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Abstract

The gut microbiome is a critical modulator of systemic physiology, including infectious disease 

susceptibility. Although this niche is a reservoir for uropathogenic Escherichia coli, knowledge of 

its role in urinary tract infections (UTIs) is limited. We discuss two recent studies, Thänert et al. 

(2022) and Worby et al. (2022), that interrogate the roles of the gut-bladder axis in UTIs.

The human microbiome has been recognized as a major contributor to the development 

and persistence of a multitude of diseases, as resident microbes are shown to influence the 

vital functions of diverse organs in the human body. The gut microbiota impacts cognition, 

behavior, and aging, as well as the function and homeostasis of bone, muscle, liver, lung, 

and heart tissue (Zhang et al., 2015). These functions stem from the gut microbiome’s 

significant contribution to immunity and metabolism. The significance of gut-brain, gut-

bone, gut-muscle, gut-liver, gut-lung, and gut-heart axes in basic human physiology and 

disease has been the focus of much recent medical research that describes significant 

relationships between the population dynamics of the gut microbiome and overall human 

health. Here, we discuss recent research advances that demonstrate a connection between the 

gut microbiome and infections of the urinary tract, thus establishing the gut-bladder axis as 

yet another dimension of microbiome health (Figure 1).
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Urinary tract infections (UTIs) predominantly affect women and are one of the most 

common adult bacterial infections globally, particularly among postmenopausal women. 

UTIs frequently recur, progressing into recurrent UTIs (rUTIs). Uropathogenic Escherichia 
coli (UPEC) is the primary causative agent of UTIs; however, other bacterial and fungal 

pathogens are known to significantly contribute to the clinical burden. The gut is believed 

to be the major reservoir for uropathogenic bacteria like UPEC and a staging ground from 

which UPEC can begin to access the proximal genitourinary mucosal niche to ascend to 

the bladder and cause UTI (Schembri et al., 2022). Although uropathogenic bacteria can 

establish persistent reservoirs within the mouse and human bladder epithelium (De Nisco et 

al., 2019; Mysorekar and Hultgren, 2006), and even invade the vaginal epithelium (Brannon 

et al., 2020), the gut flora remains a primary source of uropathogenic bacteria (Schembri 

et al., 2022). Given the physiological and chemical differences between the niches of the 

gut and urinary tract, research has focused on identifying UPEC fitness factors that may 

convey uro-virulent phenotypes among UTI-causing strains. Of note, although all E. coli 
possess and express the fim operon encoding genes for the assembly of type 1 pili, unique 

mutations in the gene encoding the FimH adhesin of UPEC enable more efficient binding 

of the bacteria to the mannosylated receptors that decorate bladder superficial epithelial 

cells. Critically, it remains unknown whether gut commensal E. coli acquire uropathogenic 

qualities in situ that enable them to colonize the bladder mucosa, or whether there is a pool 

of potential UPEC existing within the gut microbiota that is selected upon entry into the 

bladder mucosal niche.

Here, we discuss two recent studies using longitudinal cohorts that provide additional 

insights into UPEC evolution and dynamics along the gut bladder axis: Worby et al. 

(2022) and Thänert et al. (2022). Worby et al. used longitudinal stool, urine, and 

serum sampling with a multi-omic strategy to assess whether rUTIs are associated with 

patterns of gut dysbiosis in a controlled human cohort. The authors observed a significant 

reduction of butyrate- and short chain fatty acid (SCFA)-producing bacterial taxa, such 

as Faecalibacterium prausnitzii and Eubacterium hallii, in the gut of rUTI participants 

compared to healthy control participants (Figure 1). These observations were similar to 

those found in irritable bowel syndrome and other gut inflammation pathologies. Butyrate 

is known for its beneficial effects in immune regulation, oxidative stress, intestinal barrier 

function, and modulation of visceral sensitivity and intestinal motility. SCFAs play an 

important role in gut health and homeostasis by helping to maintain the integrity of the 

intestinal barrier, produce mucus, and reduce inflammation. Reduction in butyrate- and 

SCFA-producing bacterial taxa may alter these beneficial functions in the gut and thereby 

help to create favorable conditions for gut-resident UPEC to re-infect the bladder. Given 

the known immunomodulatory roles of butyrate- and SCFA-producing bacteria, these data 

present a fascinating connection between decreased anti-inflammatory gut microbial taxa 

and rUTI.

