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Editorial on the Research Topic 


Gut microbiota as a weapon against infections


Gut microbiota plays a dominant role in host defense against infections. The Research Topic entitled “Gut microbiota as a weapon against infections” in the Intestinal Microbiome section is centered on new perspectives, recent advances, and current challenges in microbiome and infection. This Research Topic is focused on the significant role and potential of gut microbiota in combating infections and improving overall human health. Seven original research articles and two reviews were published on this Research Topic.

Microbiota colonization during early life is crucial for infant health and immunity. Huang et al. aimed to understand the mechanisms of antibiotic-induced fungal infection in preterm infants. They found that broad-spectrum antibiotics may promote invasive fungi disease (IFD) in preterm rats. A decreased abundance of beneficial gut microbes such as Clostridium species and Bacteroides accompanies this IFD. This study highlights the importance of symbiotic microbiota, which may reduce the risk of IFD. Further, Cong et al. reviewed the potential of intestinal bacteria to combat invasive fungal infections. Here, they discussed related research studies and emphasis on the ability of intestinal commensal bacteria and probiotics to restrict the invasion of pathogenic fungi.

The 16S rRNA microbial profiling approach was employed by Lee et al. to determine the microbiota composition in Clostridioides difficile infections (CDI) patients after high-dose vitamin D supplementation. Interestingly, they found an elevated abundance of beneficial intestinal bacteria such as Bifidobacteriaceae and Christensenellaceae. However, a large cohort study is needed to establish the potential of vitamin D as replacement therapy in patients with CDI.

In the investigation by Zhang et al. the potential role of lactic acid bacteria (LAB) in preventing yak disease-related diarrhea was demonstrated. As an essential animal species on the plateau, Yak is an important source of livelihood and economy for herders. However, yak diarrhea, especially calf diarrhea, has brought substantial economic losses to residents. In this study, authors examine the probiotic potential of four species of lactic acid bacteria to prevent/treat yak diarrhea. The findings from this article can be accommodative to the meta-analysis work in the future and may formulate good probiotic clues. Chen et al. investigated how Cyprinid herpesvirus 2 (CyHV-2) infection impacts the gut microbiota of gibel carp. Their metabolome approach found a decrease in microbiota-regulated metabolites upon infection which correlated with the changes in the bacterial community.

Fecal microbiota transplantation (FMT) is an effective treatment for gastrointestinal disorders and highlights the importance of healthy microbiota in treating diseases. Zou et al., research on pediatric Crohn’s disease (CD) patients reported that FMT in conjugation with partial enteral nutrition could be used as a first-line treatment for active CD in children. They did not consider the gut flora variation in these patients, which warrants future prospective studies.

Better knowledge of the interplay between microbiota and drugs can help develop effective disease therapies to treat diseases. The study by Wan et al. evaluated the effect of the first-class hypoglycemic drug metformin on sepsis-related liver lung in aged rats. They highlighted in their study that metformin could alleviate inflammatory response and lung injury by reversing the imbalanced gut microbiota composition. These results provide a potential treatment for sepsis-associated acute lung injury (SALI) in aged rats with sepsis.

Another critical aspect to consider is the gut-lung axis, which indicates the crosstalk between the gut and lung that can impact infections such as tuberculosis (TB). Ye et al. cross-sectional study revealed that pulmonary tuberculosis patients exhibit significantly different microbiota from healthy controls. This finding suggests that altered gut microbiota might be the possible fundamental pathophysiology of pulmonary tuberculosis. Another interesting review article by Yu et al. summarized the current findings regarding tuberculosis and the gut microbiome. They have discussed studies related to the alteration of the gut microbiome in patients with pulmonary TB (PTB) and intestinal TB (ITB). They have focused on establishing Mycobacterium tuberculosis in the gastrointestinal tract and potential probiotics as well as postbiotics in treating ITB in PTB patients. These studies add to the knowledge of the gut-lung axis that can be a therapeutic target to improve TB infection.

In conclusion, our Research Topic provides some appreciable insights into the crucial role of gut microbiota in controlling bacterial and fungal infections. Thus, the published articles on this Research Topic will bring the opportunities to understand the potential role of commensal microbiota and their mechanisms to modulate host immunity, which could contribute to novel microbiota based therapeutics to treat infections.
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Background and Aim

Current therapeutic strategies for Clostridioides difficile infections (CDI), including oral vancomycin, metronidazole and fecal microbial transplantation, have limited efficacy and treatment failure may occur in as many as one- third of cases. Recent studies have reported that lower concentrations of 25-hydroxyvitamin D are associated with CDI severity and recurrence. However, there have been no studies on microbiota composition after the administration of vitamin D in patients with CDI. Therefore, our study aimed to compare the microbiota composition between the two groups, including eight CDI-positive patients with vitamin D supplementation and ten CDI-positive patients without vitamin D supplementation by using 16S rRNA microbial profiling.



Methods

Twenty subjects were enrolled in this prospective randomized controlled study. One subject dropped out due to lack of contact with the guardian after discharge and one subject dropped out due to withdrawal of consent. Thus, 18 patients with CDI and vitamin D insufficiency (vitamin D level < 17 ng/mL) were divided into two groups: CDI with vitamin D supplementation (n = 8) and CDI without vitamin D supplementation (control: n = 10). Subjects with vitamin D insufficiency were randomized to receive 200,000 IU intramuscular cholecalciferol whereas patients in the control group received only oral vancomycin. Stool samples were obtained twice before vancomycin was administered and eight weeks after treatment; the V3-V4 16S rRNA metagenomic sequencing was performed using EzBioCloud.



Results

The alpha diversity of the gut microbiota in the recovery state was significantly higher than that in the CDI state. Analysis of bacterial relative abundance showed significantly lower Proteobacteria and higher Lachnospiraceae, Ruminococcaceae, Akkermansiaceae, and Bifidobacteriaceae in the recovery state. When comparing the control and vitamin D treatment groups after eight weeks, increase in alpha diversity and, abundance of Lachnospiraceae, and Ruminococcaceae exhibited the same trend in both groups. A significant increase in Bifidobacteriaceae and Christensenellaceae was observed in the vitamin D group; Proteobacteria abundance was significantly lower in the vitamin D treatment group after eight weeks than that in the control group.



Conclusion

Our study confirmed that the increase in the abundance of beneficial bacteria such as Bifidobacteriaceae, and Christensenellaceae were prominently evident during recovery after administration of a high dose of cholecalciferol. These findings indicate that vitamin D administration may be useful in patients with CDI, and further studies with larger sample sizes are required.
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Introduction

Clostridioides difficile is a spore-forming, and toxin-producing, gram-positive anaerobic bacterium. C. difficile infection (CDI) is caused by the colonization of C. difficile due to changes in the composition of the normal intestinal flora of hospitalized patients receiving antibiotics (Guh and Kutty, 2018). CDI is one of the most common causes of nosocomial infections, and its incidence and mortality rates are increasing worldwide (Guh et al., 2020). In addition, antibiotic use is associated with the recurrence and emergence of antibiotic-resistant bacteria. Current therapies using oral vancomycin or metronidazole are inappropriate for treating intractable severe CDI and preventing recurrent CDI (Surawicz and Alexander, 2011). In recent years, attention has been focused on treatments for the preservation and restoration of intestinal flora and the optimization of the immune response to CDI (Johnson et al., 2021).

Over the past several years, experimental studies have reported the association of vitamin and trace element deficiencies with systemic inflammation and multi-organ failure (Holick, 2007). In particular, vitamin D is involved in the maintenance of bone growth, calcium and phosphorus metabolism, and immune system functions (Chang and Lee 2019). Vitamin D-related epidemiological studies have also reported that vitamin D deficiency increases the risk of systemic infection and is associated with a poor disease course and greater disease activity in patients with chronic inflammatory diseases (Jørgensen et al., 2010; Kempker and Martin, 2013). Recent studies have provided evidence that lower concentrations of 25-hydroxyvitamin D [25(OH)D] (vitamin D level < 20 ng/mL) are associated with CDI severity and recurrence (Sahay and Ananthakrishnan, 2014; Abdelfatah et al., 2015). In another study, vitamin D protect against CDI by restoring melanocyte inducing transcription factor expression and lysosomal function in mice (Chan et al., 2022). However, to date, there have been no studies on changes in microbiota composition after the administration of vitamin D in patients with CDI.

In this prospective observational study, we aimed to compare the microbiota composition by conducting 16S rRNA microbial profiling of two groups: CDI-positive with vitamin D supplementation and CDI-positive without vitamin D supplementation.



Materials and Methods


Study Population

This was a prospective, randomized, controlled, and interventional pilot study on 20 patients diagnosed with CDI (defined as ≥3 loose stools in 24 hours without any other cause and a positive glutamate dehydrogenase antigen test, positive Toxin A and Toxin B test or positive polymerase chain reaction) and vitamin D deficiency (serum 25(OH)D levels <17 ng/mL) at Kangwon National University Hospital between October 2019 and June 2021. Twenty subjects were randomly classified into two groups. Exclusion criteria included the use of immunosuppressants, pregnancy or plans to become pregnant in the next 3 months, disorders associated with hypercalcemia, current hypercalcemia (10.8 mg/dL albumin-corrected serum calcium. or 5.2 mg/dL ionized calcium), history of nephrolithiasis, chronic kidney disease worse than stage III, current substantial hepatic dysfunction (2.5 mg/dL total bilirubin, 1.0 mg/dL, direct bilirubin), use of probiotics (within four weeks from the date of CDI diagnosis), and inflammatory bowel disease. The study was approved by the Institutional Review Board of Kangwon National University Hospital (KNUH B-2019-04-005-011). Written informed consent was obtained from all the patients. This research was registered at the Clinical Research Information Service (identifier KCT0004335). Patients in the vitamin D treatment group were administered high-dose vitamin D3 (200,000 IU) via intramuscular injection once and were treated with oral vancomycin (125 mg, qid, for 14 days), whereas patients in the control group received only oral vancomycin (Figure 1).




Figure 1 | Schematic diagram showing the recruitment process.





Data Collection

Stool samples were collected from all patients at baseline and at eight weeks after treatment. Stool samples were immediately stored on ice and frozen at −80°C. DNA was extracted from the collected samples using a sterile container, and the composition of the microorganisms was analyzed via 16S rRNA sequencing using the extracted DNA.



DNA Extraction, PCR Amplification and Sequencing

Total DNA was extracted using the Maxwell® RSC PureFood GMO and Authentication Kit (Promega, USA), according to the manufacturer’s instructions. PCR amplification was performed using fusion primers targeting the V3-V4 region of the 16S rRNA gene. For bacterial amplification, the fusion primers 341F (5’-AATGATACGGCGACCACCGAGATCTACAC-XXXXXXXX-TCGTCGGCAGCGTC-AGATGTGTATAAGAGACAG-CCTACGGGNGGCWGCAG-3’; underlined sequence indicates the target region primer) and 805R (5’- CAAGCAGAAGACGGCATACGAGAT-XXXXXXXX-GTCTCGTGGGCTCGG-AGATGTGTATAAGAGACAG-GACTACHVGGGTATCTAATCC-3’) were used. The fusion primers were constructed in the following order: P5 (P7) graft-binding, i5 (i7) index, Nextera consensus, sequencing adaptor, and target region sequence. The amplification conditions were as follow: initial denaturation at 95°C for 3 min, followed by 25 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 30 s, and a final elongation at 72°C for 5 min. The PCR product was confirmed using 1% agarose gel electrophoresis and visualized using a Gel Doc system (Bio-Rad, Hercules, CA, USA). The amplified products were purified using CleanPCR (CleanNA). Equal concentrations of the purified products were pooled and short fragments (non-target products) were removed using CleanPCR (CleanNA). Quality and product size were assessed on the Bioanalyzer 2100 (Agilent, Palo Alto, CA, USA) using a DNA 7500 chip. Mixed amplicons were pooled and sequencing was performed by Chunlab, Inc. (Seoul, Korea), using the Illumina MiSeq Sequencing system (Illumina, USA) according to the manufacturer’s instructions. Sequence data were deposited in the National Center for Biotechnology Information as Bio Project ID: PRJNA824324.



Data Analysis Pipeline

The processing of raw reads started with quality check and filtering of low quality (<Q25) reads by Trimmomatic ver. 0.321. After QC pass, paired-end sequence data were merged together using the fastq_mergepairs command of VSEARCH version 2.13.42 with default parameters. Primers were then trimmed using the alignment algorithm of Myers and Miller3 at a similarity cutoff of 0.8. Non-specific amplicons that do not encode 16S rRNA were detected using nhmmer (Wheeler and Eddy, 2013) in the HMMER software package ver. 3.2.1 with hmm profiles. Unique reads were extracted and redundant reads were clustered with the unique reads by the derep_fulllength command of VSEARCH (Rognes et al., 2016). The EzBioCloud 16S rRNA database5 was used for taxonomic assignment using usearch global command of VSEARCH2 followed by more precise pairwise alignment3. Chimeric reads were filtered on reads with <97% similarity by reference based chimeric detection using the UCHIME algorithm6 and the non-chimeric 16S rRNA database from EzBioCloud. After chimeric filtering, reads that are not identified at the species level (with <97% similarity) in the EzBioCloud database were compiled and cluster_fast command2 was used to perform de-novo clustering to generate additional Operational taxonomic units. Finally, OTUs with single reads (singletons) were omitted from further analyses. The secondary analysis which includes diversity calculation and biomarker discovery was conducted using in-house programs of Chunlab, Inc (Seoul, South Korea). Alpha diversity information was confirmed through the Chao1 value, and Shannon. The relationship between samples was visualized through principal coordinate analysis (PCoA) using the Bray-Curtis dissimilarity and beta diversity distances were calculated using the Bray-Curtis dissimilarity index.

Linear discriminant Effect Size (LEfSe) analysis was performed to identify bacteria that were significantly different; the degree of difference was expressed as a linear discriminant analysis (LDA) score with α = 0.05 and LDA score threshold-2. At this time, 1% or more of the genus level was analyzed. All analyses mentioned above were performed in the EzBioCloud 16S-based MTP, which is a Chunlab bioinformatics cloud platform.



