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The gut microbiota can be beneficial and harmful to cardiovascular health depending on the mechanisms. The interaction between gut microbiota-derived flagellin and toll-like receptor 5 in hepatocytes, resulting in apolipoprotein A1 (ApoA1) production, brings forth a cardiovascular benefit to the host. Here, the association between flagellated microbiota and high-density lipoprotein-cholesterol (HDL-C) in humans was explored. Through sex-based gut microbiota analysis of two population-based cohorts, the 500 Functional Genomics Project (500FG) and Chinese cohorts, we found positive correlations between the capacity to produce flagellins in the gut microbiota and HDL-C in females of the 500FG and males of Chinese cohorts. Eubacterium rectale, Lachnospira pectinoschiza, Roseburia intestinalis and Roseburia inulinivorans were crucial species for such correlations. Diverse types of flagellins and TLR5, but not NAIP/NLRC4, flagellin-engaging receptors, were detectable by proteomic analysis of the human liver. However, not all flagellated bacteria yield the same degree of such benefit because of differences in the penetration of flagellins where other factors such as geographics and diets may play important roles.
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Introduction

Increasing evidence has shown an association between the gut microbiota and cardiovascular risks (Wang et al., 2011; Koeth et al., 2013; Li et al., 2016). A population-based cohort study suggested that the gut microbiome is correlated with body mass index (BMI), triglyceride and high-density lipoprotein-cholesterol (HDL-C) levels (Fu et al., 2015). HDL-C levels were found to be positively correlated with species richness in a study focusing on the connections between habitual diet, gut microbiomes, and cardiometabolic markers (Asnicar et al., 2021). However, these studies have yet to address what properties of the gut microbiota contribute to such correlations. Men and women have distinctive lipid profiles and patterns of the gut microbiota (Ding and Schloss, 2014; Sinha et al., 2019); therefore, we speculate that the separate analysis of the gut microbiota in men and women may give us hints on whether and how the gut microbiota affects HDL-C levels.

Our previous study using a mouse model showed that a high-fat diet increased the abundance of flagellated bacteria in the gut, and the flagellins released by the gut microbiota activated toll-like receptor 5 (TLR5), a flagellin-engaging receptor, resulting in the elevation of ApoA1 and HDL-C levels in mouse and human hepatocytes (Yiu et al., 2020). ApoA1, a key component on HDL, facilitates reverse cholesterol transport by which cholesterol is transported from peripheral cells to the liver, and regression of atherosclerotic lesions is one of the beneficial outcomes (Ouimet et al., 2019). The present study aimed to investigate whether there are a positive correlation between flagellated microbiota and HDL-C levels and an accumulation of flagellins in the liver in humans. We separately analyzed the gut microbiota of females and males from the 500 Functional Genomics (500FG) Project, a population-based cohort, and discovered a positive correlation between the flagellum-producing capacity in the gut microbiota and HDL-C level in female participants. Roseburia intestinalis and Roseburia inulinivorans were the two major species contributing to this correlation. In contrast, in a Chinese cohort in which males had relatively higher HDL-C levels, the positive correlation between flagellum-producing capacity and HDL-C level was stronger in males than females, which was mainly attributed to Eubacterium rectale and R. intestinalis. On the other hand, both flagellins derived from flagellated microbiota and TLR5 protein were detectable in the liver. By comparing the sex differences in these two cohorts, we found that flagellated microbiota partially explained HDL-C levels, but these bacteria did not equally lead to such benefits, likely due to variations in flagellin infiltration caused by other factors.





Results




Sex differences in the correlations between the gut microbiota and lipoproteins of the 500FG cohort

