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Background

To date, more than 770 million individuals have become coronavirus disease 2019 (COVID-19) convalescents worldwide. Emerging evidence highlights the influence of COVID-19 on the oral microbiome during both acute and convalescent disease phases. Front-line healthcare workers are at an elevated risk of exposure to viral infections, and the effects of COVID-19 on their oral microbiome remain relatively unexplored.





Methods

Oropharyngeal swab specimens, collected one month after a negative COVID-19 test from a cohort comprising 55 healthcare workers, underwent 16S rRNA sequencing. We conducted a comparative analysis between this post-COVID-19 cohort and the pre-infection dataset from the same participants. Community composition analysis, indicator species analysis, alpha diversity assessment, beta diversity exploration, and functional prediction were evaluated.





Results

The Shannon and Simpson indexes of the oral microbial community declined significantly in the post-COVID-19 group when compared with the pre-infection cohort. Moreover, there was clear intergroup clustering between the two groups. In the post-COVID-19 group, the phylum Firmicutes showed a significant increase. Further, there were clear differences in relative abundance of several bacterial genera in contrast with the pre-infection group, including Streptococcus, Gemella, Granulicatella, Capnocytophaga, Leptotrichia, Fusobacterium, and Prevotella. We identified Gemella enrichment in the post-COVID-19 group, potentially serving as a recovery period performance indicator. Functional prediction revealed lipopolysaccharide biosynthesis downregulation in the post-COVID-19 group, an outcome with host inflammatory response modulation and innate defence mechanism implications.





Conclusion

During the recovery phase of COVID-19, the oral microbiome diversity of front-line healthcare workers failed to fully return to its pre-infection state. Despite the negative COVID-19 test result one month later, notable disparities persisted in the composition and functional attributes of the oral microbiota.
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1 Introduction

The global spread of coronavirus disease 2019 (COVID-19), an infectious illness caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), represents a significant and urgent threat to public health (World Health Organization; Zhu et al., 2020). While most individuals who contract the virus will experience mild to moderate respiratory illness and recuperate without requiring specialized medical care, certain individuals, particularly older adults and those with pre-existing health conditions, may experience severe illness necessitating medical intervention. The virus primarily enters the human body through the angiotensin-converting enzyme 2 (ACE2) and transmembrane serine proteases 2 (TMPRSS2) receptors (Gheblawi et al., 2020; Hoffmann et al., 2020). Because salivary glands and oral mucosal cells express higher levels of ACE2 and TMPRSS2 receptors (Xu et al., 2020a, b; Williams et al., 2021), SARS-CoV-2 enters the human body through the oropharynx, and establishes infection by altering the microbiome and escaping host immunity (Bao et al., 2020). Moreover, the long-lasting impact of COVID-19-induced pathophysiological changes can extend to the microbiome, leading to enduring symptoms (Xiang et al., 2020).

The maintenance of oral microbiota homeostasis is an important component of oral and systemic health. The oral microbiome, including bacteria, fungi, and viruses, is the second largest human microbiome and has been extensively researched (Dewhirst et al., 2010; Baker et al., 2024). Currently, there are nearly 800 bacterial species in the expanded Human Oral Microbiome Database. The development and composition of the oral microbiome depends on a variety of factors, including diseases, personal habits, and environmental factors. Under normal circumstances, the oral microbiome is in a balanced state, which can resist the invasion of external adverse factors on the body and maintain oral health. However, when key factors in the oral environment change, resulting in the competitive growth of opportunistic pathogens such as Streptococcus, Neisseria, Corynebacterium, Veillonella, Gemella, Haemophilus, Rothia, and Porphyromonas (Li et al., 2014), oral homeostasis is disrupted, which can induce oral and even systemic diseases (Kleinstein et al., 2020). Recently, several studies have shown that SARS-CoV-2 affects the microbiota of the gastrointestinal and upper respiratory tracts (Ma et al., 2021; Ren et al., 2021; Ventero et al., 2021; Wu et al., 2021; Gupta et al., 2022; Ralli et al., 2023). Moreover, the human microbiome is crucial in recovering from various illnesses (Zhang et al., 2015; Chen et al., 2018; Deo and Deshmukh, 2019). During large SARS-CoV-2 outbreaks, many individuals with COVID-19 have demonstrated intricate co-infections involving various pathogens, including some originating from the oral cavity. The connection between the oral microbiome and patients with COVID-19 has been widely described (Bao et al., 2020; Gao et al., 2021; Miller et al., 2021; Ren et al., 2021; Wu et al., 2021). However, the oral microbiome of convalescents remains not thoroughly understood.

