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Group B Streptococcus growth in human urine is associated with 
asymptomatic bacteriuria rather than urinary tract infection and 
is unaffected by iron sequestration
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Abstract

Group B Streptococcus (GBS) causes various infections in adults, including urinary tract infection (UTI) and asymptomatic bac-
teriuria (ABU). Some bacteria that cause ABU can utilize urine as a substrate for growth, which can promote asymptomatic 
colonization in the host. An analysis of diverse GBS isolates associated with ABU and UTI for growth in human urine has not 
been undertaken. Here, we examined a large collection of clinical urinary GBS isolates from individuals with acute UTI (n=62), 
and ABU with bacteriuria ≥104 c.f.u. ml−1 (n=206) or <104 c.f.u. ml−1 (n=90) for their ability to grow in human urine. Among all 
358 GBS isolates analysed, 40 exhibited robust growth in urine in contrast to 25 that were unable to grow and non- culturable 
after incubation in urine. Growth phenotypes were disproportionately represented among the different groups of isolates, 
whereby robust growth was significantly more likely to be associated with high- grade ABU versus low- grade ABU or acute 
UTI (38/40 vs. 11/25; odds ratio 4.6, 95% CI, 1.5–14.8). Growth of bacteria in urine can depend on iron bioavailability, and we 
therefore performed growth assays using urine supplemented with 2,2- dipyridyl to chelate iron. In contrast to a control strain 
of ABU Escherichia coli, for which iron limitation significantly attenuated growth, iron sequestration had no significant attenu-
ation effect on the growth of ABU GBS strain 834 in urine. Despite this finding, PCR confirmed the presence of several known 
growth- associated genes in GBS 834, including fhuD for iron uptake. We conclude that GBS adaptation for growth in human 
urine is more likely to be associated with high- grade ABU than acute UTI, and for GBS 834, this growth trait is not significantly 
constrained by conditions of iron sequestration.

InTRoduCTIon
Streptococcus agalactiae, also known as group B Streptococcus (GBS), is a Gram- positive commensal bacterium, colonizing the 
gastrointestinal and genitourinary tracts of up to 50% of healthy adults [1]. GBS is also the leading cause of severe, invasive 
infection in newborns, pregnant women and older persons with chronic medical illness [2, 3]. As an opportunistic pathogen, 
GBS expresses many virulence factors, including capsular polysaccharide, β-haemolysin/cytolysin, adhesins and stress response 
factors that mediate subversion of host defence mechanisms [4].

Among the various types of infections that GBS causes in adults are bacteraemia, pneumonia, meningitis and skin and soft tissue 
infections, including urinary tract infection (UTI) [2, 3]. Acute infection caused by GBS can be severe and life- threatening with the 
overall mortality rate in adults estimated at 15% or more in the USA [3, 5, 6]. For UTI, the spectrum of disease includes cystitis, 
pyelonephritis, urethritis and urosepsis [2, 7, 8]. In one study, S. agalactiae was cultured from 39% of all cases of symptomatic 
UTI among nursing home residents >70 years of age [9]. However, GBS also asymptomatically colonizes the female urogenital 
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tract as a commensal [10]. In the urinary tract, GBS can cause asymptomatic bacteriuria (ABU) [11]. It has been suggested that 
as a pathobiont, GBS may switch from an asymptomatic carriage state to cause pathogenesis as a result of adaptations through 
genetic mutations (e.g. in certain genes for two- component systems such as covRS), or lateral DNA exchange leading to reduced 
expression of some virulence factors (e.g. capsule) [10].

Bacterial growth in urine is a lifestyle trait for some microbes that colonize the urinary tract, such as Escherichia coli and some 
Gram- positive cocci, including staphylococci and enterococci [12–16]. Bacterial survival in and utilization of urine as a growth 
substrate is considered an important adaptation strategy for organisms that cause ABU and is thought to promote persistence in 
the urinary tract [14, 16–18]. The bioavailability of nutritional resources in urine, a typically antimicrobial niche, relates to sugars, 
proteins, amino acids and co- factors such as iron, all of which are critical for bacterial growth [12, 15]. Moreover, nutritional 
immunity acts to limit the bioavailability of such substrates in the host, although highly adapted bacteria subvert this defence 
strategy by using various mechanisms to acquire nutrients or withstand conditions of stress. For example, low available iron in 
the host drives bacteria to make siderophores to acquire iron [19, 20] and this trait can support survival and/or growth in the 
urinary tract [21].