After controlling for data quality and completeness, 347 samples (193 females and 154 males) of the 500FG cohort with shotgun metagenomic sequences of the gut microbiome and comprehensive lipid profiles were analyzed (Schirmer et al., 2016). Significantly higher HDL-C, HDL-triglycerides (TG), low-density lipoprotein (LDL)-TG, and total cholesterol (TC) levels were observed in females, while higher age, BMI, very low-density lipoprotein (VLDL)-C, and VLDL-TG levels were observed in males (Mann-Whitney U test, P<0.05, Supplementary Table 1). Distinctive microbial patterns (permutational multivariate ANOVA (PERMANOVA), P=0.001) and intra-sample diversity (α-diversity evaluated using Shannon diversity index) were detected between the females and males (Figure 1A). We further analyzed the correlations between α-diversity and various plasma lipid parameters in both sexes separately with adjustment for BMI and age, as well as oral contraceptive intake for females because oral contraceptives are known to affect lipoproteins (Godsland et al., 1990). In females, α-diversity was positively correlated with most of the plasma lipoproteins, among which HDL-C level showed the strongest association (Figure 1B). In contrast, negative correlations between VLDL-TG and TG levels were observed in males (Figure 1B). Among the 67 bacteria present in ≥50% of the 500FG cohort, the abundance of 41 species showed positive correlations with the HDL-C level in females, and R. intestinalis and R. inulinivorans were the species with the strongest correlation. Conversely, 49 out of the 67 species had negative correlations with TG levels in males, and Ruminococcus torques, Dorea formicigenerans and Intestinibacter bartlettii showed the strongest correlation (Figure 1C, Supplementary Table 2). As expected, since TG in circulation is mainly carried by VLDL particles, the pattern of the correlations with VLDL-TG levels was similar to that with TG levels in males (Figure 1C).




Figure 1 | Positive association of microbial diversity with ApoA1 and HDL-C levels in females of the 500FG cohort. (A) β and α diversities evaluated by principal coordinate analysis (PCoA) and Shannon index, respectively, of the gut microbiota from female and male subjects of the 500FG cohort. Mann-Whitney U test. (B) Correlation of α diversity with the lipid contents of various lipoproteins. (C) Correlation between the abundance of bacteria and lipid content of various lipoproteins. Species with statistically significant positive correlations with HDL-C levels in females, and those with statistically significant negative correlations with TG levels in males were shown. (D) Correlations of flagellum-related pathways with ApoA1 and HDL-C levels and correlations of survival-related pathways with ApoB, TG, and VLDL-TG levels. Spearman correlation was adjusted for age and BMI for all, and the use of oral contraceptives for females followed by the Benjamini-Hochberg procedure for multiple comparisons in (B, C). *P<0.05, #P<0.05 and q<0.2.







Association between flagellum-related pathways and HDL-C level in the females of 500FG cohort

Next, the correlations between lipoproteins and pathways from Gene Ontology (GO) functional enrichment analysis of the gut microbiota were examined (Ashburner et al., 2000; Aleksander et al., 2023). We ranked the GO terms positively correlated with HDL-C levels by the magnitude of the correlation coefficients for females. Among the top 100 GO terms, 36 were categorized as biological processes, 11 as cellular components, and 53 as molecular functions. Four of the 36 biological-process terms and 7 of the 11 cellular-component terms represented flagellum-related (FLA) pathways (Supplementary Figure 1A, Supplementary Table 3A). The same analysis was performed for males by ranking GO terms negatively associated with TG levels. In contrast, the top 100 terms were mainly under molecular function ontology and were mostly related to bacterial growth and adaptation to habitats (Supplementary 1A, Supplementary Table 3B). The correlations between FLA pathways and plasma ApoA1 levels, the functional constituent of HDL particles, were further evaluated, and the correlations were even stronger than those with HDL-C levels in females, particularly for the GO:0009288 term bacterial-type flagellum (Figure 1D, Supplementary Figure 1B, Supplementary Table 4). One of the concerns of the gut microbiota from the perspective of cardiovascular risks is the potential induction of systemic inflammation. Hence, we also evaluated the correlation between FLA pathways and various cytokines. These pathways consistently showed positive correlations with the levels of adiponectin, an adipokine known for its anti-inflammatory effect, in both males and females (Supplementary Figure 2). The level of interleukin-18 binding protein (IL18BP), a decoy receptor of proinflammatory IL18, showed weak positive correlations in females but negative correlations in males (Supplementary Figure 2). In contrast, proinflammatory cytokines only had weak or no correlation with FLA pathways, regardless of sex (Supplementary Figure 2). These data suggest a positive correlation between flagellated microbiota and HDL-C levels in the female participants of the 500FG cohort.