Human oral microbes are adaptable and closely related to their surrounding environment. The distinctive chemical and physical parameters delineate a stark contrast between the microbial assemblage within the hospital environment and the surrounding natural milieu (Shobo et al., 2020). Front-line pain-alleviating and life-saving healthcare workers during the COVID-19 pandemic are the most important force in addressing this health crisis. During the fight against COVID-19, healthcare workers exhibited a notably elevated incidence of COVID-19 when contrasted with the general populace. Their extensive engagement with patients, coupled with prolonged exposure to hospital environments, poses a high-risk scenario regarding their microbiome, which remains poorly understood. In view of the characteristics of hospital settings, the study of healthcare workers’ oral microbiome assumes profound significance, both in the context of safeguarding their personal well-being and in the overarching endeavor to control nosocomial infections. Our previous study described the oral microbiome profile of healthcare workers in different clinical scenarios and demonstrated that community diversity, structure, and potential functions differed markedly among departments. Especially in the coronary care unit (CCU), healthcare workers were more likely to exhibit inherent microbiological characteristics (Zhang et al., 2022).

In this study, we analyzed the oral microbiome of healthcare workers post-COVID-19 using 16SrRNA sequencing technology and compared it with the oral microbiome data of healthcare workers pre-infection to elucidate the diversity, composition, and functional characteristics of the oral microbial community in healthcare workers after infection with SARS-CoV-2. This inquiry has substantial implications concerning the well-being of healthcare personnel and the management of nosocomial infections.




2 Methods



2.1 Study design

This study recruited 55 healthcare workers from Linfen Central Hospital (Shanxi Province, China) from the department of respiratory medicine (RES, n = 18), CCU (n = 10), intensive care unit (ICU, n = 11), and operating room (OR, n = 16). We enrolled individuals who had: (1) participated in the previous study (Zhang et al., 2022); (2) experienced COVID-19 infection, specifically a positive detection of SARS-CoV-2 RNA by reverse transcription-polymerase chain reaction; (3) received a negative COVID-19 test within one month prior to oropharyngeal swab sampling; and (4) worked in the hospital for more than one year. Participants were excluded if they were pregnant or lactating, had any respiratory disease, used antibiotics within 3 months before sampling, or used probiotics within one month prior to sampling. During sampling, the oral hygiene status of the participants was observed according to the World Health Organization oral health standards, which included being clean, without cavities, pain, normal gums, and no bleeding. Those who did not meet these standards were excluded. Probing depth (PD) and bleeding on probing (BOP) was used to evaluate the health status of periodontal tissue. The study was reviewed and approved by the ethics committee of Linfen Central Hospital (Ethics Approval No. 2022-5-1) and all methods were carried out in accordance with relevant guidelines and regulations. All participants signed informed consent prior to participating.




2.2 Sample collection

Demographic data were collected using questionnaires. Oropharyngeal swab sampling occurred 1 month after a negative COVID-19 test. To ensure that the samples were not contaminated by food or drink, the participants were required to refrain from eating or drinking for 3h prior to sampling. To guarantee sample quality, the operator used a sampling swab to gently rub both sides of the participant’s pharyngeal tonsils in a back-and-forth motion at least 3 times, and then wiped the posterior pharyngeal wall in an up-and-down motion at least 3 times. Further, all fresh oropharyngeal swabs were collected by one nurse who received professional training and they were stored at -80 °C immediately prior to DNA extraction.




