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Abstract: Urolithiasis is a prevalent global health burden characterized by high recurrence rates and 

marked sexual dimorphism. While the gut microbiome’s role in oxalate degradation is established, the 

functional capacity of the local urinary microbiome remains largely unexplored. This study 

investigated the composition and function of the urinary microbiome in 40 healthy volunteers and 61 

urolithiasis patients using 16S rRNA amplicon sequencing, alongside a retrospective analysis of stone 

composition in 2027 patients. We identified a diverse, ecologically structured microbiome in healthy 

urine dominated by genera such as Lactobacillus, Streptococcus, and Gardnerella. Significant sex-

dependent differences were observed: While males exhibited higher microbial α-diversity, females 

demonstrated a distinct compositional structure with superior predicted functional capacity for stone 

degradation. Specifically, the female microbiome was enriched with enzymes including oxalyl-CoA 
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decarboxylase, formyl-CoA transferase, urate oxidase, and purine nucleosidase. Correlation analysis 

identified Lactobacillus, Enterococcus, and Gardnerella as key contributors to this litholytic potential. 

Conversely, urolithiasis patients displayed significant dysbiosis, characterized by disrupted microbial 

networks and a marked reduction in these stone-degrading enzymes. Clinical data supported these 

findings, revealing a significantly higher prevalence of uric acid stones in males, consistent with their 

lower microbial degradation capacity. These findings suggest that the healthy urinary microbiome 

functions as a metabolically active defense system against stone formation. The observed sex-specific 

variations in microbial composition and enzymatic function provide a novel mechanistic explanation 

for the epidemiological sex disparities in urolithiasis, highlighting the urinary–kidney axis as a 

potential therapeutic target. 

Keywords: urinary microbiome; sex discrepancy; Lactobacillus; urolithiasis; urolith degradation 

 

1. Introduction  

Urolithiasis is a global health burden affecting approximately 10% of the population, with a 

recurrence rate that poses significant challenges to clinical management [1,2]. The formation of urinary 

calculi is traditionally attributed to the supersaturation of stone-forming substances, primarily calcium 

oxalate and uric acid, derived largely from dietary sources and metabolic processes [3]. While human 

cells lack the enzymatic machinery to degrade these crystalline precursors, the human microbiome has 

emerged as a critical regulator of mineral homeostasis [4]. 

In the gastrointestinal tract, specific bacteria such as Oxalobacter formigenes are known to 

degrade oxalate, thereby reducing intestinal absorption and urinary excretion [5,6]. However, the role 

of the local urinary microbiome remains largely unexplored. Historically, the healthy urinary tract was 

considered sterile; however, recent culture-independent sequencing advances have confirmed the 

presence of a resident urinary microbiota [7]. Despite this recognition, it remains unclear whether these 

local microbial communities, forming a urinary–kidney axis, possess the functional enzymatic capacity 

to actively participate in mineral homeostasis and degrade lithogenic substances, or how dysbiosis 

within this local environment contributes to stone formation. 

Furthermore, urolithiasis exhibits marked sexual dimorphism, with a significantly higher 

incidence in men than in women [8]. While hormonal and lifestyle factors are often cited [9], the 

potential contribution of sex-specific microbial ecology has been overlooked. If the urinary 

microbiome acts as a protective barrier against stone formation, sex-based differences in microbial 

composition and enzymatic function could offer a novel explanation for this epidemiological disparity. 

In this study, we employed an optimized 16S rRNA amplicon sequencing protocol to overcome 

low-biomass limitations and characterize the urinary microbiome in healthy volunteers and urolithiasis 

patients. By mapping the ecological architecture of the healthy urinary microbiome, we sought to 

uncover its metabolic potential for degrading calcium oxalate and uric acid. Concurrently, we 

examined the relationship between sex-specific microbial signatures and clinical stone composition to 

provide a mechanistic understanding of the sex disparities observed in stone formation. We hope to 

provide new insights into the urinary–kidney axis and suggest that the urinary microbiome is a 

metabolically active defense system against urolithiasis. 
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2. Materials and methods 

2.1. Study participants and sample collection 

A total of 40 healthy volunteers (20 males, 20 females) and 61 patients with upper urinary tract 

calculi (32 males, 29 females) were recruited for urine microbiome analysis from the Department of 

Urology, The First Affiliated Hospital of Sun Yat-Sen University, between March and September 2021. 

Additionally, a retrospective analysis of stone composition was conducted on 2027 urolithiasis patients 

treated surgically at the same center from March 2018 to March 2021. 