Statistical Analysis

Continuous variables were analyzed using the Mann–Whitney U test. Fisher’s exact test was used to compare the categorical variables between the control and experimental group. Paired data were analyzed using the paired Wilcoxon signed-rank test. In the statistical analysis, continuous variables were analyzed using t-test when P ≥ 0.05 and the Shapiro-Wilk and the Mann-Whitney U tests when P < 0.05. Statistical analyses were performed using SPSS for Windows (version 19.0; IBM Co., Armonk, NY, USA). Statistical significance was set at P < 0.05. GraphPad Prism 9.0 software (GraphPad Inc., San Diego, CA, USA) was used to generate the graphs.




Results


Demographic and Clinical Characteristics

The demographic and clinical characteristics of the patients are summarized in Table 1. Twenty subjects who met the inclusion criteria were enrolled; however, one subject dropped out due to no contact with the guardian after discharge, and one subject dropped out due to withdrawal of consent. Thus, a total of 18 subjects was analyzed. No differences in age, sex, BMI, presence of hypertension, presence of diabetes, cardiovascular disease, liver disease, chronic kidney disease, or chronic respiratory disease were observed between the vitamin D treatment and control groups. In addition, no statistically significant difference between the two groups in any of the tests performed were observed, except for blood urea nitrogen in the hematological examination (Table 1).


Table 1 | Demographic and clinical characteristics of study population (N=18).





Changes in the Gut Microbiota at the Time of CDI and Recovery After Eight Weeks

Alpha diversity, particularly in the Shannon index was increased (Figure 2A). The beta diversity using principal coordinate analysis was higher in terms of weighted UniFrac distance in CDI than in the recovery state (Figure 2B). When looking at the changes in individual species, the abundance of Proteobacteria (Enterobacteriaceae and Sutterellaceae) and Enterococcaceae, which are generally known to increase during CDI or antibiotic treatment, increased during CDI compared to those after recovery. In particular, a significant reduction in Proteobacteria (47.61 ± 37.20% in CDI vs. 13.63 ± 16.79% in recovery, P = 0.002) was evident during the recovery period. Conversely, the numbers of commensal bacteria and beneficial strains increased during the recovery period. A statistically significant increase in the abundance of short-chain fatty acid (SCFA)-producing clostridia such as Lachnospiraceae (3.50 ± 8.17% in CDI vs. 22.92 ± 19.66% in recovery, P = 0.001 and Ruminococcaceae (0.49 ± 0.80% in CDI vs. 11.12 ± 15.27% in recovery, P < 0.001) was observed (Figure 1C). Beneficial strains such as Akkermanssiaceae (0.03 ± 0.13% in CDI vs. 3.35 ± 9.71% in recovery, P = 0.020), Bifidobacteriaceae (0.79 ± 3.27% in CDI vs. 2.44 ± 3.79% in recovery, P = 0.017) and Christensenellaceae (0.13 ± 0.04% in CDI vs. 1.02 ± 2.69% in recovery, P = 0.022) also showed increased abundance. The decrease in Proteobacteria abundance and the increase in Lachnospiraceae and Ruminococcaceae abundance during the recovery period showed a statistically strong association (Figure 2C).




Figure 2 | Changes in the gut microbiota between Clostridioides difficile infection and recovery after eight weeks. (A) Alpha diversity. (B) Weighted UniFrac distance. (C) Relative abundances of individual bacteria that were significantly different between Clostridioides difficile infection and recovery. Blue dots indicate C. difficile infection state (0 week), red dots indicate recovery after eight weeks, and black lines represent changes in the same patient. n.s, not significant; *P < 0.05, **P < 0.01 and ***P < 0.001 (Wilcoxon signed rank test and Mann-Whitney U test).





Changes in the Gut Microbiota in the Control and Vitamin D Treatment Groups

No significant difference in the alpha diversity between the vitamin D treatment and control groups were observed (Figure 3A). Beta diversity was not significantly different between the vitamin D treatment and control groups (Figures 3B, 3C). In addition, no statistically significant differences at the phylum level were observed between the two groups (Supplementary figure 1).




Figure 3 | Effect of vitamin D supplementation on the gut microbiome. (A) Alpha diversity. (B) Weighted UniFrac distance. (C) Principal coordinates analysis (Bray–Curtis dissimilarity). (D) Relative abundances of Proteobacteria. (E) Relative abundances of Enterobacteriaceae. (F) Relative abundances of Escherichia. (G) Relative abundances of Christensenellaceae. n.s, not significant; *P < 0.05 (Wilcoxon signed rank test and Mann-Whitney U test).



With respect to individual taxon, the abundance of Proteobacteria, which significantly increased during CDI, showed a downward trend in the vitamin D treatment group, but the difference was not statistically significant. At the family and genus levels, the vitamin D treatment group showed a significant decrease in Enterobacteriaceae (16.50 ± 18.69% in CDI vs. 2.16 ± 1.88% in recovery, P = 0.034) and Escherichia (4.29 ± 5.68% in CDI vs. 0.69 ± 0.85% in recovery, P = 0.027) compared to those in the control group (Figures 3D–F and Supplementary Figure 2). Furthermore, the abundance of Christensenellaceae and Sutterellaceae was higher in the vitamin D treatment group. However, the vitamin D treatment group decreased more effectively than CDI and recovery groups (Figure 3G, Supplementary Figure 2 and Supplementary Figure 3).

The increase in Lachnospiraceae, Ruminococcaceae, Bifidobacteriaceae, and Christensenellaceae were evident in the vitamin D treatment group, whereas the abundance of Proteobacteria decreased (Figures 4A, B). Changes in Proteobacteria, Lachnospiraceae, and Ruminococcaceae abundance were also observed in both the vitamin D treatment group and the control group (Figures 4C–E). However, the increase in Bifidobacteriaceae and Christensenellaceae abundance was more prominent in the vitamin D treatment group than that in the control group (Figures 4F, G).




Figure 4 | Effect of vitamin D supplementation on the individual gut taxa. A, B. Cladogram (A) and linear discriminant analysis scores (B) using LEfSe analysis of the fecal microbiota in Clostridioides difficile infection versus recovery after eight weeks in the vitamin D treatment group. (C–G). Differences in the abundance of individual bacteria between the control group and vitamin (D) supplement group. (C) Proteobacteria. (D) Lachnospiraceae. (E) Ruminococcaceae. (F) Bifidobacteriaceae. (G) Christensenellaceae. *P < 0.05, **P < 0.01 (Wilcoxon signed rank test).






Discussion

This study investigated the changes in the gut microbiota between CDI and recovery in patients with and without vitamin D supplementation. Specifically, we found a significant increase in the abundance of Proteobacteria during CDI, and an increase in the abundance of Lachnospiraceae, Ruminococcaceae, Akkermansiaceae, Bifidobacteriaceae, and Christensenellaceae after recovery. The vitamin D treatment group showed a significant increase in the abundance of beneficial bacteria, such as Bifidobacteriaceae and Christensenellaceae, and the abundance of Enterobacteriaceae in the recovery state was significantly lower than that in the group without vitamin D treatment.

To date, the overall incidence of CDI and severe or fulminant CDI have increased, in association with an increased infection by highly virulent strains, such as NAP1/BI/027, and the increased use of antibiotics, anticancer drugs, and gastric acid inhibitors (Pépin et al., 2004; Ricciardi et al., 2007). Another problem is the increased frequency of CDI recurrence that may be caused by the reactivation of previous bacteria or re-infection with new bacteria. According to previous studies, up to 25% of patients experience recurrent CDI within 30 days of treatment (Kelly, 2012). The risk of subsequent recurrence in patients was 45% (McFarland et al., 2002). In the treatment of severe, refractory, or recurrent CDI, vancomycin has shown limitations in enhancing the effectiveness of treating or preventing recurrence. Recently, many studies have investigated fecal microbiota transplantation (FMT) as a treatment for CDI. Conventional CDI treatment with vancomycin disrupts the balance of normal colonic flora and weakens the resistance of normal flora to other proliferating bacteria. In FMT, this imbalance is restored by transplanting donor feces containing normal flora into patients with CDI (Kim, 2012). However, FMT has procedural complications and risks the transmission of infectious agents (Reumkens et al., 2016; Zellmer et al., 2021).

Vitamin D plays an important role in the maintenance of bone mineral density and has an important influence on the immune system, including the modulation of antiviral and antibacterial inflammatory immune responses (Chang and Lee 2019). Most studies emphasize maintaining vitamin D levels above 30 ng/ml to prevent osteoporosis and rickets (Dawson-Hughes et al., 2010; American Geriatrics Society Workgroup on Vitamin D Supplementation for Older Adults Workgroup on Vitamin, 2014). It also has an important influence on the immune system (Taha et al., 2021),. Vitamin D induces cathelicidin production, which can directly kill viruses and bacteria or bind to endotoxins (Liu et al., 2006). Studies on vitamin D deficiency and supplementation in inflammatory bowel disease (IBD) and inherited disorders, such as cystic fibrosis, have been published. When vitamin D was administered daily for one month to patients with IBD and vitamin D deficiency, a negative relationship between vitamin D levels and C-reactive protein was found (Jun et al., 2019). Kanhere et al. (2018) reported that in patients with cystic fibrosis and vitamin D deficiency, an imbalance in the intestinal microflora was observed, which improved when high doses of vitamin D were administered. Abdelfatah et al. (2015) suggested a significant relationship between vitamin D levels and CDI severity. In the present study, we investigated the effect of vitamin D by applying a strict standard of less than 17 ng/mL, which is lower than the vitamin D deficiency standard (Taha et al., 2021). When vitamin D3 (200,000 IU) was administered to patients with CDI at the initial stage of infection, vitamin D deficiency was quickly corrected, but the difference was not statistically significant compared to the control group in relieving microbiota dysbiosis.

Firmicutes and Bacteroidetes dominate the normal intestinal environment, whereas Proteobacteria, Actinobacteria, and Verrucomicrobia are less abundant (Backhed et al., 2005). An increased prevalence of Proteobacteria is a marker of an imbalance in the taxonomic composition of the gut microbiota and a potential diagnostic criterion for disease (Shin et al., 2015). In particular, an increase in Proteobacteria is evident when the gut microbiota changes, and metabolic homeostasis is disrupted by the use of antibiotics (Zarrinpar et al., 2018). In CDI, Proteobacteria and Enterococcus strains are the major strains that increase during dysbiosis owing to changes in the gut microbiota (Samarkos et al., 2018; Kim et al., 2020). Proteobacteria induces epithelial dysfunction and exacerbates intestinal inflammation, and the association between CDI and IBD is well known (Litvak et al., 2017; Caruso et al., 2020). In contrast, Bacteroides, Prevotella, and Clostridiales are commensal bacteria, and enterotyping is performed depending on which strain is dominant (Arumugam et al., 2011). Among them, SCFA-producing Clostridium, as well as Lachnospiraceae and Ruminococcaceae, play an important role in the anti-inflammatory action of intestinal immunity by increasing T reg activity (Guo et al., 2020; Park et al., 2020). In a previous study, patients with CDI showed a decrease in Lachnospiraceae and Ruminococcaceae (Antharam et al., 2013). In the present study, the increase in Proteobacteria abundance after CDI was substantial. Furthermore, during the recovery process, the decrease in Proteobacteria abundance and increase in the abundance of Lachnospiraceae and Ruminococcaceae, which are important for the secretion of metabolites such as SCFA with anti-inflammatory effects, particularly among normal flora were prominent. Therefore, methods that reduce Proteobacteria abundance and increase the abundance of commensal Clostridiales, such as Lachnospiraceae and Ruminococcaceae, could be used to treat CDI. Akkermansia is also a candidate probiotic that has recently received attention for its role in metabolic and systemic diseases (Plovier et al., 2017; Michalovich et al., 2019).

In addition, we observed that the abundance of Bifidobacteriaceae and Christensenellaceae significantly increased with vitamin D supplementation. Bifidobacterium, a well-known probiotic, is effective against inflammatory diseases by reducing inflammatory substances including cytokines, protecting the intestinal epithelial barrier, and balancing the gut microbiota (Konieczna et al., 2012). The anti-inflammatory effects of Bifidobacterium in animal dextran sodium sulfate models and human IBD have also been consistently reported (Singh et al., 2020; Yao et al., 2021). In a recent study involving vitamin D supplementation in healthy controls, an increase in Bifidobacterium abundance was observed (Meng et al., 2020). Previous studies have reported that Bifidobacteriaceae reduces CDI through anti-inflammatory effects (Skraban et al., 2013; Singh et al., 2020). Meanwhile, the function of Christensenellaceae is relatively less known, but it is a commensal bacterium in the human gut that plays an important role in human health (Waters and Ley, 2019). Further research is needed on the effects of Bifidobacteriaceae and Christensenellaceae on CDI and their relationship with vitamin D. Fifth, it was not possible to evaluate whether there were intestinal changes in increased intestinal permeability following high-dose vitamin D supplementation. In our first study plan, we tried to perform biopsy by performing sigmoidoscopy at the time of initial diagnosis and 8 weeks after treatment for CDI. Through this biopsy, it was attempted to determine whether there were any changes in the tissues depending on whether or not high-dose vitamin D was administered, but it was not possible to obtain the consent of the patients and guardians.

This study has several limitations. First, since this was a pilot study, the sample size was small, which may be statistically underpowered. To overcome this limitation, we included a control group. Second, selection bias may be possible because only patients with CDI with a vitamin D level of less than 17 ng/mL were enrolled in our study. Third, other parameters such as diet were not evaluated. Further investigations, including dietary patterns and other predisposing factors that could affect the microbiome, would help deepen our understanding of the relationship between vitamin D and the microbiome. Fourth, the short-term effects of vitamin D supplementation could not be assessed. In this study, the control group also showed a significant change after eight weeks compared to the CDI group. Therefore, to observe the effects of vitamin D, additional analysis over a short period of one–two weeks may be necessary.