2.3 DNA extraction and PCR amplification

The extraction of total genomic DNA from oropharyngeal swabs was performed using the TIANamp Swab DNA Kit (TIANGEN, China). The Ion 16S™ Metagenomics Kit (ThermoFisher Scientific, USA) was used for amplifying the hypervariable regions (V2, V3, V4, V6–7, V8, and V9) of the 16S rRNA. To avoid possible interference, two distinct primer pools were prepared for each DNA template following the manufacturer’s instructions. Subsequently, we merged the PCR products of two separate tubes for further amplicon purification using XP reagent and they were quantified using Qubit4 (ThermoFisher Scientific, USA).




2.4 Library preparation and sequencing

Following amplification, PCR products were purified and end-repaired for barcode ligation. Library amplification and pooling for template preparation was done in equimolar amounts using Ion Chef according to the Ion 530 Kit-Chef protocol. The libraries were pooled to obtain a final concentration of 25 pM. Sequencing of the amplicon libraries was carried out on a 530 Chip using the Ion Torrent S5 system (Thermo Fisher, USA). All amplified regions were sequenced, and multiple variable regions were included in the sequencing approach to achieve enhanced resolution.




2.5 Bioinformatic analysis

Quality filtering, trimming, and dereplication of the raw reads was completed using the Ion Reporter metagenomics workflow with default parameters. Next, the UCHIME algorithm (Edgar et al., 2011)was used to remove the chimeric sequences and the UNOISE3 algorithm (Edgar, 2016) was used to generate denoising amplicon sequence variants. Based on vsearch (Rognes et al., 2016), we completed taxonomic assignment referring to the SILVA (V 138.1) (Glockner et al., 2017) and GreenGene (DeSantis et al., 2006) databases with a threshold of 97%. “Unassigned” refers to readings that cannot find matching sequences in the reference database during the alignment process. “Other” refers to a grouping of bacterial genera that, while capable of being matched to a reference database, do not fall within the top 20 most abundant categories. Alpha diversity was evaluated using the Shannon, Simpson, Chao 1, richness, and abundance-based coverage estimator (ACE) indexes. Beta diversity was evaluated by permutational multivariate analysis of variance (PERMANOVA) based on the Bray−Curtis distance. Next, linear discriminant analysis (LDA) effect size (LEfSe) (Segata et al., 2011) was employed, applying the criteria of LDA > 2 and P < 0.05, to identify differential bacterial taxa across groups. To assess the differences in the microbiome, we conducted statistical analysis and qualitative and quantitative analyses of the microbiome data using the web-based tool MicrobiomeAnalyst (Lu et al., 2023).

Additionally, PICRUSt2 (Douglas et al., 2020) was utilized to identify microbiome-associated pathways based on the inferred metagenomes of taxa. It predicts functional abundance based on marker gene sequences. Metabolic pathway data were compared using two-sided Welch’s t-test, followed by rigorous filtration for false discoveries through the Benjamini–Hochberg method. To aid in determining features with biologically relevant differences between groups, we set a confidence interval of 95% and effect size > 0.05. Items with q-values < 0.05 were considered significant. The statistical analysis and visualization of functional data were performed using the STAMP software (Parks et al., 2014).




2.6 Statistical analysis

Statistical analyses were performed using SPSS v20.0 for Windows. Continuous variables between two groups were compared by Student’s t-test or Wilcoxon rank-sum test. Normally distributed values are presented as mean ± standard deviation, and nonnormally distributed values are presented as the median (interquartile range). Categorical variables between two groups were compared by the X2 test or Fisher’s exact test. Differences among three groups were evaluated by one-way analysis of variance. A significance threshold of P < 0.05 (two-tailed) was established.





3 Results



3.1 Characterization of study participants

The participants provided oropharyngeal swabs both before and after contracting COVID-19. The demographic characteristics of the study cohort are detailed in Table 1. The cohort exhibited an average age of 32.76 years, with 78.18% being female and 60% comprising nurses. The mean cumulative years of professional experience was 8.82. Notably, the study participants had no pre-existing periodontal diseases and other comorbidities that might influence the oral microbiome. Furthermore, all participants had received COVID-19 vaccination.