For the microbiome analysis, inclusion criteria were: (i) age > 18 years; (ii) diagnosis of upper 

urinary tract calculi confirmed by ultrasound within 2 weeks; (iii) no congenital urinary tract 

deformities; (iv) no history of malignancy, autoimmune disease, or diabetes; (v) for females, not 

pregnant and not menstruating during sampling; (vi) no symptoms or clinical evidence of urinary 

infection; and (vii) no antibiotic exposure (systemic or topical) within the past 2 months. 

For the stone component analysis, inclusion criteria were: (i) age > 18 years; (ii) diagnosis of 

upper tract urolithiasis by ultrasound or CT; and (iii) receipt of surgical treatment following European 

Association of Urology (EAU) guidelines [10]. 

This study was approved by the Ethics Committee of the First Affiliated Hospital of Sun Yat-sen 

University (project [2021]481). Written informed consent was obtained from all participants. 

2.2. Urinary stone component analysis 

Stone components were analyzed using the LIIR-20 Automatic Infrared Spectrum Analysis 

System (Tianjin, China) and chemical analysis following Siener [11]. Stones were categorized 

according to EAU guidelines into calcium oxalate, uric acid, carbonate apatite, ammonium magnesium 

phosphate, cystine, and ammonium urate [12]. 

2.3. Urinary microbial DNA extraction and 16S rRNA amplification 

Thirty milliliters of first-catch urine samples collected over three consecutive days were pooled 

and centrifuged at 16,000 × g for 10 minutes at 4 ℃. Pellets were washed twice with 2 mL of PBS. 

This increased sample volume, compared to standard small-aliquot studies, effectively overcame the 

limitations of low urinary microbial biomass, enabling successful extraction of bacterial DNA and 

downstream microbiome analysis in all study participants. Microbial DNA was extracted using the 

QIAamp PowerFecal Pro DNA kit (Qiagen, Hilden, Germany). DNA concentration and purity were 

assessed using a Nanodrop spectrophotometer (Thermo Scientific, Waltham, MA, USA) and 0.6% 

agarose gel electrophoresis. High-integrity DNA was diluted to 20 ng/μL for amplification. 

The V3–V4 hypervariable region of the 16S rRNA gene was amplified using primers 341F (5′-

CCTACGGGNGGCWGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (18) with the 

UCP Multiplex PCR Kit (Qiagen). Cycling conditions were: 95 ℃ for 3 min; 30 cycles of 95 ℃ 

for 30 s, 55 ℃ for 30 s, and 72 ℃ for 30 s; and a final extension at 72 ℃ for 5 min. PCR products 

were purified using AMPure XP beads (Beckman, Los Angeles, CA, USA) prior to library generation 

with the QIAseq Ultralow Input Library Kit (Qiagen). 
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2.4. Sequencing and data processing 

Libraries were validated using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, 

USA) and Qubit™ dsDNA HS Assay Kit (Thermo Scientific). Paired-end sequencing (2 × 300 bp) was 

performed on the Illumina MiSeq platform using the MiSeq Reagent Kit v3. 

Raw data were demultiplexed using MiSeq Reporter. Primary FASTQ files were trimmed and 

quality-filtered using the Microbial Genomics Module in CLC Genomic Workbench 20.0 (Qiagen). 

Sequences were mapped to the Greengenes 13.5 database with a 97% similarity threshold for 

Operational Taxonomic Unit (OTU) generation.  

2.5. Bioinformatics and statistical analysis 

Taxonomic and statistical analyses were performed using MicrobiomeAnalyst [13]. The core 

microbiome was identified following Custer [14]. Network analysis was conducted in Calypso to 

identify co-occurring and mutually exclusive taxa using Pearson’s correlation. Networks were 

visualized using Cytoscape v3.7.2 [15], with nodes representing genera (sized by relative abundance) 

and edges representing significant correlations (P < 0.05). 

Metagenome functional prediction was performed using PICRUSt [16]. Pearson’s correlation 

tested associations between key genera and urolithiasis-related metabolites. Differences in metabolites 

and KEGG pathways were analyzed using the Wilcoxon Rank test and visualized with GraphPad Prism 

v7 (GraphPad Software, San Diego, CA, USA). 

Alpha diversity was assessed via ANOVA. Multivariate analysis of community structure was 

performed using redundancy analysis (RDA). Sex-specific taxonomic biomarkers were identified using 

linear discriminant analysis effect size (LEfSe) [17]. Statistical significance was defined as P < 0.05, with 

P-values adjusted for multiple comparisons using false discovery rate (FDR), Bonferroni, or AUC 

correction where appropriate. 