In conclusion, our study is the first to identify changes in the gut microbiota upon administration of high-dose vitamin D to patients with CDI and show that the administration of a high dose of cholecalciferol may play an adjuvant role in the treatment of CDI for the first time. Furthermore, our study confirmed that the increase in Christensenellaceae and Bifidobacteriaceae abundance was enhanced in vitamin D-deficient patients with CDI recovery after the administration of a high dose of cholecalciferol. Physicians should consider the potential role of vitamin D as replacement therapy in patients with CDI. These findings require further evaluation in a larger, multicenter study.
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Preterm infants or those with low birth weight are highly susceptible to invasive fungal disease (IFD) and other microbial or viral infection due to immaturity of their immune system. Antibiotics are routinely administered in these vulnerable infants in treatment of sepsis and other infectious diseases, which might cause perturbation of gut microbiome and hence development of IFD. In this study, we compared clinical characteristics of fungal infection after antibiotic treatment in preterm infants. As determined by 16S rRNA sequencing, compared with non-IFD patients with or without antibiotics treatment, Clostridium species in the intestinal tracts of patients with IFD were almost completely eliminated, and Enterococcus were increased. We established a rat model of IFD by intraperitoneal inoculation of C. albicans in rats pretreated with meropenem and vancomycin. After pretreatment with antibiotics, the intestinal microbiomes of rats infected with C. albicans were disordered, as characterized by an increase of proinflammatory conditional pathogens and a sharp decrease of Clostridium species and Bacteroides. Immunofluorescence analysis showed that C. albicans-infected rats pretreated with antibiotics were deficient in IgA and IL10, while the number of Pro-inflammatory CD11c+ macrophages was increased. In conclusion, excessive use of antibiotics promoted the imbalance of intestinal microbiome, especially sharp decreases of short-chain fatty acids (SCFA)-producing Clostridium species, which exacerbated the symptoms of IFD, potentially through decreased mucosal immunomodulatory molecules. Our results suggest that inappropriate use of broad-spectrum antibiotics may promote the colonization of invasive fungi. The results of this study provide new insights into the prevention of IFD in preterm infants.
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Introduction

Invasive fungal disease (IFD) is one of the late-onset severe infections in premature infants (Kilpatrick et al., 2021). Because premature infants and those with low birth weights are at increased risk, neonatal intensive care units (NICU) tend to be locales of relatively high incidences of candidiasis. IFD affects 7 to 10% of preterm infants with birth weights of less than 1500 g (Benjamin et al., 2010; Weimer et al., 2021). Infants with birth weights of less than 750 g are at disproportionate risk: the incidence of IFD in these extremely low birth-weight infants due to infection with Candida species is two times higher than in infants with birth weights of 750 to 1000 g (Aliaga et al., 2014; Autmizguine et al., 2018). The signs of the disease are usually subtle, and despite the existence of effective antifungal treatments, the consequences for preterm infants are severe (Aliaga et al., 2014; Autmizguine et al., 2018). After Candida infection, almost 70% of infants born with birth weights under 1000 g lost their lives or developed severe neurodevelopmental disorders (Benjamin, 2006). Therefore, reducing the risk of invasive fungal infection in preterm infants is crucial.

The heightened vulnerability of hospitalized preterm infants to infection means that they often undergo long-term exposure to antibiotics. Increasing evidence shows that some specific antibiotics are associated with significantly increased risks of neonatal IFD (Benjamin, 2006; Lee et al., 2013; Fu et al., 2018; Warris et al., 2020; Kilpatrick et al., 2021). For example, a study of 3702 infants demonstrated that in extremely low birth-weight infants, long-term use of broad-spectrum antibiotics for at least 3 days after birth was associated with invasive candidiasis. This effect was especially strong for the use of third-generation cephalosporins, with a correlation coefficient of 0.67 (P = 0.017) (Cotten et al., 2006). In another study, 691 neonates who had been exposed to third-generation cephalosporins were found to be infected with Candida, which indicated a strong correlation between cephalosporins use and the incidence of invasive candidiasis (Benjamin, 2006). Thus, these studies suggest that either genetic or pharmacological interference with the host microbiota or the microbial environment may destroy the delicate balance and lead to the invasive growth of Candida albicans (C. albicans), causing candidiasis (Gutierrez et al., 2020; Costantini et al., 2022; Qin et al., 2022). However, while antibiotics are generally thought to increase the risk of fungal infection, the specific mechanisms leading to this increased risk are not entirely clear.

The microbiota during early life is important for infant health (Gasparrini et al., 2019; Rao et al., 2021). Importantly, the presence and activity of C. albicans have been found to be related to imbalances of the intestinal microbiome that can lead to health disturbances (Fox et al., 2014; Fan et al., 2015; Bergeron et al., 2017; Nogueira et al., 2019). Most studies of bacterial-fungal interactions have focused on interactions between pathogenic C. albicans and various bacteria (Nogueira et al., 2019), such as Pseudomonas aeruginosa (Bergeron et al., 2017), Bacteroides fragilis (Valentine et al., 2019), Clostridium species (Fan et al., 2015) and Enterococcus faecalis (Brown et al., 2019). IFD and the resulting microbial disruptions caused by various Candida species have been found to be associated with several factors. For instance, IFD is considered to be more likely to occur in patients with low immune function (Baptista et al., 2016; Brown et al., 2019; Ferreras-Antolin et al., 2019). In addition, either gestational age, mode of antibiotic treatment, host epithelial barrier function, immune ontogeny or diet may affect the composition of the microbiota (La Rosa et al., 2014; Bäckhed et al., 2015; Bokulich et al., 2016; DiBartolomeo and Claud, 2016; Gibson et al., 2016; Gregory et al., 2016; Shao et al., 2019; Ronan et al., 2021). However, due to these complexities, the impact of any single factor on microbiota development remains unclear, and understanding how antibiotics affect the microbiota of preterm infants and whether they promote fungal infection is a major challenge.

In order to clarify mechanisms by which antibiotics affect the microbiota and risk of IFD, we compared the clinical characteristics of fungus-infected and non-fungus-infected newborns after antibiotic treatment. The feces of these volunteers were studied through gene sequencing and analyses of 16S rRNA, and the compositions of their intestinal microbiomes were compared. Then, we constructed a rat fungal infection model and compared the responses of the microbiomes of rats with and without C. albicans infection to treatment with antibiotics. Finally, by using intestinal tissue immunofluorescence assays, the distribution and expression of IgA and IL10, the key molecules of immune regulation in the cecum, were detected. In summary, through this study, we aimed at elucidating the possible mechanisms of antibiotic-induced fungal infection in preterm infants.



Materials and methods


Participants

This retrospective study enrolled infants who were patients of the Guangzhou Women and Children Medical Care Center from January 2019 to December 2019. Three infants with clinically diagnosed fungal infection who had been admitted to the NICU constituted the fungal group, five infants who were treated with antibiotics but were not diagnosed with fungal infection constituted the non-fungal group, and four infants who were not treated with antibiotics and were not diagnosed with fungal infection constituted the control group. The inclusion criterion for patients with fungal infection was positive symptoms of fungal infection and an increased serum (1,3)-β-d-glucan level as confirmed with multiple blood tests. The inclusion criteria for the non-fungal group were as follows: admission to the NICU during the same time period, antibiotic use after birth due to other diseases, and without symptoms of fungal infection. The criteria for the control group were as follows: admission to the NICU during the same time period, no antibiotic use during hospitalization, and no evidence of fungal infection. All the studies followed the guidelines for the ethical treatment of human specimens and were approved by the Ethics Committee of Guangzhou Women and Children’s Medical Center. According to the Declaration of Helsinki, written informed consent was obtained from the parents of all enrolled neonates.

We recorded the general clinical data of all infants in the study, including sex, gestational age, birth weight, mode of delivery, premature rupture of membranes, 5 min Apgar score, and other diseases. The Apgar score comprises 5 components: (1) color, (2) heart rate, (3) reflexes, (4) muscle tone, and (5) respiration (Watterberg et al., 2015). The Apgar score was used to evaluate neonatal asphyxia. We also recorded additional clinical data of fungal group, including the types and days of antibiotic treatments, serum 1,3-β-D-glucan levels during hospitalization, the types and days of antifungal drugs, and the amount and duration of daily feeding.



Collection of feces

Samples were taken from the fresh stool by using a sampling spoon, and the stool samples were quickly placed in a sterilized microcentrifuge tube. Then, the labeled tubes were transferred to a -80°C freezer for storage. After the diagnosis of IFD, the fecal samples of neonates in the fungal group were collected before antifungal treatment. The fecal samples of neonates in the non-fungal group were collected at the end of antibiotic treatment. The fecal samples of the control group were collected under normal feeding.



Establishment of animal models

Animals in this study were approved by Guangzhou Medical University’s Institutional Animal Care and Use Committee and conducted in accordance with institutional guidelines. SPF-grade 0 to 2 day-old Sprague-Dawley (SD) rats, male or female, weighing 6 to 10 g, were provided by the Experimental Animal Center of Southern Medical University.

Increased risk of IFD in neonates has been associated with broad-spectrum antibiotic exposure, in particular with exposure to carbapenems (Fu et al., 2016; Esaiassen et al., 2017; Jiang et al., 2020). Therefore, we used meropenem in the establishment of a rat model of IFD. As in our ward, the infants who underwent co-administration of meropenem and vancomycin were more susceptible to IFD, we also included vancomycin in this treatment. In the fungal infection group (n = 9), the body weight (g) of rats were measured daily, and meropenem (2.4 mg/g) and vancomycin (0.9 mg/g) were injected intramuscularly once per day for 14 days. An intraperitoneal injection of 0.3 mL of C. albicans inoculum (108 CFU/mL) was given on the 15th day. Saline solution was utilized in the vehicle group (n = 7) for 14 days, and then C. albicans inoculum was administered on the 15th day. Rats in the control group (n = 4) received regular feedings.



Animal sampling

Fresh fecal pellets were taken from each rat on the 10th day after injection of C. albicans. Fresh fecal samples were obtained by placing a rat in an empty cage for a period of time during which its feces were excreted. The collected fecal pellets were put into a sterilized microcentrifuge tube and quickly stored at -80°C. All rats were sacrificed by cervical dislocation on the 10th day, and the severity of fungal infection was observed and intestinal samples were collected.



Immunofluorescence staining

Sections of frozen ileum tissue (7 mm) were prepared and fixed with 4% PFA. Goat serum was added for 1 hour at room temperature, then the primary antibodies were applied overnight in a wet chamber at 4°C. Following the washing with PBS, the sections were incubated for 1 hour at room temperature with secondary antibodies and mounted them with VECTASHIELD Antifade Mounting Medium with DAPI to stain the nucleus. Using a Leica TCS SP8 Inverted Fluorescence Microscope (Leica Microsystems), immunofluorescent images were acquired. ImageJ software (National Institutes of Health, Bethesda, MD) was used to calculate the average fluorescence intensity of IgA and IL-10, and the number of CD11c clusters per square millimeter.

The primary antibodies and their concentrations were as follows: anti-IL-10 (bs-0698r, Bioss, China) (1:100), anti-IgA (MARA-1, Origene, USA) (1:100), and anti-CD11c (orb621157, Biorbyt, Cambridge, UK) (1:50). The secondary antibodies and their concentrations were as follows: goat anti-mouse IgG H&L-Cy3 (GB21301, Servicebio, China) (1:500), goat anti-rabbit IgG H&L-Cy3 (GB21303, Servicebio, China) (1:500), and goat anti-mouse IgG H&L-FITC (GB22301, Servicebio, China) (1:500).



16S rRNA analyses

According to the manufacturer’s instructions, DNA was extracted from microbial community using MagPure Stool DNA KF kit B (Magen, China). Degenerate PCR primers were used for amplification of variable region V4 of the bacterial 16S rRNA gene, primers 515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’). PCR cycling conditions were 95°C for 3 min, followed by 30 cycles of 95°C for 45 s, 56°C for 45 s, and 72°C for 45 s, with a final extension of 10 minutes at 72°C. We purified the PCR products using Agencourt AMPure XP beads, followed by elution in elution buffer. The Agilent Technologies 2100 bioanalyzer was used to qualify libraries. In the sequencing process, the validated libraries were analyzed using an Illumina HiSeq 2500 platform (BGI, Shenzhen, China) following the standard Illumina pipelines, and two 250 bp paired-end reads were obtained.

Then, according to the 97% similarity criterion, we use de novo OTU screening with USEARCH (v7.0.1090) software platform to group reads into discrete operational taxonomic unit (OTU) clusters (Caporaso et al., 2010). These clusters were classified taxonomically using the Ribosomal Database Project (RDP; http://rdp.cme.msu.edu/) for bacteria. Based on annotations of OTUs, we generated phylogenetic relative abundance profiles at multiple taxa levels (phylum, class, order, family and genus). The Shannon diversity index, Simpson diversity index, and Chao1 diversity were used to estimate Alpha diversity. A weighted UniFrac distance was calculated using the QIIME (v1.80) pipeline to determine beta diversity (Edgar, 2010). R software (v3.1.1) was used to draw rank-abundance (Alroy, 2015) and Venn diagram analysis (Chen and Boutros, 2011). R software (v3.1.1, ade4 package) was used to draw PCA analysis. R software (v3.1.1, vegan package) was used to draw Nonmetric Multidimensional Scaling (NMDS) analysis. R software (v3.4.1) was used to draw a Spearman correlation heat map between dominant microbiome. PICRUSt2 software package (v2.2.0-b) and Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://geneontology.org/) were used to predict the functional content of microbial communities as KEGG ortholog profiles (Kanehisa et al., 2012). After obtaining the different gene functional pathways (Kruskal-Wallis tests), GraphPad Prism 8 (GraphPad Software Inc., USA) was used to represent data graphically. Linear discriminant analysis (LDA) effect size (LEfSe) was applied to find significant microbiome of different groups (Segata et al., 2011). Only taxa with LDA >3 at a P value <0.05 were considered significantly enriched.



Statistical analysis

SPSS 25.0 software (SPSS, Inc., Chicago, IL, USA) and GraphPad Prism 8 (GraphPad Software Inc., USA) were used for statistical analyses. All data were first tested for normality and homogeneity of variance, and were statistically analyzed by analysis of variance. Composition and diversity of the gut microbiota were reported as mean ± SEM. The nonparametric Mann-Whitney U and Kruskal-Wallis tests were used for comparison of these factors. A permutational multivariate ANOVA PERMANOVA was used to test PCoA comparisons. NMDS comparisons were performed using ANOSIM. P < 0.05 was considered statistically significant.




