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Abstract

:

Recurrent oral ulcer (ROU) is a prevalent and painful oral disorder with implications beyond physical symptoms, impacting quality of life and necessitating comprehensive management. Understanding the interplays between dietary factors, oral microbiota, and ROU is crucial for developing targeted interventions to improve oral and systemic health. Dietary behaviors and plant-based diet indices including the healthful plant-based diet index (hPDI) were measured based on a validated food frequency questionnaire. Saliva microbial features were profiled using 16S rRNA gene amplicon sequencing. In this cross-sectional study of 579 community-based participants (aged 22–74 years, 66.5% females), 337 participants had ROU. Participants in the highest tertile of hPDI exhibited a 43% lower prevalence of ROU (odds ratio [OR] = 0.57, 95%CI: 0.34–0.94), compared to the lowest tertile, independent of demographics, lifestyle, and major chronic diseases. Participants with ROU tended to have lower oral bacterial richness (Observed ASVs, p < 0.05) and distinct bacterial structure compared to those without ROU (PERMANOVA, p = 0.02). The relative abundances of 16 bacterial genera were associated with ROU (p-FDR < 0.20). Of these, Olsenella, TM7x, and unclassified Muribaculaceae were identified as potential mediators in the association between hPDI and ROU (all p-mediations < 0.05). This study provides evidence of the intricate interplays among dietary factors, oral microbiota, and ROU, offering insights that may inform preventive and therapeutic strategies targeting diets and oral microbiomes.
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1. Introduction


Recurrent oral ulcer (ROU) is a distressing condition characterized as the most prevalent noninfectious and nontraumatic ulcerative disorder of the oral mucosa [1]. It manifests as recurrent and painful ulcers on the inner surfaces of the oral cavity, and is associated with increased risk of systemic infection, and may impact the quality of life [2]. Diets play important roles in the occurrence and development of ROU.



Emerging evidence has suggested that ROU is associated with dysbiosis of the oral microbiota. Different oral bacterial diversity and structure composition have been observed in patients with ROU compared to that in healthy participants [3,4]. Moreover, alternations in core microbial members were common in the saliva microbiota of patients with ROU [5], such as the decreased abundance of Streptococcus salivarius and the increased Capnocytophaga sputigena. By metabolizing dietary components, oral microbiota may have direct or indirect effects on the occurrence of ROU [6,7,8].



The oral microbiome has been linked to multiple factors like host age, sex, smoking, alcohol intake, medical treatment, and, especially, the diet habit, which also play important roles in the occurrence and development of ROU [9,10,11,12,13,14,15,16]. For example, a higher frequent consumption of sweet beverages, carbonated beverages, and fried or spicy foods was associated with a higher prevalence of ROU, while higher nut consumption linked to lower ROU prevalence [17,18]. General dietary patterns, sugar and carbohydrate intake, and alcohol consumption may also disrupt the oral microbiome–host balance, potentially precipitating the onset of various oral diseases [19].



However, the potential interplays between dietary factors and oral microbiota, and the impact of such interplays on ROU, are unclear. In the present study, we conducted a cross-sectional study to investigate the associations between dietary factors, oral microbiota, and ROU in adults. Our findings aim to offer practical support for the development of prevention and treatment strategies for ROU.




2. Materials and Methods


2.1. Study Population and Design


This study was based on the Central China Cohort, a large community-based cohort involving healthy individuals initiated in 2017 in Xinmi City, Henan Province, China [20]. This cohort was established with the aim to investigate the complex interactions among genes, environmental factors, and common diseases, thereby laying the groundwork for the development of strategies for disease prevention and treatment. At the first follow-up visit in 2021, participants were interviewed to gather updated information on sociodemographic characteristics, lifestyle, dietary habits, oral conditions, medical history, and physical measurements. Saliva samples were also collected for microbial assessments at the same time.



In the current cross-sectional study, among the participants who attended the follow-up examination, we excluded those with missing information on the questionnaire (N = 8), who did not provide saliva samples (N = 10), with <10,000 16S rRNA gene sequencing reads in their saliva samples (N = 8), or with implausible dietary energy intake (<500 or >4000 kcal/day, N = 7). Eventually, 579 participants were included in the main analysis. The overview of the study design is shown in Figure S1.




2.2. Dietary Assessment


Dietary data were collected using a validated 79-item food frequency questionnaire [21], which assessed the consumption frequencies and the portion sizes of food items consumed by the participants over the past 12 months. The average daily intake of each food item was calculated by multiplying its daily frequency and the corresponding portion size. Total energy intake was further calculated based on the China Food Composition Table [22].



Our study primally focused on three plant-based diet indices (PDIs), including the plant-based diet index (PDI), the healthful plant-based diet index (hPDI), and the unhealthful plant-based diet index (uPDI). Specifically, a total of 18 food groups were used to calculate these three indices, which were assigned positive or reverse scores after segregation into quintiles [23], and the overall score for each PDI ranges from 18 to 90, as presented in Table S1. In analysis of individual food groups, we further focused on 13 main food groups (i.e., refined grains, whole grains, legumes, vegetables, mushroom, fruits, nuts, red meat, processed meat, poultry, fish, dairy, and eggs, Table S2) that are common to Chinese dietary culture [22,24,25]. Three PDIs and the daily intakes of 13 food groups were divided into tertiles for the following statistical analysis (Tables S3 and S4).




2.3. Outcome and Covariate Assessment


The information on the presence of ROU was collected by asking the question “Have you experienced oral ulcers?”, with responses recorded as (1) Never, (2) Occasionally, (3) Frequently, and (4) Every day. Participants who reported “Never” were categorized as without ROU, while others were classified as with ROU. Data on detailed demographic, lifestyle, and medical information were obtained from face-to-face interviews. Physical activity from self-reported recalls of occupational, transportation, domestic, and leisure activities during a usual week was abstracted from the long-form international physical activity questionnaire (IPAQ), which has been validated in a Chinese population [26], and we then calculated the daily metabolic equivalent hours of physical activity [27]. Anthropometric parameters, including weight and height, were measured by trained nurses. The body mass index (BMI) was calculated as weight (in kilograms) divided by the square of the body height (in meters). Current smokers were identified as those who had one or more cigarettes every 3 days for at least 6 consecutive months. Common chronic systemic diseases were defined as having at least one of the following prevalent diseases (i.e., those with a prevalence >3% in our study population): hypertension, diabetes, or cardiovascular disease (Table S5). Oral conditions were defined as having at least one of the following oral conditions: bleeding gums, dental caries, and bad breath.