3. Results 

3.1. An ecologically structured urinary microbiome defines the baseline of urological health 

Contrary to the traditional view of urinary sterility, diverse microbial communities were 

consistently detected across healthy individuals. At the phylum level, the urinary microbiome consisted 

of Firmicutes, Actinobacteria, Proteobacteria, Bacteroidetes, Fusobacteria, Thermi, Tenericutes, TM7, 

Cyanobacteria, Acidobacteria, and Synergistetes (Figure 1A). At the genus level, a structured 

community composed of dominant and low-abundance taxa was observed (Figure 1B), including 

Lactobacillus, Streptococcus, Corynebacterium, Pseudomonas, Gardnerella, Enterococcus, 

Finegoldia, Peptoniphilus, Veillonella, and Anaerococcus, indicating ecological organization rather 

than stochastic contamination. 

The co-occurring analysis of urinary microbiome revealed an intricate network among the key 

microorganisms in the urinary tract: Lactobacillus exhibited antagonistic relations with Streptococcus, 

Corynebacterium, and Finegoldia, while mutual promotive relations were observed in Streptococcus, 

Enterococcus, Corynebacterium, and Acinetobacter, indicating potential ecological “hubs” that may 

contribute to microbiome stability (Figure 1C). 
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Figure 1. Composition and concurrent network of the healthy urinary microbiome. A: 

Composition of the healthy urinary microbiome at phylum level. B: Composition of the 

healthy urinary microbiome at the genus level. C: Concurrent network of the healthy 

urinary microbiome. 

3.2. Sex-dependent divergence in microbial diversity and composition defines distinct urobiome states 

Further investigation was carried out to confirm whether host sex influences urinary microbiome 

composition. Alpha diversity analysis demonstrated significantly higher genus-level diversity in males 

compared with females (P = 0.013; Figure 2A), indicating increased microbial richness and evenness 

in the male urinary tract. Furthermore, RDA revealed clear compositional segregation between male 

and female microbiomes (P < 0.001; Figure 2B), suggesting that sex is a major determinant of urinary 

microbial structure. 

The dot-plot visualization of dominant genera further confirmed differential relative abundances 

between sexes (Figure 2C). LEfSe analysis identified sex-enriched genera (Figure 2D), with female-

specific taxa and male-specific taxa forming distinct compositional signatures. 

Importantly, functional prediction using PICRUSt revealed sex-associated metabolic divergence. 

At the KEGG second hierarchy level, multiple functional pathways differed significantly (Figure 3A). 

Notably, the female urinary microorganisms possessed a stronger ability in calcium oxalate degradation, 

with a higher RA of oxalyl-CoA decarboxylase (0.33‰ ± 0.39‰ in females vs 0.11‰ ± 0.28‰ in males, 

P = 0.011) and similar RA of formyl-CoA transferase (0.39‰ ± 0.42‰ in females vs 0.26‰ ± 0.28‰ in 

males, P = 0.449) (Figure 3B,C). Furthermore, better degradation of uric acid was also observed in the 

female urinary microorganisms, with both higher RAs of urate oxidase (0.0034‰ ± 0.0061‰ in 

females vs 0.0062‰ ± 0.0107‰ in males, P = 0.028) and purine nucleosidase (0.64‰ ± 0.40‰ in 

females vs 0.45‰ ± 0.58‰ in males, P = 0.029) (Figure 3D,E). 
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Figure 2. Sex-dependent differences in urinary microbiome composition and function. A: 

The male urinary microbiome exhibited significantly higher α-diversity at the genus level 

compared with the female microbiome. B: RDA demonstrated distinct compositional 

structures between male and female urinary microbiomes. C: LEfSe identified sex-specific 

genera within the urinary microbiome. D: Dot plot of the 30 dominant genera of both 

females and males in the urinary microbiome; dot size represents the relative abundance 

of each genus.  
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Figure 3. Sex-dependent differences in metabolic functions of the healthy urinary 

microbiome. A: Comparison of predicted functional pathways at the KEGG second 

hierarchical level. B–E. Relative abundance (RA) of stone-degrading enzymes in the healthy 

urinary microbiome: (B) oxalyl-CoA decarboxylase, (C) formyl-CoA transferase, (D) urate 

oxidase, and (E) purine nucleosidase. *P < 0.05, **P < 0.01. 

These results indicate that sexual dimorphism extends beyond taxonomic composition to 

functional capacity, suggesting that male and female urinary microbiomes may confer different 

metabolic potentials relevant to urolith formation. 

3.3. Microbial functional networks reveal a potential protective role in urolith degradation 

Given the clinical relevance of urolithiasis, we focused on the predicted functional capacity of the 

healthy urinary microbiome in mineral degradation. PICRUSt analysis revealed that a series of functional 

enzymes of urolith degradation existed in the healthy urinary tract, including oxalyl-CoA decarboxylase, 

formyl-CoA transferase, urate oxidase, and purine nucleosidase. Among them, the highest relative 

abundance (RA) of purine nucleosidase (0.436‰, 95%CI 0.181‰–0.957‰) was observed in the healthy 

urinary tract, followed by formyl-CoA transferase (0.175‰, 95%CI 0.021‰–0.578‰), oxalyl-CoA 

decarboxylase (0.011‰, 95%CI 0.000‰–0.492‰), and urate oxidase (0.000‰, 95%CI 0.000‰–

0.007‰). Comparisons between the RAs of different enzymes showed a higher RA of purine 

nucleosidase than the others (P < 0.001) (Figure 4A). 

