 36 classes, 69 orders, 145
families and 324 genera. Within the control cohort, the most abundant phyla were Firmicutes
with a mean abundance of 59.2%, followed by Proteobacteria (21.4%), Actinobacteria
(14.7%) and Bacteroidetes (3.1%). More reliably, the order of most to least abundant
according to median values were Firmicutes (66.2%), Actinobacteria (6.2%), Proteobacteria
(1.6%) and Bacteroidetes (0.5%). The new patient sample sequences were classified into 20
phyla, 44 classes, 71 orders, 146 families and 343 genera. In new patients, the most abundant
phyla identified were Firmicutes with a mean abundance of 46.4%, followed by
Proteobacteria (39.8%), Actinobacteria (10.3%) and Bacteroidetes (1.8%). The order of
most to least abundant by median values was Firmicutes (41.0%), Actinobacteria (6.4%),
Proteobacteria (4.2%) and Bacteroidetes (0.2%).

6.6.7. Frequency of abundant taxa in study groups
Figure 6-10 presents the relative abundance of the 20 most abundant taxa identified from the
unspun and spun urine samples of new patients and controls. The 20 most abundant taxa
made up 81.0% of new patient sequences and 79.0% of control sequences. The four most
abundant taxa of the unspun urinary bacterial community of new patients from highest to
lowest were: Enterobacteriaceae (32.3%), followed by Lactobacillus (15.5%) and
Streptococcus (8.7%) and Enterococcus (8.0%). The most abundant taxa of the new patient
urinary microbial community represented by spun samples were: Enterobacteriaceae
(26.9%), Enterococcus (12.8%), Psychrobacter (9.3%) and Streptococcus (8.3%). The most
abundant taxa identified from unspun control samples were: Streptococcus (21.5%),
Enterobacteriaceae (20.1%), Lactobacillus (11.6%) and Gardnerella (7.5%). The most
abundant taxa identified from spun control urine samples were: Streptococcus (15.8%),
Staphylococcus (14.8%), Enterobacteriaceae (11.5%) and Lactobacillus (9.2%). From this
data, a decrease in overall abundance of Lactobacillus (15.5% unspun, 7.8% spun) and an
increase in abundance of Enterococcus (8.0% unspun, 12.8% spun) were observed with the
new patient spun urinary community when compared to the new patient unspun community.
The control spun community saw an increase in overall abundance of Staphylococcus (1.9%
unspun, 14.8% spun) compared to the control unspun urinary community.
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When unspun and spun samples were combined for each cohort (see Appendix 12 for stacked
plots), the four most abundant taxa from new patients were: Enterobacteriaceae,
Lactobacillus, Streptococcus and Enterococcus. The four most abundant taxa detected from
controls were: Streptococcus, Enterobacteriaceae, Gardnerella and Lactobacillus.

Sequence abundance (%)

100
Alloscardovia
Peptoniphilus
Atopobium
Bacteroides
Varibaculum
Acidovorax
Aerococcus
Acinetobacter
Actinobaculum
Anaerococcus
Bifidobacterium
Prevotella
Corynebacterium
Gardnerella
Psychrobacter
Staphylococcus
Enterococcus
Lactobacillus
Streptococcus
Enterobacteriaceae
Other

80

60

40

20

0
New (unspun)

New (spun)

Control (unspun)

Control (spun)

Sample type

Figure 6-10. Percentage sequence abundances of the 20 most abundant taxa detected in both new patient and
control cohorts when categorised by sample type.

Table 6-7 presents the respective frequencies of each abundant genus-level taxa for new
patient (n = 27) and control (n = 19) cohorts, which had paired results for both unspun and
spun samples. Genus-level taxa that were identified in all new patients and controls
irrespective

of

sample

type

were

Bifidobacterium,

Prevotella,

Corynebacterium,

Staphylococcus, Enterococcus, Lactobacillus, Streptococcus and Klebsiella. Fisher’s exact
test revealed no significant differences in the frequencies of abundant taxa between new
patients and controls. This analysis was followed up with a pair-wise comparison of the
frequency of abundant taxa found in spun communities and unspun communities between
new patients and controls. The frequencies of each genus-level taxa were statistically
compared using Fisher’s exact test (see Appendix 13 for frequencies per sample type for new
patient and control cohorts). Aerococcus was identified more frequently in control unspun
samples than new patient unspun samples (80% new patients, 100% controls, χ2 = 5.0, df = 1,
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P <0.05). Organisms that trended towards increased detection in the new patient unspun
cohort compared to the control unspun cohort were members of the Enterobacteriaceae
family, notably Enterobacter (46.7% new patients, 22.7% controls, χ2 = 3.1, df = 1, P = 0.09),
Escherichia (53.3% new patients, 27.3% controls, χ2 = 3.5, df = 1, P = 0.09), Leminorella
(16.7% new patients, 0.0% controls, χ2 = 4.1, df = 1, P = 0.07), Pragia (16.7% new patients,
0.0% controls, χ2 = 4.1, df = 1, P = 0.07), but were not significantly different within these
sample sizes. Escherichia was identified in more spun samples from new patients than new
patient unspun samples (26.7% unspun, 53.3% spun, χ2 = 4.4, df = 1, P = 0.06), but was not
statistically significant with these sample sizes.
Statistical comparison of the median OTU abundances of the 20 most abundant taxa, between
sample types within each group using the Kruskal-Wallis test identified a significantly higher
mean abundance for new patient spun samples than new patient unspun samples for
Enterococcus (t = 4.2, df = 1, P < 0.05), and Acinetobacter (t = 4.2, df = 1, P < 0.05). In the
control cohort, Lactobacillus (t = 4.1, df = 1, P < 0.05), Actinobacteria (t = 4.1, df = 1, P <
0.05), Actinobaculum (t = 4.1, df = 1, P < 0.05) and Prevotella (t = 4.1, df = 1, P < 0.05) were
found to be significantly higher in control spun samples than control unspun samples.
Statistical comparison of the median OUT sequence abundances using the Kruskal-Wallis
test revealed no significant differences between new patients and control groups, when
specimens were combined.
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Table 6-7. Frequency of abundant genus-level taxa for new patient (n = 27) and control cohorts (n = 19).

GENUS
Alloscardovia
Peptoniphilus
Atopobium
Bacteroides
Varibaculum
Acidovorax
Aerococcus
Acinetobacter
Actinobaculum
Anaerococcus
Bifidobacterium
Prevotella
Corynebacterium
Gardnerella
Psychrobacter
Staphylococcus
Enterococcus
Lactobacillus
Streptococcus
Candidatus Hamiltonella
Citrobacter
Cronobacter
Enterobacter
Erwinia
Escherichia
Klebsiella
Leminorella
Morganella
Pantoea
Pragia
Proteus
Providencia
Salmonella
Serratia
Shigella
Trabulsiella
Xenohabdus
Yersinia
Pseudomonas

NEW PATIENTS (%)
17 (63.0)
25 (92.6)
21 (77.8)
16 (59.3)
23 (85.2)
4 (14.8)
25 (92.6)
23 (85.2)
24 (88.9)
25 (92.6)
27 (100.0)
27 (100.0)
27 (100.0)
25 (92.6)
19 (70.4)
27 (100.0)
27 (100.0)
27 (100.0)
27 (100.0)
1 (3.7)
7 (25.9)
0 (0.0)
16 (59.3)
2 (7.4)
16 (59.3)
27 (100.0)
4 (14.8)
22 (81.5)
13 (48.1)
7 (25.9)
22 (81.5)
2 (7.4)
24 (88.9)
3 (11.1)
6 (22.2)
14 (51.9)
0 (0.0)
0 (0.0)
22 (81.5)
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CONTROLS (%)
13 (68.4)
18 (94.7)
17 (89.5)
14 (73.7)
18 (94.7)
2 (10.5)
19 (100.0)
14 (73.7)
16 (84.2)
19 (100.0)
19 (100.0)
19 (100.0)
19 (100.0)
18 (94.7)
14 (73.7)
19 (100.0)
19 (100.0)
19 (100.0)
19 (100.0)
0 (0.0)
3 (15.8)
1 (5.3)
6 (31.6)
3 (15.8)
6 (31.6)
19 (100.0)
0 (0.0)
15 (78.9)
7 (36.8)
1 (5.3)
15 (78.9)
0 (0.0)
19 (100.0)
1 (5.3)
3 (15.8)
9 (47.4)
2 (10.5)
1 (5.3)
15 (78.9)
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6.6.8. Richness and diversity determined by clinical characteristics
Rarefaction analysis of the mean values for richness (observed OTU numbers and Chao1
index) and diversity index measures (Shannon index) were conducted for new patients whilst
taking into account a selection of clinical and microbiological characteristics, specifically the
urinary excretion of inflammatory markers (microscopic leukocyte and epithelial cell
quantities), MSU culture interpretations, spun sediment culture growth and age group
(Figures 6-11 to 6-15). These analyses were performed to characterise the urinary microbial
community in the presence of each indicator.
Figure 6-11 presents the rarefaction analysis for three microscopic leukocyte categories. The
analyses performed for the mean observed OTU numbers (Figure 6-11A) and mean Chao1
index values (Figure 6-11B) clearly indicate reduced species richness for the new patient
community that excreted ≥10wbc/µl, which is interpreted as pyuria indicate of UTI. This
category also demonstrated reduced species diversity (Figure 6-11C). Similarity in
community richness and diversity were also apparent for new patients with a white cell count
of 1-9/µl compared and patients with zero white cells. Figure 6-12 the rarefaction analysis
conducted for three microscopic epithelial cell count categories indicated reduced species
richness (Figure 6-12A and 6-12B) for patients that excreted the most epithelial cells
(≥10epc/µl), in comparison to patients with a microscopic count of 1-9epc/µl or patients with
a count of zero. These results suggest that symptomatic patients expressing a high-magnitude
inflammatory response have a reduced urinary community richness and diversity.
Rarefaction analysis of species richness and diversity of new patients categorised by MSU
culture results (Figure 6-13) indicates decreased species diversity for new patient samples
with a positive culture to show a clear reduction in species richness (Figure 6-13A and 613B) and diversity (Figure 6-13C) compared with mixed growth and negative culture
patients. The mixed growth patient group exhibited more species richness and diversity
compared to the negative patient group.
Following from the observation of E. coli and Enterococcus as one of the most frequently
observed combinations on urinary sediment culture (Chapter 4), a rarefaction analysis (Figure
6-14) was performed for new patient samples that were compared based on particular
sediment culture results: (i) no growth, (ii) polymicrobial cultures consisting exclusively of E.
coli and Enterococcus and (iii) cultures containing the monomicrobial growth of E. coli,
Enterococcus or neither. Reduced species richness (Figure 6-14A and 6-14B) and species
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diversity (Figure 6-14C) were observed for patient samples that contained the exclusive
polymicrobial growth of E. coli and Enterococcus. Patient samples that produced no growth
on sediment culture demonstrated the most richness and diversity among all three patient
groups.
In summary, the rarefaction analyses indicated that recognised UTI indicators, such as pyuria
(≥10wbc/µl), high-magnitude epithelial cell shedding (≥10epc/µl) and a positive MSU culture
appear to be associated with a reduction in species richness and diversity. Additionally, it was
also noted that the frequent combination of E. coli and Enterococcus on sediment culture also
represented communities of reduced species richness and diversity.
Rarefaction analysis was also performed to determine if age group had the potential to
confound the portrayed urinary tract communities. With apparent overlap in richness (age
groups 30-39, 50-59 and 70-79) and diversity (age groups 30-39 and 50-59) between
particular age groups, samples from new patients aged 20-29 represented comparatively more
rich and diverse urinary communities.
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Figure 6-11. Rarefaction curves for (A) mean number of operational taxonomic units (OTUs) observed, (B) Chao 1 index and (C) Shannon’s diversity index values for
new patient urine samples (spun and unspun) categorised by leukocyte count category: zero wbc/µl, 1-9 wbc/µl and ≥10 wbc/µl.
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Figure 6-12. Rarefaction curves for (A) mean number of observed operational taxonomic units (OTUs), (B) Chao 1 index and (C) Shannon‘s diversity index values for
new patient urine samples (spun and unspun) categorised by epithelial cell count category: zero epc/µl, 1-9 epc/µl and ≥10 epc/µl.