Results


Clinical characteristics of premature infants with invasive fungal infections

This study involved a retrospective analysis of patients at our hospital. We collected the clinical information from three groups of infants. One group of infants (fungal group, n = 3) was diagnosed with fungal infections after being treated with broad-spectrum antibiotics for bacterial sepsis. A second group of infants (non-fungal group, n = 5) did not have any symptoms of fungal infection after broad-spectrum antibiotics therapy for bacterial sepsis. We identified a third group of infants (control group, n = 4) who did not have symptoms of fungal or bacterial infections, and were not treated with antibiotics. Fungal infections were diagnosed by combining clinical characteristics and blood levels of 1,3-β-D-glucan according to standard guidelines (Calley and Warris, 2017; King et al., 2017; Clancy and Nguyen, 2018; Warris et al., 2019; Weimer et al., 2021). We found that the average gestational age of infants with fungal infection was less than 30 weeks (29.5 ± 0.7 weeks) and the birth weight was less than 1500 g (1120 ± 226 g) (Table 1). There was no significant difference in the premature rupture of membranes, mode of delivery or the age of achieving full enteral feeding (P > 0.05) (Table 1).


Table 1 | Comparison of clinical data among healthy volunteers, infants with fungal infection and infants without fungal infection (n=12).



We found that patients diagnosed with a fungal infection tended to have received injections of broad-spectrum antibiotics for more than 2 weeks prior to the fungal infection. In two cases, the treatment lasted for more than 1 month (Table 2). The average exposure time to broad-spectrum antibiotics in the fungal group was longer than that in the non-fungal group. All of the cases in fungal group received carbapenem therapy. The group of infants with fungal infection had more severe complications than those in the non-fungal group and the control group (Table 2).


Table 2 | Clinical and laboratory information among the three groups of individuals (n=12).



Previous studies demonstrated that low birth weight, use of broad-spectrum antibiotics (e.g. third-generation cephalosporins or carbapenems) for greater than 7 days, mechanical ventilation, central vascular catheter, and delayed full feeding were risk factors of invasive fungal infections (Feja et al., 2005; Hsieh et al., 2012; Lee et al., 2013; King et al., 2017). These findings are consistent with our results regarding the characteristics of the fungal group. However, we noticed that two infants in the non-fungal group who had been exposed to third-generation cephalosporins or carbapenems for more than one month had no invasive fungal infections. We further found that the time required for infants in the fungal group to achieve total enteral feeding was longer than that in the non-fungal group (50.67 ± 18.93 vs 22.0 ± 16.6 days, Table 1; Figure 1). Thus, there were significant differences in specific tested clinical parameters between fungal and non-fungal group.




Figure 1 | Categories and duration of antibiotics or antifungal drugs used, and the time to achieve complete feeding in the fungal and non-fungal group. F1-3 stand for patients in fungal group, N1-5 stand for patients in non-fungal group. A newborn feeding amount of 150ml/kg per day means complete feeding.





Characteristics of intestinal microbiomes in neonates with C. albicans infection after antibiotic use

It has been shown that the type of birth, gestational age, the type of feeding, and antibiotic treatment affect the microbial colonization of preterm infants (Parra-Llorca et al., 2018; Zwittink et al., 2018; Healy et al., 2022). Therefore, we collected the feces of these three groups of infants and analyzed the intestinal microbiomes in order to explore the relationship between the intestinal microbiome and invasive fungal infection. After performing quality control of the sequences, a total of 704,264 high-quality sequences were obtained from all patient samples.

By applying the USEARCH software platform, OTUs clusters were identified based on nonrepetitive sequences. 53, 77 and 79 OTUs were found from the control group, non-fungal group and fungal group, respectively. The analysis also showed that there were 24 identical OTUs in the three groups, and 28 OTUs were identified as being specific to the fungal group (Figure 2A).




Figure 2 | Evaluation of microbiome composition in newborns without antibiotics and without fungal infection (control group), newborns treated with antibiotics (non-fungal group) and newborns infected with fungi (fungal group). (A) A Venn diagram shows the common and unique OTUs of the three groups, where Core represents the common OTUs of the three groups. (B) Nonmetric Multidimensional Scaling (NMDS): groups were compared using ANOSIM. Relative proportions of sequences read at the family (C) levels assigned to different bacteria. The microbiome abundance was less than 0.5% in all samples, and the unannotated microbiomes were all merged into Others. Comparison of relative abundance of bacteria at family (D) levels. The results are mean ± SEM, and the P values of the differences between groups were tested by the Mann-Whitney U test. *P < 0.05 vs Control, #P < 0.05 vs Control, +P < 0.05 vs Fungal. (E) Differential enrichment of intestinal microbiota of rats in each group at the genus level according to linear discriminant analysis (LDA). Only taxa with LDA >3 at a P value <0.05 were considered significantly enriched. (F) Heat map: the number in the box is the Spearman coefficient, whose color deepens with the increase of the absolute value. Spearman values range from -1 (blue) to 1 (red).



We evaluated the composition of the microbiome communities in the intestines of these infants by calculating alpha diversity and beta diversity. Regarding alpha diversity, the increase of the Chao1 index represents the richness of the intestinal bacterial community, and a lower Simpson index or higher Shannon index suggests a higher diversity of intestinal bacterial communities. The fungal group showed more estimated richness according to the Chao1 index than did the control group, but the differences between these groups did not rise to the level of statistical significance (sFigure1A). The Shannon index of the fungal group was decreased (sFigure1B), while the Simpson index was increased (sFigure1C), suggesting that the diversity of the microbiome changed upon infection, but there was no significant difference between the groups.

Next, we estimated beta diversity of gut microbiota based on their relative abundances and shared OTUs. A Principal Component Analysis (PCA) illustrated the similarities and differences of the three groups of bacteria based on the total number of OTUs. As shown in sFigure1D, there were some notable separations among the microbial populations of the fungal group, the control group and the non-fungal group. The percentages attributed to variations in Principle Component (PC)1 and PC2 were 38.15% and 22.08%, respectively. NMDS (Figure 2B) provided another method to identify the similarities and differences among the three groups; in this analysis, the stress coefficient was found to have explanatory significance (stress < 0.2, P = 0.0588, ANOSIM).

According to the absolute abundances of OTUs and the species annotation information, the microbiota compositions of each group at the family and genus levels were analyzed statistically. At the family level (Figures 2C, D), the composition of the intestinal microbiome in neonates with fungal infections was clearly altered. Interestingly, the relative abundance of inflammation-associated microbiota, including Enterococcaceae (72.00 vs 3.30%, P = 0.034) and Pseudomonadaceae (9.04 vs 0%, P = 0.028) in infants with a fungal infection was significantly higher than that of control group. This difference was especially clear with the Enterococcaceae family. The abundance of Enterobacteriaceae was decreased in the fungal group and non-fungal group relative to the control group, and it was especially decreased in the fungal group. Clostridiaceae was almost absent from the fungal group, but it was abundant in the non-fungal group. Veillonellaceae and Pasteurellaceae were detected at low levels in the fungal and non-fungal group.

These major changes observed at the family level were similarly observed in downstream taxa. At the genus level (sFigures 1E, F), we confirmed that Enterococcus (72.01 vs 3.30%, P = 0.034) and Pseudomonas (9.04 vs 0%, P = 0.028) were enriched in fungal group compared to control group, while the number of species of the genus Escherichia (Enterobacteriaceae) (0 vs 36.77%, P =0.028) was lower. Clostridium_sensu_stricto, which are linked to the production of butyric acid, almost disappeared in the intestines of the three patients in the fungal group. Although the patient sample size was small, clear trends indicating a decrease of Clostridiaceae and increase of Enterococcaceae in the fungal infection group were noted.

A GraPhlAn plot was created to show the overall composition of the microbiota at the phylum-to-genus level of all samples. We observed that the abundance of Enterococcus was higher in the fungal group and the abundance of Enterobacteriaceae and Clostridiaceae were enriched in the control group and non-fungal group (sFigure 1G). The distribution of enriched bacteria at the genus level was identified using LEfSe analysis (Figure 2E and Supplement 1). Although the patient sample size was small, an enrichment of Enterococcus (LDA = 5.55, P = 0.024) in the fungal group attracted our attention. A heat map based on the Spearman coefficient showed the correlation between the microbiome at the species level; we found that there was a strong negative correlation between Enterococcus and Clostridium butyricum (C. butyricum), with a Spearman coefficient of -0.71 (Figure 2F).

Then, we used KEGG analysis to predict metabolic pathways of the infant intestinal microbiome (Figure 3). At the third hierarchical level of KEGG pathways (KEGG level 3), the metabolism of vancomycin (1.75 and 2.09 vs 1.13) and streptomycin (1.42 and 1.60 vs 0.96) were predicted to increase significantly in the fungal group and the non-fungal group compared to control group; these changes were likely related to the use of antibiotics in these neonates. In addition, bacterial infection (0.54 and 0.20 vs 0.05) and bacterial phosphotransferase system (3.0 and 1.72 vs 1.11) pathways were significantly enriched in the fungal and non-fungal groups. Glucose metabolism, amino acid metabolism and vitamin metabolism in the fungal and non-fungal group were disordered. Interestingly, butanoate metabolism (0.71 vs 1.04) decreased significantly in the fungal group compared to control group, while the demand for fatty acid (2.13 vs 1.49) and ketone synthesis (1.20 vs 0.41) increased.




Figure 3 | Differences of neonates in intestinal KEGG metabolic pathways level 3. *P < 0.05 vs Control, #P < 0.05 vs Control, +P < 0.05 vs Fungal. The P value was calculated with the Kruskal–Wallis test.





Association of C. albicans infection with gut microbial changes in a rat model

Based on the strong negative correlation between Enterococcus and C. butyricum in intestinal microbiomes of infants infected with fungi, we hypothesized that these microbes play important roles in the process of neonatal fungal infection. Therefore, we constructed a rat fungal infection model to test our hypothesis. In a previous work, we showed that compared with untreated neonatal rats, the immunity of neonatal rats to C. albicans infection was significantly impaired after antibiotic treatment. This damage was manifested by increased levels of fungal glucan in peripheral blood, intestinal congestion, ischemia, multiple caseous fungal infections in the abdominal cavity and reduction of intestinal villi (Wang et al., 2020). These symptoms were similar to those of IFD.

Therefore, we further analyzed and evaluated the microbiome in the rat model of fungal infection. This analysis led to the identification of 537 OTUs in control rats (control group), 124 OTUs in rats infected with fungi after antibiotic treatment (fungal group) and 554 OTUs in rats infected with fungi without antibiotic treatment (vehicle group). We also identified 17 OTUs that were specific to the fungal group, indicating that the abundance and composition of microbial communities in the fungal group changed dramatically with antibiotic treatment (Figure 4A).




Figure 4 | Comparison of intestinal microbial abundance and community composition among rats without any treatment (Control group), rats infected with fungi after antibiotic treatment (Fungal group) and rats inoculated with fungi only (Vehicle group). (A) A Venn diagram analysis shows the common and unique OTUs among the three groups. Three indexes of alpha diversity are displayed: (B) the Chao1 index, (C) the Shannon index, and (D) the Simpson index. The data are presented as the mean ± SEM. The P value was calculated with a Kruskal–Wallis test. *P < 0.05, **P < 0.01, ****P < 0.0001. (E) The RNK curve: the abscissa is sorted by sample OTUs, and the ordinate is OTU abundance. (F) Principal co-ordinate analysis (PCoA). PERMANOVA was used for comparison between groups. (G) Nonmetric Multidimensional Scaling (NMDS); groups were compared using Anosim. The Stress represents the difference between the distance of a point in two-dimensional space and that in multi-dimensional space. Stress < 0.05 is a perfect representation. Relative proportions of sequence read at the family (H) and genus (I) levels assigned to different bacteria. The microbiome abundance was less than 0.5% in all samples, and the unannotated microbiomes were all merged into Others. Comparison of relative abundance of bacteria at the family (J) and genus (K) levels. The results are presented as mean ± SEM, and the P value was calculated with a Kruskal–Wallis test. *P < 0.05 vs Control, #P < 0.05 vs Control, +P < 0.05 vs Fungal. (L) Differential enrichment of intestinal microbiota of rats in each group at the genus level according to linear discriminant analysis (LDA). Only taxa with LDA >3 at a P value <0.05 were considered significantly enriched. (M) Cladogram shows the community composition of the gut microbiota in rats based on LEfSe analysis.



A detailed examination of the microbiota by investigation of alpha diversity and beta diversity showed important differences between groups. Regarding alpha diversity, the Chao1 index decreased sharply in the fungal group (Figure 4B), suggesting that the microbiome abundance decreased in this group. A decreased Shannon index (Figure 4C) and an increased Simpson index (Figure 4D) indicated that C. albicans infection significantly reduced the diversity of the intestinal microbiome in rats after antibiotic pretreatment. Upon rank-abundance curve analysis, which can reflect the richness and uniformity of sample microbiome, there was no significant difference found in the length and steepness of the curves between the control group and the vehicle group, while the curve of the fungal group was steep and the length was shortened. These rank-abundance curves reflected the fact that a few dominant phylotypes comprise the major proportion of microbial communities in the rats of the fungal group, whereas more communities were seen in rats of the control and vehicle groups (Figure 4E). A principle component analysis (PCoA) of weighted UniFrac distance identified a clear separation of the microbiomes of the three groups, and each group was highly aggregated (Figure 4F). The percentages attributed to variations in PCoA1 and PCoA2 were 84.82% and 27.01%, respectively. NMDS (Figure 4G) analysis also confirmed the noted differences among the three groups (stress = 0.0477, P < 0.001, ANOSIM).

Next, we analyzed differences in the rat gut microbial communities at the levels of the family and genus that were caused by C. albicans infection after antibiotic pretreatment. When comparing the abundances, we ranked the strains on the abscissa according to their abundances within the human intestinal microbiome (Figure 2D). Although the abundances and compositions of rat microbiome were not completely consistent with the human microbiome, this comparison can still emphasize similar trends of several bacteria.