Worby et al. noted no differences between women with rUTIs and healthy controls 

in gut E. coli relative abundance or phylogeny. This observation begs an important 

fundamental question: if the E. coli ecology and strain-level phylogeny are relatively 

similar between women with rUTIs and healthy controls, why are there differences in 

disease state? Worby et al. rightly posed this question and proposed possible systemic 

Salazar et al. Page 2

Cell Host Microbe. Author manuscript; available in PMC 2022 September 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immunological phenotypes associated with rUTIs gut dysbiosis. While the evidence for 

systemic inflammation presented is somewhat limited, the authors did report several 

significant systemic immunological differences between healthy controls and women with 

rUTIs. The authors further characterize the longitudinal dynamics of E. coli strains in rUTI 

patients. Their data suggest that the gut can be a reservoir for UTI-causing E. coli strains in 

some women and that these strains persist in the gut even after antibiotic treatment. Given 

the limited sampling of the urinary environment in this study, it is unclear whether these E. 

coli strains also persist in the bladder after antibiotic treatment. Nevertheless, these data do 

suggest the existence of an axis of microbial transmission between the gut and bladder and 

that this gut-bladder axis plays a significant role in UTIs and rUTIs (Schembri et al., 2022).

In a report contemporaneous with Worby et al., Thänert et al. presented evidence of niche-

specific genetic adaptations among E. coli strains by analyzing whole genome sequences 

of isolates from urine and stool samples in a large cohort (n = 123) of both men and 

women ranging from 18 to 94 years of age. They identified and traced 119 lineages of 

anti-biotic-resistant UPEC from 976 isolates. These antibiotic-resistant UPEC lineages were 

classified into three persistent groups based on their frequency of occurrence in fecal and 

urine samples within the 6-month collection period: gut only, urinary tract only, and dual 

gut-bladder colonizers. Interestingly, Thänert et al. found that dual colonizers have higher 

genetic diversity, likely in part due to the presence of genetic adaptations allowing successful 

community establishment in both niches. Key observations made by the authors suggest 

that the evolutionary trajectory is influenced by niche-specific fitness needs of the gut or 

urinary tract facilitated through selection of stochastic genetic mutations or acquisition of 

mobile genetic elements (MGEs) (Figure 1). These observations are also consistent with 

prior work demonstrating that UPEC acquisition of horizontally acquired genetic elements 

enable bladder colonization, like the pathogenicity-associated island PAI II of acute cystitis 

isolate UTI89 (Hannan et al., 2008). Interestingly, Forde et al. longitudinally sampled both 

fecal and urine samples from a woman with an rUTI over a 5-year period and demonstrated 

the in vivo transfer of a multidrug resistance (MDR) PAI between plasmids with different 

evolutionary lineages within gut E. coli ST131 populations (Forde et al., 2019). Together, 

these findings support the hypothesis that MGEs enable niche-specific adaptation in UPEC.

Thänert et al. further identified mutations of the wbbl gene in all colonizer types. This gene 

encodes a rhamnosyltransferase involved in O-antigen synthesis and presentation on the 

lipopolysaccharide outer leaflet of the E. coli outer membrane. The O-antigen is a highly 

variable surface polysaccharide that is thought to allow the various strains to each present 

a surface that offers a selective advantage within its local immune environment. In addition 

to being an important virulence factor, the O-antigen appears to play a role in strain-level 

bacterial competition. O-antigen density reportedly governs the resistance of UPEC strain 

ST131 to colicin, a cytotoxic protein secreted by E. coli that kills closely related strains 

(Sharp et al., 2019). In the context of UPEC adaptation, O-antigen modification may play a 

significant role in strain-level UPEC competition for niche dominance in addition to survival 

within the local immune environment.

Thänert et al. further demonstrated distinct functional signatures that appear to be under 

selection between colonization types. Gut and dual colonizers were found to be enriched 
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for mutations that indicated selection for response to environmental stressors, metabolic 

processes, and nutrient transport. Interestingly, urine colonizers were found to be uniquely 

associated with selection of threonine biosynthesis and long-chain fatty acid (LCFA) 

metabolism. LCFAs incorporate into the membrane phospholipids and can be a source 

of metabolic energy for survival and virulence while also acting as a signaling molecule 

to activate envelope stress responses. Thus, the adaptive responses related to threonine 

biosynthesis and LCFA metabolism by the urinary colonizers may indicate an ability 

to both utilize a different source of energy and improve survival in the harsh chemical 

environment of the urinary tract. By extension, both studies suggest the need to explore 

spatial distribution of SCFAs and LCFAs between the two niches.

An important and clinically relevant finding of Thänert et al. was the existence of niche-

specific genetic adaptations that mediate antibiotic-resistant phenotypes of UPEC. For 

example, the ompC R191C mutation in the dual colonizer lineage was found only in urinary 

isolates and coincided with the acquisition of ampicillin and sulbactam resistance. OmpC is 

an outer membrane non-specific porin involved in both antibiotic transport and membrane 

permeability, and mutations in ompC variably provide resistance to different classes of 

antibiotics. In addition, the nsfA Q191 * mutation was found exclusively in urine specimens 

of a gut colonizer lineage that were resistant to nitrofurantoin, an antibiotic used to treat 

UTIs that reaches therapeutic concentrations specifically in the urine. Given the localized 

action of nitrofurantoin in the bladder, the observation of this mutation in only urine isolates 

supports the idea of a rapid niche-specific adaptation.