2.4. Saliva Microbiota Profiling


Details on saliva sample collection, microbial DNA extraction, and paired-end 16S rRNA gene sequencing were described previously [20,28]. Briefly, saliva samples were self-collected by participants who received detailed illustrated instructions beforehand, using a saliva collector (CY-98000A, HCY Technology, Shenzhen, China) after gently massaging the cheek. Participants were instructed not to eat, drink, smoke, or chew gum within 30 min before sampling. Microbial genomic DNA was extracted using the DNeasy 96 PowerSoil Pro QIAcube HT Kit (Qiagen, Hilden, Germany) and purified with the QIAcube HT system (Qiagen, Hilden, Germany) according to the manufacturer’s recommendations. The V4 region of 16S rRNA gene was amplified and sequenced on the Illumina Novaseq 6000 PE250 sequencing platform. Sequences of 16S rRNA gene were processed using the Quantitative Insights Into Microbial Ecology 2 (QIIME2, version 2022.2.0) program [29], after splitting raw fastq files according to the barcode sequence, and converted into QIIME2-compatible files. The Divisive Amplicon Denoising Algorithm 2 (DADA2) pipeline was used to perform the quality filtering, denoising, and calling of amplicon sequence variants (ASVs) [30]. Taxonomic assignments were made using the SILVA 138 SSU Ref NR 99 data set [31] via plugins of feature-classifier [32] and classify-sklearn [33]. Four alpha diversity indices were calculated based on the ASV level: abundance-based coverage estimator (ACE), Observed ASVs, Shannon, and Simpson indices. Furthermore, we performed Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2 (PICRUSt2) to predict the functional potential of microbial communities, which allowed us to gain insights into the functional capabilities of microbial communities without directly measuring their gene expression or functional assays [34].




2.5. Statistical Analysis


Differences in characteristics of participants with or without ROU were examined using the Wilcoxon rank sum test and Chi-squared test for continuous variables and categorical variables, respectively. Logistic regression models were performed to examine the associations between dietary factors and ROU, with adjustment for age, sex, current smoking status, physical activity, total energy intake, BMI, and common systematic chronic diseases. The linear trend was examined by adding the median value of each subgroup as a continuous variable in models. Stratified analyses by sex were also performed. Furthermore, we conducted a sensitivity analysis to explore the effects of brushing and oral conditions on the associations of dietary factors with ROU.



Differences in the alpha diversity indices between the two groups were examined using the Wilcoxon rank sum test. A principal coordinate analysis (PCoA) based on Bray–Curtis dissimilarity metrics and robust Aitchison distance metrics, along with a permutational multivariate analysis of variance (PERMANOVA) (999 permutations), was performed to assess the association of overall oral microbial structure with ROU. For taxonomic and functional features, we filtered genus-level microbes and functional pathways with a mean relative abundance of <0.01% and a prevalence of <10%, followed by a centered log-ratio transformation on the relative abundance data, and used a multivariate analysis by linear models (MaAsLin) [35] to examine the associations of bacterial genera and pathways with ROU, adjusted for age, sex, current smoking status, and BMI. All multiple-hypothesis testing was controlled for the false discovery rate (FDR) using the Benjamini–Hochberg method with a significance threshold of p-FDR < 0.20. To verify the robustness of the results, we used ANCOM-BC to reanalyze the identified genera. As oral microbiota differs in sex [36], a followed sex-stratified analysis was conducted for the associations of identified genera with ROU. In the sensitivity analysis, we further adjusted for brushing and oral conditions in order to examine their effects on the associations of oral microbiota with ROU.



We performed the mediation analysis to examine whether the associations between dietary factors and ROU were mediated by identified oral microbial features with the mediation R package (version 4.5.0) [37]. We assessed the collective mediation effect of oral microbes on the association between hPDI and ROU by creating a bacterial score. Five ulcer-associated genera, namely Atopobium, TM7x, unclassified Muribaculaceae, Olsenella, and Abiotrophia, were selected for their correlations with dietary factors, aligning consistently with the correlations observed between bacteria, dietary factors, and ROU. Specifically, Atopobium and TM7x were positively correlated with ROU and inversely correlated with hPDI, indicating a consistent direction of correlation. Similarly, unclassified Muribaculaceae, Olsenella, and Abiotrophia had inverse correlations with ROU and positive correlations with hPDI. For the first two genera, a score of 1 was assigned to participants with lower relative abundance than the median of that genus among all participants, while a score of 0 was assigned if it was higher. A reverse value was applied for the last three genera. The final score for each participant ranged from 0 to 5.



All statistical analyses were performed in R version 4.2.1. A p-value < 0.05 was considered statistically significant unless otherwise specified.





3. Results


3.1. Characteristics of Study Participants


Demographic characteristics of the participants are shown in Table 1. Among 579 participants included in the present study, 337 (58.2%) individuals reported having experienced ROU. Compared to the participants without ROU, those with ROU tended to be younger, non-smokers, and have lower hPDI (all p < 0.05). There were no significant differences in sex, BMI, total energy intake, PDI, uPDI, physical activity level, common chronic systemic diseases, brushing habit, and oral conditions between the two groups (all p > 0.05). The daily intakes of whole grains, red meat, processed meat, poultry, fish, and dairy were different between the two groups (all p < 0.05, Table S2).




3.2. Association of Dietary Factors with Recurrent Oral Ulcer


Compared to participants in the lowest tertile, those in the highest hPDI tertile had 43% lower odds of the prevalence of ROU (OR = 0.57, 95%CI: 0.34–0.94, p = 0.029), with the adjustment of age, sex, current smoking status, physical activity, total energy intake, BMI, and common chronic systemic diseases (Figure 1). No significant association of the PDI and uPDI with ROU was observed (p > 0.05, Figure 1). The observed associations were generally robust with further adjustment for the brushing habit and oral conditions (Table S6). In the secondary analysis of individual food groups, participants in the highest tertile of red meat and egg intakes were associated with 88% and 73% higher odds of ROU, respectively (Figure 1); the ORs of ROU comparing the highest versus lowest tertile were 1.88 (95%CI: 1.12–3.11, p = 0.015) for red meat and 1.73 (95%CI: 1.06–2.83, p = 0.028) for eggs. Furthermore, significant sex differences were observed for the association of refined grains with ROU, which was only significant among females (p-interaction = 0.004, Figures S2 and S3).