Correlation analysis between 25 key genera and stone-degradation enzymes revealed structured 
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associations (Figure 4B). Among those key microorganisms, only Lactobacillus was positively 

correlated to the generation of oxalyl-CoA decarboxylase and formyl-CoA transferase, indicating the 

important role of Lactobacillus in oxalate degradation. On the other hand, eight key genera were found 

related to the enzyme generation of uric acid degradation, namely Enterococcus, Lactobacillus, 

Gardnerella, Acinetobacter, Ochrobactrum, Phyllobacterium, an unclassified genus of Lactobacillaceae, 

and an unclassified genus of Caulobacteraceae. As to purine nucleosidase, only Enterococcus, 

Lactobacillus, and Gardnerella were found to be related to the generation of purine nucleosidase; the other 

microorganisms were responsible for urate oxidase synthesis, indicating that Enterococcus, Lactobacillus, 

and Gardnerella were the most important microbes in the degradation of uric acid. 

 

Figure 4. Predicted stone-degrading metabolic potential of the healthy urinary microbiome. 

A: Relative abundance of stone-degrading enzymes predicted by PICRUSt analysis in the 

urinary microbiome. B: Correlations between 25 key genera and stone-degrading enzyme 

levels. The heatmap illustrates correlations between genera and enzyme levels, with red as 

positive and green as negative correlations. Significant associations are marked with 

asterisks (*P < 0.05; **P < 0.01). 

The integration of co-occurrence network topology with functional predictions suggests that 

stone-degrading capacity may be an emergent property of microbial consortia rather than individual 

taxa. This ecological perspective provides a conceptual advance: The urinary microbiome may act as 

a metabolically cooperative system contributing to mineral homeostasis. 

3.4. Disease-associated microbial remodeling reveals sex-specific loss of litholytic microbial functions 

To determine how urolithiasis alters urinary microbial ecology, we compared microbiomes from 

healthy individuals and patients. LEfSe analysis identified disease-enriched genera in male and female 

patients separately (Figure 5A,B), indicating sex-specific microbial shifts in urolithiasis. 
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Figure 5. Sex-specific microbial alterations and clinical relevance in urolithiasis. (A and 

B): LEfSe analysis identifying disease-specific genera in the male (A) and female (B) 

urinary microbiomes. C: Comparison of the relative abundance of stone-degrading 

enzymes between healthy controls and urolithiasis patients by sex. D: Co-occurrence 

networks of dominant urinary genera in healthy individuals and urolithiasis patients. Nodes 

represent genera (node size indicates relative abundance), and edges represent Pearson’s 

correlations (green, positive; red, negative). E: Retrospective analysis of stone composition 

across age groups. Calcium oxalate predominated in females at all ages, whereas in males, 

the dominant composition shifted from calcium oxalate to uric acid in the 70s age group. 

Age groups: 20s (18–29 y), 30s (30–39 y), 40s (40–49 y), 50s (50–59 y), 60s (60–69 y), 

70s (70–79 y), 80s (≥80 y). 
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Functional comparison revealed a significant reduction in stone-degradation enzyme abundance 

in urolithiasis samples relative to healthy controls (Figure 5C). Notably, this decline was particularly 

evident in females, suggesting a pronounced loss of mineral-degrading functional potential in female 

urolithiasis. Network analysis further demonstrated disruption of microbial ecological structure in 

disease (Figure 5D). Healthy microbiomes exhibited well-connected networks with identifiable core 

taxa (yellow circle for female, blue circle for male), whereas urolithiasis-associated networks 

displayed reduced connectivity and altered interaction patterns. These findings indicate ecological 

destabilization accompanying disease. 

Additionally, retrospective analysis of urolith composition in 2027 patients supports the 

clinical relevance of these microbial functional shifts: The occurrence of calcium oxalate stone 

was similar in male and female urolithiasis patients (71.27% vs 70.59%, P = 0.750), while the 

occurrence of uric acid stone was significantly higher in male urolithiasis patients than female 

urolithiasis patients (22.42% vs 17.79%, P = 0.016), with lower occurrence of other-component stones 

in male than female patients (6.31% vs 11.62%, P < 0.001) (Figure 5E). 