Detection of flagellins derived from fecal flagellated microbiota in human liver

As flagellins, the building blocks of bacterial flagella, vary among different species of bacteria, we wanted to determine which bacterial species contributed to the positive correlation between FLA pathways and ApoA1 and HDL-C levels. The FLA pathways derived from R. intestinalis and R. inulinivorans showed the strongest correlations with ApoA1 and HDL-C levels in females, followed by E. rectale and E. siraeum, whereas those from Flavonifractor plautii and R. faecis were more strongly correlated in males (Figure 2A, Supplementary Table 5). Conversely, the abundance of FLA pathways from E. siraeum and Lachnospira pectinoschiza was positively correlated with HDL-TG levels in males (Figure 2A, Supplementary Table 5). We previously demonstrated that flagellins can be detected in the mouse liver (Yiu et al., 2020). Using two different anti-flagellin antibodies raised against flagellins from bacteria of distinct phyla, we detected bands between 26 kDa and 43 kDa in human liver samples (Supplementary Figure 3). In addition to the enterohepatic gateway, the content in the gastrointestinal tract can enter the lymphatic system which is the drainage of visceral lymph nodes to adipose depots. However, compared to the liver, the flagellin level in retroperitoneal fat was negligible (Supplementary Figure 3), suggesting the accumulation of flagellins in the human liver. Next, two sets of liver protein samples, one with sizes around 26 kDa and the other with sizes between 26 and 43 kDa, were subjected to proteomic analysis using a flagellin proteome database created based on those contributing to the FLA pathways in the 500FG cohort (Tyanova et al., 2016). In the gut microbiota analysis, 468 bacterial species were detected in the 500FG cohort, 78 of which contributed to the FLA pathways, with 58 species contributing to the readout of the GO:0009288 term (Figure 2B). In contrast, the hepatic flagellins at 26 kDa were derived from 23 species in females and 27 species in males, whereas those from 26 to 43 kDa were derived from 21 species in females and 14 species in males (Figure 2C, Supplementary Table 6). This suggests that only a small portion of flagellated bacteria have flagellins that can penetrate the gastrointestinal tract, and most of the infiltrated flagellins are smaller in size. Moreover, only eight of these species were present in at least 50% of individuals in the 500FG cohort, including E. rectale, E. eligens, E. siraeum, E. sp. CAG:38, L. pectinoschiza, F. plautii, R. faecis and R. inulinivorans (Figure 2C; Supplementary Table 6). However, the flagellins derived from R. intestinalis, whose flagellin-producing capacity showed the highest correlation among female participants in the 500FG cohort, were not detectable in the liver samples of either sex (Figure 2C, Supplementary Table 6). Taken together, these findings suggest that for most of the flagellated bacteria that showed positive correlations with ApoA1 and HDL-C levels in the 500FG cohort, their flagellins were detectable in the liver.




Figure 2 | Correlation of flagellated species with HDL-C levels and detection of their flagellins in human livers. (A) Correlations of the abundance of flagellum-related (FLA) pathways from individual flagellated bacteria with ApoA1, HDL-C and HDL-TG levels in males and females of the 500FG cohort. Spearman correlation adjusted with age and BMI for all, and the use of oral contraceptives for females followed by Benjamini-Hochberg procedure for multiple comparison. *P<0.05, #P<0.05 and q<0.2. (B) The numbers of bacterial species detected in the 500FG cohort, contributed to FLA pathways and to the GO:0009288 term. (C) The prevalence of bacterial species that contributed to FLA pathway in the 500FG cohort and their presence in human liver tissues (n=5 donors per sex). Red arrows indicate the bacteria FLA pathways of which were positively correlated with HDL-C level in (A).







Different abundance of flagellated species in the gut microbiota of different ethnicities

We previously observed a positive correlation between the abundance of genes representing the flagellin-based flagellum in feces and HDL-C level in overweight males with HDL-C levels ≥ 1 mM, but not <1 mM, in a small Chinese cohort (Yiu et al., 2020). In the 500FG cohort, more than 66% of the males had HDL-C levels <1 mM; hence, the absence of correlation was consistent with our previous data (Yiu et al., 2020). Nonetheless, when we examined another cohort, a Chinese cohort in which 85% of males in the urbanized population had an HDL-C level ≥ 1 mM (Supplementary Table 7) (Sun et al., 2021), higher positive correlations between FLA pathways and HDL-C levels were observed in males than in females (Figure 3A). Among all the GO terms mapped in these Chinese males, 120 were positively correlated with HDL-C level with an unadjusted P<0.05, including 42 biological process terms, 9 cellular-component terms, and 70 molecular-function terms (Figure 3B, Supplementary Table 8). Similar to the findings from the females in the 500FG cohort, the cellular component terms were all flagellum-related in these Chinese males (Figure 3B, Supplementary Table 8). The gut microbiota of this Chinese cohort displayed a distinctive pattern that differed significantly from that of the 500FG cohort, and sex differences were also observed (PERMANOVA, P=0.001) (Figure 3C). The FLA pathways derived from R. intestinalis and E. rectale which had stronger correlations with HDL-C levels in females of the 500FG cohort, showed stronger correlations in these male participants, but positive correlations between the FLA pathways from F. plautii and R. faecis were no longer observed in these males (Figure 3D). This Chinese cohort showed various distinctive patterns: higher abundances of E. siraeum and R. faecis in females and R. inulinivorans in males and higher abundances of all 10 flagellated bacteria than the 500FG cohort, except E. siraeum (Figure 3E). By comparing the consistency of positive correlations between the FLA pathway and HDL-C in the females of the 500FG cohort and the males of the Chinese cohort, E. rectale, L. pectinoschiza, R. intestinalis and R. inulinivorans appeared to be critical for the positive correlation with HDL-C levels (Figure 3F). Taken together, the capacity of bacteria to produce flagellins was positively associated with HDL-C levels in humans, but not all flagellated bacteria provided the same degree of benefits, and the types and penetration of flagellins also play important roles.