3.3. Association of Oral Microbiota with Recurrent Oral Ulcer


For the alpha diversity analysis, participants with ROU had lower Observed ASVs of microbial communities than their counterparts (p = 0.03), though no statistically significant differences in other diversity indices were observed between the two groups (Figure 2A). Furthermore, the oral microbial community structure was significantly different between the two groups based on the Bray–Curtis dissimilarity metrics and robust Aitchison distance metrics (both p < 0.05, PERMANOVA, Figure 2B). The sex-stratified analysis revealed that only males showed a significant link between Observed ASVs and ROU (p < 0.05, Figure S4A,B), and differences in the oral microbial community structure between the two groups were observed for both sexes (the robust Aitchison distance for males and both Bray–Curtis and robust Aitchison distances for females; p < 0.05, PERMANOVA, Figure S4C–F).



Among the 89 detected genera, 16 genera were associated with the prevalence of ROU with adjustment for age, sex, current smoking status, and BMI (p-FDR < 0.20, Figure 2C). Specifically, the relative abundances of five genera (e.g., Leptotrichia, Actinomyces, and Atopobium), which mainly belong to the phyla Fusobacteria and Actinobacteria, were positively associated with ROU. Conversely, the relative abundances of 11 genera (e.g., Wolinella, Olsenella, and Abiotrophia) were inversely associated with ROU. Eight genera remained significant after adjusting for brushing and oral conditions as additional covariates (p-FDR < 0.20, Table S7). To verify the robustness of the results, ANCOM-BC was used to validate the identified genera, and eight genera retained a consistent association with ROU (p < 0.05, Table S8). In addition, ROU-associated genera were not exactly the same in different sexes (p < 0.05, Table S9). No significant interaction between sex and oral microbiota was observed for the associations mentioned above (all p-interactions > 0.05, Table S9).



Among the 262 included predictive functional pathways, 45 were found to be associated with ROU status after adjusting for the potential covariates (p-FDR < 0.20, Figure S5 and Table S10). Among them, 26 pathways were more enriched among participants with ROU (Figure S5A,B), whereas 19 pathways were inversely associated with ROU (Figure S5C,D). Generally, these pathways were mainly involved in nucleoside and nucleotide degradation/biosynthesis, cofactor/carrier/vitamin biosynthesis, and amino acid biosynthesis.




3.4. Associations between Dietary Factors and Identified Microbial Features


We proceeded to investigate the relationships between dietary factors and ROU-associated bacterial genera. The relative abundances of nine genera differed between the extreme tertiles of hPDI. Atopobium and TM7x, which were positively associated with ROU, were lower in the highest hPDI tertile comparing with the lowest tertile (all p < 0.05, Figure 3A). The relative abundances of three genera (Wolinella, Olsenella, and Streptobacillu) and one genus (Rikenellaceae RC9 gut group) were significantly different between the extreme tertiles of red meat and egg intakes, respectively (all p < 0.05, Figure 3B,C). In addition, the genus Olsenella was observed to be more abundant in participants with a higher hPDI score and less abundant in participants with higher red meat intake (both p < 0.05, Figures S6 and S7). No such trends in genus abundance were observed along with egg intakes (Figure S8). Consistent with the previous results, associations between dietary factors and identified genera varied by sex (Tables S11–S13). For instance, the association between Rikenellaceae RC9 gut group and hPDI was only significant among females, while the link between Bergeyella and red meat was solely observed among males. No such trends in genus abundance were observed along with egg intakes (Figure S8). In terms of functional features, 11 pathways, such as PANTO-PWY (phosphopantothenate biosynthesis) and P164-PWY (purine nucleobases degradation), significantly differed between the extreme tertiles of hPDI (Figure S9).




3.5. Oral Microbiota Might Mediate the Association of Dietary Factors with Recurrent Oral Ulcer


In the mediation analysis, we observed that the association between hPDI and ROU was partly mediated by 3 genera (TM7x, unclassified Muribaculaceae, and Olsenella) of the 16 ulcer-associated genera, with a mediation proportion of 10.77%, 17.23%, and 11.04%, respectively (all p-mediations < 0.05, Figure 4A–C). Genus Olsenella potentially mediated about 14% of the association between red meat intake and ROU (p-mediation = 0.02, Figure 4D). Of note, we observed that the composite bacterial score based on the five ulcer-associated genera potentially mediated 25.50% of the association of hPDI with ROU (p-mediation < 0.001, Figure 4E). Among the 45 ROU-associated functional features, only one pathway (PANTO-PWY: the biosynthesis of phosphopantothenate) partly mediated the association of hPDI (mediation proportion: 5.62%) and red meat (mediation proportion: 14.50%) with ROU (both p-mediations < 0.05, Figure S10A,B).





4. Discussion


In the presented study, we comprehensively examined the associations between dietary factors, oral microbiota, and ROU status. We observed that participants with a higher hPDI score were less likely to experience ROU, whereas those with higher intakes of red meat and eggs tended to experience ROU. We also revealed significant differences in the oral microbial features between participants with or without ROU, with 16 genera significantly associated with ROU. In addition, several microbial features associated with ROU were found to potentially mediate the associations of hPDI and red meat intake with ROU, suggesting that the oral microbiota may be involved in the potential role of diets in ROU.



In our study, participants with a higher hPDI score were less likely to experience ROU, which is in line with previous studies reporting the beneficial role of plant foods in periodontal health [38,39,40,41]. The plant-dominant food components contribute to reduced levels of oxidative stress and inflammation, as well as elevated concentrations of antioxidant and anti-inflammatory biomarkers, known for their beneficial effects on oral health [42]. Until now, only a few studies investigated the associations between specific food groups and the development of ROU. For example, previous cross-sectional studies on ROU populations have shown that higher nut consumption could reduce the risk of ROU [17]. Some studies suggested that a higher intake of healthy plant foods containing trace elements, including grains and fruits, may be beneficial for the prevention or treatment of ROU. In addition, limited studies have explored the associations between specific animal foods (e.g., red meat and eggs) and oral diseases. Despite this, there have been reports suggesting that an excessive intake of meat may increase the risk of oral diseases [43], and an excessive consumption of red meat can promote oxidative stress and inflammatory responses in the body due to its high fat and cholesterol content [44,45]. Saturated fatty acids are typically found in processed meats, dairy products, and eggs, which are positively associated with the development of periodontal disease [46].



A few studies observed no differences in alpha diversity indices between individuals with ROU and healthy controls [5,47], although our finding and some others indicated a trend of differing alpha diversity in ROU populations [48]. Regarding the structural changes in oral microbiota in individuals with ROU, in line with our findings, related studies have consistently observed significant differences in beta diversity between individuals with and without ROU [3,4].