206

Chapter 6

A

Molecular Characterisation of the Urinary Bacterial Community

B

C

Figure 6-13. Rarefaction curves for (A) mean number of observed operational taxonomic units (OTUs), (B) Chao 1 index and (C) Shannon’s diversity index values for
new patient urine samples (spun and unspun) categorised by MSU culture result: negative culture (blue), mixed growth (green), and positive culture (mauve).
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Figure 6-14. Rarefaction curves for (A) mean number of operational taxonomic units (OTUs) observed, (B) Chao 1 index and (C) Shannon diversity index values for new
patient urine samples (spun and unspun) categorised by sediment culture growth : negative sediment culture (black), monomicrobial growth of either Escherichia coli,
Enterococcus or neither (green), polymicrobial growth consisting of both Escherichia coli and Enterococcus (mauve).
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Figure 6-15. Rarefaction curves for (A) mean number of operational taxonomic units (OTUs) observed, (B) Chao 1 index and (C) Shannon diversity index values for
new patient urine samples (spun and unspun) categorised by age group: 20-29 (red), 30-39 (orange), 40-49(yellow), 50-59 (green), 60-69 (blue), 70-79 (purple).
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6.6.9. Comparison of taxa identified by culture and DNA sequencing techniques
Colour-coded matrices consisting of all cultured bacterial taxa that were detected by spun
sediment culture and 16S rRNA gene sequencing were generated for new patient unspun
samples (Figure 6-16) new patient spun samples (Figure 6-17), control unspun samples
(Figure 6-18) and control spun samples (Figure 6-19).
Among the new patient group, 27 (81.8%) of 33 unspun samples and 28 (84.8%) of 33 spun
samples contained bacteria that were detected by both culture and sequencing methods. Three
(9.1%) patient unspun samples and three (9.1%) patient spun samples were sequencenegative, but grew bacteria on sediment culture. None of the new patient spun or unspun
samples were negative for both culture and sequencing methods. Two (6.1%) unspun samples
and two (6.1%) spun samples were negative on sediment culture, but positive for sequencing.
One new patient (NL5) grew Leclercia on sediment culture, but this particular taxa was not
detected by sequencing. Enterococcus was the most frequently identified bacterium from
both sediment culture and sequencing methods. Both methods identified Enterococcus from
24 (72.7%) new patient samples and 22 (66.7%) spun samples. Escherichia demonstrated the
most cases (eight unspun samples and seven spun samples) in which it was detected by
sediment culture, but remained undetected by sequencing.
Analysis of control unspun (Figure 6-18) and spun (Figure 6-19) samples revealed that
bacteria were detected by both sediment culture and sequencing methods in 18 (62.1%)
unspun samples and 19 (65.5%) spun samples. Five (17.2%) control unspun samples and four
(13.8%) control spun samples were culture-positive, but sequence-negative. Three (10.3%)
unspun control samples and three (10.3%) spun control samples were culture-negative, but
sequence-positive. Two (6.9%) unspun samples and two (6.9%) spun samples were culturenegative and sequence-negative. Staphylococcus was the most frequently identified bacterium
by both sediment culture and sequencing methods from control samples. Both techniques
identified Staphylococcus from 12 (41.4%) unspun samples and 11 (37.9%) spun samples. As
seen with the new patient matrices, Escherichia demonstrated the most cases (five unspun
and five spun samples) in which it was detected by sediment culture, but remained undetected
by sequencing.
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Figure 6-16. Comparison of genus-level taxa (top) detected by sediment culture and 16S rRNA gene sequencing for
new patient unspun samples (left) (n = 33). Colour-coded squares indicate bacteria identified by culture only (pink),
211 and neither (cream).
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Figure 6-17. Comparison of genus-level taxa (top) detected by sediment culture and 16S rRNA gene sequencing
for new patient spun samples (left) (n = 33). Colour-coded squares indicate bacteria identified by culture only
212 (purple) and neither (cream).
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Figure 6-18. Comparison of genus-level taxa (top) detected by sediment culture and 16S rRNA gene sequencing
for control unspun samples (left) (n = 29). Colour-coded squares indicate bacteria identified by culture only
(pink), sequencing only (blue), both culture and sequencing (purple) and neither (cream).
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Figure 6-19. Comparison of genus-level taxa (top) detected by sediment culture and 16S rRNA gene sequencing
for control spun samples (left) (n = 29). Colour-coded squares indicate bacteria identified by culture only (pink),
sequencing only (blue), both culture and sequencing (purple) and neither (cream).
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6.7. Discussion
The main aim of this study was to characterise and compare the urinary tract bacterial
community of patients that described LUTS with a clinically suspected UTI, using 16S rRNA
gene sequencing. The overall female patient urinary community was compared to that of
healthy controls, who reported to be asymptomatic with no known urological complications.
This comparison was achieved by identifying the most abundant taxa of both groups and
determining the richness and diversity of both communities using recognised ecological
indices. Measures of alpha diversity were also employed to indicate the effect of particular
markers of UTI on the new patient urinary community. Taxa that were both cultured and
sequenced from patients and controls were also compared.
During the data collection stages of the presented study, several others analysed the urinary
tract microbiota, the majority of which, specifically examined the bacterial community in
healthy individuals and/or patients that described a subset of LUTS, notably OAB, UUI as
well as other conditions (305, 387, 389, 486, 487, 489, 490, 495-501). However, the number
of studies examining the urinary microbiota of patients describing the broader spectrum of
LUTS or those with a clinically suspected UTI is limited (491, 502). The investigation of the
urinary tract microbiota and microbiome is currently in its early stages and there do not
appear to be standardised or validated protocols for optimal DNA extraction from urine
samples.
Studies analysing the urinary bacterial communities report the use of varying urinary volumes
of between 1-30ml for 16S rRNA gene sequencing. In this study, DNA sequencing was
performed on different sample type of urine: (i) a 1ml volume of non-specific urine and (ii) a
30ml volume of urine from each patient, which was spun down to a 400µl concentrate for the
isolation of urinary tract epithelial cells exfoliated by the urinary tract (the origin of which
were previously verified in a different study (418)). The communities portrayed by unspun
and spun samples were compared for differences.
In this study, variable regions V5-V7 of the 16S rRNA bacterial genes were sequenced from
patient and control urine samples. At the time of conducting this study, little information was
available regarding the most suitable region for 16S rRNA gene sequencing. Chakravorty et
al concluded that the V6 region was the shortest region with the most sequence heterogeneity
and therefore provided the best discriminatory power (408). Favourability for this region was
also supported by the findings of Wang et al. A study by Siddiqui and colleagues involved
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16S rRNA gene sequencing of regions V1, V2 and V6 of urine samples from eight healthy
individuals to characterise the urinary microbiota (486). This study identified genera that
were detected in the V6 dataset, but were absent from the V1-V2 dataset and vice versa
(486). The authors concluded that a combination of variable regions should be sequenced to
achieve a more reliable representation of bacterial communities, since no one region is able to
provide accurate taxonomic identification from domain to species level (486, 503).
Artificially generated mock communities consisting of known bacterial species were included
alongside patient and control samples as positive controls. The purpose of using commercial
and custom-made communities was to (i) determine whether the applied sequencing protocol
could successfully detect the known bacterial composites of mocks 1-3 and (ii) determine if
the observed proportions of each taxon reflected the expected proportions based on the initial
mock community proportions. Most (14/17) of the genera were detected from mock 3, but the
observed proportions did not accurately reflect the initial bacterial proportions. Mock 1 was
included to assess the effectiveness of the applied DNA extraction method. With the
exception of Gardnerella, the extraction protocol had successfully demonstrated its ability to
extract all other organisms, with Enterobacteriaceae family, Streptococcus and Enterococcus
approximately representing the expected proportions. The effectiveness of bead-beating
extraction was previously assessed and confirmed by a comparison of resultant bacterial
DNA yields following physical and chemical methods of DNA extraction (504). Increases in
observed proportions were noted for Staphylococcus and Streptococcus alongside the
appearance of Gardnerella from mock 1 to mock 2, suggesting that these bacteria may be
under-represented by the adopted extraction protocol, which could be due to the challenged
faced with the lysis of Gram positive bacteria (504). The community profiles of commercial
and custom-made mock communities indicated that whilst the majority of taxa may be
detected, the applied protocol may under-represent the population of Gram positive bacteria.
The overall richness and diversity of new patient, chronic patient and control cohorts were
compared by conducting a rarefaction analysis. In this study, richness was assessed by
determining the number of observed OTUs and also by calculating the richness estimator,
Chao1 (505). Diversity was assessed by using Shannon’s index (400). A comparison of all
three groups revealed the chronic LUTS group to demonstrate the lowest species richness and
diversity compared to controls and new patients. This result could be explained the patient
group’s recent use of antibiotics for the treatment of the initial UTI episode. None of the
controls or new patients had taken antibiotics in the previous four weeks of recruitment. Due
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to the recognised effect of antibiotics on the microbiota, this group was excluded from further
analysis for the purpose of clarifying any differences between urinary tract communities of
antibiotic-free new patients with a clinically diagnosed UTI and healthy controls (506).
Upon comparing the richness and diversity of new patient and control bacterial communities
by sample type, unspun urine samples from new patients presented reduced species richness
and diversity compared to unspun control samples. However, patient spun samples
represented the highest species richness and diversity compared to control spun samples. This
suggests that the new patient spun samples exhibited a community distinctive to that of the
unspun (non-specific) urine samples. To ascertain a definitive statistical difference between
sample types, the mean values of richness measures (observed OTU numbers and Chao1
index) and diversity measures (Shannon’s index and inverse Simpson’s index) were
compared. The Welch’s t test could not identify significant differences in richness and
diversity measures between the spun samples, unspun samples or a combination of spun and
unspun samples of patients and controls. The lack of statistical difference between patient and
control unspun samples was consistent with other studies (305, 496). However statistical
comparison of all patient samples (unspun and spun) to all control samples (unspun and spun)
using the non-parametric Kruskal-Wallis test did confirm a significantly higher median
number of OTUs in patients than controls. This suggests that combining the spun and unspun
urine samples may clarify the distinction between patient and control bacterial communities.
The studied new patient and control communities consisted of similar abundant taxa, but the
proportions at which they presented themselves were not identical. The identified abundant
taxa were also reported by studies that analysed the urinary microbiota of patients with
conditions defined by a more specific LUTS subset, such as OAB and UUI (305, 387). The
Enterobacteriaceae family represented the most abundant taxa in new patient samples and
Streptococcus was most abundant in controls. Predominant taxa that were identified in all
patients and controls were Bifidobacterium, Prevotella, Corynebacterium, Staphylococcus,
Enterococcus, Lactobacillus, Streptococcus and Klebsiella. The presence of Lactobacillus in
all samples is consistent with the findings the study by Pearce et al, in which all UUI and
non-UUI cohort samples contained Lactobacillus (305). In this study Lactobacillus was
identified in approximately similar proportions in both cohorts (10.8% new patients and
10.1% controls), which was observed in a study by Karstens et al (496). Whilst it was the
second most abundant taxa in patients, Lactobacillus was the fourth most abundant taxa in
controls. Lactobacillus is a facultatively anaerobic bacterium that is recognised to protect the
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vaginal tract from infection by the secretion of low pH-inducing organic acids (such as lactic
acid) and hydrogen peroxide (222). This creates a hostile environment for pathogenic
organisms such as E. coli (222). The consistent reporting of Lactobacillus among the most
highly abundant taxa in urinary tract health and disease suggest that this genus has a vital role
in the maintenance of the urinary tract microbiota, which is yet to be determined.
With the exception of a significantly higher frequency of Aerococcus in control unspun
samples than patient unspun samples, no other significant differences were identified in the
frequency of predominant taxa for patients and controls, although several bacterial taxa
trended towards a significant difference. Since the study was conducted using small sample
sizes, characterising a larger cohort may assist in the determination of significant differences
in frequencies of more taxa between patients and controls. Despite the small sample sizes,
statistical comparison of the relative abundances of OTUs by sample type revealed that new
patient spun samples had a higher abundance of Enterococcus and Acinetobacter than new
patient unspun samples. The improved isolation from urinary epithelial cell concentrates
suggests that Enterococcus and Acinetobacter may have significant roles in LUTS suggestive
of UTI.
This study also examined the potential effect of particular characteristics on the richness and
diversity of the urinary bacterial communities of new patients by conducting a series of
rarefaction analyses. The results of this analysis indicated that patients with a high urinary
level of a microscopic inflammatory marker (leukocytes and epithelial cells) or a positive
MSU culture result exhibits a reduction in species richness and diversity. These data support
the identified correlation between disease and apparent reduction in richness and diversity in
general (507, 508). It is possible that the ordinal categories for each microscopic cell
represent an increasing degree of severity of the infection, which may reflect a reduction in
species richness and diversity. Although there was some apparent overlap between particular
age groups, the rarefaction analysis suggested that certain age groups, notably new patients
aged 20-29 years displayed a comparatively higher species richness and diversity in the
presence of LUTS suggestive of UTI. As suggested by Lewis et al, further investigation
involving a larger sample size is required to clarify the differences or associations in urinary
microbiota between age groups (490). While beyond the scope of this study, Lewis et al
conducted a small-scale analysis to investigate the change in the urinary bacterial community
with age and found particular genera, notably Jonquetella, Parvimonas, Proteiniphilum and
Saccharofermentans to be age-specific (490).
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A comparison of taxa identified by culture and 16S rRNA gene sequencing revealed that the
sequencing method was more capable of identifying the cultured bacterial taxa from patient
and control samples compared to the spun sediment culture technique. However, the sediment
culture method permitted bacterial identification at the species level, which could not be
achieved reliably by 16S rRNA gene sequencing directly from urine. Furthermore, the
sequencing method could not identify Leclercia, which was cultured from one patient.
Microbial identification to the species level using MALDI-TOF MS identified this cultured
isolate as Leclercia adecarboxylata. As uncommon as this isolate was from culture studies,
there do not appear to be any other reports of this specific taxa at the genus level from the
recent urinary microbiota studies that employed DNA sequencing. This genus belongs to the
Enterobacteriaceae family, which are reported to be challenging to identify reliably at the
genus level due to the high degree of sequence similarities (408). This may also explain why
Escherichia demonstrated one the highest rates for detection by culture but remained
undetected by DNA sequencing among spun and unspun samples.
While region-specific 16S rRNA gene sequencing using the Illumina Miseq platform
provided an unbiased representation of the urinary bacterial community, it is important to
acknowledge the limitations of this method. Due to the short-read sequencing approach used,
approximately 30% (approximately 500 nucleotides) of the 16S rRNA gene was amplified,
which makes identification at the genus level possible, but reliable taxonomic assignment of
reads at the species level elusive. A molecular species-level characterisation could be
achieved using the more recently developed third generation technologies, such as the
MinION sequencing platform. This platform has the potential to reconstruct more than 90%
of the 16S rRNA gene, thereby making species-level characterisation possible.