Figure 3 | Comparison of correlations between the 500FG and Chinese cohorts. (A) Correlation of HDL-C level with the flagellum-related (FLA) pathways in the Chinese cohort. (B) The number of gene ontology (GO) terms positively correlated with HDL-C level in the Chinese cohort with unadjusted P<0.05 in the 3 sub-ontologies: biological process (BP), cellular component (CC) or molecular function (MF). (C) β diversity evaluated by principal coordinate analysis (PCoA) of gut microbiota from female and male subjects of the 500FG and Chinese cohorts. (D) Correlations of the abundance of FLA pathways from individual flagellated bacteria with HDL-C level in males and females of the 500FG and Chinese cohorts. (The data of 500FG is derived from Figure 2A). (E) Relative abundances of different flagellated bacteria in males and females from the 500FG cohort and the Chinese cohort. (F) Summary of the correlations between FLA pathways and HDL-C level for individual flagellated species and the detection of their flagellins in the liver. The full names of the FLA pathways and bacteria are listed in Figures 2, 3, respectively. Spearman correlation adjusted with age and BMI in (A, D). Mann-Whitney U test in (E). P values were adjusted with Benjamini-Hochberg procedure for multiple comparison. *P<0.05, #P<0.05 and q<0.2. .







Detections of TLR5 but not NLRC4/NAIP in human liver

Hepatic TLR5 responds to gut bacteria-derived flagellins in mice (Yiu et al., 2020). Therefore, the presence of flagellin-engaging receptors, including TLR5 and NAIP/NLRC4, was examined. Both TLR5 and NLRC4 mRNA were expressed in human liver samples, and NLRC4 mRNA was significantly higher in male liver samples (Figure 4A). TLR5 showed a strong negative correlation with NLRC4 and a positive correlation with NAIP in female livers; however, these strong correlations were absent in male livers (Figure 4B). Proteomic analysis revealed that TLR2, TLR5, TLR9, and TLR10 proteins were detectable in both female and male liver samples, whereas TLR6, TLR7, and TLR8 were undetectable (Figure 4C). TLR5 were detected in 4 out of 5 and 3 out of 5 liver samples from females and males, respectively (Figure 4D). In comparison, the aortic samples were subjected to the same analysis, but TLR5 was undetectable in samples of both sexes (Figure 4C). Because the whole liver tissue was used for the analysis, hepatic immune cells could contribute to the proteomic readout. Nonetheless, instead of the full spectrum of the TLR family, only certain TLRs were detected, suggesting that the proteomic readouts reflected the protein abundance in the hepatocytes rather than in the less populated non-parenchymal cells. Unlike TLR5, neither NAIP nor NLRC4 was detectable at the protein level in these 10 liver samples (Supplementary Figure 4).




Figure 4 | Sex difference in the expression of flagellin-engaging receptors. (A) Relative mRNA expression of TLR5, NAIP and NLRC4 in female and male livers (n=5 females, n=6 males). Two-sided unpaired t test. (B) Correlation of the mRNA expressions of NAIP and NLRC4 with TLR5 in livers. Pearson correlation. (C) The detection of various TLRs in human livers and abdominal aortic lesions in females and males (n=5 per sex for livers, n=3 per sex for aortic lesions). (D) The relative intensity-based absolute quantification (riBAQ) of different TLRs in human liver samples (n=5 per sex).