Together, these results suggest that urolithiasis is characterized by sex-dependent dysbiosis, 

marked by reduced abundance of mineral-degrading taxa and disruption of microbial ecological 

networks. This functional loss may contribute to increased stone formation risk. 

4. Discussion 

The urinary tract used to be considered free of pathogens in culture-dependent studies, and those 

isolated microbes in urine were usually related to the inflammatory pathological state of the urinary 

tract [18,19]. In this study, we applied the 16S rRNA amplicon sequencing to investigate the urinary 

microbiome ecosystem, in hopes of understanding the composition and potential functions of the 

microbiome in the healthy urinary tract. Similar to the limited research [18,20,21], our research 

revealed that dominant urinary genera were Lactobacillus, Streptococcus, Corynebacterium, 

Pseudomonas, Gardnerella, and Enterococcus. Moreover, these microorganisms interacted with each 

other and formed a dynamic ecosystem in the urinary tract. Notably, most of the urinary microbes in 

our research are oligotrophic and unculturable bacteria, explaining the low isolation rate of 

microorganisms in healthy urine. Although we have developed a better awareness of the existence of 

the urinary microbiome, little is known about how these bacteria affect human health. 

Unlike intestinal research, culture-independent studies of the urinary microbiome are developing 

at a slow rate [22]. By now, there are still no unified protocols for DNA extraction and library 

preparation for urinary microbiome studies. As the healthy urine is low in biomass and high in PCR 

inhibitors [23,24], bacterial DNA could be detected only in about 63.9%–92.6% participants, and bias 

may affect study reliability [25–27]. In order to reduce these influencing factors, we improved the 

biomass of the urine by collecting the first-catch urine in three subsequent days and deactivated the 

PCR inhibitors by using a DNA extraction kit with inhibitor removal techniques. Our results confirmed 

that such modifications successfully increased the biomass of the urinary microorganisms and increased 

the success rate of amplicon library preparation, all of which are important in urinary microbiome studies. 

In our study, we successfully performed all amplicon sequencing in 40 healthy volunteers and 61 

urolithiasis patients, indicating the stability and reliability of the study. 

Recent studies have proved that the human microbiome is crucial for maintaining our health by 

its active metabolites [28,29]. For instance, Bifidobacterium-derived inosine has been shown as a novel 
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immunostimulatory targeting cytotoxic T lymphocyte–associated protein 4 in the gastrointestinal 

system [30], and Staphylococcus-derived antimicrobial peptides can stimulate epithelial cell immunity 

and prevent pathogen overgrowth in the skin system [31]. However, the molecular mechanisms of the 

urinary microbiome on the urothelial health have remained unexplored. 

Urolithiasis is one of the most common diseases in the urinary tract, affecting 10.6% of the 

worldwide population [2]. Stones are believed to form in the urinary tract when minerals in urine are 

at a high concentration [32]. Most calculogenic substances, such as calcium oxalate and uric acid, are 

diet-derived, and when an overdose of these stone-forming substances is obtained from daily meals, they 

cannot be degraded by human cells and will accumulate in the urine and gradually form stones [33,34]. A 

series of studies have pointed out that, unlike human cells, bacterial cells can synthesize a series of 

active enzymes, such as oxalyl-CoA decarboxylase, formyl-CoA transferase, urate oxidase, and purine 

nucleosidase, which can decompose the calculogenic substances in the intestinal tract [6,35,36]. In our 

research, we have also discovered a series of mineral-degradative microorganisms in the urinary tract, 

indicating that these urinary microbes, such as Lactobacillus, Enterococcus, and Gardnerella, may 

serve as protectors for urolith formation. 

Another finding of our research is the different composition and function of the urinary 

microbiome in different sexes. Although sex disparities in the urinary tract are well documented [8], 

research about the differences in male and female urinary microbiomes remains scarce. Our study 

found that Pseudomonas and Streptococcus were the dominant genera in male samples, while 

Lactobacillus and Streptococcus dominated in female samples. These structural disparities lead to 

functional differences in microorganisms: The RAs of oxalyl-CoA decarboxylase, urate oxidase, and 

purine nucleosidase were significantly lower in the male urinary microbiome, increasing the risks of 

stone formation in men. This hypothesis was corroborated by our retrospective analysis of 2027 

urolithiasis patients, revealing a male-to-female incidence ratio of 1.98. Even in the elderly, without 

the protection of sex hormones [9,37], the incidence remains higher in males, indicating that bacterial 

differences independently influence urolith formation. Although stone composition was not 

determined in the sequenced individuals, our 2027-patient cohort provides robust epidemiological 

support. Specifically, the significantly higher clinical prevalence of uric acid stones in males perfectly 

parallels their lower RA of uric acid–degrading enzymes compared to females, suggesting a direct link 

between microbial enzymatic activity and specific stone formation. This enhanced microbial litholytic 

potential in females is likely driven by anatomical factors. The shorter female urethra and its close 

proximity to the vagina facilitate continuous microbial exchange, creating a vaginal–urinary axis. This 

mechanism naturally seeds the female lower urinary tract with dominant vaginal taxa like Lactobacillus 

and Gardnerella, establishing a more robust defense system against lithogenic substrates than in males. 