Table 1 | Demographic data of study participants.






3.2 Distinct oral microbial structure and diversity between pre-infection and post-COVID-19 groups

Initially, we evaluated the alpha diversity between the two groups. Compared to the pre-infection group, the post-COVID-19 group exhibited a lower level of oral microbial diversity in the Shannon and Simpson indexes, and the differences were statistically significant (Figure 1A). Nevertheless, no noteworthy distinctions were observed between the two groups concerning the richness, Chao 1, and ACE indexes (Supplementary Figure S1). In addition, beta diversity indicated distinct intergroup clustering of oral microbial communities by principal coordinate and nonmetric multidimensional scaling analyses (Figure 1B).




Figure 1 | Oral bacterial microbial diversity of before and post COVID-19 infection group. (A) Alpha diversity boxplot of the oral microbial community based on the Shannon index (left, wilcoxon test, P = 0.041) and Simpson index (right, wilcoxon test, P = 0.038), representing differences in within-sample diversity between two groups. (B) PCoA plot (left) based on Bray-Curtis dissimilarity and with PERMANOVA statistics depicting significant differences (P-value < 0.001). NMDS plot (right) based on Bray-Curtis dissimilarity and PERMANOVA statistics showing significant difference (P-value < 0.001) between the two groups. * P <0.05.






3.3 Characterization of oral microbiome in the post-COVID-19 group

The oral microbiome profile of the post-COVID-19 group comprised 13 phyla, 20 classes, 35 orders, 64 families, and 121 genera. Core phyla were defined as those identified in all samples. Eleven core phyla were identified in the post-COVID-19 samples, including Proteobacteria, Firmicutes, Bacteroidetes, Fusobacteria, Actinobacteria, Candidatus_Saccharibacteria, SR1, Spirochaetes, Tenericutes, Cyanobacteria, and Synergistetes (Figure 2A). The top 10 genera included Prevotella, Neisseria, Streptococcus, Haemophilus, Fusobacterium, Veillonella, Rothia, Porphyromonas, Leptotrichia, and Saccharibacteria (Figure 2B).




Figure 2 | Structure and alteration of the oral microbiome in healthcare workers from before and post COVID-19 groups. Stacked bar charts show the relative abundance of before and post groups at the phylum level (A) and at the genus level (C). Violin charts reveal significant differences in the relative abundance of oral microbiota at the phylum level (B) and at the genus level (D). * P < 0.05; ** P < 0.01; *** P< 0.001.



Furthermore, we clarified the bacterial composition and variations in the oral microbiome between the pre-infection and the post-COVID-19 groups. At the phylum level, Proteobacteria, Bacteroidetes, Firmicutes, Fusobacteria, and Actinobacteria accounted for > 95% of sequences on average and comprised the five most abundant bacteria in the pre-infection and post-COVID-19 groups. Further, in the post-COVID-19 group, there was a statistically significant increase in the relative abundance of Firmicutes (P < 0.0001), accompanied by decreased relative abundances of Bacteroidetes, Fusobacteria, and Actinobacteria compared to the pre-infection group (Figure 2C). At the genus level, the genera Prevotella, unassigned, Neisseria, Streptococcus, Haemphilus, Fusobacterium, Others, Veillonella, Rothia, and Porphyromonas, were the ten most dominant bacteria, accounting for > 80% of the total in both groups. Among the top 20 genera, analysis of differential expression using the Mann–Whitney U test uncovered seven genera that exhibited variations between the two groups. Three genera (Streptococcus, Gemella, and Granulicatella) exhibited significant increases (P < 0.001), whereas four genera (Capnocytophaga, Leptotrichia, Fusobacterium, and Prevotella) displayed significant reductions in the post-COVID-19 group (Figure 2D).