We observed that several genera negatively correlated with ROU primarily belonged to the Firmicutes phylum, which is also consistent with previous research [47]. We further observed that oral bacteria positively associated with ROU included Leptotrichia, Actinomyces, Atopobium, TM7x, and Corynebacterium. Most of these genera were previously implicated in oral health, though direct evidence linking them to ROU is lacking. Leptotrichia was found to be associated with active oral ulcers [3], and previous investigations have isolated Leptotrichia from blood cultures of patients with lesions in the oral mucosa [49]. Emerging evidence has shown that TM7 bacteria are positively associated with inflammatory mucosal diseases [50] and periodontal mucosal infections [51]. Therefore, an increase in the relative abundance of TM7 may indicate the occurrence of ROU. Atopobium may play an important role in caries production [52,53], while Actinomyces has been implicated in causing oral abscesses [54] and was correlated to the presence of gingivitis and a periapical lesion [55]. Studies have also found associations between Corynebacterium and periodontal health [52,56]. Regarding the genera inversely correlated with oral ulcers, Abiotrophia defectiva was considered as a beneficial bacterial species for periodontal health [57,58], and Peptococcus has been identified as a taxon correlated with periodontitis [59]. However, associations of the remaining taxa with oral health were less frequently studied. Furthermore, we observed the associations of both dietary factors and oral microbiota with ROU varied by sex, which is consistent with previous studies, suggesting that sex plays significant roles in the interplays of nutritional patterns and oral microbiota with oral health [60,61].



Our study has several limitations. First, the current analysis relied on questionnaires to collect data on dietary intake and oral conditions. Despite that the validation study of our food frequency questionnaire showed robust reliability and validity [21], recall bias relying on participants’ ability to recall their food intake frequency and quantity over a specific period is quite possible. Meanwhile, we did not collect information on visits to dental professionals or oral hygiene practices or medication. Second, 16S RNA gene sequencing lacks resolution to determine functional and species-level association. Third, as an observational cross-sectional study, we cannot make causal inferences on the association among dietary factors, oral microbiota, and ROU. Despite these limitations, this study stands as the first large-scale population-based research to thoroughly examine the complex relationship between dietary habits, oral microbiota, and ROU, providing valuable insights for enhancing oral health. Understanding these interplays is pivotal for developing targeted interventions or personalized nutrition aimed at improving both oral and systemic health outcomes.



Further efforts should encompass longitudinal studies, intervention trials, and the integration of mechanistic investigations to advance our understandings and ultimately lead to more effective preventive and therapeutic strategies for enhancing oral health. Future research should also investigate natural agents like probiotics, paraprobiotics, postbiotics, and ozonated substances for their ability to modulate the microbiota and reduce lesion occurrence [62,63]. Additionally, an assessment of factors such as oral hygiene, oral health status, and medication use is vital to minimize confounding effects, providing a clearer understanding of the interplay between ROU, dietary factors, and oral microbiota. Employing shotgun metagenomic sequencing and conducting prospective cohort studies or animal research are warranted to unravel these complex associations and mechanisms.



Clinical Relevance


The rationale for this study lies in its potential to expand our understanding of how dietary factors and the oral microbiota interact to influence ROU. By identifying modifiable risk factors and potential microbial mediators in the association between diet and ROU, this study aims to contribute to the development of more effective strategies for the prevention and treatment of this condition.



This study found that adherence to a healthful plant-based diet is associated with a reduced prevalence of ROU, and individuals with ROU have lower oral bacterial richness and distinct microbial compositions. Furthermore, certain specific bacterial genera may partly mediate the relationship between dietary intakes and ROU.



Our findings suggest that potential dietary adjustments and microbiome-focused interventions could mitigate ROU risk, guiding future preventive and therapeutic strategies.





5. Conclusions


Our findings underscore the significance of proactive prevention in clinical practice. In our study, individuals with a higher dietary hPDI score were less likely to experience ROU, and ROU-related bacterial taxa partially mediated the association of dietary intakes with ROU. These findings shed light on the complex interplay between dietary factors, oral microbiota, and ROU. These insights contribute to a paradigm shift in clinical thinking—away from reactive measures and towards proactive, dietary, and microbiome-based strategies that prioritize prevention in the treatment of recurrent oral ulcers.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nu16101519/s1, Figure S1: Flow-chart of study participants included in this study from Central China Cohort; Figure S2: Associations of dietary factors with recurrent oral ulcer in males; Figure S3: Associations of dietary factors with recurrent oral ulcer in females; Figure S4: Diversity estimates and relative abundance of oral microbiota associated with ROU in males and females; Figure S5: The relative abundance difference of ulcer-associated functional pathways; Figure S6: The relative abundance difference of 16 identified genera according to tertiles of healthful plant-based diet index; Figure S7: The relative abundance difference of 16 identified genera according to tertiles of red meat intake; Figure S8: The relative abundance difference of 16 identified genera according to tertiles of egg intake; Figure S9: The relative abundance difference of ulcer-associated functional pathways among specific dietary factors; Figure S10: Associations among specific dietary factors, identified pathway, and recurrent oral ulcer; Table S1: Food groups, daily intakes, and score assignments used to calculate plant-based diet indices; Table S2: The intakes of food groups based on the presence of recurrent oral ulcer; Table S3: Daily intake ranges for tertiles of 13 food groups; Table S4: The distribution of recurrent oral ulcer among tertile groups of all dietary factors; Table S5: Distributions of chronic systemic diseases of study participants; Table S6: Associations of dietary factors with recurrent oral ulcer; Table S7: Associations of genera with ROU after further adjusting for brushing and oral conditions; Table S8: Associations of genera with ROU using MaAsLin2 and ANCOM-BC; Table S9: Associations of genera with ROU in different sexes; Table S10: MetaCyc pathways significantly associated with ROU as identified by MaAsLin2; Table S11: Associations of ROU-associated genera with hPDI in different sexes; Table S12: Associations of ROU-associated genera with red meat intakes in different sexes; Table S13: Associations of ROU-associated genera with egg intakes in different sexes.





Author Contributions


Conceptualization, Y.Z. and C.Y.; methodology, Q.H., Z.S. and X.Z.; investigation and validation, Y.W., H.Y., H.S. and Y.P.; data curation and formal analysis, Y.W., Y.J. and H.Y.; writing—original draft preparation, Y.W., Q.H. and G.H.; writing—review and editing, Y.Z., C.Y., Q.H., Y.W. and J.S.; visualization, Y.W. and Q.H.; project administration, Y.Z.; funding acquisition, Y.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by National Key R&D Program of China, grant number 2021YFA1301000, and Shanghai Municipal Science and Technology Major Project, grant number 2023SHZDZX02.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the School of Life Sciences, Fudan University, and the local research institution (No. 144, 1 March 2020).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Sequencing data during the current study can be viewed in the NODE database (https://www.biosino.org/node/project/detail/OEP004135, accessed on 5 May 2023) and are available upon acceptance of the publication.