To further understand the sex-specific roles of the urinary microbiome in urolithiasis, we 

investigated the microbial features in male and female patients. Our results revealed a decrease in 

Corynebacterium and Prevotella and an increase in Neisseria and Enterococcus in male urolithiasis, 

as well as a decrease in Lactobacillus and Gardnerella and an increase in Enterobacter and 

Pseudomonas in female urolithiasis. These compositional shifts in females led to a predicted loss of 

oxalyl-CoA decarboxylase and purine nucleosidase, potentially increasing uric acid stone risks, 

whereas the male functional profile remained unchanged. Moreover, co-occurrence analysis revealed 

that in female urolithiasis, pathogens exhibit agonistic effects on protective microbes; this correlation 

was less evident in males. This highlights the importance of maintaining microbial homeostasis in 

females, where pathogen overgrowth may suppress beneficial taxa and weaken stone protection. 
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Importantly, the enzymatic capacities reported herein are inferred from 16S rRNA sequencing via 

PICRUSt, representing potential rather than confirmed activity. While our study focuses on the loss of 

protective litholytic potential, dysbiosis likely also introduces stone-forming activities (e.g., urease 

from Proteus promoting struvite, or citrate lyase from E. coli depleting citrate). Rather than negating 

our findings, this suggests that microbial dysbiosis in urolithiasis is a “dual-hit” process: A significant 

loss of protective bacteria coupled with an overgrowth of stone-promoting taxa. Future studies 

employing shotgun metagenomics or metatranscriptomics are essential to definitively validate these 

metabolic functions and fully characterize this complex microbial interplay. 

 

Figure 6. Proposed schematic of microbial dynamics in the urinary tract during urolithiasis 

development. A diverse microbial community is present in the healthy urinary tract, and 

its composition shifts with the onset and progression of urolithiasis. Urinary Lactobacillus 

may contribute to protection against calcium oxalate stone formation through the 

production of oxalyl-CoA decarboxylase and formyl-CoA transferase. In addition, 

Lactobacillus, Enterococcus, and Gardnerella may participate in uric acid degradation via 

urate oxidase and purine nucleosidase production. 

5. Conclusions 

Our study offers a set of reliable protocols for urinary microbiome analysis by collectively 

collecting three days of first-catch urine and extracting microbial DNA with an inhibitor removal 

technique. Using these protocols, we obtained detailed composition and functional characteristics of 

the healthy urinary microbiome and validated the different risks of urolith formation brought by the 

sex-specific microbiome. Our findings also indicate that a balance in the urinary microbiome is crucial 

in preventing diseases such as urolithiasis. Overall, our results provide foundations for novel 

microbiome-based diagnostics and therapeutics for urinary diseases. 



607 

AIMS Microbiology  Volume 12, Issue 3, 595–609. 

Use of AI tools declaration  

The authors declare they have not used Artificial Intelligence (AI) tools in the creation of this article. 

Conflict of interest 

All the authors declared no competing interests. 

Author contributions 

YL, CM, RW and QW conceptualized and designed the study. CM, YX and SJ recruited the 

clinical cohort and collected samples. YX, LC and JL performed the retrospective study. YL, ZH and 

TZ contributed to the amplicon sequencing. YL, SH and XX analyzed the data, YL, YX and JZ wrote 

the manuscript; CM, RW and QW performed critical revisions of the manuscript. 

Acknowledgments 

This study was supported by the National Key R&D Program of China (2023YFF1104100), Key 

Laboratory of Guangdong Province (2020B121201009), Natural Science Foundation of Guangdong 

Province (2025A1515012225), and Guangdong Academy of Sciences (2022GDASZH-2022010101). 