6.8. Conclusions
This study provided insight into the complexity of the urinary bacterial community in health
and LUTS suggestive of UTI. In addition to identifying the most abundant taxa shared by
both patient and healthy communities. The taxa with the highest abundances for each cohort
were identified. Predominant taxa were led by Enterobacteriaceae, Lactobacillus and
Streptococcus in antibiotic-free patients, whereas Streptococcus, Enterobacteriaceae and
Gardnerella were the most abundant in controls. Combining unspun urine with spun down
urinary epithelial cell concentrates optimised the species richness for the patient cohort,
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resulting in a significant difference between patient and control bacterial communities. This
approach significantly improved the abundance of Enterococcus and Acinetobacter
suggesting that they may have important uropathogenic roles. The presented data also
showed that clinical and microbiological indicators of UTI (microscopic detection of
inflammatory cells and positive urine culture) are likely to contribute to a reduction in species
richness and diversity. Finally, despite the limitations observed with reliability of
identification at the species level, 16S rRNA gene sequencing provided a broader and less
biased spectrum of the urinary tract bacterial community, including the identification of
recognised culturable uropathogens that remained undetected by culture medium used
regularly in diagnostic laboratories.
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7.1. General discussion
7.1.1. From ‘mixed growth’ to the diverse urinary community
The studies with this thesis present original work that provides a clinical and microbiological
evaluation of the UK’s routine MSU culture. These were followed up with an examination of
the urinary tract bacterial communities in LUTS patients and asymptomatic individuals.
The first study presented within this thesis closely examined the clinical profiles of patients
reporting LUTS suggestive of UTI (Chapter 3). The findings supported the hypothesis that
symptomatic patients with mixed growth and positive MSU cultures shared strikingly similar
clinical profiles, which were represented by symptoms, microscopy and urinary dipstick
results. Mixed growth cultures represented the growth of two or more organisms at >105
cfu/ml (section 2.2.2.), which included the growth of recognised uropathogens (Table 1-4).
However, the criteria applied for reporting mixed growth cultures appears to vary between
diagnostic laboratories in the UK. Although a second specimen was not requested by the
processing laboratory (Whittington Hospital, UK), it was noted that other microbiology
laboratories (University College Hospital, UK) followed up on mixed growth cultures, if
further investigation was requested by the clinician (509). Discrepancies in local laboratory
protocols for the processing of mixed growth cultures suggests uncertainty regarding the
definitions of mixed growth. With each mixed growth culture, it is important to address the
following questions: does the presented mixed growth represent ‘contamination’ or
polymicrobial UTI? And could the so-called contaminating organisms have a role in the
infection even if they are not the predominant uropathogens?
Although, uncited in the literature, contamination refers to the organisms that colonise the
healthy anatomical sites (periurethral, vaginal and perianal regions) other than the urinary
tract . This definition was coined during a climate which assumed that the asymptomatic
urinary tract was a sterile environment. However, culture- and molecular based approaches
(including Chapter 6) have provided substantial evidence that the healthy urinary tract
harbours a unique microbial community (section 6.1.). It may therefore be possible that
mixed growth urine cultures may consist of one or a combination of the following: (i)
multiple uropathogens, (ii) organisms that colonised the previously healthy urinary tract, that
are not involved in a genuine infection, (iii) organisms that colonised the previously healthy
urinary tract that are assisting or contributing to a genuine urinary tract infection caused by
uropathogens, (iv) organisms that previously colonised neighbouring anatomical regions (i.e.
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vaginal and perianal) that are contributing towards a genuine infection and (v) organisms that
previously colonised neighbouring anatomical regions that are not involved in a genuine
infection. These microbial members combined provide several possibilities that may not be
decipherable by the routine MSU culture alone for several reasons, which were identified in
the subsequent microbiological assessment (Chapter 4).
The findings that resulted from the evaluation of the MSU culture (Chapter 4) supported the
study hypotheses. Growth present on the MSU culture represented a proportion of the
cultivable population, and was shown to miss microbial growth that was observed with larger
volumes of urine and alternative culture methods. The findings were further complicated by
the use of selective culture media, further distorting the microbial community portrayed.
Since the MSU culture is a diagnostic test accompanied by criteria to identify significant
bacteriuria, chromogenic agar as well as other nutrient medium typically used for urine
culture is designed to support the growth of recognised uropathogens to facilitate UTI
detection. The result was the isolation of a greater number of species from symptomatic firstvisit patients than controls, reinforcing the final hypothesis of the study. Since only the
aerobic, culturable population of microbes were characterised, the study was followed up
with a less biased characterisation using 16S rRNA gene sequencing (Chapter 6). As
expected, the applied molecular approach portrayed urinary tract communities with greater
richness and diversity than were previously observed with the use of culture techniques.
Whilst reduced species richness was hypothesised for the patient urinary tract community
compared to the control community, no statistical difference was observed in species richness
and diversity between patients and controls. The lack of difference seen with unspun samples
appeared to be consistent with the findings of a similar study that had characterised the
urinary microbiota in patients with UUI (305). However, there are studies that identified a
reduced species richness and diversity with urological diseases (500, 510). A number of
studies have shown that intestinal diseases are associated with a reduction in bacterial
diversity when compared with their healthy, asymptomatic counterparts (511). This apparent
association between disease and reduced bacterial diversity is not always seen to comply with
all disease. For example, increased bacterial diversity has been observed with patients with
bacterial vaginosis when compared with the vaginal community of asymptomatic individuals
(512, 513).
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Although the characterisation of larger sample sizes may verify the similarities in species
richness and diversity between LUTS patients and asymptomatic bacterial communities, it is
possible that the individual members of the core microbiota shared by both cohorts exhibit
different behaviour in health, the early and later stages of urinary tract infection. Functional
characterisation of the urinary tract microbial community may be the next step in elucidating
the role of the core microbiota in health and development of LUTS.