Further, we carried out LEfSe analysis to pinpoint the specific main microbiota that differed significantly between the groups, using a cut-off value with an LDA score > 2. As illustrated in Figure 3A, the phylum Firmicutes was enriched in the post-COVID-19 group, while Actinobacteria, Bacteroidetes, and Fusobacteria were enriched in the pre-infection group. At the genus level, the relative abundances of Streptococcus and Gemella, both belonging to the phylum Firmicutes, were clearly higher in the post-COVID-19 group as compared with the pre-infection group (Figure 3B). Conversely, Leptotrichia, Capnocytophaga, Prevotella, and Fusobacterium showed an inverse trend. There were also significant differences at the species level of Gemella post-COVID-19, including Gemella sanguinis, Gemella haemolysans, and Gemella morbillorum (Supplementary Figure S2).




Figure 3 | Dot plots show the significant differences in relative abundance (LDA > 2) between two groups via LEfSe analysis at the phylum level (A) and genus level (B). (C) The violin chart reveals the differences in the relative abundance of periodontal pathogens in healthcare workers between two groups. (D) The box plot shows the relative abundance of F. nucleatum (CCU_before vs. CCU_post P =0.003; ICU_before vs. ICU_post P=0.0006) across department between before and post group. (Aa, Aggregatibacter actinomycetemcomitans). * P < 0.05; ** P < 0.01; *** P < 0.001.






3.4 Differences in periodontal disease related microorganisms between the two groups

The oral microbiota composition plays a significant role in influencing oral health and oral diseases. We further investigated the microbial changes associated with periodontal disease within the post-COVID-19 group. Among more than 700 bacterial species living in the oral cavity, a bacterial complex named the “red complex” made up of Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia has been strongly associated with periodontal lesions. In our study, when comparing the post-COVID-19 group to the pre-infection group, there were no statistically significant differences observed in the “red complex”. Similarly, the relative abundance variation of Aggregatibacter actinomycetemcomitans that is associated with periodontal disease was not significant. However, the relative abundance of some microbiota related to oral diseases had changed. The relative abundances of Prevotella intermedia and Prevotella nigrescens, associated with inflammatory periodontitis, also displayed significant increases (Figure 3C). Interestingly, in the post-COVID-19 group, there was a significant decrease in the relative abundance of Fusobacterium nucleatum, particularly in the CCU and ICU groups (Figure 3D).




3.5 Correlation between oral microbiota and manifestations of COVID-19

First, we compared the correlation between the severity of COVID-19 infection and the oral microbiota during the recovery period. In the moderate symptom group, we observed the enrichment of four bacterial genera: Moraxella, SR7, SR8, and Streptobacillus (Figure 4A). Subsequently, we conducted a comparative analysis based on symptom grouping, specifically focusing on taste disturbance and olfactory disorders. Notably, both groups exhibited enrichment of the phylum Cyanobacteria (Figures 4B, C). At the genus level, Streptobacillus, Sneathia, Prolionibacterium, SR7, SR8, and Wolinella were enriched in the taste disturbance group, while SR11, SR5, SR6, and Prolionibacterium were enriched in the olfactory disorders group (Figures 4B, C). Furthermore, we analyzed the impact of the duration of COVID-19 infection on the oral microbiota during the recovery period. Based on our data, we categorized the patients into two groups: those with an infection duration of less than or equal to 5 days and those with a duration of more than 5 days. In the group with a duration of more than 5 days, Streptobacillus, Sneathia, and Moraxella were enriched, while SR7 and Peptostreptococcaceae incertae sedis were enriched in the group with a duration of less than or equal to 5 days. Additionally, we analyzed the impact of the time interval between the last shot of vaccine and COVID-19 infection on oral microbiota during the recovery period (Figure 4D). Our findings revealed that in the group with a time interval of less than or equal to one year, the bacterial genera SR10, SR3, and SR1 were enriched (Figure 4E).




Figure 4 | Violin charts reveal significant differences in the relative abundance of oral microbiota (A) between mild and moderate groups at the genus level, (B) between taste disturbance and normal groups at the phylum and genus levels, (C) between olfactory disorders and normal groups at the phylum and genus levels, (D)between duration of infection ≤5 days and >5 days groups at the genus level, (E) between the interval from the last dose of vaccine before infection to infection ≤1 year and >1 year groups at the genus level. * P < 0.05; ** P < 0.01; *** P< 0.001.