The new evidence presented by Worby et al. and Thänert et al. represents a significant 

advancement in the field. However, critical questions remain about how the local 

urogenital immune system and microbiome are perturbed or mechanistically involved in 

rUTI susceptibility. It is well established that UTIs and rUTIs disproportionately affect 

postmenopausal women. Differences in immunity and hormone status associated with 

menopause likely play a critical role in rUTI pathobiology in older women (Chu and 

Lowder, 2018) (Figure 1). Given the disease burden and lack of controlled postmenopausal 

studies in humans, representation of this critically understudied group is an area of immense 

opportunity for the field. A strong feature of the work by Thänert et al. is the inclusion 

of a diverse racial demographic as well as both women and men and a wide age range 

(18–94 years). Interestingly, the authors report that age, gender, and race did not show any 

significant association with rUTI incidence or UPEC colonization. This is contrary to several 

reports that established the role of age, gender, and race in the susceptibility or risk of 

developing UTIs.

Worby et al. noted that no differences in gut E. coli relative abundance or phylogeny 

were observed when comparing women with rUTIs and healthy controls. These data 

are somewhat in contrast with the observations made by Thänert et al. of niche-specific 

adaptations found in UPEC lineages that cause rUTIs. However, it should be noted that the 

two reports use significantly different techniques that probe different levels of UPEC strain 

ecological distribution and genetics.
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Whether the results of these studies have translational benefits remains to be explored. 

Additional studies will be required to determine if the rUTI-associated gut taxonomic 

signature observed in Worby et al. can be leveraged in the development of novel UTI 

diagnostics and prognostics. An interesting therapeutic question these reports raise is 

whether it is possible to modify a dysbiotic gut microbiome as a treatment for UTIs and 

rUTIs (Figure 1). Another critical observation of both these reports is the persistence of 

uropathogenic E. coli lineages in the gut microbiome even after antibiotic therapy. As 

the future of personalized care develops in this field, investigating the modification or 

“doping” of the microbiome or the selective targeting UPEC populations in the gut as a 

novel therapeutic strategy for rUTIs may very well be a logical and fruitful research venture.

Thänert et al. significantly contribute to our understanding of the genetic adaptations that 

bacterial pathogens undergo to colonize and persist in different habitats within the host 

(Figure 1). While genomic and metagenomic studies have been instrumental in gleaning 

insight into microbial features associated with disease phenotypes, experimental verification 

is necessary to establish causal relationships. In addition, for studies of mobile genetic 

elements like plasmids, utilization of new long-read sequencing technologies that allow 

resolution of these elements may provide further insight into their role in niche adaptation 

(Forde et al., 2019).

While both studies suggest that the changes in gut microbiota (Worby et al., 2022) and 

E. coli lineages (Thänert et al., 2022) are influenced by their immediate environment, the 

intrinsic disparity in the nutrient landscape of the urinary tract and gut has not been robustly 

explored. Compared to the gut, the nutrient landscape of the urinary tract is believed to 

be limited and sparse in terms of carbon sources needed to support microbial growth. 

However, it is possible that the mucosal surface of the urothelium harbors critical nutrient 

sources and scaffolding sites, like the glycosaminoglycan (GAG) layer, that are available 

to the local microbiome or invading uropathogens and that may be differentially affected 

by age or hormone status (Anand et al., 2012). Spatial metabolomics using both targeted 

and untargeted approaches may be useful in understanding the relevance of microbial 

metabolic enrichments to a given niche. A deeper understanding of the metabolic potential 

and adaptations of microbial communities within the differing chemical environments along 

the gut-bladder axis will likely be critical to the development of novel therapeutic strategies. 

Another important point for future research will be to understand whether the vagina or 

vulva have a role in the gut-bladder axis as it has been shown that UPEC can colonize 

vaginal epithelial cells (Figure 1). These studies mark an exciting step toward a deeper 

understanding of UPEC population dynamics during UTIs and microbiome-aware strategies 

for diagnosis and treatment.
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Figure 1. Schematic depicting recent advancements and major questions regarding the role of 
the Gut-Bladder Axis in rUTI
There is new evidence for a robust gut-bladder axis that has significant implications for 

bacterial strains colonizing the two niches and for UTI and rUTI risk. Niche-specific 

fitness needs of the gut or urinary tract maybe facilitated through selection of stochastic 

genetic mutations or acquisition of mobile genetic elements. Butyrate- and SCFA-producing 

bacteria may play immunomodulatory roles and provide a key connection between presence 

of anti-inflammatory gut microbial taxa and rUTI susceptibility. Threonine biosynthesis 

and LCFA metabolism appear to be important for survival and persistence in urine. Gaps 

in field are denoted with a question mark. InDel, insertion deletion; LCFA, long-chain 

fatty acid metabolic enrichment; MGE, mobile genetic element; rUTI, recurrent urinary 

tract infection; SCFA, short chain fatty acid; SNP, single-nucleotide polymorphism; Thr, 

threonine metabolic enrichment.
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