At the family level (Figures 4H, J), Clostridiaceae (0.00 vs 0.12%, P =0.019), Ruminococcaceae (Clostridiales) (0.001 vs 11.78%, P < 0.001) and Lachnospiraceae (Clostridiales) (0.002 vs 22.74%, P < 0.001) nearly disappeared in the fungal group compared to the control group. This finding was consistent with the change of Clostridiaceae in neonates infected with fungi (Figure 2D). Interestingly, lower levels of Bacteroidaceae (0.003 vs 3.42%, P = 0.084), Prevotellaceae (Bacteroidales) (0.003 vs 21.03%, P = 0.006) and Porphyromonadaceae (Bacteroidales) (0.009 vs 23.61%, P = 0.088) and higher levels of Enterococcaceae (0.24 vs 0%, P = 0.005), Enterobacteriaceae (34.14 vs 0.40%, P = 0.028), Veillonellaceae (12.43 vs 1.13%, P = 0.088), Lactobacillaceae (40.80 vs 3.83%, P < 0.001), Pasteurellaceae (2.18 vs 0.06%, P = 0.014) and Anaeroplasmataceae (5.06 vs 0%, P < 0.001) were observed in the fungal group as compared to the control group.

We further investigated changes of the microbiomes at the genus level. At the genus level (Figures 4I, K), Clostridium_XlVa (0 vs 10.28%, P < 0.001), Clostridium_sensu_stricto (0.001 vs 0.12%, P = 0.019), Ruminococcus (Clostridiales) (0 vs 1.42%, P = 0.027) and Prevotella (Bacteroidales) (0.002 vs 17.52%, P = 0.003) nearly disappeared in the fungal group compared to the control group. We noted that Lactobacillus was significantly enriched in the fungal group and the vehicle group. Lactobacillus was the dominant resident bacteria in the control group, and the increase of its relative abundance seemed to be caused by decreases of other bacteria. In addition, higher levels of Enterococcus (0.24 vs 0%, P = 0.008), Escherichia (9.24 vs 0.40%, P = 0.044), Veillonella (11.53 vs 1.13%, P = 0.088), Anaeroplasma (5.06 vs 0%, P < 0.001) and Morganella (5.06 vs 0.001%, P = 0.028) were observed in the fungal group as compared to the control group.

The distribution of enriched bacteria was identified at the genus level using LEfSe analysis. The LDA scores of 9 differentially abundant taxa in the fungal group were higher than 3 (Figures 4L, M; Supplement 1). These taxa were Lactobacillus, Veillonella, Escherichia, Morganella (Enterobacteriaceae), Sutterella, Pasteurella, Providencia (Enterobacteriaceae), Erysipelothrix and Enterococcus. Compared with rats subjected to fungal infection, Prevotella, Clostridium_XlVa, Paraprevotella, Flavonifractor (Ruminococcaceae), Blautia (Clostridiales), Clostridium_IV, Clostridium_XlVb, Anaerorhabdus (Bacteroidaceae) and Clostridium_sensu_stricto had higher LDA scores in the control group. Most of these microbes are well known to produce short-chain fatty acids (SCFAs), such as acetic acid and butyric acid. Enterococcus (LDA = 3.20, P < 0.001) in the fungal group, Clostridium_XlVa (LDA = 4.93, P < 0.001) in the control group and Bacteroides (LDA = 4.78, P < 0.001) and Ruminococcus (LDA = 4.14, P < 0.001) in the vehicle group were other findings that attracted our attention. Taken together, we have found that the intestinal microbiomes of infants with clinical fungal infections and rats in a model of fungal infection were enriched in proinflammatory Enterococcus and decreased in SCFA-producing Clostridium species.

Finally, we used PICRUST2 to predict the KEGG metabolic pathway level 3 of the intestinal microbiomes in the three groups of rats (Figure 5). The functions of amino acid metabolism and glucose metabolism in the fungal group were disordered. Compared with control group, C. albicans infection significantly increased the bacterial phosphotransferase system (1.23 vs 0.24), weakened bacterial chemotaxis (0.41 vs 1.94), and increased bacterial secretion (1.04 vs 0.78), invasion (0.06 vs 0.002) and infection (0.19 vs 0.02). Interestingly, pathways involving fatty acid synthesis (1.91 vs 1.59) and degradation (0.51 vs 0.32) increased in the fungal group compared to control group; these pathways included the metabolism of butyrate (0.91 vs 0.71), propionate (0.85 vs 0.64) and ketone bodies (0.61 vs 0.48). In addition, the normal activation of the NOD-like receptor signaling pathway (0.004 vs 0.04) in the intestinal microbiome of rats infected with C. albicans seemed to be inhibited.




Figure 5 | Differences in intestinal KEGG metabolic pathways level 3 among control rats, rats infected with fungi after antibiotic treatment and rats inoculated with fungi only. *P < 0.05 vs Control, #P < 0.05 vs Control, +P < 0.05 vs Fungal. The P value was calculated with a Kruskal–Wallis 4test.





Association of Clostridium species with loss of intestinal immunosuppression

As mentioned above, the intestinal microbiomes of rats infected with fungi showed significant changes after antibiotic treatment. Increases of Enterococccus and other opportunistic pathogens can induce inflammatory intestinal injury (Fiore et al., 2019). Of more concern is the disappearance of the genera Clostridium and the decrease of Ruminococcus, Lachnospiraceae and Bacteroidacea. Bacteria from these genera are dominant commensal bacteria that are known to be producers of SCFAs, which tend to control inflammation (Fan et al., 2015; Stoeva et al., 2021). In particular, the butyrate molecule can be shown to be effective in maintaining T regulatory (Treg) cell differentiation (Furusawa et al., 2013).

SCFAs promote intestinal IgA immune function and induce intestinal IL-10 expression to play an anti-inflammatory role (Kanai et al., 2015; Wu et al., 2017; Ariyoshi et al., 2020). Pro-inflammatory CD11c+ macrophages produce cytokines that promote intestinal inflammation and mucosal injury, while CD11c− macrophage-like cells produce IL-10 (Arnold et al., 2016; Girard-Madoux et al., 2016; Bernardo et al., 2018). Compared with the control group and vehicle group, the expression of IgA and IL10 in the intestinal tissue of rats infected with C. albicans pretreated with antibiotics was significantly decreased (Figures 6A–D). In addition, CD11c expression in proinflammatory macrophages increased significantly (Figures 6B, E). The microbiota metabolite butyrate promotes intestinal IgA immune function (Isobe et al., 2020). Butyrate-producing C. butyricum induces the increase of IL10 expression in the intestine to play an anti-inflammatory role (Kanai et al., 2015; Ariyoshi et al., 2020). Therefore, the susceptibility to fungal infections after antibiotic use may be due to dysregulation of mucosal immune regulatory molecules such as IL10 and IgA. SCFA-producing Clostridium species may also play a key role in this process.




Figure 6 | The expression of IL10 and IgA in intestinal tissues of rats with fungal infection decreased after antibiotic treatment. (A) IgA (red) and DAPI for nuclei (blue) and (B) IL10 (red), CD11c (green) and DAPI for nuclei (blue) in intestinal tissues of rats of the three group. (C, D): The average fluorescence intensity of IgA and IL10. (E) Number of CD11c+ cells/mm2. *P < 0.05, **P < 0.01, ***P < 0.001, by one-way ANOVA with Tukey’s multiple comparisons test. Data are presented as the mean ± SD of at least 3 independent experiments.






Discussion

Gut microbes play a crucial role in host health and disease of the host all through life, but its influence on diseases at the early stage of life is unclear. Neonatal IFD due to Candida is an important cause of morbidity and mortality in critical neonates, especially in premature infants (Benjamin, 2006; Kilpatrick et al., 2021). Using broad-spectrum antibiotics is a risk factor for neonatal Candida infection, because it can eliminate healthy bacterial microbiome and lead to fungal overgrowth (Cotten et al., 2006; Tripathi et al., 2012; Kilpatrick et al., 2021). Previous studies revealed that long-term exposure to antibiotics leads to a disordering of the intestinal microbiome that is mainly manifested as decreased probiotics and increased antibiotic-resistant pathogens (Tripathi et al., 2012; Gasparrini et al., 2019; Ramirez and Cantey, 2019), but the change in intestinal microbiome of neonates with IFD is unknown. In our study, clear trends indicating a decrease of Clostridium species in neonates with IFD was noted. We also confirmed that SCFA-producing Clostridium species almost disappeared from the intestinal microbiome of a rat model of IFD, while Enterococcus increased significantly. The expression of IgA and IL10 in the intestinal tissue of fungus-infected rats after antibiotic treatment decreased significantly, suggesting that antibiotics may affect intestinal immune homeostasis by changing neonatal intestinal microecology. The improper use of broad-spectrum antibiotics can lead to the increase of opportunistic pathogens and the depletion of SCFA-producing Clostridium species and Bacteroides, which can affect immune homeostasis and induce IFD (Figure 7).




Figure 7 | Schematic drawing showing relationship between the intestinal microbiome and immune imbalance.



We found that the levels of Clostridium species and Bacteroidales, which produce SCFA (including acetic acid and butyric acid), decreased sharply in both IFD infants and rats. Clostridium _ XlVa and Bacteroides have been confirmed to activate HIF-1α and IL-37 to inhibit the colonization of C. albicans (Fan et al., 2015). Moreover, animal studies revealed that Clostridium species clusters IV, XIVa and XVIII are involved in SCFA production and have been demonstrated to promote the induction of colonic Tregs (Atarashi et al., 2011; 2013). The gut microbiome regulates the effects of local and systemic immunity through SCFAs, especially butyrate (Markowiak-Kopec and Slizewska, 2020). The gut epithelial cells use butyric acid as 70% of their energy to regulate immune cells and anti-inflammatory factors (such as IL-10, IgA and TGF-β) (Siddiqui and Cresci, 2021). In this study, we found a significant depletion of C. butyricum in the gut microbiota of IFD rats. According to the KEGG metabolic pathway, abnormalities in pathways related to the metabolism of SCFAs (including butyric acid, propionic acid and ketone bodies) were related to alterations in the abundance of these probiotics that produce SCFAs. We believe that the depletion of Clostridium species weakened the resistance of rats to fungal colonization.

Enterococcus naturally exists in the environment and is an important component of human and animal intestinal microbiomes (Wada et al., 2019). After the use of antibiotics, however, the number of Enterococci will likely continue to increase, which may be the key event to induce fungal infection after the use of antibiotics (Elvers et al., 2020). At the same time, drug-resistant Enterococcus is one of the severe challenges faced in the NICU, as this organism causes immune-mediated inflammatory injury to the intestinal mucosal (Arias and Murray, 2012; Fiore et al., 2019). For the first time, we found an increase in the abundance of Enterococcus in the intestinal tracts of infants infected with fungi after the use of antibiotics. Similarly, a significant increase in opportunistic pathogens, including Enterococcus, was clearly demonstrated in rats infected with fungi after antibiotic use. We also found a strong negative correlation between Enterococcus and C. butyricum in IFD rats. We consider that the increased Enterococcus may take part in the susceptibility to fungi after the use of antibiotics.

The gut and other mucosal tissues are rich in IgA (Pietrzak et al., 2020). As part of mucosal immunity, secretory IgA is involved in pathogen elimination and the regulation of the intestinal microbiome (Tsuji et al., 2008; Pabst and Slack, 2020; Rollenske et al., 2021). For example, Bacteroides can induce the production of IgA in the large intestine through the formation of germinal centers and an increase in the number of B cells that produce IgA (Yanagibashi et al., 2013). In this study, it was confirmed that Clostridium species and Bacteroides are decreased and Enterococcus are increased after antibiotic use, and these are closely related to the key proteins IgA and IL10 in the maintenance of intestinal homeostasis. We considered that the decrease in intestinal immune resistance mediated by SCFA promoted the colonization of invasive fungi. In the future, we plan to quantify changes to the butyric acid content and to further test its role in resisting fungal colonization.

The data in this study show that one of the most important preventive measures is to avoid the irregular use of broad-spectrum antibiotics in order to protect the appropriate intestinal microbiome. In addition, Clostridium probiotics and their metabolites have been shown to enhance the gastrointestinal mucosal barrier and help regulate Treg cell immune responses (Atarashi et al., 2013; Cao et al., 2019; Liu et al., 2019; Guo et al., 2020; Hagihara et al., 2020). Therefore, we propose that reintroducing symbiotic microbiota may reduce the risk of IFD. However, a limitation of this study is that the sample size was small, and further exploration of underlying mechanisms was not conducted. In the future, genetically engineered rats and aseptic rats will be used to further explore the molecular mechanisms to clarify the relationships between specific bacteria and intestinal immunity.



Conclusion

In summary, the gut microbiota is highly affected by the use of antibiotics and is closely related to the pathogenesis of IFD. The inappropriate use of broad-spectrum antibiotics can lead to the increase of opportunistic pathogens and the depletion of Clostridium species and Bacteroides in preterm infants. The depletion of these SCFA-producing bacteria ultimately reduces the IgA- and IL-10-mediated immune resistance in the host intestinal tissue, while harmful pathogenic bacteria cause inflammatory intestinal injury. This eventually leads to the colonization and outbreak of invasive fungi in preterm infants.
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In order to evaluate the potential and safety of lactic acid bacteria (LAB) isolated from faeces samples of Ganan yak as probiotic for prevention and/or treatment of yak diarrhea, four strains of LAB including Latilactobacillus curvatus (FY1), Weissella cibaria (FY2), Limosilactobacillus mucosae (FY3), and Lactiplantibacillus pentosus (FY4) were isolated and identified in this study. Cell surface characteristics (hydrophobicity and cell aggregation), acid resistance and bile tolerance, compatibility, antibacterial activity and in vitro cell adhesion tests were also carried out to evaluate the probiotic potential of LAB. The results showed that the four isolates had certain acid tolerance, bile salt tolerance, hydrophobicity and cell aggregation, all of which contribute to the survival and colonization of LAB in the gastrointestinal tract. There is no compatibility between the four strains, so they can be combined into a mixed probiotic formula. Antimicrobial tests showed that the four strains were antagonistic to Escherichia coli, Staphylococcus aureus, and Salmonella typhimurium. Moreover, the in vitro safety of the four isolates were determined through hemolytic analysis, gelatinase activity, and antibacterial susceptibility experiments. The results suggest that all the four strains were considered as safe because they had no hemolytic activity, no gelatinase activity and were sensitive to most antibacterial agents. Moreover, the acute oral toxicity test of LAB had no adverse effect on body weight gain, food utilization and organ indices in Kunming mice. In conclusion, the four LAB isolated from yak feces have considerable potential to prevent and/or treat yak bacterial disease-related diarrhea.