3.6 Function prediction

A total of 162 metabolic pathways were annotated. Eight distinct pathways showed disparity between the pre-infection and post-COVID-19 groups. Compared to the pre-infection group, four related to synthesis and degradation of ketone bodies, the phosphotransferase system (PTS), galactose metabolism, and tetracycline biosynthesis were enriched in the post-COVID-19 group. Nevertheless, riboflavin metabolism, lipopolysaccharide (LPS) biosynthesis, biosynthesis of vancomycin group antibiotics, and biotin metabolism were downregulated in the post-COVID-19 group (Figure 5A). Through subgroup analysis, we also found that the CCU and RES made major contributions to metabolic changes between the pre-infection and post-COVID-19 groups (Figures 5B–E).




Figure 5 | Functional characterization of different groups based on PICRUSt2 analysis. Bar charts show the functional differences between the before and post COVID-19 group (A), CCU_bofore and CCU_post (B), ICU_before and ICU_post (C), OR_before and OR_post (D), RES_before and RES_post (E). Data were compared by two-sided Welch’s t–test and filtered for false discoveries using the Benjamini-Hochberg method. Items with q-values < 0.05 and effect size > 0.05 are shown in the figure.







4 Discussion

COVID-19 has caused a profound global impact. Even after a negative COVID-19 test, most patients with COVID-19 still experience a long recovery period. We compared the oral microbiome of oropharyngeal swab samples collected from healthcare workers pre-infection and post-COVID-19. A particularly significant discovery was that the oral microbiome did not fully revert to its normal state during recovery. To our knowledge, this study was the first exploration of the oral microbiome in healthcare workers in the hospital environment during the recovery period of COVID-19.

Our results suggested that there were significant differences in oral microbial diversity between the pre-infection and post-COVID-19 groups. Several studies (Gao et al., 2021; Ma et al., 2021) have shown that the oral microbial diversity in individuals with confirmed COVID-19 is lower than that of healthy controls. Therefore, our present study implied that the oral microbial diversity of our participants had not fully returned to the healthy level. The study revealed a clear reduction in oropharyngeal microbial diversity in the post-COVID-19 group, consistent with prior research (Gao et al., 2021; Cui et al., 2022; Wei et al., 2023), thus emphasizing the existence of oropharyngeal microbial dysbiosis.

Additionally, we observed substantial alterations in both the composition and abundance of the oral microbiome after SARS-CoV-2 infection. In contrast to the pre-infection cohort, the post-COVID-19 group exhibited a decline in the relative abundance of genera such as Fusobacterium, Prevotella, Capnocytophaga, and Leptotrichia. In contrast, Gemella and Streptococcus, genera within the phylum Firmicutes, displayed an increased trend in the post-COVID-19 population. Several studies (Gao et al., 2021; Wei et al., 2023) have demonstrated an elevation in the butyrate-producing bacteria Fusobacterium, and a reduction in the opportunistic pathogens Leptotrichia and Prevotella in the recovery of patients with COVID-19. During the recovery process, the augmentation of butyrate-producing microorganisms has the potential to facilitate the restoration of the intestinal mucosal barrier and contribute to the healthy status of distant organs such as the lungs, thereby assuming a pivotal role in anti-inflammatory mechanisms (Louis and Flint, 2009; Gautier et al., 2021). It has been reported that butyrate can be used as a probiotic for the prevention and treatment of COVID-19 (Gautier et al., 2021; K et al., 2021; Paparo et al., 2022). Regarding Fusobacterium, our findings indicated a decrease in its abundance and did not align with those observed in previous studies; however, in terms of oral opportunistic pathogens, the outcome was uncontroversial. The reduction in Fusobacterium prevalence was the recovery period performance indicator. Concerning our differences from previous research, we concluded that the participants were situated at disparate stages of the recovery trajectory. Consequently, this speculation requires confirmation through analysis of further samples from patients across various recovery stages. High levels of LPS, potentially produced by Leptotrichia, can initiate the systemic proinflammatory phase by activating toll-like receptors (TLR) (Ren et al., 2021; Yeoh et al., 2021). This activation results in the release of cytokines and reactive oxygen species, thereby mediating acute lung injury. TLRs play an important role in the occurrence and development of COVID-19 and may be potential targets for disease treatment and COVID-19 vaccine (Aboudounya and Heads, 2021; Khanmohammadi and Rezaei, 2021; Liu et al., 2022). Meanwhile, Prevotella has the potential to stimulate inflammation, attenuate innate immune reactions, and contribute to oral inflammatory processes (Kononen et al., 2022). Overall, our findings indicated a distinctive oral bacterial microbiota composition in individuals who had recovered from COVID-19, which was characterized by different bacterial abundances.