7.1.2. Methods applied in a diagnostic laboratory
The findings from the second study (Chapter 4) provide evidence that the MSU culture
performed in the UK could be affected by several limitations, which could prevent microbial
detection of a clinically suspected UTI. These include the use of a quantitative threshold, the
culture technique employed, which are also accompanied by the general limitations
associated with the use of culture media. If acknowledged, the presented evidence of
inadequacy, alongside those of other studies may restrict a reliable UTI investigation to a
clinical assessment, which may involve the use of dipstick and microscopy, both of which
have been identified to bear limited sensitivities for UTI detection (section 1.4.5.). The use of
molecular technologies to characterise the microbial community structure further highlights
the complexity involved in UTI development. Further functional characterisation studies
could provide a sound understanding of the core microbiota’s role in health and UTI
development, which could in turn inform the process of developing and tailoring more
sensitive diagnostic tools towards the microbiology of UTI.
.
7.2. Main conclusions and outcomes
The work embodied within this thesis contains several important messages that concern the
diagnostic MSU culture and the bacterial members of the urinary tract microbial community.
The data provide evidence that the routine MSU culture may be limited by several factors,
which include the methodology and interpretation criteria used to identify significant
bacteriuria. The similarities in clinical characteristics of patients with mixed growth cultures
and positive cultures should prompt reconsideration on the immediate dismissal of mixed
growth cultures, without further investigation. Characterisation using 16S rRNA sequencing
revealed the existence of rich urinary tract bacterial communities in asymptomatic individuals
and patients with LUTS. While Enterobacteriaceae represented the most abundant group in
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the first-visit patient cohort, Streptococcus was identified as the most abundant in controls.
The patient urinary bacterial community represented by unspun urine, combined with spun
urothelial cell sediment possessed greater species richness than that of controls. This
suggested that a community analysis that incorporates the urinary sediment to represent the
bacterial colonisation of urinary tract cells may be the key to identifying the differences
between health and LUTS suggestive of UTI. A direct comparison of culture and DNA
sequencing approaches highlighted the bacterial taxa that were missed by culture methods,
but identified by 16S rRNA sequencing and vice versa

7.3. Further work
7.3.1. Harmonisation of 16S rRNA gene sequencing protocols
Recent years have witnessed a substantial increase in the number of studies that have
characterised the urinary tract microbiota. However, characterisation of the urinary tract
microbiota and the microbiome in its entirety is still in its preliminary stages, resulting in the
accumulation of pilot data from small sample sizes. These studies have used a range of DNA
extraction methods, varying volumes of urine, different methods of specimen collection (i.e.
full void, MSU, CSU and SPA) and differing region amplification protocols, all of which
directly influence the observed urinary bacterial taxa and their respective abundances.
Furthermore, demographic characteristics (such as age-group) and clinical history variables
(including hormonal status, mediation) for studies observing populations with similar clinical
conditions create challenges in the face of comparison. Harmonisation of the key stages of
16S rRNA sequencing protocols for characterising the urinary microbiota would facilitate
comparison between and within different clinical populations, as well as yield good quality
data that most accurately reflects the human urinary tract bacterial population. This would
involve comparative studies of methods employed for the various 16S rRNA gene sequencing
stages. Additionally, the calculation of sufficiently powered sample sizes for characterisation
studies would assist in the determination of significant differences between taxa in casecontrol studies.
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7.3.2. Confounding factors that influence the urinary tract community
Prior to conducting characterisation studies, it is important to consider factors that are not of
immediate interest that could potentially exert an influence over the urinary tract community.
This requires investigating the differences in the urinary tract microbiota between genders,
age groups using 16S rRNA gene sequencing in study cohorts of equal and sufficiently
powered sample sizes. Whilst Lewis et al identified associations of particular genera to be
age-specific; the study was conducted on a small sample size (discussed in Chapter 6) (490).
In a recent study, Thomas-White et al examined the urinary microbiota of 197 females with
stress urinary incontinence (SUI) and found an increased diversity in post-menopausal
women than pre-menopausal women (514). Pre- and post-menopausal women on exogenous
hormones also had a higher frequency of Lactobacillus and Gardnerella compared to postmenopausal women who were not on exogenous hormones (514).

7.3.3. Characterisation of other urinary microbial communities
The majority of studies have exclusively examined the urinary bacterial community, with
very few studies analysing other microbial communities, such as the mycobiome (fungal
community) and the virome (viral community).
Fungal infections of the urinary tract can be life-threatening with culture-based analyses
identifying Candida spp. as the most prevalent uropathogens. Epidemiological studies have
reported a rise in the number of fungal infections and the number of anti-fungal resistant
fungi (515). The increase is thought to result from the widespread use of broad-spectrum
antibiotics, immunosuppressants, transplants, implants (516). However, studies have shown
that at least 50% of identified fungal taxa are non-cultivable (517). It is therefore necessary to
characterise the fungal community which can achieved with DNA sequencing, more
commonly of the internal transcribed spacer 1 (ITS1) (518). However, extracting DNA from
robustly structured fungi may be more challenging than bacterial DNA extraction and the
methods for optimal fungal extraction are yet to be determined (518). Preliminary studies
would involve defining the most suitable approaches for the key stages of fundal DNA
sequencing before characterising the communities in urinary tract health and disease.
With the exception of recognised urinary tract viral pathogens, which include adenovirus and
BK virus, the virobiota of the urinary tract in both health and LUTS remains largely
unexplored. A recent study conducted on 10 patients with UTI and 10 subjects without UTI
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identified viral communities that were predominantly bacteriophage (519). This small-scale
analysis did not identify differences between the UTI and non-UTI viral communities (519).
Further investigation would involve studying larger UTI and healthy individual cohorts,
which may assist in the determination significant viruses or confirm the results of preliminary
findings.
Whilst bacterial, fungal and viral communities can be examined separately, the use of DNA
shotgun metagenomic sequencing provides an unbiased approach for the simultaneous
profiling of different microorganisms within the urinary tract. Whilst this approach has been
used to study the UTI population, a comparison against healthy individuals may provide
information on the microbial shifts occurring between the different microbial communities in
health and UTI pathogenesis (491).

7.3.4. Profiling gene expression of urinary tract communities
A number of abundant taxa appear to be shared by healthy and LUTS-UTI urinary bacterial
communities, but the respective proportions at which they were present were not identical. A
suitable next step to this finding would be to determine the roles of the detected bacterial taxa
in health and LUTS. One possible approach to elucidating the roles of taxa is to profile their
gene expression. Transcriptomics has the potential to provide information on the expression
of genes responsible for colonisation (involved metabolic pathways) and virulence factors
(such as adhesins and toxins) (described for a selection of pathogens in section 1.3.3.). This
would require the use of shotgun metagenomic RNA sequencing to investigate the gene
expression of community taxa by extracting messenger RNA (mRNA) directly from samples.
RNA sequencing has previously been applied in a strand-specific manner to profile the genes
expressed by UPEC isolated from UTI patients (520).

7.3.5. Longitudinal characterisation series versus the cross sectional snapshot
A suitable follow-up to cross sectional characterisation studies of the urinary microbiota is to
monitor the changes experienced by the urinary tract community over time. Whilst the
changes that occur in the healthy urinary tract microbiota over time are yet to be
characterised, a longitudinal investigation involving frequent periodic sampling of
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communities would provide novel insight into the bacterial taxonomic shifts that occur during
UTI development and treatment.
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Appendix 1: Participant Information Sheet Parts 1 & 2
Community Lower Urinary Tract Service
Hornsey Central Neighbourhood Health Centre
2nd Floor
151 Park Road
London
N8 8JD

Participant Information Sheet Part 1

We would like to invite you to take part in our research study. Before you decide we should like you
to understand why the research is being done and what it would involve for you. One of our team will
go through the information sheet with you and answer any questions you have. We suggest that this
should take about 20 minutes. Talk to others about the study if you wish.
Part 1 tells you the purpose of this study and what will happen to you if you take part.
Part 2 gives you more detailed information about the conduct of the study.
Ask us if there is anything that is not clear. Take time to decide whether or not you wish to take part.