Discussion

Commensal bacteria have evolved various mechanisms to evade host surveillance. Certain flagellated bacteria or flagellins can escape the host’s mucosal immunity and the host may eventually evolve mechanisms that benefit from such evasion. Indeed, several species of gut bacteria, including E. rectale, have been found to be co-diversified with humans, which means a shared evolutionary history results in a reinforcement of commensal relationships across generations (Suzuki et al., 2022). A recent study reported that a new subclass of flagellins, coined silent flagellins, which are largely produced by members of the Lachnospiraceae family, have a lower affinity for dimeric TLR5 than well-studied potent flagellins such as those from the pathogenic Salmonella enterica yet retain their efficacy to stimulate TLR5 at high concentrations (Clasen et al., 2023). E. rectale, L. pectinoschiza, R. intestinalis, and R. inulinivorans belonged to this family (Figure 3F). It is likely that such silent properties allow flagellins from commensal bacteria to bypass the intestinal mucosal checkpoint but trigger hepatic TLR5 once they accumulate in the liver.

Although we found a sex difference in the positive correlation between FLA pathways and HDL-C level in both the 500FG and Chinese cohorts, the result was completely opposite (Figures 1B, 4A). Most of the flagellated bacteria observed in the 500FG cohort were more enriched in the Chinese cohorts for both sexes. A unique difference was the higher abundance of R. faecis in the Chinese females. The FLA pathways from R. faecis showed the most consistent positive correlation with HDL-C levels in males in the 500FG cohort (Figure 3A). It is possible that R. faecis may have a negative impact on females, resulting in lower correlations between FLA pathways and HDL-C levels in Chinese females. Many factors contribute to the sex difference in HDL-C levels, and our study did not conclude that this difference was due to the sex difference in gut microbiota. Instead, by comparing the opposite phenomena in these two cohorts, we deduced that flagellated microbiota may be a common factor favorably affecting HDL-C levels. Moreover, the absence of R. intestinalis-derived flagellins in the liver samples, but a consistent positive correlation between its FLA pathway and HDL-C level, implies that this flagellated species may exert beneficial effects through other organs or mechanisms, for example, as a facilitator for the infiltration of flagellins from other species.

It is generally believed that TLRs aggravate cardiovascular and metabolic disorders by inducing an inflammatory response. However, the effects of TLR5 are rather unconventional; for example, a genetic study reported that polymorphism of TLR5 (rs5744174) is negatively associated with HDL-C levels (Gu et al., 2016). Our previous study showed that recombinant flagellins could stimulate TLR5 to produce ApoA1 in mouse and human hepatocytes, suggesting a beneficial metabolic action in non-immune cells (Yiu et al., 2020). On the other hand, flagellin can activate NAIP/NLRC4 inflammasomes resulting production and secretion of proinflammatory cytokines (Vance, 2015). The detection of TLR5 but not NLRC4/NAIP in this study using human samples supports the notion of targeting hepatic TLR5 to increase HDL-C levels without the concern of the cross-activation of NAIP/NLRC4, and the candidates for flagellin-mimetics should be explored.

A limitation of this study is the different sources of human samples, although the gut microbiota data and liver samples originated from Europe. The lack of fecal samples for the examination of actual flagellin protein abundance prevented us from validating whether the undetected flagellins from certain species were due to the absence of bacteria or impermeability to the host. Future experimental studies in humans will reveal the mechanism by which gut microbiota-derived flagellins enter circulation.

In conclusion, through a multi-omics approach to investigate the sex differences in gut microbiota in two population-based cohorts, we identified that commensal flagellated microbiota in the gut could partially explain the host HDL-C level, which, along with the detection of their flagellins in liver tissues, confirms our previous in vitro observations in human primary hepatocytes that flagellins can stimulate ApoA1 production by engaging TLR5 (Yiu et al., 2020). We believe that this favorable interaction between the gut microbiota and the host will inspire the development of drugs and drug targets for increasing ApoA1 and HDL-C levels.