LEfSe analysis showed that Streptococcus and Gemella were the predominant genera in the post-COVID-19 group. Despite Streptococcus not being classically associated with respiratory infections, certain Streptococcus species have been implicated as causative agents in pulmonary infections (Akata et al., 2016). Streptococcus suis and S. agalactiae stimulated the expression of ACE2 of Vero cells in vitro, which may promote SARS-CoV-2 infection (Xiong et al., 2021). Gemella are Gram-positive, facultatively anaerobic bacteria indigenous to the oral cavity, characterized by haemolytic activity. Levels of Gemella spp. or Gemella haemolysans are elevated in healthy controls compared to that in individuals with periodontitis (Kirst et al., 2015; Arredondo et al., 2020). Additionally, proteins secreted by G. haemolysans exert a direct inhibitory effect on the growth of P. gingivailis, which is one of the major pathogens directly responsible for development of chronic periodontitis in humans and dental plaque colonization in the oral cavity, suggesting that G. haemolysans is associated with a healthy oral environment. Miyoshi et al. introduced G. haemolysans as a promising probiotic candidate for the treatment of periodontal disease (Miyoshi et al., 2021). Further, several studies (Bainbridge and Darveau, 2001) indicated that LPS, as a virulence factor, influences P. gingivalis activity. In our study, the variation of LPS was also closely related to periodontal diseases. Our previous study (Zhang et al., 2022) described the relative abundance of F. nucleatum as approximately 10× higher than that of P. gingivalis. However, the relative abundance of F. nucleatum in the CCU and ICU groups reduced significantly post-COVID-19, indicating that the periodontal disease risk also changed post-COVID-19. In short, the changes in these bacteria demonstrated that the oral microbiome of healthcare workers in the recovery period was in a state of disorder.

Our study results revealed potential complex relationships among COVID-19 infection severity, symptoms, duration of infection, vaccination status, and changes in oral microbiota during the recovery period. Previous research has found that the severity of the disease during COVID-19 infection significantly influences the respiratory microbiota (Kim et al., 2023). Our findings emphasize significant enrichment of specific bacterial genera among patients with moderate symptoms. Analysis based on taste and olfactory disturbance symptoms highlighted the enrichment of Cyanobacteria at the phylum level in both groups, underscoring potential links between these bacterial taxa and chemosensory dysfunction. Cyanobacteria are a type of gram-negative bacteria used for photosynthesis and are present in all terrestrial and aquatic ecosystems. There is evidence suggesting that cyanobacteria and their metabolites may indirectly impact human health through interactions with the gut microbiota and immune system (Hu and Rzymski, 2022). Certain cyanobacterial metabolites have been shown to alter the composition of the gut microbiota, potentially affecting host health and susceptibility to disease (Buratti et al., 2017). Differences at the genus level also indicate subtle relationships between sensory symptom manifestation and oral microbiota composition during the recovery period of COVID-19 patients. Additionally, vaccination status can influence oral microbiota (Uehara et al., 2022), as indicated by potential interactions between vaccination status and oral microbiota composition in our study.