What is the purpose of the project?
Many people suffer with lower urinary tract problems causing a variety of bladder symptoms that can
include urinary incontinence (leaking from the bladder). There may be problems with bladder
emptying and with recurrent urinary infection. We recognise that the symptoms are very unpleasant.
We have been working with patients who suffer from bladder troubles for many years. We have
discovered that many of these people demonstrate a previously unrecognised inflammatory reaction in
the urine that is evident provided that the urine is examined very fresh by a light microscope. When
these specimens are sent to the ordinary laboratory more than half are reported as not showing
infection, termed “culture negative”. We have developed a better method for analysing the samples
that uses very sensitive microbiological methods and found that we can identify bacterial infection in
over 80%.

We have some evidence that our affected patients are not suffering from recurrent urine infection but
from the same chronic infection, going on for months or years, which from time to time becomes
acutely worse for periods. What is more we believe that the bacteria are living inside the cells of the
bladder where they are protected from immune and antibiotic attack so that treatment has to use
methods that are different to those used to treat ordinary urinary infection.

We seek to find out whether this is definitely the case in patients with lower urinary tract symptoms
and to discover what the symptoms are really telling us. We want to know whether such infections
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may be adding to the problems that affect the bladder. We are also interested in studying newer and
more sensitive markers of infection.
We are inviting you to take part in a pilot study. This is a small study and the results will help us
decide if we need to carry out a much bigger study in the future.

Why have I been invited?
You have been chosen as you fulfil one of the following descriptions



You have symptoms of disease of the lower urinary tract
You have no symptoms but would like to volunteer as an asymptomatic control.

Do I have to take part?
It is up to you if you decide whether or not to take part. If you do decide to take part you will be given
a copy of this information sheet to keep. You will be asked to sign a consent form, a copy of which
will be given to you. If you decide to take part you are still free to withdraw at any time and without
giving a reason. This will not affect the standard of care you receive.

What will happen to me if I take part?
If you decide to take part in the project the researcher will arrange to see you. You will be asked some
questions about your bladder symptoms. Your answers will be recorded on a form stored on a
computer. This will take about 30 minutes. The computer record is closely guarded by the NHS
security system so there is no unauthorised access to your record.
A urine specimen will be taken by the clean-catch midstream method. Part of the sample will be sent
to the hospital laboratory to check for any bacteria in your urine, and the remainder will stay in our
department for a number of tests. Immediately after the sample is provided, it will be looked at under
the microscope by research staff to detect small ‘white blood cells’ and ‘epithelial cells’, which can
signify an infection in the urine.
A lot of the time, tests performed in the hospital laboratory can come back as negative, and looking
for indicator cells under the microscope immediately is a way of detecting infection that may
otherwise have been missed. We would like to record the results of these tests in your research
records.
The urine will also be used to examine any inflammatory reactions that may be occurring in your
bladder.
Expenses and payments
We shall be able to reimburse you for travel expenses incurred from attending the study visits and for
additional sustenance arising from this travel. We should be grateful for receipts describing the
expenses for our auditors. We are not in a position to pay you for participation in the study
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Other studies
It would not be advisable for you to participate in this study if you are already a subject in another
study.
Pregnancy
We are not including women who are pregnant in this study. There is a separate arm of the study for
women who are pregnant. Please ask for if you would like more information.
What will I have to do?
You will have to:
1. Give your consent
2. Attend the our department for your scheduled visit
3. Provide urine specimens at this visit.

DAY IDENTIFICATION &VISIT

ACTIONS

Pre-study

You will be sent or given a Patient Information Sheet
You will be contacted to ask if you are interested in taking
part in the study or asked at your routine appointment.

Between 0 and 48 hours later
If yes, an appointment will be made for a visit or you will
be asked to undertake the study the same day

Day 0 Visit 1









Screening to check eligibility
Study explained and any questions answered
Informed consent form signed
Completes symptom questionnaires
Provide a midstream urine sample
Analysis of urine sample
An aliquot will be stored frozen at -80°C for
subsequent analyses at a later stage at UCL’s
laboratories.

What about my current treatments for other conditions?
You will be able to continue all of your normal treatments and these will not be affected by this study.
What are the alternatives to participating in the study?
It is entirely your decision if you wish to take part in the study and it will not affect your future care if
you do not wish to do so. If you do not wish to take part you will have your assessment in the usual
way and your condition will be managed as is done routinely by your consultant.
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What are the possible disadvantages and risks of taking part?
You will be seen for an additional visit to this clinic. However, you will be seen outside of the clinic
and will not have to wait as in an ordinary clinic. We shall do our best to book you in line with your
convenience.
What are the possible benefits of taking part?
There may not be any advantage. However, you will also have access to unusually close monitoring
of your bladder symptoms, which despite your involvement in this study will be managed by our
usual methods usual ways.
What happens when the research study stops?
We shall be pleased to continue with your normal clinical care in the usual ways.

What if there is a problem?
Any complaint about the way you have been dealt with during the study or any possible harm you
might suffer will be addressed. The detailed information concerning this is given in Part 2 of this
information sheet. If you have any concerns or complaints you should contact your study doctor in the
first instance.

Will my taking part in the study be kept confidential?
Yes. We will follow ethical and legal practice and all information about you will be handled in
confidence. The details are included in Part 2.
Contact Details
Your doctor
Professor James Malone-Lee

Tel. Number: 020 3074 2251

This completes Part 1 of the Information Sheet. If the information in Part 1 has interested you and you
are considering participation, please read the additional information in Part 2 before making any
decision.
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Patient Information Sheet Part 2
What if new information becomes available?
Sometimes during the course of a research project, new information becomes available about the
disease area that is being studied. If this happens, and it is relevant to your situation, your research
doctor or nurse will tell you about it, and discuss with you and change in management that might be
appropriate.
What will happen if I don’t want to carry on with the study?
You are free to withdraw from the study at any time before and after signing the consent form without
needing to give any explanations. The study may be ended at any time with or without your consent.
Unless you wish otherwise, the data collected from you up to the point at which you leave the study
will be used in the analysis.
What if there is a problem?
Every care will be taken to ensure your safety during the course of the study. If you have a concern
about any aspect of this study, you should ask to speak with the researchers who will do their best to
answer your questions. Please contact Professor Malone-Lee in the first instance.

Harm
In the event that something does go wrong and you are harmed as a result of taking part in the
approved research study UCL, the Research Sponsor, has indemnity (insurance) arrangements in
place for non-negligent harm. If you are harmed and this is due to someone’s negligence then you
may have grounds for legal action for compensation against the Trust but you may have to pay your
legal costs.
Every care will be taken in the course of this clinical trial. However in the unlikely event that you are
injured by taking part, compensation may be available.
If you suspect that the injury is the result of the Sponsor’s (University College London) or the
hospital's negligence then you may be able to claim compensation. After discussing with your study
doctor, please make the claim in writing to Professor Malone-Lee who is the chief investigator for the
clinical trial and is based at Hornsey Central Neighbourhood Health Centre, 151 Park Road, Crouch
End, London N8 8JD. The chief investigator will then pass the claim to the Sponsor’s Insurers, via the
Sponsor’s office. You may have to bear the costs of the legal action initially, and you should consult a
lawyer about this.
Participants may also be able to claim compensation for injury caused by participation in this clinical
trial without the need to prove negligence on the part of University College London or another party.
You should discuss this possibility with your study doctor in the same way as above.

Complaints
If you have any questions about your rights as a research subject or have a complaint about the way in
which the study has been carried out, please contact: Professor Malone-Lee
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If you remain unhappy and wish to complain formally, you can do this through the NHS Complaints
Procedure. Details can be obtained from the hospital or from the Department of Health website:
http://www.dh.gov.uk. You may obtain the necessary guidance from the hospital Patient Advice and
Liaison Service (PALS), Whittington Health, Tel 020 7288 5956 or 020 7288 5957

Will my taking part in this study be kept confidential?
If you consent to take part in this study, the records obtained while you are in this study as well as
related health records will remain strictly confidential at all times. The information will be held
securely on paper and electronically at the hospital site managing this research under the provisions of
the 1998 Data Protection Act. Your name will not be passed to anyone else outside the research team
or the Sponsor (UCL), who is not involved in the study. You will be allocated a study number, which
will be used as a code to identify you on all study forms. Any information about you which leaves the
hospital will have your name and address removed so that you cannot be recognised (if it is applicable
to your research).

Your records will be available to people authorised to work on the study but may also need to
be made available to people authorised by the Sponsor, which is the organisation responsible
for ensuring that the study is carried out correctly. By signing the consent form you agree to
this access for the current study and any further research that may be conducted in relation to
it, even if you withdraw from the current study.
If you withdraw consent from further study treatment, unless you object, your data and samples will
remain on file and will be included in the final study analysis.
In line with the regulations, at the end of the study your data will be securely archived for a minimum
of 5 years. Arrangements for confidential destruction will then be made.

Will my GP be informed of my involvement?
With your permission, your GP, and other doctors who may be treating you, will be notified that you
are taking part in this study.

What will happen to any samples I give?
We shall be taking a sample of urine for the study purposes and not as a part of normal clinical care.
This sample will not be labelled with information that can directly identify you, only with the study
number that has been allocated to you. Only the researchers working on this project will have access
to your sample.
Part of the urine sample will be sent to the hospital laboratory to check for any bacteria in your urine
and another portion will be looked at under the microscope to detect small ‘white blood cells,’ which
can signify an infection in the urine.
A portion of the urine sample will be frozen and stored in a monitored freezer in a secure laboratory in
the Department of Medicine. This will then be passed to the laboratories at UCL. These samples will
be anonymised. Once analysed the urine sample will be disposed of as per UCL regulations.
At these laboratories a number of experiments will be conducted on the sample in order to search for
chemicals that might, in the future, be used to help us in the diagnosis of bladder disease. We are
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constantly trying to improve the methods that we have available to help in identifying the cause of a
patient’s symptoms and to monitor the response to treatment.
Will any genetic tests be done?
No genetic tests will be done.

What will happen to the results of the research?
We shall use the data to make decisions on how we should plan our future discovery research. We are
hoping to identify signals that should encourage us to look at some areas more closely.

Who is organising and funding the research?
This study is organised by the Department of Medicine at the Whittington Hospital in collaboration
with the UCL Department of Medicine. The research is funded by Professor Malone-Lee’s research
funds. The study is sponsored by University College London.