The growth of GBS in human urine has been reported for a few clinical isolates, namely ABU 834, 729 and 1014 [22]. However, 
an analysis of a large, diverse collection of GBS isolates associated with ABU and UTI for fitness for growth in human urine has 
not previously been undertaken. Here, we examined 358 GBS isolates associated with acute UTI or ABU and compared these for 
their ability to utilize fresh human urine as a growth medium. In identifying the robust growth of some ABU GBS via consumption 
of urine, we also tested whether this growth is affected by iron- limiting conditions.

METHodS
Bacterial isolates
Three hundred and fifty- eight GBS isolates were used in this study; these were originally collected from the urine of patients who 
presented with UTI or as part of routine screening [8, 11]. The isolates were divided into groups of acute UTI (n=62), ABU with 
high- grade (>104 c.f.u. ml−1; n=206) and ABU with low- grade bacteriuria (<104 c.f.u. ml−1; n=90) [8, 11].

GBS growth assays in human urine
For each assay, human urine was collected from six healthy volunteers (female and male adults, 1 : 1 ratio) who had not undergone 
any antibiotic treatment for several weeks prior to urine collection. Equal volumes of urine were pooled, filter sterilized using 
Millipore filter paper (Millipore corporation, Bedford, CA, USA) with a pore size of 0.45 µm and stored at 4 °C until use. For 
each experiment, urine was used within 48 h of collection or discarded. For growth assays, the isolates were streaked on Tryptone 
Soya Agar (TSA; Oxoid, Hampshire, UK) supplemented with 5% horse blood (Serum Australis, NSW) and incubated at 37 °C 
overnight. Broth cultures of GBS isolates were prepared in Todd–Hewitt broth (THB) with shaking (200 r.p.m.) at 37 °C overnight. 
Fresh overnight broth cultures were back- diluted (1 : 1000) in PBS pH 7.2, and 2 µl were used to inoculate filter- sterilized, pooled 
human urine (200 µl) in flat- bottom 96- well plates (Cat. No. TSTPP92096I, SARSTEDT, Ingle Farm, Australia). The growth of 
isolates was also examined in THB to determine whether isolates were defective for general growth as opposed to the nutrient 
limited environment of human urine. For measurement of growth in THB, bacterial cells were seeded at the same cell number 
as in urine growth assays. Duplicate cultures were grown at 37 °C, shaking (200 r.p.m.). OD at 600 nm (OD600 nm) was recorded 
between 0 and 72 h using a POLARstar Omega BMG Labtech plate reader. Duplicate wells containing sterile urine or THB were 
used as negative controls. The number of viable, culturable GBS present in cultures over the time course was determined at selected 
intervals by colony counts on TSA with 5% horse blood. All growth experiments were performed in duplicate and repeated in 
independent experiments. Data are shown as c.f.u. ml−1 from one experiment, representative of several.

urine growth assays with iron chelation
To analyse the growth of GBS in human urine in conditions of iron chelation, growth assays were performed as described above 
except that urine was supplemented with 200 µm 2,2′-dipyridyl (Sigma–Aldrich, Australia) as a chelator to generate iron- limiting 
conditions [12, 23, 24]. The 2,2′-dipyridyl was added in a final concentration of 0.2% ethanol as a carrier, which was also used 
in the control condition. The dependency of GBS on iron for growth was assessed by comparing strain 834, an ABU strain that 
grows well in urine [22], in normal and iron- limiting conditions. E. coli strain 83972, which utilizes iron to support growth in 
urine [12], was used as a control strain.

PCR screening for genes that support GBS growth
GBS utilizes several transport systems and metabolic pathways to support growth in different conditions [25, 26], and we screened 
for the presence of these genes in GBS 834 by PCR. The reaction conditions were optimized with 4 mM MgCl2 using genomic 
DNA from GBS reference strains A909 and COH1 that carry these genes. Primer sequences are listed in Table 1. PCR cycling 
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conditions were as follows: initial denaturation (95 °C for 2 min), denaturation/annealing/extension (94 °C for 50 s/55 °C for 
50 s/72 °C for 1 min; 35 cycles), final extension (72 °C for 4 min) and hold (4 °C).

Bioinformatics
The prevalence and sequence conservation of genes involved in transport and metabolism were examined using the FASTA36 
software package [27] to probe 132 complete GBS genomes on the National Center for Biotechnology Information (NCBI) 
database. The prevalence of genes was determined using a cut- off of >90% identity over a 95% nucleotide sequence alignment 
with the respective gene variants from GBS reference strain 2603 V/R [28].