Keywords: Yak, diarrhea, lactic acid bacteria, potential probiotics, antimicrobial activity, Caco-2



1 Introduction

As is a common disease caused by bacterial invasion (E. coli, salmonella species, S. aureus, Shigella species, Campylobacter species), parasitic infections, dietary changes and viral infections, diarrhea is often associated with disturbance of the intestinal flora and damage to the intestinal mucosal barrier (Kim et al., 2021; Liu et al., 2022). Moreover, diarrhea is prevalent in calves, which may seriously affect the growth and health and even cause death of calves, resulting in high treatment and breeding costs in the breeding industry and hence considerable economic losses (Dioso et al., 2020; Liu et al., 2022). In modern livestock production, antibacterials are widely used for growth promotion and disease prevention or treatment (Kim et al., 2021). However, accumulating evidence indicates that the overuse and misuse of antimicrobial agents cause extensive food safety problems and environmental pollution, and resistance of antibacterials may selectively spread from animals to humans, posing a public health risk (Hu and Cheng, 2016). Due to the increasing antimicrobial resistance of pathogens, since 2006, the European Union (EU) ratified usage prohibition of antibacterials as animal growth supplements and disease prevention. At present, many countries are following suit (More, 2020). Therefore, there is an urgent need for non antibacterial substitutes to promote animal growth and prevent diseases.

The Food and Agriculture Organization (FAO) and the World Health Organization (WHO) defined probiotics as ‘live microorganisms that, when administered in adequate amounts, confer a health benefit on the host’ (Food and Agriculture Oraganization/ World Health Organization [FAO/WHO], 2006)). Probiotics can produce organic acids (mainly acetic acid and lactic acid), hydrogen peroxide, bacteriocins, bacteriocin-like inhibitory substances, short-chain fatty acids (SCFAs), conjugated linoleic acid (CLA), gamma-aminobutyric acid (GABA), vitamins (especially vitamin B and vitamin K) and other substances (Upadrasta and Madempudi, 2016; Zhang et al., 2022). Probiotics are a potential living biological therapy for maintaining gastrointestinal microecology by stimulating immunity, competing for nutrients, synthesizing antimicrobial peptides and metabolites for inhibiting epithelial and mucosal adhesion of pathogens, balancing unfavorable intestinal pH (Rolfe, 2000). Probiotics are considered as natural substitutes for antimicrobia. They are considered as capable of stabilizing the intestinal flora and normalizing peristaltic disorders. Besides, they could also inhibit the development of pathogenic microorganisms, prevent or reduce the course of bacterial, viral and antibiotic diarrhea, eliminate or reduce the symptoms of lactose intolerance and so on (Jarocki et al., 2020). Probiotics are widely used in treatment of human and animal gastrointestinal disorders because of their biological properties of promoting intestinal peristalsis and maintaining intestinal homeostasis (Wang et al., 2018; Jarocki et al., 2020; Zhang et al., 2020). The European Society for Pediatric Gastroenterology, Hepatology and Nutrition (ESPGHAN group) recommended the usage of probiotics as an adjunctive/preventive treatment for different types of diarrhea in pediatrics (Dioso et al., 2020). So far, probiotics are considered a safe and viable natural alternative to antibacterials in improving livestock performance due to their multiple beneficial effects on the host and have attracted a lot of attention from researchers (Li et al., 2019; Alayande et al., 2020).

Many projects have been undertaken to better understand the impact of probiotics on the intestinal ecosystem and its impact on health and disease. Probiotic feeding based on milk substitutes has the potential to control diseases, including neonatal calf diarrhea (Kayasaki et al., 2021). Liu et al. (2022) found that newborn calves in the complex probiotic group had tightly clustered intestinal bacterial communities and lower rates of diarrhea.

Diarrhea has been reported occurring in yak calves and is a major cause of calf death (Wang et al., 2018; Dong et al., 2020; Liu et al., 2022). Yak, which has a strong ability to adapt to the harsh natural environment, e.g. low temperature, food scarcity, especially low oxygen, is an ancient and primitive livestock species unique to the Qinghai Tibet Plateau. Not only used for farming and transportation, yaks can also local herdsmen with production and daily necessities such as milk, meat, wool, labor and fuel, which make them an important source of life and economy for herdsmen. The Gannan yak is one of the indigenous yak of China (Goshu et al., 2018).

However, the information we have about probiotic LAB from yak intestines is limited. Although some probiotics are generally recognized as safe (GRAS) there are a few reports of local or systemic infections, such as endocarditis and sepsis, that may be associated with the ingestion of certain lactobacilli (Bourdichon et al., 2012; Aroutcheva et al., 2016). Therefore, caution is still needed when choosing probiotics. To ensure the efficiency and safety of LAB for application, they must be systematically identified and characterized. Therefore, this study aims to providing a theoretical basis for the prevention and/or treatment of diarrhea associated with bacterial diseases in yaks via isolating and identifying LAB strains from Gannan yak, and evaluating their probiotic potential and safety.



2 Materials and methods


2.1 Sample collection, bacterial strains, cells and culture conditions

Samples were randomly collected from free-ranging yaks in Hezuo Forest Park in Gannan Tibetan Autonomous Prefecture. Twenty fecal samples were initially stored on-site by location in special sterile faecal sampling tubes filled with Phosphate buffer saline (PBS) (Figure S1). Then, samples were kept on ice and transported to Gansu Agricultural University in Lanzhou and stored at -80°C for further experiments.

E. coli (ATCC 25922), S. aureus (ATCC 25923), and Salm. Typhimurium (CMCC 50115) were purchased from Beijing Biobw Biotechnology Co., Ltd. They were incubated in Mueller Hinton (MH) agar plates or broth (Solarbio, China) and Luria Bertani (LB) broth (Solarbio, China) at 37°C aerobically for 24 h to study cell aggregation and antibacterial activity. The human colon cancer cell lines Caco-2 (BNCC350772) were purchased from the BeNa Culture Collection (BNCC; Beijing, China) and cultured in Dulbecco’s modified Eagle’s medium (DMEM with high glucose, Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS, Pansera, Aidenbach, Germany) in 5% CO2 at 37°C.



2.2 Ethical statement and animal care

Experimental procedures adopted in this study were approved by the Animal Ethics Committee of College of Veterinary Medicine, Gansu Agricultural University (License no. GSAU-AEW-2019-0010).

Fifty (25 males and 25 females) specified pathogen-free (SPF) Kunming mice (Swiss albino mice origin, 4 weeks old, 18-22g) were obtained from Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Sciences. They were housed in standard plastic cages (5 per cage, segregated by sex) under controlled atmosphere (temperature 22 ± 3°C, humidity 55 ± 5%) with a light/dark cycle of 12/12 h. During the whole study, mice were freely consuming the same basic diet and plain water, and were monitored regularly for health status.



2.3 Isolation of LAB

The feces (ca. 1 g) were diluted by 10 times gradient in turn, and the bacterial suspensions of 10−1, 10−2 and 10−3 gradients were uniformly coated onto De Man, Rogosa, and Sharpe (MRS) agar (Solarbio, China) added with 2% (w/v) CaCO3 (Solarbio, China) incubated at 37°C anaerobically for 48 h. After the reaction of lactic acid with CaCO3, a clear area was formed around the colony. So, the milky white colony with clear zone was selected as tentative LAB for purification (Chang et al., 2007). All purified strains were mixed with equal volume of 50% (w/v) sterile glycerol and stored at -80°C for subsequent experiments.



2.4 Molecular identification

Molecular identification was performed according to Screening Criteria of Lactic Acid Bacteria for Feeding Aquatic Animals (TCSWSL016-2019). Four isolates were incubated overnight at 37 °C in MRS broth, and then genomic DNA was extracted using TIANamp bacteria DNA extraction kit (TIANGEN, Beijing, China). Molecular identification was performed by amplifying the 16S rRNA gene using universal primers (27F 5′-AGAGTTTGATCCTGGCTCAG -3′; 1492R, 5′-GGTTACCTTGTTACGACTT-3′) and previously described polymerase chain reaction (PCR) reaction conditions (Vaz-Moreira et al., 2009). PCR products were separated by 1.2% agarose gel electrophoresis and confirmed by sequencing (Genewiz, Suzhou, China). The obtained 16S rRNA sequences of the strains were compared with the EzBioCloud databases to identify the species (https://www.ezbiocloud.net/). Phylogenetic tree was constructed based on 16S rRNA sequences by MEGA software (version 7.0) with a Kimura two-parameter model for distance options and a Neighbor Joining (NJ) method for clustering with 1000 bootstrap replicates (Kumar et al., 2016).



2.5 Screening of probiotic strains


2.5.1 Hydrophobicity

The degree of cell surface hydrophobicity of the LAB isolates was assessed via measuring microbial adhesion to hydrocarbons (MATH) in xylene (Macklin, Shanghai, China) according to the method in Zhang et al. (2022). Briefly, overnight cultures of four isolates were centrifuged at 5,000 × g for 3 min at 4 °C. The pellets were washed twice with PBS and resuspended in PBS, then the OD600 of the isolates was adjusted by spectrophotometry (Biochrom genequant, UK) in the range of 1.0 ± 0.1. Each bacterial suspension (3 mL) was mixed with 1 mL of xylene (Macklin, Shanghai, China), swirled for 2 min, then incubated at 37 °C for 1 h. The water layer was carefully aspirated and measured at OD600 (Biochrom genequant, UK). Cell surface hydrophobicity (%) was calculated the equation as follows:

	

Where A0 denotes the optical density at 0 h and At stands for the optical density at 1 h (Zeng et al., 2021).

The affinity of LAB to solvent was divided into hydrophilicity (< 10%), medium hydrophilicity (10-34%), medium hydrophobicity (35-70%) or high hydrophobicity (71-100%) (Qureshi et al., 2020)



2.5.2 Cell aggregation

Aggregation properties of the selected LAB were performed according to the procedure described by El-Deeb et al. (2020) and Li et al. (2020). Briefly, four strains were incubated in MRS medium for 18 h at 37°C, then harvested by 5000 × g, centrifugation for 10 min. The pellets washed 3 times with PBS (pH 7.0), then resuspended in PBS and incubated (aerobic and static) at room temperature for 4 h. Then, the bacterial supernatant was pipetted out carefully for OD600 measurement. Three replicates were made for each strain. Autoaggregation (%) was calculated using the following equation:

	

Where A0 represents the absorbance at 0 h and At indicates the absorbance at 4 h.

Bacterial suspension for coaggregation was prepared as described above. Four isolates were assessed for their ability to co-aggregate with E. coli, S. aureus and Salm. typhimurium. The suspension of each LAB strain (2 mL) was mixed with the same volume of each indicator strain and three replicates were made. The OD600 of the suspensions were measured by spectrophotometry (Biochrom genequant, UK) at 0 h and 4 h. The coaggregation rates were calculated as follows.

	

Where Ap and Ai represent OD600nm of three standard bacterial strains and four isolates before mixing, Amix is the pool absorbance at final time.

While Ap denotes the OD600 nm of the three indicator strains at 0 h, Ai is the OD600 nm of the four isolates before mixing, and Amix is the absorbance after 4 h of the mixture.



2.5.3 Acid resistance and bile tolerance

The viability of the isolates in acidic environments was determined according to the method described in Li et al. (2020) and Dowarah et al. (2018). Acid resistance was assessed with MRS broth (pH 3.0), and bile tolerance was tested with MRS broth supplemented with 0.3% (w/v) bile salt (Solarbio, China). Then, 2700 μl of each solution was mixed with 300 μl of each overnight culture in a 5 mL tube and incubated at 37°C for 4 h. The mixture was retrieved with a pipette and measured at OD600. Survival rates were calculated as follows:

	

Where A0 stands for the optical density at 0 h and At denotes the optical density at 4 h.



2.5.4 Compatibility

The compatibility study was performed with minor modifications to previously described procedures (Aristimuno Ficoseco et al., 2018). Firstly, 10 mL of 1.5% sterilized agar was spread in each Petri dish, and after agar solidification, the Oxford cups were placed evenly on top. Then, 15 mL MRS solid medium was taken when it was cooled to 45°C and mixed vigorously with 200 μL of each LAB overnight culture and poured into Petri dishes. After cooling, the Oxford cups were gently removed and wells of 8 mm in diameter would appear on the agar. Then 50 µL of Cell-free culture supernatants (CFC) from each LAB strain was placed into each well, then the dishes were incubated aerobically at 37°C for 24 h. Finally, the diameter of the inhibition zone was observed and measured with a vernier caliper.



2.5.5 Antibacterial activities

The agar well diffusion method was used to evaluate the antimicrobial activities of CFC from four isolates against E. coli, S. aureus and Salm. typhimurium. Four isolates were activated and cultured in MRS broth and indicator strains were incubated in LB broth at 37°C for 18 h. CFC of LAB were prepared by centrifugation (10000 × g, 10 min, 4 °C) and filtration (Millipore 0.22 μm). The bacterial suspension of indicator bacteria was adjusted to 107 CFU/mL with LB and 100 µL of bacterial fluid was spread on the surface of MH agar plate. After the plate is dried, the Oxford cups (8 mm) were placed evenly on the plates and 100 µL CFC was loaded into the Oxford cup. MRS medium with pH 6.5 was added as control. Plates were incubated at 37°C for 24 h before measuring the inhibition zone. The inhibition zone diameter was scored as follows: negative (-), ≤9 mm; weak (+), 9-12mm; strong (++), 12-16mm; very strong (+++), ≥16mm (Qureshi et al., 2020).