Who has reviewed the study?
All research in the NHS is looked at by independent group of people, called a Research Ethics
Committee, to protect your interests. This study has been reviewed and given a favourable opinion by
London East Research Ethics Committee
Further information and contact details
You are encouraged to ask any questions you wish, before, during or after your treatment. If you have
any questions about the study, please speak to your study doctor, who will be able to provide you with
up to date information about the drug(s)/procedure(s) involved. If you wish to read the research on
which this study is based, please ask your study nurse or doctor. If you require any further information
or have any concerns while taking part in the study please contact:

Your Doctor
Professor James Malone-Lee

Tel. Number: 020 3074 2251

If you decide you would like to take part then please read and sign the consent form. You will be
given a copy of this information sheet and the consent form to keep. A copy of the consent form will
be filed in your patient notes, one will be filed with the study records and one may be sent to the
Research Sponsor.

You can have more time to think this over if you are at all unsure.
Thank you for taking the time to read this information sheet and to consider this study
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Appendix 2: Symptomatic questionnaire used to assess study subjects

Day Time Frequency
How often do you pass urine
during the day?

Nocturia
How often do you get up to pass
urine at night?

Daytime Incontinence
How often do you leak urine
during the day?

Nocturnal incontinence
How often do you leak urine at
night?

1-2
2-3

5-6
6-7

9-10
10-11

13-14
14-15

17-18
18-19

3-4
4-5

7-8
8-9

11-12
12-13

15-16
16-17

19-20
>20

0
0-1

1-2
2

3
3-4

4-5
5

6
>6

1

2-3

4

5-6

0
0-1D

0-2D
1-2D

1-3D
2-3D

2-4D
3-4D

4-5D
>5D

1-2W
1-2M
3-4Y

1-3W
1-3M
3-5Y

2-3W
1-4M
3-6Y

4-5W
1-2Y
PMD*

4-6W
1-3Y

0
0-1N

0-2N
1-2N

1-3N
2-3N

2-4N
3-4N

4-5N
>5N

1-2W
1-2M
3-4Y

1-3W
1-3M
3-5Y

2-3W
1-4M
3-6Y

4-5W
1-2Y
PMD*

4-6W
1-3Y

Duration Of Symptoms:
Pad dependant Incontinence (Do you need to wear Pads to prevent leakage?)
CISC (Do you perform clean intermittent self catherisation?)
Permanent indwelling catheter (Do you have or had a permanent urinary
catheter?)

Years
Yes
Yes
Yes

Mths
No
No
No

Stress incontinence symptoms
Cough Sneeze incontinence (Do you leak when you cough or sneeze?)
Exercise incontinence (Do you leak when you exercise?)
Lifting incontinence (Do you leak when you lift something?)
Laughing incontinence (Do you leak when you Laugh?)
Standing incontinence (Do you leak on Standing up?)
Positional incontinence (Do you leak when you change Positions?)
Passive incontinence (Do you leak urine for no reason and without the feeling that you
want to go?)

Some
Yes
Yes
Yes
Yes
Yes
Yes
Yes

None
No
No
No
No
No
No
No

Overactive Bladder Symptoms
Urinary urgency (Do you have a sudden need to rush to the toilet to urinate?)
Urinary urge Incontinence (When rushing to the toilet, do you leak before you reach
the toilet?)
Cold weather Exacerbation (Does cold weather make your urgency worse?)
Running water Urgency (Does the sound of running water make your urgency worse?)
Running water incontinence (Have you leaked urine on hearing the sound of running
water?)
Latchkey urgency (Do you have urgent need to pass urine when you put the key in
your front door?)
Latchkey incontinence (Do you leak urine when you put the key in your front door?)
Waking rising urgency (Do you have to rush to the toilet on waking up?)

Some
Yes
Yes

None
No
No

Yes
Yes
Yes

No
No
No

Yes

No

Yes
Yes

No
No
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Waking rise incontinence (Do you have urgency and leak urine on waking up?)
Anxiety fatigue aggravation (Does your urgency worsen when you are tired or
anxious?)
Premenstrual aggravation (Does your urgency worsen prior to a period?)
Leaking when coughing with urgency (If you had urgency and coughed, would you
leak?)

Yes
Yes

No
No

Yes
Yes

No
No

Voiding Symptoms
Hesitancy (Is there a delay before you start to urinate?)
Reduced stream (Do you feel the urine stream is reduced compared to before?)
Intermittent Stream (Do you stop and start more than once when you urinate?)
Straining to void (Do you have to push or strain to pass urine?)
Terminal Dribbling (At the end of your urination, do you dribble?)
Postmicturition dribbling (Do you dribble urine straight after you have finished
urinating?)
Double Voiding (Do you need to sometimes go twice in a short space of time to
urinate, e.g. 5 min apart)
Incomplete emptying (Do you feel that you have emptied your bladder fully?)

Some
Yes
Yes
Yes
Yes
Yes
Yes

None
No
No
No
No
No
No

Yes

No

Yes

No

Pain Symptoms
Bladder pain on Filling (Do you experience any bladder pain or discomfort when it is
full?)
Bladder pain relieved by voiding (Is this pain or discomfort relieved after emptying?)
Bladder pain partially relieved by voiding (Is this discomfort relieved slightly after
emptying?)
Bladder pain unrelieved by voids (Is this pain or discomfort not relieved after
emptying?)
Bladder or suprapubic pain (Do you suffer from pain in the bladder area?) (point to the
area)
Loin pain (Do you suffer from pain in the kidney area?) (point to the area)
Dysuria (Do you suffer from pain during urination in urethral area?) (point to the area)
Urethral pain (Do you suffer from pain in the urethral area?) (point to the area)
Pain or discomfort referred to genitals (Do you have pain going to the genital area?)
Left or right iliac fossa pain (Do you have pain in the lower part of your tummy?)
(point to RIF or LIF)
Pain radiating to legs (Do you have pain going down the tops of your thighs?)
Bladder pain during micturition (Do you have pain while passing urine?)
Pain after micturition (Do you have pain after urinating?)

Some
Yes

None
No

Yes
Yes

No
No

Yes

No

Yes

No

Yes
Yes
Yes
Yes
Yes

No
No
No
No
No

Yes
Yes
Yes

No
No
No
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Appendix 3: Experimental workflow

UCL Laboratory-Division of Medicine*

Hornsey Central Neighbourhood Health CentreCommunity LUTS Clinic

Consultation 3, 4
symptomatic
assessment
(via questionnaire)
&urinalyses results to
decide appropriate
treatment (for
patients)

Control visit

Symptomatic assessment

3, 4, 6
Specimen collection
(clean-catch MSU)

Patient/control
visit

4
Microbiological assessment
using culture techniques
(unspun & spun urine
sediment cultures)

Presumptive 4
microbial (genus)
identification

3, 4
MSU culture

Storage of urine 6
aliquots at -80°C for
16S rRNA
sequencing

Microbial (species) 5
identification (API)

5
Microbial (species)
identification of isolates
(MALDI-TOF MS)

UCL Institute of
Child Health- Centre
for Genomics

Urinalyses 3, 4
(urinary dipstick &
microscopy)

3, 4, 6
Specimen collection
(clean-catch MSU)

Urinalyses 3, 5, 6
(urinary dipstick &
microscopy)

Whittington Health
Hospital-Microbiology
Department

3, 4

UCL Eastman
Dental InstituteDepartment of
Microbial Diseases

16S rRNA sequencingfinal stages (primerdimer check, library
denaturation and loading
onto MiSeq platform 6

16S rRNA
6
sequencing-initial
stages (extraction,
PCR, amplicon cleanup, quantification,
pooling of libraries)
& bioinformatics

Blue numbers indicate the chapters in which the collected data was presented.
*The laboratory migrated from the UCL Division of Medicine Archway Campus in October 2013 to UCL Wolfson House and finally to the Royal
Free Division of Medicine Campus in July 2014.
$
The LUTS Community Clinic migrated from the UCL Division of Medicine Archway Campus tin October 2013 to Whittington Health Hornsey
Central Neighbourhood Health Centre.
Abbreviations: API = analytical profile index, MALDI-TOF MS = matrix-assisted laser desorption ionisation time-of-flight mass spectrometry,
MSU = midstream urine culture, RNA = ribosomal ribonucleic acid.
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Appendix 4: Personnel involved in experiments and procedures

Involved personnel (in alphabetical order): AB (Anthony Brooks: Technician at UCL Centre for Genomics),
SSW (Dr Sheela Swamy: Senior Research Associate at UCL), AT (Dr Anna Tymon: Research Technician at
UCL Eastman Dental Institute), JML (Professor James Malone-Lee: Clinical director of Whittington Health
Hospital LUTS community clinic). KG (Dr Kiren Gill: Clinical Research Fellow at UCL), SS (Sanchutha
Sathiananthamoorthy: Microbiology PhD student at UCL/ Research Assistant at Whittington Health Hospital,
NUMBER

PROCEDURE/EXPERIMENT

CONDUCTED BY

1

Obtaining consent from study patients.

2

Conducted symptomatic assessment (via questionnaire) of
patients.