Statistical analysis
Growth curves were analysed using area- under- the- curve analysis followed by Student’s t- tests to compare test and control condi-
tions. The correlation between the growth measures of OD600 nm and colony counts was analysed using the Pearson correlation 
coefficient (R2; 0=no correlation, 1=total positive correlation). Differences in proportions of GBS isolates that exhibited robust 
growth versus no growth between clinical origin groups (i.e. high- grade ABU, low- grade ABU and acute UTI) were tested by 
chi- squared analysis. All statistical analyses were carried out using SPSS software (v26.0) and GraphPad Prism software v10.0 
with significance accepted at P<0.05.

RESuLTS
The 358 GBS isolates tested for growth in human urine showed a spectrum of growth phenotypes; among all isolates, 11.2% (n=40) 
exhibited robust growth in urine (defined as reaching culture density (according to viable cell counts) of >107 c.f.u. ml−1 together 
with a peak culture turbidity of >0.2 OD600 nm over the course of the assay). In contrast, 7.0% (n=25) of isolates were unable to 

Table 1. PCR primers used for screening of genes for growth in GBS 834

Primer name Sequence Amplicon size

fhuD- F TGTCCTCACACTACTGACCTTC 605 bp

fhuD- R TTAGTTCTCCACCGCGTC

cydA- F TGCACCATGATGTCCATGTTCATC 557 bp

cydA- R GGGCAAATGAAGCAGAACACAAAC

dppA- F GCATTAAAGACCTCTCCATCACCT 738 bp

dppA- R GGAGAGAGCGCAATAAACTTCTAG

dppB- F GAGTTACTCATGACCTTAGAGGCT 512 bp

dppB- R TCCAACAGGCTTTTCCATAC

oppA1- F GGGCGTCATGTCAAAAGGA 425 bp

oppA1- R CGGTAGTAGTATTATTTGTTTGATCATT

oppA2- F GGGTATATCTTTGGCGACTC 1066 bp

oppA2- R CTGACCAACCTCAGCAAGAC

oppB- F CCCTATCGTTCTTTCTGATGCAGATCC 650 bp

oppB- R CGCCAAAGGGCCGATTAGAGTTAA

oppC- F AGGTGCAGGATCTTCTAGCA 628 bp

oppC- R GACGAGACATAGAAGTCCATCC

oppD- F TGTTGACTTCCACACATATGCTGG 723 bp

oppD- R CCCCAAGTATATGGATGTTGTGGA

oppF- F GGGAGGAAAGCCTAATGAC 764 bp

oppF- R CGTATAGGGGTGGATTGG

braB- F GGTATCTACTCTGGTTCTAATTGGGCG 1089 bp

braB- R GGCGGCAATAGAAGTTTGGTAGACA
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grow in human urine (as defined by culture density <103 c.f.u. ml−1 and <0.02 OD600 nm over the course of the assay) even when 
analysed over an extended period of 72 h incubation. Summary data of the maximum OD600 nm reached during the assay for each 
isolate showed significantly higher peak culture absorbance values for ABU isolates overall, compared with acute UTI isolates 
(P=0.0108; Fig. 1 and Table S1, available in the online Supplementary Material). Among the isolates that exhibited robust growth 
in urine and reached peak culture turbidities of >0.2 OD600 nm during the assay were GBS 834, 731 and 249; among the isolates 
unable to grow were GBS 348, 714 and 1058; detailed growth data for these strains are illustrated in Fig. 2. Measuring the number 
of viable cells during growth in urine by c.f.u. estimates showed the average generation times for isolates that exhibited robust 
growth were similar comparing urine and THB when calculated between 0 and 36 h (average time in urine 163 vs. 145 min in 
THB). Taken together, these data reveal a high degree of phenotypic diversity in growth fitness for human urine of GBS when 
assessed across a broad, sizeable population of clinical urinary isolates.

Fig. 1. Maximum turbidity measures of cultures of acute UTI and ABU GBS strains during growth in human urine. The black dots represent the isolates 
shown in Fig. 2. The bars represent the median with interquartile range. Experiments were performed in duplicate, with the graphs representing one 
experiment.

Fig. 2. Growth of GBS in human urine. GBS isolates exhibiting robust growth in human urine (834, 731 and 249) versus no growth (348, 714 and 1058) 
based on (a) colony counts and (b) turbidity measurements at OD