Acknowledgments


The data analysis server is supported by the Human Phenome Data Center of Fudan University, and we thank the center staff for their support.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Porter, S.R.; Leao, J.C. Review article: Oral ulcers and its relevance to systemic disorders. Aliment. Pharmacol. Ther. 2005, 21, 295–306. [Google Scholar] [CrossRef]

	



Messadi, D.V.; Younai, F. Aphthous ulcers. Dermatol. Ther. 2010, 23, 281–290. [Google Scholar] [CrossRef]

	



Stehlikova, Z.; Tlaskal, V.; Galanova, N.; Roubalova, R.; Kreisinger, J.; Dvorak, J.; Prochazkova, P.; Kostovcikova, K.; Bartova, J.; Libanska, M.; et al. Oral microbiota composition and antimicrobial antibody response in patients with recurrent aphthous stomatitis. Microorganisms 2019, 7, 636. [Google Scholar] [CrossRef]

	



Yang, Z.; Cui, Q.; An, R.; Wang, J.; Song, X.; Shen, Y.; Wang, M.; Xu, H. Comparison of microbiomes in ulcerative and normal mucosa of recurrent aphthous stomatitis (RAS)-affected patients. BMC Oral Health 2020, 20, 128. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.-j.; Choi, Y.S.; Baek, K.J.; Yoon, S.-H.; Park, H.K.; Choi, Y. Mucosal and salivary microbiota associated with recurrent aphthous stomatitis. BMC Microbiol. 2016, 16, 57. [Google Scholar] [CrossRef]

	



Li, Y.; Wang, D.; Zeng, C.; Liu, Y.; Huang, G.; Mei, Z. Salivary metabolomics profile of patients with recurrent aphthous ulcer as revealed by liquid chromatography–tandem mass spectrometry. J. Int. Med. Res. 2018, 46, 1052–1062. [Google Scholar] [CrossRef] [PubMed]

	



Chen, P.; Yao, H.; Su, W.; Zheng, Y.; Fan, W.; Zhang, L.; Chen, T.; Wu, S.; Zhang, W.; He, Y.; et al. Pharmacodynamic and metabolomics studies on the effect of Kouyanqing in the treatment of phenol-induced oral ulcer worsened by sleep deprivation. Front. Pharmacol. 2020, 11, 824. [Google Scholar] [CrossRef] [PubMed]

	



Singh, M.; Rao, D.M.; Pande, S.; Battu, S.; Mahalakshmi, K.; Dutt, K.R.; Ramesh, M. Medicinal uses of L-lysine: Past and future. Int. J. Res. Pharm. Sci. 2011, 2, 637–642. [Google Scholar]

	



Burcham, Z.M.; Garneau, N.L.; Comstock, S.S.; Tucker, R.M.; Knight, R.; Metcalf, J.L.; Genetics of Taste Lab Citizen Scientists. Patterns of Oral Microbiota Diversity in Adults and Children: A Crowdsourced Population Study. Sci. Rep. 2020, 10, 2133. [Google Scholar] [CrossRef]

	



Lira-Junior, R.; Akerman, S.; Klinge, B.; Bostrom, E.A.; Gustafsson, A. Salivary microbial profiles in relation to age, periodontal, and systemic diseases. PLoS ONE 2018, 13, e0189374. [Google Scholar] [CrossRef]

	



Zhao, Y.Q.; Zhou, Y.H.; Zhao, J.; Feng, Y.; Gao, Z.R.; Ye, Q.; Liu, Q.; Chen, Y.; Zhang, S.H.; Tan, L.; et al. Gender Variations in the Oral Microbiomes of Elderly Patients with Initial Periodontitis. J. Immunol. Res. 2021, 2021, 8124593. [Google Scholar] [CrossRef]

	



Park, B.; Koh, H.; Patatanian, M.; Reyes-Caballero, H.; Zhao, N.; Meinert, J.; Holbrook, J.T.; Leinbach, L.I.; Biswal, S. The mediating roles of the oral microbiome in saliva and subgingival sites between e-cigarette smoking and gingival inflammation. BMC Microbiol. 2023, 23, 35. [Google Scholar] [CrossRef]

	



Oliveira, L.M.; Antoniazzi, R.P.; Demarco, F.F.; Zanatta, F.B. Differences in the subgingival microbial composition associated with alcohol intake: A systematic review. J. Oral Biol. Craniofac. Res. 2023, 13, 259–266. [Google Scholar] [CrossRef] [PubMed]

	



Santacroce, L.; Passarelli, P.C.; Azzolino, D.; Bottalico, L.; Charitos, I.A.; Cazzolla, A.P.; Colella, M.; Topi, S.; Godoy, F.G.; D’Addona, A. Oral microbiota in human health and disease: A perspective. Exp. Biol. Med. 2023, 248, 1288–1301. [Google Scholar] [CrossRef] [PubMed]

	



Scribante, A.; Ghizzoni, M.; Pellegrini, M.; Poli, P.P.; Maiorana, C.; Spadari, F. Microbiological and clinical assessments of suture materials and cyanoacrylate application in impacted third molar surgeries: A Scoping Review. J. Funct. Biomater. 2023, 14, 529. [Google Scholar] [CrossRef]

	



Adler, C.J.; Dobney, K.; Weyrich, L.S.; Kaidonis, J.; Walker, A.W.; Haak, W.; Bradshaw, C.J.A.; Townsend, G.; Sołtysiak, A.; Alt, K.W.; et al. Sequencing ancient calcified dental plaque shows changes in oral microbiota with dietary shifts of the Neolithic and Industrial revolutions. Nat. Genet. 2013, 45, 450–455. [Google Scholar] [CrossRef]

	



Du, Q.; Ni, S.; Fu, Y.; Liu, S. Analysis of dietary related factors of recurrent aphthous stomatitis among college students. Evid. Based Complement. Alternat. Med. 2018, 2018, 2907812. [Google Scholar] [CrossRef]

	



Manoj, M.A.; Jain, A.; Madtha, S.A.; Cherian, T.M. Prevalence and risk factors of recurrent aphthous stomatitis among college students at Mangalore, India. PeerJ 2023, 11, e14998. [Google Scholar] [CrossRef]

	