Clinicians: KG, SSW &
JML
Clinicians: KG, SSW &
JML

3

Obtained consent from study asymptomatic controls

Researcher: SS

4
5
6
7
8
9

10

11
12
13
14

15

16
17

18

Conducted symptomatic assessment (via questionnaire) of
asymptomatic controls.
Instructed patients and asymptomatic controls on the provision
of a clean catch MSU specimen and subsequent collection.
Performed urinary dipstick testing on patient and control urine
specimens.
Performed urinary microscopic analysis on patient and control
urine specimens.
Entered results of urinary dipstick and microscopy for patient
and control urine specimens.
Processed requests on the hospital intranet for patient and
control routine MSU cultures at the Whittington Health Hospital
Microbiology Department.
Individually packaged and transported patient and control urine
specimens to Whittington Health Hospital Microbiology
Department.
Performed MSU cultures (identical to that of routine MSU
culture performed at hospital Microbiology Department) on
patient and control urine specimens.
Performed unspun culture (50µl urine) on patient and control
urine specimens.
Performed spun urine culture on patient and control urine
specimens.
Microbial genus identification, quantification and recording of
results for colony growth observed on MSU culture, unspun
culture (50µl) and spun urine cultures.
Microbial species identification by API (includes Api20E, Api
Staph, Api Strep, Api Coryne and API Candida) (Including
processing of test strips, interpretation of biochemical reactions
post-incubation and determination of Taxa via Apiweb
database).
Microbial species identification by MALDI-TOF MS by direct
colony and ethanol extraction protocols (including growth from
cryovial storage, preparation of isolates on target plate and sole
operation of mass spectrometer).
Transferred microbial isolates into cryovial storage.
16S rRNA gene sequencing of patient and control urine
specimens PART 1 (DNA extraction, PCR amplification,
amplicon clean-up, DNA quantification and pooling of DNA
libraries (x3)).
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Researcher: SS
Researcher: SS
Researcher: SS
Researcher: SS
Researcher: SS
Researcher: SS

Researcher: SS

Researcher: SS
Researcher: SS
Researcher: SS
Researcher: SS

Researcher: SS

Researcher: SS
Researcher: SS

Researcher: SS

NUMBER
19

20

PROCEDURE/EXPERIMENT

CONDUCTED BY

16S rRNA gene sequencing of patient and control urine
specimens PART 2 (screening of pooled libraries for primerdimers, DNA library denaturation, and loading of libraries onto
sequencing platform by trained technician.
16S rRNA gene sequencing: preparation of customised mock
communities.
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Researcher: AT
Technician: AB
Researcher: SS

Appendix 5: Chi-squared post-hoc analysis to compare the frequency of symptoms between culture groups

Degrees of freedom = 1 and applied Bonferroni-corrected p-value = 0.00833. Bold font indicates a statistically significant difference between observed and expected
frequencies. P- values are shown to 5 decimal places (5dp) for accuracy.
LUTS PATIENTS (χ2, p-value)

SYMPTOM
No significant growth (n = 186)
Storage
Cold weather urgency
Anxiety urgency
Stress urinary incontinence
Cough-sneeze incontinence
Exercise incontinence
Laughing incontinence
Standing incontinence
Positional incontinence
Passive incontinence
Pain
Filling bladder pain
Pain partially relieved by voiding
Loin pain
Dysuria
Leg pain

Mixed growth (n = 184)

Positive culture (n = 186)

11.2, 0.00081
8.1, 0.00451

3.5, 0.06011
1.0, 0.30773

2.2, 0.14156
3.4, 0.06725

15.0, 0.00011
10.8, 0.00104
11.4, 0.00075
6.6, 0.01017
4.9, 0.02711
3.0, 0.08186

9.9, 0.00169
9.1, 0.00261
10.8, 0.00100
11.1, 0.00087
5.6, 0.01827
7.6, 0.00596

0.6, 0.45930
0.08, 0.77948
0.01, 0.92829
0.6, 0.45325
0.02, 0.88076
1.0, 0.31731

13.3, 0.00027
7.5, 0.00614
16.4, 0.00005
9.4, 0.00214
5.6, 0.01779

1.6, 0.20767
0.3, 0.56191
4.2, 0.03940
3.5, 0.06148
0.3, 0.61005

5.7, 0.01731
4.7, 0.03077
4.0, 0.04659
24.3, 0.00000
3.5, 0.06148
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Appendix 6: Organisms cultivated from the positive midstream urine (MSU) cultures of
patients (n = 186). Culture results were acquired from the Whittington Hospital Microbiology
Intranet.

POSITIVE CULTURE ORGANISMS

FREQUENCY (%)

Beta-haemolytic streptococci group B
Candida sp.
Citrobacter freundii
Coagulase negative staphylococci
Coliform
Enterobacter cloacae
Enterococcus sp.
Escherichia coli
Haemolytic streptococci group
Proteus sp.
Pseudomonas aeruginosa
Pseudomonas sp.
Staphylococcus aureus
Staphylococcus saprophyticus
Streptococcus sp.
Total

8 (4.3)
1 (0.5)
1 (0.5)
2 (1.1)
27 (14.5)
1 (0.5)
23 (12.4)
102 (54.8)
7 (3.8)
8 (4.3)
1 (0.5)
1 (0.5)
1 (0.5)
2 (1.1)
1 (0.5)
186 (100.0)
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Appendix 7: Colony counts of dominant bacteria isolated from patient and control sediment
cultures

Abbreviations: cfu/ml = colony forming units
GENUS & COLONY COUNT
ON SEDIMENT CULTURE
(CFU/ML)
Enterococcus
≤10
102
103
104
≥105
Total
Escherichia
≤10
102
103
104
≥105
Total
Klebsiella
≤10
102
103
104
≥105
Total
Staphylococcus
≤10
102
103
104
≥105
Total
Streptococcus
≤10
102
103
104
≥105
Total

STUDY GROUP
New patients
(n = 32)

Chronic patients
(n = 26)

Controls
(n = 24)

19 (67.9)
2 (7.1)
4 (14.3)
0 (0.0)
3 (10.7)
28 (100.0)

13 (72.2)
1 (5.6)
1 (5.6)
0 (0.0)
3 (16.7)
18 (100.0)

10 (90.9)
0 (0.0)
1 (9.1)
0 (0.0)
0 (0.0)
11 (100.0)

6 (37.5)
2 (12.5)
3 (18.8)
0 (0.0)
5 (31.3)
16 (100.0)

10 (83.3)
0 (0.0)
1 (8.3)
0 (0.0)
1 (8.3)
12 (100.0)

7 (100.0)
0 (0.0)
0 (0.0)
0 (0.0)
0 (0.0)
7 (100.0)

1 (33.3)
0 (0.0)
2 (66.7)
0 (0.0)
0 (0.0)
3 (100.0)

4 (66.7)
0 (0.0)
1 (16.7)
0 (0.0)
1 (16.7)
6 (100.0)

1 (100.0)
0 (0.0)
0 (0.0)
0 (0.0)
0 (0.0)
1 (100.0)

19 (86.4)
0 (0.0)
1 (4.5)
0 (0.0)
2 (9.1)
22 (100.0)

7 (87.5)
0 (0.0)
0 (0.0)
0 (0.0)
1 (12.5)
8 (100.0)

25 (100.0)
0 (0.0)
0 (0.0)
0 (0.0)
0 (0.0)
25 (100.0)

3 (60.0)
0 (0.0)
0 (0.0)
0 (0.0)
2 (40.0)
5 (100.0)

0 (0.0)
0 (0.0)
0 (0.0)
1 (100.0)
0 (0.0)
1 (100.0)

6 (66.7)
1 (11.1)
1 (11.1)
0 (0.0)
1
9 (100.0)
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Appendix 8: Sediment culture composition of new patients (n = 33) and chronic patients (n =
30).

New patients
COMBINATION

FREQUENCY

Escherichia, Enterococcus, Klebsiella
Escherichia, Acinetobacter
Escherichia, Enterococcus
Enterococcus
Enterococcus, Staphylococcus, Leclerica
Staphylococcus, Streptococcus
Staphylococcus , Enterococcus
Enterococcus, Streptococcus
Escherichia, Citrobacter, Klebsiella
Escherichia, Enterococcus, Staphylococcus
Escherichia, Citrobacter, Proteus
Pseudomonas, Enterococcus, Klebsiella
Staphylococcus, Citrobacter, Enterococcus, Lactobacillus
Proteus, Enterococcus
Enterococcus, Staphylococcus, Lactobacillus
No growth
Escherichia
Enterococcus, Corynebacterium
Morganella, Enterococcus, Escherichia, Streptococcus
Escherichia, Staphylococcus, Streptococcus

1
1
6
3
1
2
4
1
1
3
1
1
1
1
1
1
1
1
1
1

Chronic patients
COMBINATION

FREQUENCY

Enterococcus
Pseudomonas
No growth
Escherichia, Pseudomonas, Enterococcus
Pseudomonas, Escherichia
Candida, Enterococcus
Enterococcus, Escherichia, Klebsiella, Enterobacter,
Staphylococcus
Escherichia, Klebsiella
Corynebacterium
Lactobacillus, Staphylococcus, Escherichia, Proteus,
Klebsiella, Enterococcus
Staphylococcus, Escherichia, Enterococcus
Escherichia, Enterococcus
Enterococcus, Lactobacillus
Staphylococcus
Klebsiella
Staphylococcus, Enterococcus
Escherichia, Enterococcus, Streptococcus
Escherichia, Enterococcus, Klebsiella

4
1
4
1
1
2
1
1
1
1
1
3
1
2
2
2
1
1
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Appendix 9: 16S rRNA V5-V7 Amplicon sequencing primers

PCR
PRIMER
Primary
785For
1175Rev
Secondary
Forward
P5_FWD01
P5_FWD02
P5_FWD03
P5_FWD04
P5_FWD05
P5_FWD06
P5_FWD07
P5_FWD08
Secondary
Reverse
P7_REV01
P7_REV02
P7_REV03
P7_REV04
P7_REV05
P7_REV06
P7_REV07
P7_REV08
P7_REV09
P7_REV10
P7_REV11
P7_REV12

SEQUENCE 5’to 3’

GGATTAGATACCCBRGTAGTC
ACGTCRTCCCCDCCTTCCTC

AATGATACGGCGACCACCGAGATCTACACTAGATCGCACGTACGTACGTGGAT
TAGATACCCBRGTAGTC
AATGATACGGCGACCACCGAGATCTACACCTCTCTATACGTACGTACGTGGATT
AGATACCCBRGTAGTC
AATGATACGGCGACCACCGAGATCTACACTATCCTCTACGTACTGACGTGGATT
AGATACCCBRGTAGTC
AATGATACGGCGACCACCGAGATCTACACAGAGTAGAACGTACGTACGTGGAT
TAGATACCCBRGTAGTC
AATGATACGGCGACCACCGAGATCTACACGTAAGGAGACGTACGTACGTGGAT
TAGATACCCBRGTAGTC
AATGATACGGCGACCACCGAGATCTACACACTGCATAACGTACGTACGTGGAT
TAGATACCCBRGTAGTC
AATGATACGGCGACCACCGAGATCTACACAAGGAGTAACGTACGTACGTGGAT
TAGATACCCBRGTAGTC
AATGATACGGCGACCACCGAGATCTACACCTAAGCCTACGTACGTACGTGGAT
TAGATACCCBRGTAGTC