2.5.6 In vitro cell adhesion assay

The adhesion capacity was determined based on the previous method with minor adjustments (Li et al., 2020; Chen et al., 2022). Briefly, Caco-2 cells were seeded in 24-well plate (5×104/well) and cultured in DMEM with 10% FBS to achieve a confluent monolayer cell. Four isolates were cultured in MRS broth for 24 h at 37°C and harvested using centrifugation (5000 × g, 3 min, 4°C). The pellets were washed twice in sterile PBS. Then, the bacterial solution was fluorescently labeled with carboxyfluorescein diacetate, succinimidyl ester (CFDA SE, Beyotime, China, 10 μg/mL) in PBS at 37°C for 10 min in the dark, and finally the cell density was adjusted to 108 CFU/mL with DMEM medium. Cell monolayer were washed thrice with PBS, then 1 mL of DMEM serum-free medium and 50 µL of bacterial suspension were added into each well in three replicates, and 24-well plates were incubated for 1 h at 37°C in 5% CO2.

First, culture medium was aspirated and each well was carefully washed twice with sterile PBS to remove non-adherent bacteria. Then, 100 µL of trypsin was added into each well, the plates were incubated at 37°C for 10 min to completely digest the cells. Finally, cell culture medium was added into each well to stop the reaction. The fluorescence intensity was performed at 488 nm of excitation, and at 518 nm of emission wavelength by using the fluorescence microplate reader (SpectraMax i3x, Molecular Devices, USA). The percentage of adhesion was calculated as follows:

	

where Ab indicates the fluorescence intensity before adhesion and Aa represents the fluorescence intensity after adhesion.




2.6 Safety assessment


2.6.1 Hemolytic activity

The four isolates and S. aureus were incubated in MRS medium and LB broth, respectively, for 24 h at 37°C. Each bacterial solution was streaked on blood agar plates containing 5% defibrinated sheep blood (Solarbio, China) and incubated at 37°C for 48 h. The clear zone around the S. aureus colony (β-hemolysis) was detected and used as a positive control (Moreno et al., 2018).



2.6.2 Gelatinase activity

The gelatinase activity of LAB was conducted by using a previously reported method with minor adjustments (Perin et al., 2014; Rastogi et al., 2020). Briefly, 1 μL of 24 h incubated LAB was spotted on MRS agar with 5% (w/v) gelatin (Solarbio, China), and the plates were incubated anaerobically at 37°C for 72 h, then cooled at 4°C for 4 h. The opaque halo around the colony is considered to be a positive result of gelatinase production.



2.6.3 Antimicrobial susceptibility

The disk diffusion method was used to determine the antimicrobial susceptibility patterns of all strains. Twelve antimicrobial paper disks (μg/disc) including ceftriaxone (30), ciprofloxacin (5), ampicillin (10), rifampicin (5), kanamycin (30), streptomycin (10), tetracycline (30), gentamicin (10), chloramphenicoll (30), erythromycin (15), clindamycin (2) and cephalothiophene (30) were purchased from Hangzhou Binhe Microorganism Reagent Co,. First, 100 µL of each bacterial solution (1×108 CFU/mL) was evenly coated on MRS agar plates, and then antibacterial paper was placed on the plate at equal intervals. The plates were incubated at 37°C for 24 h. Finally, the diameter of the inhibition zone around the antibacterial paper was measured with vernier caliper and evaluated based on Clinical and Laboratory Standards Institute (CLSI, 2018). The sensitivity of LAB was classified as sensitive (S), intermediate (I), or resistant (R) to 12 antibiotics.



2.6.4 Acute oral toxicity in mice

The acute oral toxicity test in mice was carried out following guidelines provided by Organisation of Economic Cooperation and Development (OECD) guidelines 423 (Organisation for Economic Cooperation and Development (OECD), 2001). After 5 days of acclimation, 50 mice were divided into 5 groups (5 males and 5 females). Four groups were gavaged with FY1, FY2, FY3 and FY4 at a concentration of 5×1012 CFU/mL, and the control group were fed with 200μL of saline. All mice were monitored for special attention during the first 4 hours and daily for 14 days thereafter for clinical signs or behavioral changes, body weight, food intake, and mortality. After mice were sacrificed, organs were taken to observe lesions, weighed and organ indices (heart, liver, spleen, lung, kidney, uterus, ovary or testis) were calculated for LAB safety assessment. Organ index were determined as follows: organ weight/mouse body weight.




2.7 Statistical analysis

Phylogenic tree were conducted using the MEGA 7 software and graphs were plotted by Originpro 2019b and GraphPad Prism 8.0. Date were expressed as mean ± standard deviation (SD) of at least three independent experiments. Statistical analysis was performed using SPSS 26.0, and statistical significance was defined as P<0.05 by one-way ANOVA following least significant difference (LSD) and Waller-Duncan’s post-treatment multiple comparisons.




3 Results


3.1 Isolation of LAB

After purification, four presumptive LAB (FY1, FY2, FY3, FY4) were selected according to the size of calcium dissolving ring and colony morphology. Gram-staining and microscopic examinations revealed that 4 strains were Gram-positive bacilli (Figure S2). Sequence analysis of 16S rRNA revealed that FY1, FY2, FY3, FY4 had 99-100% similarity with, Latilactobacillus curvatus (L. curvatus), Weissella cibaria (W. cibaria), Lactiplantibacillus pentosus (L. pentosus), and Limosilactobacillus mucosae (L. mucosae), respectively (Figure S3, Data Sheet 1). Phylogenetic trees (Figure 1) were constructed based on Neighbor-Joining algorithm and Kimura two-parameter model using the MEGA 7.0.




Figure 1 | Phylogenetic tree of four isolates based on Neighbor-Joining distance analysis of 16S rRNA gene sequences. (A) The diagram shows the results of Gram staining for four isolates: FY1 (L. curvatus), FY2 (W. cibaria), FY3 (L. mucosae), and FY4 (L. pentosus). (B) Phylogenetic tree constructed by using a neighbor-joining method on the basis for 16S rRNA gene sequences.





3.2 Accession numbers

The 16S rRNA nucleotide sequences of four strains were deposited in the GenBank database under the following accession numbers: FY1: Latilactobacillus curvatus (ON758920), FY2: Weissella cibaria (ON758921), FY3: Lactiplantibacillus pentosus (ON758922), and FY4: Limosilactobacillus mucosae (ON758923).



3.3 Hydrophobicity

Figure 2A shows that four isolates have varied cell surface hydrophobicity xylene. FY4 exhibited highly hydrophobic (84.33%), FY3 showed moderately hydrophobic (37.79%), while FY2 and FY1 had moderately hydrophilic(17.32%, 13.65%).




Figure 2 | The hydrophobicity, acid and bile salt resistance and adhesion ability of LAB isolates. (A) Hydrophobicity percentages of LAB isolates to xylene (B) The acid and bile salt tolerance of LAB isolates. Values expressed as mean ± SD. Different letters represent significant difference, P< 0.05. (C) Percent adhesion values of LAB to Caco-2. Values expressed as mean ± SD. Different letters represent significant difference, P < 0.05.





3.4 Acid resistance and bile tolerance

Acid resistance and bile tolerance of the four strains were shown in Figure 2B. Acid resistance of the four strains are very approximate, FY1 (69.96%), FY2 (68.29%), FY3 (68.86), and FY4 (68.59%). After 3 h exposure to bile salt condition, FY1 showed the highest bile tolerance (45.24%), followed by FY3 (30.10%), FY2 (29.33%), and FY4 (29.09%).



3.5 Cell aggregation

The percentage of autoaggregation and coaggregation of four isolates against three pathogenic bacteria were shown in Table 1. All the four strains have large ranges of autoaggregation ability (15.67-49.19%) and coaggregation ability (18.76-38.44%) to three pathogens. Among them, FY4 exhibited high autoaggregation ability (49.19%) and coaggregation ability with E. coli (38.43%), S. aureus(38.44%), and Salm. Typhimurium (34.81%).


Table 1 | The percentage of autoaggregation and coaggregation with E. coli, S. aureus, and Salm. typhimurium by four isolates.





3.6 Compatibility

No inhibition halo was observed from the compatibility results among the four strains, indicating that four isolates can be combined as a mixed probiotic formula (Figure S4).



3.7 Antibacterial activities

The antibacterial activity results of four strains are shown in Table 2. FY3 exhibited the strongest antimicrobial activity towards E. coli (15.83 mm) and S. aureus (15.33 mm); FY4 showed the most potent antimicrobial activity to Salm. typhimurium (12.10 mm).


Table 2 | The inhibition zone diameters (mm) of four strains against E. coli, S. aureus and Salm. typhimurium.





3.8 In vitro cell adhesion assay

The adhesion ability of four isolates to Caco-2 cells was shown in Figure 2C. Four isolates showed varying adhesion properties, ranging from 30.06% to 43.69%. FY4 has the maximum adhesion property (43.69%), followed by FY3 (34.33%), FY1 (30.61%) and FY2 (30.06%).



3.9 Safety assessment


3.9.1 Antimicrobial susceptibility

The susceptibility of four isolates to 12 different antimicrobials are provided in Table 3 and Figure 3. Four strains were susceptible to ceftriaxone, tetracycline, chloramphenicol and cephalothiophene, but showed resistant to kanamycin. FY1 showed intermediate susceptibility to erythromycin and clindamycin, resistant to ciprofloxacin, kanamycin, streptomycin and gentamicin. FY2 showed intermediate susceptibility to clindamycin, but resistant to kanamycin, streptomycin and gentamicin. FY3 showed intermediate susceptibility to ampicillin, but resistant to rifampicin, kanamycin, and streptomycin. FY4 was sensitive to all antimicrobials except kanamycin.


Table 3 | Antibiotic susceptibility of selected LAB strains.






Figure 3 | The antibiotic resistance of the LAB isolates against 12 tested antibiotics. Ceftriaxone (CRO), ciprofloxacin (CIP), ampicillin (AM), rifampicin (R), kanamycin (K), streptomycin (S), tetracycline (TE), gentamicin (GM), chloramphenicol (C), erythromycin (E), clindamycin(CC), cephalothiophene (CE). The total number of LAB strains was taken as 100%. S, sensitive; I, intermediately resistant; R, resistant.






3.10 Hemolytic activity

There was obvious hemolytic zone (β-hemolysis) around S. aureus colony on blood agar. While, colonies of four isolates had no zone effect (γ-hemolysis), indicating that they had no hemolytic activity (Figure S5).



3.11 Gelatinase activity

Four isolates did not have the property of breaking down gelatin, thus, they were considered as safe (Figure S6).



3.12 Acute toxicity in mice

No adverse effects or mortality were observed in the acute toxicity assay in mice. Compared with the control group, there was no significant difference in weight gain and food utilization rate of mice in the experimental group (Figure 4). In addition, no significant differences were found in the organ index of the same organ in each group (Figure 5).




Figure 4 | Effect of LAB on body weight gain and food utilization rate of experimental mice. (A) Body weight gain of female and male mice in each group. (B) Food utilization rate of female and male mice in each group.






Figure 5 | Organ indices of mice in each experimental group. (A) Organ indices of female mice (heart, liver, spleen, lung, kidney, uterus and ovary) (B) Organ indices of male mice (heart, liver, spleen, lung, kidney and testis).






4 Discussion

Our experimental designing were mainly based on previously published studies, Guidelines for the Evaluation of Probiotics in Food (Food and Agriculure Organization/ World Health Organization [FAO/WHO], 2006), Criteria TCSWSL016-2019 and OECD guidelines 423. The research can be divided into four sections: (1) identification of bacteria, (2) In vitro potential testing of probiotics, (3) proving in vitroly safe probiotics, (4) proving in vitroly safe probiotics. In our study, four LAB (L. curvatus, W. cibaria, L. pentosus and L. mucosae) were isolated, identified and evaluated for probiotic properties.

Hydrophobicity is an important property of probiotics that requires consideration during potential probiotic candidates selection (Reuben et al., 2019). Many studies have shown that hydrophobicity plays a crucial role in bacterial aggregation, colony formation, and initial cell adhesion to host cells (Myint et al., 2010; Pachla et al., 2021). In this study, only FY4 exhibited high hydrophobicity, which is consistent with previous studies that only a few LAB isolated from cattle showed high hydrophobicity (Otero et al., 2006; Maldonado et al., 2012). Hydrophobicity correlates with the physical and chemical properties of the bacteria, with high hydrophobicity indicating the presence of hydrophobic components on or embedded in the bacterial surface. When hydrophobicity exceeds 40%, probiotics are considered to have greater host adhesion and better pathogen competition inhibition (Lin et al., 2020). Studies have shown that hydrophobicity is a strain-specific characteristic and that hydrophobicity values differ significantly even between strains of the same LAB (Tokatli et al., 2015; Boranbayeva et al., 2020).

Probiotic strains need to tolerate acidic and bile salt environments in order to remain viable during gastrointestinal transport and maintain functional in the intestine (Yao et al., 2021). The pH of gastric acid fluctuates from 1.5 to 4.5, with a medium value of 3.0, and the range of bile salt concentration in the upper intestine is 0.03-0.3% (wt/vol) (Ding et al., 2017). Like many studies, we assayed the tolerance of isolates in pH 3 and in 0.3% bile salt. In this study, four isolates all had close viability under acidic condition, but different viability in bile salt, which may be attributed to the expression of resistance-associated proteins in strains and species.