Chapple, I.L.C.; Bouchard, P.; Cagetti, M.G.; Campus, G.; Carra, M.-C.; Cocco, F.; Nibali, L.; Hujoel, P.; Laine, M.L.; Lingström, P.; et al. Interaction of lifestyle, behaviour or systemic diseases with dental caries and periodontal diseases: Consensus report of group 2 of the joint EFP/ORCA workshop on the boundaries between caries and periodontal diseases. J. Clin. Periodontol. 2017, 44, S39–S51. [Google Scholar] [CrossRef]

	



Huang, Q.; Wu, X.; Zhou, X.; Sun, Z.; Shen, J.; Kong, M.; Chen, N.; Qiu, J.-G.; Jiang, B.-H.; Yuan, C.; et al. Association of cigarette smoking with oral bacterial microbiota and cardiometabolic health in Chinese adults. BMC Microbiol. 2023, 23, 346. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Q.; Zhou, X.; Zhang, C.; Huang, L.; Wang, Q.; Chen, Q.; Tang, H.; Luo, J.; Wang, Z.; Yuan, C.; et al. Relative validity and reproducibility of dietary measurements assessed by a semiquantitative food frequency questionnaire among Chinese healthy adults. Nutrients 2023, 15, 545. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.; Wang, Z. China Food Composition Tables Standard Edition; Peking University Medical Press: Beijing, China, 2018. [Google Scholar]

	



Satija, A.; Bhupathiraju, S.N.; Spiegelman, D.; Chiuve, S.E.; Manson, J.E.; Willett, W.; Rexrode, K.M.; Rimm, E.B.; Hu, F.B. Healthful and unhealthful plant-based diets and the risk of coronary heart disease in U.S. adults. J. Am. Coll. Cardiol. 2017, 70, 411–422. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.-J.; Yang, T.-F.; Wang, G.-S.; Zhao, Y.-Y.; Yang, L.-J.; Bi, B.-N. Association between dietary patterns and depressive symptoms among middle-aged adults in China in 2016–2017. Psychiatry Res. 2018, 260, 123–129. [Google Scholar] [CrossRef] [PubMed]

	



Liu, M.; Liu, C.; Zhang, Z.; Zhou, C.; Li, Q.; He, P.; Zhang, Y.; Li, H.; Qin, X. Quantity and variety of food groups consumption and the risk of diabetes in adults: A prospective cohort study. Clin. Nutr. 2021, 40, 5710–5717. [Google Scholar] [CrossRef]

	



Macfarlane, D.; Chan, A.; Cerin, E. Examining the validity and reliability of the Chinese version of the International Physical Activity Questionnaire, long form (IPAQ-LC). Public Health Nutr. 2011, 14, 443–450. [Google Scholar] [CrossRef] [PubMed]

	



Liu, B.; Woo, J.; Tang, N.; Ng, K.; Ip, R.; Yu, A. Assessment of total energy expenditure in a Chinese population by a physical activity questionnaire: Examination of validity. Int. J. Food Sci. Nutr. 2001, 52, 269–282. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Zhang, R.; Pu, Y.; Wang, D.; Wang, Y.; Wu, X.; Pan, Y.; Luo, C.; Zhao, G.; Quan, Z.; et al. Sample collection, dna extraction, and library construction protocols of the human microbiome studies in the International Human Phenome Project. Phenomics 2023, 3, 300–308. [Google Scholar] [CrossRef]

	



Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.; Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019, 37, 852–857. [Google Scholar] [CrossRef]

	



Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [Google Scholar] [CrossRef] [PubMed]

	



Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids. Res. 2013, 41, D590–D596. [Google Scholar] [CrossRef]

	



Bokulich, N.A.; Kaehler, B.D.; Rideout, J.R.; Dillon, M.; Bolyen, E.; Knight, R.; Huttley, G.A.; Gregory Caporaso, J. Optimizing taxonomic classification of marker-gene amplicon sequences with QIIME 2′s q2-feature-classifier plugin. Microbiome 2018, 6, 90. [Google Scholar] [CrossRef] [PubMed]

	



Pedregosa, F.; Varoquaux, G.; Gramfort, A.; Michel, V.; Thirion, B.; Grisel, O.; Blondel, M.; Prettenhofer, P.; Weiss, R.; Dubourg, V. Scikit-learn: Machine learning in Python. J. Mach. Learn. Res. 2011, 12, 2825–2830. [Google Scholar]

	



Douglas, G.M.; Maffei, V.J.; Zaneveld, J.R.; Yurgel, S.N.; Brown, J.R.; Taylor, C.M.; Huttenhower, C.; Langille, M.G.I. PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685–688. [Google Scholar] [CrossRef] [PubMed]

	



Mallick, H.; Rahnavard, A.; McIver, L.J.; Ma, S.; Zhang, Y.; Nguyen, L.H.; Tickle, T.L.; Weingart, G.; Ren, B.; Schwager, E.H.; et al. Multivariable association discovery in population-scale meta-omics studies. PLoS Comput. Biol. 2021, 17, e1009442. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Tong, X.; Jie, Z.; Zhu, J.; Tian, L.; Sun, Q.; Ju, Y.; Zou, L.; Lu, H.; Qiu, X.; et al. Sex differences in the oral microbiome, host traits, and their causal relationships. iScience 2023, 26, 105839. [Google Scholar] [CrossRef] [PubMed]

	



Tingley, D.; Yamamoto, T.; Hirose, K.; Keele, L.; Imai, K. Mediation: R package for causal mediation analysis. J. Stat. Softw. 2014, 59, 1–38. [Google Scholar] [CrossRef]

	



Wright, D.M.; McKenna, G.; Nugent, A.; Winning, L.; Linden, G.J.; Woodside, J.V. Association between diet and periodontitis: A cross-sectional study of 10,000 NHANES participants. Am. J. Clin. Nutr. 2020, 112, 1485–1491. [Google Scholar] [CrossRef] [PubMed]

	



Bartha, V.; Exner, L.; Schweikert, D.; Woelber, J.P.; Vach, K.; Meyer, A.-L.; Basrai, M.; Bischoff, S.C.; Meller, C.; Wolff, D. Effect of the Mediterranean diet on gingivitis: A randomized controlled trial. J. Clin. Periodontol. 2022, 49, 111–122. [Google Scholar] [CrossRef] [PubMed]

	



Laiola, M.; De Filippis, F.; Vitaglione, P.; Ercolini, D. A Mediterranean diet intervention reduces the levels of salivary periodontopathogenic bacteria in overweight and obese subjects. Appl. Environ. Microbiol. 2020, 86, e00777-20. [Google Scholar] [CrossRef] [PubMed]