CAAGCAGAAGACGGCATACGAGATTCGCCTTAAGTCAGTCAGCCACGTCRTCC
CCDCCTTCCTC
CAAGCAGAAGACGGCATACGAGATCTAGTACGAGTCAGTCAGCCACGTCRTCC
CCDCCTTCCTC
CAAGCAGAAGACGGCATACGAGATTTCTGCCTAGTCAGTCAGCCACGTCRTCC
CCDCCTTCCTC
CAAGCAGAAGACGGCATACGAGATGCTCAGGAAGTCAGTCAGCCACGTCRTCC
CCDCCTTCCTC
CAAGCAGAAGACGGCATACGAGATAGGAGTCCAGTCAGTCACCCACGTCRTCC
CCDCCTTCCTC
CAAGCAGAAGACGGCATACGAGATCATGCCTAAGTCAGTCAGCCACGTCRTCC
CCDCCTTCCTC
CAAGCAGAAGACGGCATACGAGATGTAGAGAGAGTCAGTCAGCCACGTCRTCC
CDCCTTCCTC
CAAGCAGAAGACGGCATACGAGATCCTCTCTGAGTCAGTCAGCCACGTCRTCC
CCDCCTTCCTC
CAAGCAGAAGACGGCATACGAGATAGCGTAGCAGTCAGTCAGCCACGTCRTCC
CCDCCTTCCTC
CAAGCAGAAGACGGCATACGAGATCAGCCTCGAGTCAGTCAGCCACGTCRTCC
CCDCCTTCCTC
CAAGCAGAAGACGGCATACGAGATTGCCTCTTAGTCAGTCAGCCACGTCRTCC
CCDCCTTCCTC
CAAGCAGAAGACGGCATACGAGATTCCTCTACAGTCAGTCAGCCACGTCRTCC
CCDCCTTCCTC
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Appendix 10: Self-custom-made mock community preparation

Preparation of Mock 1
Bacterial suspensions of the following 10 organisms were made with turbidity equivalent to that of a
0.5 McFarland standard:
ID
A
B
C
D
E
F
G
H
I
J

BACTERIA
Escherichia coli
Klebsiella pneumoniae
Proteus mirabilis
Enterobacter cloacae
Morganella morganii
Pseudomonas aeruginosa
Streptococcus agalactiae
Enterococcus faecalis
Staphylococcus aureus
Gardnerella vaginalis

QUANTITY (cfu/ml)
8.36x1010
7.62x1010
1.43x1011
9.60x1010
1.98x1011
1.59x1011
1.26x1011
1.80x1011
1.43x1011
1.24x1011

GROUP
Gram negative bacillus
Gram negative bacillus
Gram negative bacillus
Gram negative bacillus
Gram negative bacillus
Gram negative bacillus
Gram positive coccus
Gram positive coccus
Gram positive coccus
Gram variable bacillus

Bacterial quantity in colony forming units (cfu/ml) of organisms A-I was determined by serial plate
dilutions on chromogenic agar (BioMérieux, France) following a 24-hour incubation period at 37°C.
Organism J was grown on sheep blood agar (Oxoid, UK) and incubated at 37°C in an atmosphere of
5% CO2 for 48 hours. Each organism was grown at a quantity between 1010 and 1011cfu/ml. One
hundred microlitres of each organism was pooled into one tube for DNA extraction.

Preparation of Mock 2
DNA extraction (section 6.5.2.1) was performed on 100µl of each bacterial suspension (A-J) that was
prepared for Mock 1. The DNA concentration for each bacterium was determined using the Qubit
fluorometer.
ID

BACTERIA

A
B
C
D
E
F
G
H
I
J

Escherichia coli
Klebsiella pneumoniae
Proteus mirabilis
Enterobacter cloacae
Morganella morganii
Pseudomonas aeruginosa
Streptococcus agalactiae
Enterococcus faecalis
Staphylococcus aureus
Gardnerella vaginalis

DNA CONCENTRATION (ng/µl)
3.09
5.52
2.04
4.35
13.9
45.3
10.8
5.11
1.45
1.75
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FINAL VOLUME USED (µl)
7.04
3.94
10.66
5.00
1.56
0.48
2.01
4.26
15.00
12.43

Each DNA extraction was eluted in 50µl of DNase/RNase-free water. Taking into account
the volume required to determine the DNA concentrations, and the volumes necessary for a
repeat if required, a volume of 15µl could be used for each isolate. A DNA concentration of
21.7µl was calculated for each bacterium and the final DNA volumes required for Mock 2
were calculated to use the highest achievable concentration for all organisms.
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Appendix 11: Commercial mock community preparation

Preparation of Mock 3

A 2µl volume of a commercial genomic DNA mock community (HM-782D, BEI Resources,
USA) which contained equimolar ribosomal RNA operon copies (105 copies/µl) was included
alongside the DNA samples at the PCR stage. The mock community consisted of the
following 20 organisms:
BACTERIA
Acinetobacter baumannii
Actinomyces odontolyticus
Bacillus cereus
Bacteroides vulgatus
Clostridium beijerinckii
Deinococcus radiodurans
Enterococcus faecalis
Escherichia coli
Helicobacter pylori
Lactobacillus gasseri
Listeria monocytogenes
Neisseria meningitidis
Propionibacterium acnes
Pseudomonas aeruginosa
Rhodobacter sphaeroides
Staphylococcus aureus
Staphylococcus epidermidis
Streptococcus agalactiae
Streptococcus mutans
Streptococcus pneumoniae

GROUP
Gram negative bacillus
Gram positive bacillus
Gram positive bacillus
Gram negative bacillus
Gram positive bacillus
Gram positive coccus
Gram positive coccus
Gram positive bacillus
Gram negative bacillus
Gram positive bacillus
Gram positive bacillus
Gram negative coccus
Gram positive bacillus
Gram negative bacillus
Gram negative bacillus
Gram positive coccus
Gram positive coccus
Gram positive coccus
Gram positive coccus
Gram positive coccus
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Appendix 12: Urinary bacterial community profile of new patients and controls

Stacked bar plots depict the percentage sequence abundance of the 15 most abundant taxa in each studied
cohort for unspun and spun samples combined. The remaining taxa are represented by ‘other’ category.

Sequence abundance (%)

100
Varibaculum
Actinomyces
Atopobium
Acinetobacter
Anaerococcus
Actinobaculum
Aerococcus
Sphingomonas
Prevotella
Staphylococcus
Bifidobacteium
Enterococcus
Corynebacterium
Psychrobacter
Lactobacillus
Gardnerella
Enterobacteriaceae
Streptococcus
Other
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40

20

0

1
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2
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Appendix 13: Frequency of abundant taxa identified for new patient and control cohorts for
each sample type.

GENUS

Alloscardovia
Peptoniphilus
Atopobium
Bacteroides
Varibaculum
Acidovorax
Aerococcus
Acinetobacter
Actinobaculum
Anaerococcus
Bifidobacterium
Prevotella
Corynebacterium
Gardnerella
Psychrobacter
Staphylococcus
Enterococcus
Lactobacillus
Streptococcus
Candidatus Hamiltonella
Citrobacter
Cronobacter
Enterobacter
Erwinia
Escherichia
Klebsiella
Leminorella
Morganella
Pantoea
Pragia
Proteus
Providencia
Salmonella
Serratia
Shigella
Trabulsiella
Xenohabdus
Yersinia

NEW PATIENT
Unspun (%)
Spun (%)
(n = 30)
(n = 30)
12 (40.0)
16 (53.3)
23 (76.7)
27 (90.0)
18 (60.0)
19 (63.3)
16 (53.3)
11 (36.7)
23 (76.7)
22 (73.3)
2 (6.7)
3 (10.0)
24 (80.0)
23 (76.7)
20 (66.7)
25 (83.3)
22 (73.3)
27 (90.0)
27 (90.0)
26 (86.7)
28 (93.3)
28 (93.3)
29 (96.7)
30 (100.0)
28 (93.3)
30 (100.0)
24 (80.0)
19 (63.3)
20 (66.7)
20 (66.7)
30 (100.0)
30 (100.0)
30 (100.0)
30 (100.0)
30 (100.0)
30 (100.0)
30 (100.0)
30 (100.0)
2 (6.7)
2 (6.7)
5 (16.7)
6 (20.0)
0 (0.0)
0 (0.0)
14 (46.7)
12 (40.0)
1 (3.3)
3 (10.0)
16 (53.3)
8 (26.7)
29 (96.7)
28 (93.3)
5 (16.7)
3 (10.0)
20 (66.7)
22 (73.3)
10 (33.3)
10 (33.3)
5 (16.7)
5 (16.7)
15 (50.0)
21 (70.0)
2 (6.7)
1 (3.3)
18 (60.0)
22 (73.3)
2 (6.7)
2 (6.7)
6 (20.0)
4 (13.3)
7 (23.3)
9 (30.0)
0 (0.0)
0 (0.0)
0 (0.0)
1 (3.3)
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CONTROL
Unspun (%)
Spun (%)
(n = 22)
(n = 23)
13 (59.1)
12 (52.2)
19 (86.4)
19 (82.6)
16 (72.7)
15 (65.2)
15 (68.2)
14 (60.9)
17 (77.3)
18 (78.3)
2 (9.1)
2 (8.7)
22 (100.0)
22 (95.7)
15 (68.2)
13 (56.5)
17 (77.3)
17 (73.9)
21 (95.5)
20 (87.0)
21 (95.5)
19 (82.6)
21 (95.5)
23 (100.0)
21 (95.5)
23 (100.0)
21 (95.5)
20 (87.0)
17 (77.3)
15 (65.2)
22 (100.0)
23 (100.0)
22 (100.0)
23 (100.0)
22 (100.0)
22 (95.7)
22 (100.0)
23 (100.0)
0 (0.0)
0 (0.0)
4 (18.2)
1 (4.3)
0 (0.0)
1 (4.3)
5 (22.7)
8 (34.8)
2 (9.1)
2 (8.7)
6 (27.3)
6 (26.1)
21 (95.5)
20 (87.0)
0 (0.0)
0 (0.0)
17 (77.3)
13 (56.5)
6 (27.3)
7 (30.4)
0 (0.0)
2 (8.7)
14 63.6)
14 (60.9)
0 (0.0)
0 (0.0)
17 (77.0)
18 (78.3)
1 (4.5)
0 (0.0)
2 (9.1)
3 (13.0)
9 (40.9)
5 (21.7)
1 (4.5)
1 (4.3)
1 (4.5)
0 (0.0)
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