Several functional pathways, such as degradation of ketone bodies, the PTS and galactose metabolism, were significantly increased in post-COVID-19 group. Hirschberger S et al. found that ketone bodies improve human CD8+ cytotoxic T-cell immune response during COVID-19 infection, indicating the beneficial role of ketone bodies in the disease process (Hirschberger et al., 2022). PTS not only catalyzes transport but also has various regulatory functions. It plays a role in carbon and nitrogen metabolism, regulates iron and potassium levels affecting pathogen virulence, and mediates stress responses (Kotrba et al., 2001). Meanwhile, these enrichment pathways are all related to energy metabolism (Kotrba et al., 2001; Rui, 2014; Coelho et al., 2015). Evidence suggests that COVID-19 disease can cause an energy supply deficit in patients (Ozilgen and Yilmaz, 2021). Consequently, we prudently suggest that the activation of energy metabolism pathways may potentially contribute to facilitating the recovery process from the disease. The downregulation of certain metabolic pathways may hold potential benefits for the recuperation process following infection. Riboflavin, commonly known as vitamin B2, is closely related to energy metabolism, enhancing immune function, and preventing and alleviating inflammatory reactions (Thakur et al., 2017). Further, LPS, a key inflammatory mediator, has been proposed to function as an important molecule that alerts the host of potential bacterial infection because of its ability to potently activate host inflammatory and innate defence responses (Teixeira et al., 2021). Collectively, these findings tentatively implied that the oral bacterial metabolism of healthcare workers underwent dynamic alterations throughout the recovery phase, including key aspects such as the regulation of vitamin metabolic pathways, modulation of inflammatory responses and the immune functions. However, it is important to note that further investigation is necessary to fully elucidate the underlying mechanisms and the exact nature of these alterations.

In this study, we collected oropharyngeal swabs from the same population both before and post-COVID-19 and participants had no other diseases affecting the oral microbiota at the time of sampling. To mitigate related factors affecting the oral microbiota, we obtained comprehensive participant demographic information. Nonetheless, this study had several limitations. First, despite our longitudinal study design, we still lacked long-term tracking and monitoring considering the dynamic changes in oral microbiota with recovery. Second, we did not describe the characteristics of nonbacterial microorganisms (such as fungi, viruses, and archaea) that also play an important role in the oral cavity. Further, the study was conducted within a single center, raising the possibility of limited generalizability to other populations. It remains uncertain whether similar alterations in oral microbiota are observable among convalescents in other medical institutions and general population.




5 Conclusion

In conclusion, our research clarified that the oral microbial diversity of front-line healthcare workers showed meaningful differences during the recovery phase from COVID-19. There were still notable changes in the composition of oral microbiota and function profiles among healthcare workers even one month after the negative COVID-19 test result. These findings underscore the importance of monitoring and maintaining the oral health of healthcare professionals, particularly during pandemic situations.
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OEBPS/Images/table1.jpg
Chracteristics

Age 32.76 + 481 33.83 £ 4.88 29.70 + 2.79 33.00 + 4.82 33.31 %533 0.1355"
Gender | 0.1109°
Male 12 (21.8%) 2 (11.1%) 1 (10.0%) 2 (18.2%) 7 (43.8%)
Female 43 (78.2%) 16 (88.9%) 9 (90%) 9 (81.8%) 9 (56.2%)
Position 0.1355"
Doctor 22 (40%) 9 (50%) 1(10%) 6 (54.5%) 6 (37.5%)
Nurse 33 (60%) 9 (50%) 9 (90%) 5 (45.5%) 10 (62.5%)
Seniority 8.82 + 4.83 8.94 +5.76 6.00 + 2.67 104 + 4.01 9.31 + 4.90 0.1469*
Comorbidity NA = - = = iv
BOP (-) 55 (100%) 18 (100%) 10 (100%) 11 (100%) 16 (100%) i®
PD 226+ 043 227 +0.44 239+ 045 220 +0.46 223+ 043 0.7462"
Vaccination 55 (100%) 18 (100%) 10 (100%) 11 (100%) 16 (100%) i

P value were calculated using a, kruskal-wallis test; b, chi-square test.