	



Li, A.; Qiu, B.; Goettsch, M.; Chen, Y.; Ge, S.; Xu, S.; Tjakkes, G.-H.E. Association between the quality of plant-based diets and periodontitis in the U.S. general population. J. Clin. Periodontol. 2023, 50, 591–603. [Google Scholar] [CrossRef]

	



Aleksandrova, K.; Koelman, L.; Rodrigues, C.E. Dietary patterns and biomarkers of oxidative stress and inflammation: A systematic review of observational and intervention studies. Redox. Biol. 2021, 42, 101869. [Google Scholar] [CrossRef] [PubMed]

	



Lu, M.; Xuan, S.; Wang, Z. Oral microbiota: A new view of body health. Food. Sci. Hum. Wellness 2019, 8, 8–15. [Google Scholar] [CrossRef]

	



Kim, Y.; Keogh, J.B.; Clifton, P.M. Effects of two different dietary patterns on inflammatory markers, advanced glycation end products and lipids in subjects without type 2 diabetes: A randomised crossover study. Nutrients 2017, 9, 336. [Google Scholar] [CrossRef] [PubMed]

	



Ley, S.H.; Sun, Q.; Willett, W.C.; Eliassen, A.H.; Wu, K.; Pan, A.; Grodstein, F.; Hu, F.B. Associations between red meat intake and biomarkers of inflammation and glucose metabolism in women. Am. J. Clin. Nutr. 2014, 99, 352–360. [Google Scholar] [CrossRef] [PubMed]

	



Iwasaki, M.; Manz, M.C.; Moynihan, P.; Yoshihara, A.; Muramatsu, K.; Watanabe, R.; Miyazaki, H. Relationship between Saturated Fatty Acids and Periodontal Disease. J. Dent. Res. 2011, 90, 861–867. [Google Scholar] [CrossRef] [PubMed]

	



Hijazi, K.; Lowe, T.; Meharg, C.; Berry, S.H.; Foley, J.; Hold, G.L. Mucosal microbiome in patients with recurrent aphthous stomatitis. J. Dent. Res. 2014, 94, 87S–94S. [Google Scholar] [CrossRef] [PubMed]

	



Bankvall, M.; Sjöberg, F.; Gale, G.; Wold, A.; Jontell, M.; Östman, S. The oral microbiota of patients with recurrent aphthous stomatitis. J. Oral. Microbiol. 2014, 6, 25739. [Google Scholar] [CrossRef] [PubMed]

	



Eribe, E.R.K.; Olsen, I. Leptotrichia species in human infections. Anaerobe 2008, 14, 131–137. [Google Scholar] [CrossRef] [PubMed]

	



Kuehbacher, T.; Rehman, A.; Lepage, P.; Hellmig, S.; Fölsch, U.R.; Schreiber, S.; Ott, S.J. Intestinal TM7 bacterial phylogenies in active inflammatory bowel disease. J. Med. Microbiol. 2008, 57, 1569–1576. [Google Scholar] [CrossRef]

	



Brinig Mary, M.; Lepp Paul, W.; Ouverney Cleber, C.; Armitage Gary, C.; Relman David, A. Prevalence of bacteria of division TM7 in human subgingival plaque and their association with disease. Appl. Environ. Microbiol. 2003, 69, 1687–1694. [Google Scholar] [CrossRef]

	



Aas Jørn, A.; Griffen Ann, L.; Dardis Sara, R.; Lee Alice, M.; Olsen, I.; Dewhirst Floyd, E.; Leys Eugene, J.; Paster Bruce, J. Bacteria of dental caries in primary and permanent teeth in children and young adults. Clin. Microbiol. 2008, 46, 1407–1417. [Google Scholar]

	



Lif Holgerson, P.; Öhman, C.; Rönnlund, A.; Johansson, I. Maturation of oral microbiota in children with or without dental caries. PLoS ONE 2015, 10, e0128534. [Google Scholar] [CrossRef] [PubMed]

	



Karanfilian, K.M.; Valentin, M.N.; Kapila, R.; Bhate, C.; Fatahzadeh, M.; Micali, G.; Schwartz, R.A. Cervicofacial actinomycosis. Int. J. Dermatol. 2020, 59, 1185–1190. [Google Scholar] [CrossRef] [PubMed]

	



Vielkind, P.; Jentsch, H.; Eschrich, K.; Rodloff, A.C.; Stingu, C.-S. Prevalence of Actinomyces spp. in patients with chronic periodontitis. Int. J. Med. Microbiol. 2015, 305, 682–688. [Google Scholar] [CrossRef]

	



Nibali, L.; Sousa, V.; Davrandi, M.; Spratt, D.; Alyahya, Q.; Dopico, J.; Donos, N. Differences in the periodontal microbiome of successfully treated and persistent aggressive periodontitis. J. Clin. Periodontol. 2020, 47, 980–990. [Google Scholar] [CrossRef] [PubMed]

	



Peterson, S.N.; Snesrud, E.; Liu, J.; Ong, A.C.; Kilian, M.; Schork, N.J.; Bretz, W. The dental plaque microbiome in health and disease. PLoS ONE 2013, 8, e58487. [Google Scholar] [CrossRef] [PubMed]

	



Corby, P.M.; Lyons-Weiler, J.; Bretz, W.A.; Hart, T.C.; Aas, J.A.; Boumenna, T.; Goss, J.; Corby, A.L.; Junior, H.M.; Weyant, R.J.; et al. Microbial risk indicators of early childhood caries. J. Clin. Microbiol. 2005, 43, 5753–5759. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, H.; Chu, M.; Huang, Z.; Yang, X.; Ran, S.; Hu, B.; Zhang, C.; Liang, J. Variations in oral microbiota associated with oral cancer. Sci. Rep. 2017, 7, 11773. [Google Scholar] [CrossRef] [PubMed]

	



de Jesus, V.C.; Shikder, R.; Oryniak, D.; Mann, K.; Alamri, A.; Mittermuller, B.; Duan, K.; Hu, P.; Schroth, R.J.; Chelikani, P. Sex-based diverse plaque microbiota in children with severe caries. J. Dent. Res. 2020, 99, 703–712. [Google Scholar] [CrossRef] [PubMed]

	



Reis, R.A.; Stolf, C.S.; de Carvalho Sampaio, H.A.; da Costa Silva, B.Y.; Ozlu, T.; Kenger, E.B.; Miguel, M.M.V.; Santamaria, M.P.; Monteiro, M.F.; Casati, M.Z.; et al. Impact of dietary inflammatory index on gingival health. J. Periodontol. 2023. Early View. [Google Scholar] [CrossRef]