600 nm
. The limit of detection (LOD) for colony counts was 200 c.f.u. Experiments were 

performed in duplicate with graphs representative of one experiment.
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To evaluate the overall degree of correlation between the two growth measures of c.f.u. estimates and OD600 nm readings, we 
compared these two datasets for all the isolates over 72 h and, surprisingly, found no significant correlation (average R2 0.32, n=358). 
Notably, however, there was substantial variation between isolates in the degree of correlation between these two growth measures 
and many isolates showed a high degree of correlation between these measures; for example, GBS 834 exhibited robust growth 
according to both c.f.u. estimates and OD600 nm readings with significant correlation (R2 0.82, P=0.014; Fig. 3); similarly, we noted 
positive correlations (R2 >0.7) for 120 other isolates, including GBS 731 and 249 (R2 0.825–0.831, P=0.012; Fig. 2). In contrast, 
there were low degrees of correlation between c.f.u. estimates and OD600 nm readings (R2 <0.4) for 132 isolates, including GBS 42 
(R2 0.31, P=0.448; Fig. 3). The growth data used for correlation analysis and scatterplots (Fig. 3) are provided in Fig. S1. Taken 
together, these data show that concurrent measures of viable culturable GBS by colony counts and OD600 nm are important to assess 
the phenotypic diversity of isolates for growth in urine as these measures do not consistently correlate for all isolates.

Further population analysis of all the isolates that exhibited robust growth versus no growth (and inability to survive) in urine 
according to the clinical origin of the isolates revealed a major difference in the likelihood of isolates being able to grow in urine 
based on clinical origin (acute UTI vs. ABU). A total of 40 isolates exhibited robust growth in urine in contrast to 25 isolates that 
showed no growth and were non- culturable after 24 h incubation; the remainder of the isolates exhibited intermediate phenotypes 
between these two extremes. Disproportionate representation of these 65 isolates reflected those that exhibited robust growth 
(n=40) as more likely to be associated with high- grade ABU (n=38) versus low- grade ABU or acute UTI (combined n=2) and 
isolates unable to grow (n=25) reflecting fewer (n=11) high- grade ABU isolates (38/40 vs. 11/25; odds ratio 4.6, 95% CI, 1.5–14.8). 
Of the 62 acute UTI isolates (mean bacteriuria 74 226±4068 c.f.u. ml−1), none grew in human urine; in contrast, 89/206 (43.2%) 
GBS isolates associated with high- grade ABU (mean bacteriuria 57 587±2285 c.f.u. ml−1) grew to high culture densities in urine. 
Taken together, these data show that GBS that are adapted for efficient growth in urine are almost five times more likely to cause 
ABU than acute UTI. Contrastingly, GBS that causes acute UTI is unable to grow (nor, in many cases, even survives) in human 
urine.

To investigate whether GBS might utilize iron for growth in human urine, we performed growth experiments with GBS 834 and  
E. coli 83972 as a control strain in human urine supplemented with 2,2′- dipyridyl as an iron chelator. These assays demonstrated 
that in contrast to E. coli 83972 for which iron chelation significantly attenuated bacterial growth in urine (Fig. 4a), the growth 
of GBS 834 was not significantly different between control and iron- depleted conditions (Fig. 4b). To further explore this, we 
performed a PCR screen to examine the prevalence of several growth- related genes that could contribute to the survival and 
growth of GBS 834 in urine; these included genes that mediate iron transport (fhuD), respiration (cydA) and amino acid/
oligopeptide transport (dppA, dppB, oppA1- F and braB). PCR confirmed the presence of all 11 genes (including fhuD) in GBS 

Fig. 3. Correlation of colony count and absorbance measurements. Linear regression analyses performed using colony count estimates and OD
600 nm

 
during growth in human urine show a high degree of correlation between these measures for isolates 834, 731 and 249, but not isolate 42. Analyses 
were performed using GraphPad Prism 10 with data from one experiment.
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834, indicating that the absence of an attenuation effect in urine in conditions of iron sequestration is not due to the lack of fhuD. 
Taken together, these findings suggest that iron utilization is not crucial for the growth of GBS 834 in human urine.

dISCuSSIon
As an opportunistic pathogen, GBS can efficiently and asymptomatically colonize adults as a commensal in the female urogenital 
tract and the gastrointestinal tract [10]. In the urinary tract, GBS causes not only acute UTI, including cystitis, pyelonephritis, 
urethritis and urosepsis [2, 7, 8], but also ABU [11]. The main finding of this study is that in a large and diverse collection of 
urinary GBS isolates from individuals with acute UTI and ABU, isolates that are adapted for efficient growth in human urine are 
much more likely to be associated with high- grade ABU than low- grade ABU or acute UTI; moreover, for ABU GBS 834, iron 
limitation does not drastically reduce growth in urine.