References 

1. Zi H, Liu MY, Luo LS, et al. (2024) Global burden of benign prostatic hyperplasia, urinary tract 

infections, urolithiasis, bladder cancer, kidney cancer, and prostate cancer from 1990 to 2021. Mil 

Med Res 11: 64. https://doi.org/10.1186/s40779-024-00569-w 

2. Chewcharat A, Curhan G (2021) Trends in the prevalence of kidney stones in the United States 

from 2007 to 2016. Urolithiasis 49: 27–39. https://doi.org/10.1007/s00240-020-01210-w 

3. Wang Z, Zhang Y, Zhang JW, et al. (2021) Recent advances on the mechanisms of kidney stone 

formation (Review). Int J Mol Med 48: 149. https://doi.org/10.3892/ijmm.2021.4982 

4. Hong SY, Xia QD, Yang YY, et al. (2023) The role of microbiome: A novel insight into urolithiasis. 

Crit Rev Microbiol 49: 177–196. https://doi.org/10.1080/1040841X.2022.2045899 

5. Arvans D, Jung Y, Antonopoulos D, et al. (2017) Oxalobacter formigenes-derived bioactive 

factors stimulate oxalate transport by intestinal epithelial cells. J Am Soc Nephrol 28: 876–887. 

https://doi.org/10.1681/ASN.2016020132 

6. Barnett C, Nazzal L, Goldfarb DS, et al. (2016) The presence of Oxalobacter formigenes in the 

microbiome of healthy young adults. J Urol 195: 499–506. https://doi.org/10.1016/j.juro.2015.08.070 

7. Jones-Freeman B, Chonwerawong M, Marcelino VR, et al. (2021) The microbiome and host 

mucosal interactions in urinary tract diseases. Mucosal Immunol 14: 779–792. 

https://doi.org/10.1038/s41385-020-00372-5 

8. Sorokin I, Mamoulakis C, Miyazawa K, et al. (2017) Epidemiology of stone disease across the 

world. World J Urol 35: 1301–1320. https://doi.org/10.1007/s00345-017-2008-6 



608 

AIMS Microbiology  Volume 12, Issue 3, 595–609. 

9. Huynh LM, Dianatnejad S, Tofani S, et al. (2020) Metabolic diagnoses of recurrent stone formers: 

Temporal, geographic and gender differences. Scand J Urol 54: 456–462. 

https://doi.org/10.1080/21681805.2020.1840430 

10. Türk C, Petřík A, Sarica K, et al. (2016) EAU guidelines on interventional treatment for 

urolithiasis. Eur Urol 69: 475–482. https://doi.org/10.1016/j.eururo.2015.07.041 

11. Siener R, Buchholz N, Daudon M, et al. (2016) Quality assessment of urinary stone analysis: 

Results of a multicenter study of laboratories in Europe. PLoS One 11: e0156606. 

https://doi.org/10.1371/journal.pone.0156606 

12. Skolarikos A, Neisius BSA, Jung H, et al. (2024) Metabolic evaluation and recurrence prevention 

for urinary stone patients: An EAU guidelines update. Eur Urol 86: 343–363. 

https://doi.org/10.1016/j.eururo.2024.05.029 

13. Lu Y, Zhou G, Ewald J, et al. (2023) MicrobiomeAnalyst 2.0: Comprehensive statistical, 

functional and integrative analysis of microbiome data. Nucleic Acids Res 51: 310–318. 

https://doi.org/10.1093/nar/gkad407 

14. Custer GF, Gans M, Diepen LTAv, et al. (2023) Comparative analysis of core microbiome 

assignments: Implications for ecological synthesis. mSystems 8: e0106622. 

https://doi.org/10.1128/msystems.01066-22 

15. Shannon P, Markiel A, Ozier O, et al. (2003) Cytoscape: A software environment for integrated 

models of biomolecular interaction networks. Genome Res 13: 2498–2504. 

https://doi.org/10.1101/gr.1239303 

16. Langille MG, Zaneveld J, Caporaso JG, et al. (2013) Predictive functional profiling of microbial 

communities using 16S rRNA marker gene sequences. Nat Biotechnol 31: 814–821. 

https://doi.org/10.1038/nbt.2676 

17. Segata N, Izard J, Waldron L, et al. (2011) Metagenomic biomarker discovery and explanation. 

Genome Biol 12: R60. https://doi.org/10.1186/gb-2011-12-6-r60 

18. Dong Q, Nelson DE, Toh E, et al. (2011) The microbial communities in male first catch urine are 

highly similar to those in paired urethral swab specimens. PLoS One 6: e19709. 

https://doi.org/10.1371/journal.pone.0019709 

19. Bradshaw CS, Tabrizi SN, Read TR, et al. (2006) Etiologies of nongonococcal urethritis: Bacteria, 

viruses, and the association with orogenital exposure. J Infect Dis 193: 336–345. 

https://doi.org/10.1086/499434 

20. Siddiqui H, Nederbragt AJ, Lagesen K, et al. (2011) Assessing diversity of the female urine 

microbiota by high throughput sequencing of 16S rDNA amplicons. BMC Microbiol 11: 244. 

https://doi.org/10.1186/1471-2180-11-244 

21. Fouts DE, Pieper R, Szpakowski S, et al. (2012) Integrated next-generation sequencing of 16S 

rDNA and metaproteomics differentiate the healthy urine microbiome from asymptomatic 

bacteriuria in neuropathic bladder associated with spinal cord injury. J Transl Med 10: 174. 

https://doi.org/10.1186/1479-5876-10-174 

22. Vendrell JA, Henry S, Cabello-Aguilar S, et al. (2022) Determination of the optimal bacterial 

DNA extraction method to explore the urinary microbiota. Int J Mol Sci 23: 1336. 

https://doi.org/10.3390/ijms23031336 

 

 



609 

AIMS Microbiology  Volume 12, Issue 3, 595–609. 