Materials and methods




Population cohorts

The 500 Functional Genomics (500FG) project was initiated in 2013 and 534 healthy adult volunteers were recruited from the Netherlands (Asnicar et al., 2021). Inclusion criteria were (1) older than 18 years of age and (2) Western European descent, and exclusion criteria were (1) pregnancy/breastfeeding, (2) chronic or acute disease at the time of assessment, and (3) use of chronic or acute medication during the last month before the study. Only samples with shotgun metagenomic data on the gut microbiome, complete physiological parameters, and lipid profile were included in our study, yielding 347 samples (n=193 females, n=154 males) in the final analyses. The Chinese cohort consisted of 942 healthy participants from six ethnicities in urban and rural China (Sun et al., 2021). After excluding participants (1) without HDL-C level measurement and shotgun metagenomic data on the gut microbiome, (2) who took antibiotics, Western medicine, or traditional Chinese medicine, and (3) living in rural areas, 316 samples (n=213 females, n=103 males) were analyzed in our study. Data from participants within the 90th percentile based on the distributions of lipoprotein levels were used for the correlation analysis for both cohorts. The use of these public repositories for human data was approved by the Institutional Review Board of The University of Hong Kong/Hospital Authority Hong Kong West Cluster (UW 21-143).





Human tissues

Human liver tissues were purchased from BioIVT (France) and were free of pathology and infection with HBV/HCV/HIV. Specimens of retroperitoneal adipose tissue and aortic walls were obtained from patients undergoing open aortic replacement at the Division of Vascular Surgery, University Medical Center, Johannes Gutenberg University (Mainz, Germany). All patients provided informed consent, and the institutional review board approval was waived (use of excess/discarded material). Specimens were snap-frozen in liquid nitrogen immediately after collection. Ethical approval for the use of these human tissues was granted by the institutional review board of The University of Hong Kong/Hospital Authority Hong Kong West Cluster (UW 22-075).





Gut microbiome profiling

High-quality metagenomic data from the 500FG and Chinese cohorts were downloaded from the Sequence Read Archive of the NCBI. The sequence files were first preprocessed using KneadData (Huttenhower Lab, Harvard University, USA) with the default settings, including the removal of human contaminant sequences (hg37dec_v0.1) identified by bowtie2 using the very-sensitive mode, reads with low-quality reads (Q<20), and fragmented short reads (<50 bp). The taxonomic profile was determined using MetaPhlAn 3.0, (Huttenhower Lab, Harvard University, USA). This version was built using 99,237 reference genomes representing 16,797 species retrieved from GenBank, as of January 2019 (Truong et al., 2017). Functional profiling was performed using HUMAnN 3.0 (The Huttenhower Lab, Harvard University, USA) (Beghini et al., 2021). In brief, the cleaned reads were first mapped to clade-specific marker genes to identify community species using MetaPhlAn 3.0, followed by mapping to the pangenomes of the identified species (ChocoPhlAn database). The unmapped reads were aligned to a non-redundant database, Uniref90 (version 201901b). All aligned results were then estimated with the total gene family abundance per species and community based on alignment quality, gene length, and gene coverage. Functional enrichment analysis was performed by grouping the gene families using Gene Ontology (GO) annotations. The abundance in counts per million (cpm) was analyzed in this study.





Proteomic identification using LC-MS/MS

Human liver and aortic lesion protein lysates were separated on SDS-PAGE gels and visualized with Coomassie stain. The positions at which flagellins were detected using anti-flagellin antibodies from Covalab Inc. (France) and Abcam Inc. (UK) (approximately between 26 to 43 kDa) were excised for flagellin identification, whereas proteins > 72 kDa were excised for identification of TLRs and NLRs. The gel slices were then subjected to in-gel digestion with trypsin, followed by LC-MS/MS analysis at the Center for PanorOmic Sciences, HKU. Raw mass spectrometry data were processed using MaxQuant 2.0.1.0 (Max Planck Institute for Biochemistry, Germany) (Tyanova et al., 2016).

(See Supplemental Material for additional details).





Statistical analyses

Statistical analyses were performed using R software version 4.0.5. Differences in gut microbiota patterns were evaluated by permutational ANOVA (PERMANOVA) using the adonis function from the vegan package in R. Normality was checked using the Shapiro-Wilk test or Kolmogorov-Smirnov test. Equal variances were checked using Levene’s test. Means were compared using a two-sided Student’s t-test or Mann-Whitney U test for samples with or without normal distribution, respectively. Spearman partial correlation analysis was performed using ppcor packing in R, and the cutoff at the 90th percentile was applied to exclude extreme values. P values were adjusted for multiple testing based on the Benjamini-Hochberg method and reported as q values. Significance was defined as P<0.05 and q<0.2 when multiple testing was applied.
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