	



Butera, A.; Gallo, S.; Pascadopoli, M.; Maiorani, C.; Milone, A.; Alovisi, M.; Scribante, A. Paraprobiotics in non-surgical periodontal therapy: Clinical and microbiological aspects in a 6-month follow-up domiciliary protocol for oral hygiene. Microorganisms 2022, 10, 337. [Google Scholar] [CrossRef]

	



Scribante, A.; Gallo, S.; Pascadopoli, M.; Frani, M.; Butera, A. Ozonized gels vs chlorhexidine in non-surgical periodontal treatment: A randomized clinical trial. Oral. Dis. 2023. Early View. [Google Scholar] [CrossRef]








[image: Nutrients 16 01519 g001] 





Figure 1. Associations of dietary factors with recurrent oral ulcer. Odds ratios were derived from logistic regression models for tertile 2 (T2) and tertile 3 (T3) of included dietary factors using tertile 1 (T1) as the reference group. Covariates included age, sex, current smoking status, physical activity, total energy intake, BMI, and common chronic systemic diseases. PDI—plant-based diet index, hPDI—healthful plant-based diet index, uPDI—unhealthful plant-based diet index. 
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Figure 2. Diversity estimates and the relative abundance of oral microbiota associated with recurrent oral ulcer. (A) Comparisons of ACE, Observed ASVs, Shannon, and Simpson indices in the oral microbiota between participants with or without ROU. * p < 0.05. All four indices were z-score standardized for visualization. (B) PCoA based on the Bray–Curtis distances (left) and robust Aitchison distances (right) of the oral microbial communities between participants with or without ROU. (C) The heatmap shows the coefficients of specific genera derived from the MaAsLin analysis with p-FDR < 0.20. The box plots show the relative abundances (log-10 transformation) of differentially abundant genera based on ROU status. ROU—recurrent oral ulcer. ASVs—amplicon sequence variants. ACE—abundance-based coverage estimator. PCoA—principal coordinate analysis. MaAsLin—microbiome multivariable associations with linear models. 
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Figure 3. The association of hPDI (A) and red meat (B) and egg intakes (C) with ulcer-associated genera. The relative abundance difference of 16 identified genera between extreme tertiles (T1 and T3) of hPDI, red meat and egg intakes. * p < 0.05, ** p < 0.01, *** p < 0.001. hPDI—healthful plant-based diet index. 
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Figure 4. The associations’ mediation effect of oral microbial genera among the association between specific dietary factors and recurrent oral ulcer. (A–C) The associations’ mediation effect of TM7x, unclassified Muribaculaceae, and Olsenella on the association between hPDI and ROU, respectively. (D) The associations’ mediation effect of Olsenella on the association between red meat and ROU. (E) The associations’ mediation effect of the composite bacterial on the association between hPDI and ROU. The direct effect (DE) refers to the effect of dietary factors on ROU when bacterial genera were held at a level. The indirect effect (IE) refers to the impact of dietary factors on ROU through bacterial genera. The proportion of mediation represents the percentage of the associations between dietary factors and ROU that is explained by bacterial genera. ROU—recurrent oral ulcer, hPDI—healthful plant-based diet index, IE—indirect effect, DE—direct effect. 
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Table 1. Characteristics of study participants based on the presence of recurrent oral ulcer.
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Characteristics

	
Recurrent Oral Ulcer

	
p-Value *




	
Yes (N = 337)

	
No (N = 242)






	
 Age (year)

	
43.0 (32.0, 54.0)

	
54.0 (48.0, 61.8)

	
<0.001




	
 Male (n, %)

	
104 (30.9)

	
90 (37.2)

	
0.521




	
 BMI (kg/m2)

	
24.6 (22.3, 26.8)

	
25.0 (23.1, 27.8)

	
0.211




	
 PDI

	
48.0 (44.0, 53.0)

	
49.0 (45.0, 54.0)

	
0.149




	
 hPDI

	
56.0 (50.0, 61.0)

	
60.0 (56.0, 64.0)

	
0.023




	
 uPDI

	
56.0 (51.0, 62.0)

	
57.0 (50.2, 62.0)

	
0.609




	
 Physical activity level

	

	

	
0.186




	
    Low

	
102 (30.3)

	
91 (37.6)

	




	
    Medium

	
103 (30.6)

	
91 (37.6)

	




	
    High

	
132 (39.2)

	
60 (24.8)

	




	
 Common chronic systemic diseases

	
124 (36.8)

	
143 (59.1)

	
0.084




	
 Current smoking

	
31 (9.2)

	
42 (17.4)

	
0.001




	
 Total energy intake (kcal/day)

	
1842 (1512, 2164)

	
1883 (1570, 2175)

	
0.888




	
 Brushing (≥2 times/day)

	
163 (48.4)

	
95 (39.3)

	
0.964




	
 Oral conditions

	
322 (95.5)

	
219 (90.5)

	
0.414








Data are presented as the median (interquartile ranges) for continuous variables, and n (percentage) for categorical variables. The percentage sum of some cells is not equal to 100 because the percentage was rounded to retain decimal places. * p-Values were based on the Wilcoxon rank sum test for age and logistic regression for other variables with adjustment for age. PDI—plant-based diet index, hPDI—healthful plant-based diet index, uPDI—unhealthful plant-based diet index, BMI—body mass index.
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T2 vs T1 - 1.12(0.71-1.78)  0.629
T3 vs T1 —— 1.00(0.65-1.56) 0.987
Red meat : 0.012
T2 vs Tl ———y 1.18(0.77-1.82) 0.455
T3 vs Tl ; + 1.88(1.13-3.11) 0.015
Processed meat : 0.590
T2 vs T1 ——— 0.90(0.56-1.42) 0.637
T3 vs Tl — 1.31(0.74-2.32)  0.359
Poultry E 0.328
T2 vs T1 — 1.11(0.70-1.75)  0.662
T3 vs Tl — 1.31(0.79-2.20) 0.297
Fish | 0.299
T2 vs T1 — 1.47(0.94-2.31) 0.095
T3 vs Tl Ly 1.31(0.83—2.07) 0.242
Dairy | 0.543
T2 vs T1 —_— —— 1.24(0.82-1.87) 0.312
T3 vs Tl - 1.29(0.76-2.19) 0.337
Eggs | 0.025
T2 vs T1 — —— 1.11(0.71-1.74)  0.645
T3 vs Tl 0.028

—_— -

1.73(1.06—2.83)
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