23. Mahony J, Chong S, Jang D, et al. (1998) Urine specimens from pregnant and nonpregnant women 

inhibitory to amplification of Chlamydia trachomatis nucleic acid by PCR, ligase chain reaction, 

and transcription-mediated amplification: Identification of urinary substances associated with 

inhibition and removal of inhibitory activity. J Clin Microbiol 36: 3122–3126. 

https://doi.org/10.1128/JCM.36.11.3122-3126.1998 

24. Khan G, Kangro HO, Coates PJ, et al. (1991) Inhibitory effects of urine on the polymerase chain 

reaction for cytomegalovirus DNA. J Clin Pathol 44: 360–365. https://doi.org/10.1136/jcp.44.5.360 

25. Liu F, Zhang N, Wu Y, et al. (2020) The pelvis urinary microbiome in patients with kidney stones 

and clinical associations. BMC Microbiol 20: 336. https://doi.org/10.1186/s12866-020-01992-4 

26. Pearce MM, Hilt EE, Rosenfeld AB, et al. (2014) The female urinary microbiome: A comparison 

of women with and without urgency urinary incontinence. mBio 5: e01283–01214. 

https://doi.org/10.1128/mBio.01283-14 

27. Wu P, Chen Y, Zhao J, et al. (2017) Urinary microbiome and psychological factors in women with 

overactive bladder. Front Cell Infect Microbiol 7: 488. https://doi.org/10.3389/fcimb.2017.00488 

28. Nobels A, Van Marcke C, Jordan BF, et al. (2025) The gut microbiome and cancer: From 

tumorigenesis to therapy. Nat Metab 7: 895–917. https://doi.org/10.1038/s42255-025-01287-w 

29. Snelson M, Muralitharan RR, Liu CF, et al. (2025) Gut-heart axis: The role of gut microbiota and 

metabolites in heart failure. Circ Res 136: 1382–1406. 

https://doi.org/10.1161/CIRCRESAHA.125.325516 

30. Mager LF, Burkhard R, Pett N, et al. (2020) Microbiome-derived inosine modulates response to 

checkpoint inhibitor immunotherapy. Science 369: 1481–1489. 

https://doi.org/10.1126/science.abc3421 

31. Liu Q, Liu Q, Meng H, et al. (2020) Staphylococcus epidermidis contributes to healthy maturation 

of the nasal microbiome by stimulating antimicrobial peptide production. Cell Host Microbe 27: 

68–78. https://doi.org/10.1016/j.chom.2019.11.003 

32. Tamborino F, Cicchetti R, Mascitti M, et al. (2024) Pathophysiology and main molecular 

mechanisms of urinary stone formation and recurrence. Int J Mol Sci 25: 3075. 

https://doi.org/10.3390/ijms25053075 

33. Mitchell T, Kumar P, Reddy T, et al. (2019) Dietary oxalate and kidney stone formation. Am J 

Physiol Renal Physiol 316: F409–F413. https://doi.org/10.1152/ajprenal.00373.2018 

34. Kulsoom, Ahmad S, Urwa, et al. (2025) Associations between clinical, biochemical, and 

nutritional factors in kidney stone formation and recurrence. Urolithiasis 53: 112. 

https://doi.org/10.1007/s00240-025-01784-3 

35. Barr-Beare E, Saxena V, Hilt EE, et al. (2015) The interaction between Enterobacteriaceae and 

calcium oxalate deposits. PLoS One 10: e0139575. https://doi.org/10.1371/journal.pone.0139575 

36. Iswantini D, Nurhidayat N, Trivadila, et al. (2014) Activity and stability of uricase from 

Lactobacillus plantarum immobilizated on natural zeolite for uric acid biosensor. Pak J Biol Sci 

17: 277–281. https://doi.org/10.3923/pjbs.2014.277.281 

37. Khan A (2018) Prevalence, pathophysiological mechanisms and factors affecting urolithiasis. Int 

Urol Nephrol 50: 799–806. https://doi.org/10.1007/s11255-018-1849-2 

© 2026 the Author(s), licensee AIMS Press. This is an open access 

article distributed under the terms of the Creative Commons 

Attribution License (https://creativecommons.org/licenses/by/4.0) 