Superior fitness to utilize human urine for growth among GBS that are associated with ABU has implications for understanding 
the dynamics of these infections, and possibly how these bacteria may persist in the urogenital tract. For example, long- term 
bacteriuria appears to select for attenuated virulence phenotypes of some colonizing bacterial strains [29], and while most 
microbes are killed by urine, microbial growth in urine offers an opportunity for bacteria to survive and multiply in the bladder 
to cause persistent ABU [17]. Bacteria use several mechanisms to support survival and growth in urine, including resistance to 
d- serine, osmoadaptation, expression of iron acquisition systems, de novo synthesis of guanine and catabolism of malic acid; the 
latter two of which are exploited by GBS [22, 30]. Future assays focusing on the factors present in human urine that ABU GBS 
utilize for growth will help to further define the strategies GBS uses in the urinary tract and how this relates to the conditions 
of ABU and UTI.

Uropathogenic bacteria express multiple virulence genes in urine [31], including genes for iron transport [32]. In E. coli, genes 
for iron utilization support growth in urine [12]. In streptococci, several species use iron acquisition to support survival and 
growth in nutrient- limiting environments. For example, Group A Streptococcus expresses proteins for haemoprotein binding and 
transport [33], Streptococcus mutans expresses a ferrous iron transport system [34] and Streptococcus pneumoniae has multiple 
iron transport systems, which are essential for virulence [20]. We investigated a potential role for the acquisition of iron by GBS in 
human urine to support growth by testing GBS 834 in urine supplemented with 2,2′- dipyridyl as a chelator to create iron- limiting 
conditions [12, 23, 24]. While iron chelation significantly attenuated the growth of E. coli 83972 in urine over the course of 60 h, the 
minor difference observed in growth between chelator treatment and control for GBS 834 cultures was not statistically significant.

We then used PCR to screen for the presence of growth- related genes that might help GBS 834 survive and grow in urine: genes that 
play roles in iron transport (fhuD) [35], respiration (cydA) [36] and amino acid/oligopeptide transport (dppA, dppB, oppABCDF 
and braB) [37, 38]. This analysis showed that GBS 834 harbours all the genes screened, including for iron acquisition (fhuD). 
Bioinformatic analysis of sequenced GBS isolates (n=132; complete GBS genomes) available on NCBI showed that all the isolates 
except four carry all the genes screened for in this study (Table S2). It would be interesting to analyse the expression of these 
genes during the growth of GBS in urine to understand how exposure to urine might alter the expression of certain metabolic 
pathways to support growth in this niche. Future work could also test other GBS isolates for growth in urine in conditions of iron 
limitation and the roles of other genes for growth in urine. Nonetheless, the results of this study suggest that iron utilization is 
not critical for GBS, at least for GBS strain 834, to grow in urine. Interestingly, our finding of growth of GBS 834 in urine being 

Fig. 4. Growth of E. coli 83972 and GBS 834 in human urine in conditions of iron limitation. Human urine was supplemented with 2,2′- dipyridyl as an iron 
chelator or 0.2% EtOH in water as carrier control. The growth of E. coli 83972 was significantly attenuated by 0.2 mM 2,2′- dipyridyl for iron chelation 
(P<0.0001) (a), whereas GBS 834 exhibited no significant difference in growth between the control and iron- depleted conditions (b). Experiments were 
performed 12 independent times, with graphs showing means and sem.
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independent of iron is consistent with a study of GBS reference strain A909 in which GBS growth was tested in iron- limited media 
(THB treated with divalent cation chelator, nitrilotriacetic acid) and found to be independent of iron [35].

A strength of this study was the use of human urine to measure the growth of GBS isolates. However, human urine is highly 
variable in the chemical constituency and different levels of components such as glucose may influence microbial growth; 
for example, glucosuria enhances the growth of E. coli. Some bacteria such as Enterococcus faecalis upregulate genes for 
utilization of sucrose (and perhaps fructose), another constituent that is present in some urine [39, 40]. The problem of 
variability in the constituency of human urine was partly addressed by our study design of pooling urine from six adults for 
each experiment and using only fresh- filtered pooled urine. Nonetheless, this study limitation is likely to have contributed 
to notable variability observed between assays for some isolates. An alternative to human urine is the use of synthetic 
human urine [41], which we excluded from this study to model the clinical condition of bacteriuria in the urinary bladder 
as closely as possible. Another strength of this study was the use of a large collection of over 350 clinical isolates of GBS, 
which provided broad insight into phenotypic traits of isolates at a population level and enabled correlations to be tested 
and compared across many isolates with confidence.

In summary, this study has shown that growth phenotypes of urinary GBS in human urine are disproportionately represented 
among isolates, whereby robust growth is more likely to be associated with high- grade ABU than low- grade ABU or acute UTI. 
We conclude that the ability of GBS to survive and grow in human urine is associated with the clinical condition of ABU, and for 
at least GBS 834, it is not significantly affected by iron bioavailability.
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