Autoaggregation, coaggregation and hydrophobicity of bacteria are considered to be important properties affecting their colonization in the intestine (Diale et al., 2021). Autoaggregation is the ability of the same cell types to self-adhere, and coaggregation is the combination of organisms of different species (Del Re et al., 2000; Kolenbrander, 2000). A high self-aggregation capacity ensures that microorganisms achieve higher population density and stability in the host’s gut, reducing exposure to unfavorable conditions (Slizewska et al., 2021). A high coaggregation capacity can prevents the host’s gastrointestinal tract from being colonized by pathogens (Dlamini et al., 2019). Some studies reported significant correlations between self-aggregation and hydrophobicity in some Lactobacillus strains, while others pointed to positive correlations between cell hydrophobicity and the presence of protein surface coatings, leading to aggregation and adhesion capacity (Aleksandrzak-Piekarczyk et al., 2015; Cozzolino et al., 2020). In this study, FY4 exhibited adhesion ability, high hydrophobicity, strong autoaggregation and coaggregation ability. These results are consistent with previous studies that strong adhesion is correlated with high hydrophobicity and high aggregation ability (Wang et al., 2018; Sharma et al., 2021).Antibacterial activity against pathogens is another functional requirement for probiotics. The antibacterial effect of probiotics is complex and multifactorial, mainly by fighting against binding sites and nutrients, stimulating the host immune system to competitively reject pathogens and producing inhibitory metabolites against unfavorable microorganisms (Slizewska et al., 2021). Its metabolisms with antibacterial effect are mainly organic acids (mainly acetic acid and lactic acid), hydrogen peroxide, ethanol, bacteriocin and bacterioids (Azhar et al., 2017). Like many previous studies, the CFC (metabolites) of LAB for in vitro bacterial inhibition experiments were adopted in this study, and the results showed that four isolates have antibacterial activity against enteric pathogenic bacteria.

The adhesion of LAB in the intestine is not only beneficial for intestinal colonization and pathogens elimination, but also for immunomodulation and synthesis of healthy molecules (Donaldson et al., 2016; Slizewska et al., 2021). The adhesion of probiotics to the host is related to their cell surface properties, such as charges on bacterial cell and host cell, teichoic acids, extracellular polysaccharides, pili, and cell wall-anchored proteins (Donaldson et al., 2016; Slizewska et al., 2021).

In vitro adhesion of LAB with Caco-2 cells, which has been widely applied in the identification of potential probiotics (Yeo et al., 2016), was adopted in this study. The adhesion rate of four isolates was 30.06% to 43.69%. Consistent with the previous studies that cell adhesion is proportional to hydrophobicity, FY4 has the highest cell adhesion and hydrophobicity in this study Albeit LAB are GRAS microorganisms, and safety properties should be evaluated prior to administration. In this study, four isolates were tested on their capabilities for hemolytic analysis, gelatinase activity, and antibacterials resistance. Some bacteria are known to produce enzymes that break down phospholipids and cause rupture of the cell membrane of red blood cells (RBCs). Hemolytic activity is considered to be an important virulence factor in pathogenesis, facilitating the acquisition of iron or other “growth factors” to pathogens, which leads to host anemia or edema, etc. (Vesterlund et al., 2007). Therefore, bacterial hemolytic activity is the first in vitro safety parameter need to be evaluated. There are three types of bacterial hemolytic activities, α-hemolysis (green-hued zone around colonies), β-hemolysis (transparent zone around colonies), and γ-hemolysis (no change around colonies). Alpha hemolysis is not true hemolysis, since it actually is the oxidation of hemoglobin to green methemoglobin by the hydrogen peroxide produced by the bacteria, which gives the bacterial colonies a green color. Beta-hemolysis is the complete lysis of RBCs around the colony and in the medium below, giving the area a pale (yellow) and transparent appearance. Gamma-hemolysis is the absence of hemolytic activity and causes no change around the colony (Pradhan et al., 2020).

Gelatinase is a kind of Zn metalloproteinase secreted by pathogenic bacteria. It can effectively attack the host by digesting the protein components of tissue, so as to facilitate the spread of bacteria (Salamone et al., 2019). Therefore, probiotics must be unable to cause hemolysis and gelatin liquefaction in the host. In our study, four strains appear to be safe, as they did not cause erythrocyte lysis in sheep blood and had no gelatinase activity.

Antibacterial susceptibility assays were performed on 12 antimicrobials for phenotypic resistance according to international standards and guidelines. The results confirmed that most strains were susceptible to most antimicrobials and showed strain-dependent characteristics. The results showed consistency with previous studies on a wide range of antimicrobials, therefore no data on resistance genes or cellular localization of resistance genes were available. All strains were resistant to kanamycin, three-quarters were resistant to streptomycin, half were resistant to gentamicin and one-quarter were resistant to ciprofloxacin and rifampicin.

This result is consistent with previous reports that LAB is usually highly resistant to aminoglycosides such as kanamycin, gentamicin and streptomycin. It is considered to be intrinsic in Lactobacillus due to the lack of cytochrome-mediated electron transfer that mediates drug and food uptake (Pradhan et al., 2020).According to previous reports, the intrinsic resistance is chromosomally encoded and poses no risk of horizontal metastasis in non-pathogenic bacteria. In contrast, acquired resistance, caused by the transfer of resistance genes from the environment or from other bacteria, and might be horizontally spread among bacteria (Jeong et al., 2021).

Previous studies showed that 34% of LAB isolated from microbial food and drug additives were resistant to ciprofloxacin (Liu et al., 2009) and 26% of Lactobacillus spp. isolated from dairy products were resistant to ciprofloxacin (Erginkaya Z and Tatlı, 2017). L. acidophilus and L. brevis have been reported to be resistant to ciprofloxacin (Shazali et al., 2014). As Reported by Liu et al. (2009) L. lactis strains were all resistant to rifampicin, but he mechanism is not yet clear. Fguiri et al. (2016) showed that L. plantarum, L. pentosus, L. brevis, L. Lactis and Pediococcus pentosaceus isolated from raw camel milk were resistant to rifampicin. The resistance mechanism of some LAB to ciprofloxacin and rifampicin is still unclear, and we assumed it is a unique characteristic of the strain, which may be related to its origin and evolution.

Finally, comparative analysis of the experimental results showed that FY4 performed best in terms of aggregation, hydrophobicity, antibacterial activities and adherence to Caco-2 cells. FY3 exhibited a high degree of self-aggregation and the strongest antimicrobial activity against E. coli and Salm. Typhimurium; and FY4 possessed the most potent antimicrobial activity toward three pathogenic bacteria. Previous experimental studies have shown that a mixture of LAB to prevent and treat diarrhea has yielded encouraging results. We speculate that a mixture of FY3 and FY4 may be effective in the prevention and/or treatment of bovine diarrhea. This hypothesis needs to be validated by additional experiments, such as in vivo safety and efficacy evaluation to support its practical application.

Toxicity is a complex phenomenon and in vitro safety assays may involve false negatives, as virulence properties may be inactive under the specific conditions of the assay. Genome sequencing is currently an approach to assess the safety risk of non-expression (Papadimitriou et al., 2015). In recent years, the safety evaluation of LAB based on the whole genome sequence has been reported. Due to experimental design and economic budget, multi-genomic studies have to be carried out later. Since some toxicities require active interaction with the host to be triggered, oral toxicity tests were conducted in mice as a basis for assessing the safety of probiotics.

Acute toxicity tests in mice showed that LAB did not cause death. Weight change is an indicator of the health of the mice, too rapid increase or decrease may be a sign of immune dysregulation, organ damage and organism disorder. Compared with controls, there were no significant organ damage and no significant differences in body weight, food intake and organ indices in mice. Therefore, these four strains were considered as non-toxic, safe and effective probiotics.

In vitro screening of probiotics was applied in our study, it is a simpler and less costly method. Although some tests seem to be outdated, In vitro screening are still used in recent reports and its most important advantage is the ability to screen multiple strains at the same time (Papadimitriou et al., 2015). In recent decades, with the rapid development of bioinformatics and high-throughput technologies, LAB studies have expanded from a few genes of interest to quantify whole-genomes, transcriptomes, proteomes and metabolomes changes. The genetic function, metabolic networks, population inheritance and species divergence of LAB can be analyzed by omics techniques, which can accelerate the selection and transform superior strains and provide a basis for the efficient use of LAB, and hence improve the industrial control of fermentation.



5 Conclusions

Four LAB were isolated from yak feces in this study, which were Latilactobacillus curvatus, Weissella cibaria,  Limosilactobacillus mucosae, and Lactiplantibacillus pentosus. The probiotic properties of LAB were evaluated by hydrophobicity, acid and bile salt resistance, cell aggregation, compatibility, antimicrobial activity and cell adhesion tests. The safety attributes toward hemolytic activity, gelatinase activity and antimicrobial susceptibility were assessed. The results showed that the four strains had probiotic and safety profiles, which were sensitive to spectral antimicrobials, without hemolytic or gelatinase activity. Among them, FY3 and FY4 exhibited outstanding performances in hydrophobicity, aggregation, antibacterial activity and adhesion to Caco-2 cells. The acute oral toxicity test of LAB had no adverse effect on the weight gain, food utilization rate or organ index of mice. All results indicate that these four LAB strains, especially FY3 and FY4 could be potential probiotics for the prevention and/or treatment of bacterial disease-related diarrhea in yak.
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Introduction

Recent studies have provided insights into the important contribution of gut microbiota in the development of Pulmonary Tuberculosis (PTB). As a chronic consumptive infectious disease, PTB involves many pathological characteristics. At present, research on intestinal flora and clinical pathological Index of PTB is still rare.



Methods

We performed a cross-sectional study in 63 healthy controls (HCs) and 69 patients with untreated active PTB to assess the differences in their microbiota in feces via 16S rRNA gene sequencing.



Results

Significant alteration of microbial taxonomic and functional capacity was observed in PTB as compared to the HCs. The results showed that the alpha diversity indexes of the PTB patients were lower than the HCs (P<0.05). Beta diversity showed differences between the two groups (P<0.05). At the genus level, the relative abundance of Bacteroides, Parabacteroides and Veillonella increased, while Faecalibacterium, Bifidobacterium, Agathobacter and CAG-352 decreased significantly in the PTB group, when compared with the HCs. The six combined genera, including Lactobacillus, Faecalibacterium, Roseburia, Dorea, Monnoglobus and [Eubacterium]_ventriosum_group might be a set of diagnostic biomarkers for PTB (AUC=0.90). Besides, the predicted bacterial functional pathway had a significant difference between the two groups (P<0.05), which was mainly related to the nutrient metabolism pathway. Significant alterations in the biochemical index were associated with changes in the relative abundance of specific bacteria, the short chain fatty acid (SCFA)-producing bacteria enriched in HCs had a positively correlated with most of the biochemical indexes.



Discussion

Our study indicated that the gut microbiota in PTB patients was significantly different from HCs as characterized by the composition and metabolic pathway, which related to the change of biochemical indexes in the PTB group. It was hypothesized that the abovementioned changes in the gut microbiota could exert an impact on the clinical characteristics of PTB through the regulation of the nutrient utilization pathway of the host by way of the gut-lung axis.
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Introduction

A large number of microorganisms exist in the human body, especially the intestinal microbiome, which plays a crucial role in human physiology and pathology (de Vos et al., 2022). The gut microbiota will not only directly modulate the intestinal tract but also impact the distal organs, such as the brain, liver and lung (Zhu et al., 2021). Recently, an increasing amount of evidence has indicated that the gut microbiota is closely related to respiratory diseases, such as asthma, chronic obstructive pulmonary disease (COPD), lung cancer and respiratory infection (Dumas et al., 2018; Barcik et al., 2020; Li et al., 2021; Zhao et al., 2021). Pulmonary tuberculosis (PTB) is one of the most common infectious diseases and remains a major infectious cause of death worldwide (Pezzella, 2019). Emerging scientific research hints at a possible role of the gut microbiota in the pathophysiology of tuberculosis (TB) (Comberiati et al., 2021).

A study performed in South Africa depicted the distinct stool microbiome in the cases of tuberculosis with features of enriched anaerobes, which related to the upregulation of pro-inflammatory immunological pathways (Naidoo et al., 2021). Another study reported in India showed different results, researchers observed that butyrate and propionate-producing bacteria were significantly enriched in TB patients (Maji et al., 2018). As a country with a high burden of tuberculosis, researches on tuberculosis and flora have been widely implemented in China. In the east of China, compared with the healthy controls, the gut microbiota in the TB group was reflected by a striking decrease in short-chain fatty acids (SCFAs)-producing bacteria as well as metabolically associated pathways (Hu et al., 2019). Importantly, a study performed in the west of China showed a positive correlation between the gut microbiota and peripheral CD4+ T cell counts in the TB patients (Luo et al., 2017), which highlighted the associations between gut microbiota with tuberculosis and its clinical outcomes. Although many studies described that the change of bacterial function is related to PTB (Wang et al., 2022; Yang et al., 2022), the specific mechanism between flora and clinical characteristics remains unclear.

Herein, we have performed a comparative analysis of 63 healthy controls (HCs) and 69 PTB patients based on 16S rRNA sequencing. We found that the intestinal flora of the PTB group was characterized by the increase of proinflammatory bacteria and the decrease of SCFAs-producing bacteria, which was related to the metabolic pathway of nutrients. Notably, we set a series of specific genera as novel biomarkers for identification between PTB patients and HCs. More importantly, we found that some probiotics enriched in HCs were positively correlated with most of the biochemical indexes, indicating that the enrichment of probiotics in the intestine was closely related to the healthy physiological state of the host. In general, we aim to identify the association with the microbiome, biochemical index and pulmonary tuberculosis.



Material and methods


Ethics

This study was approved by the Ethics Review Committee of Affiliated Dongyang Hospital of Wenzhou Medical University (2022-YX-268), and written informed consent was obtained from all participants.



Participant recruitment

A total of 69 pulmonary tuberculosis patients and 63 healthy controls were initially enrolled from the Affiliated Dongyang Hospital of Wenzhou Medical University, Zhejiang, China, from May 2021 to June 2022. All patients were recruited on the basis of TB symptomatic features (WS288-2008). Healthy controls (HCs) were recruited in hospital health examination center, who did not have close contact with TB patients at least one year. All participants had not taken any broad-spectrum antibiotics in the previous six months and without other basic diseases or major illness.



Biochemical analysis

Blood samples were collected for biochemical analysis using the automated equipment and standard methods. The level of Albumin (Alb), Serum fasting blood glucose (Glu), Total Cholesterol (TC), Triglycerides (TG), High-Density Lipoprotein cholesterol (HDL), Low-Density Lipoprotein cholesterol (LDL), and Creatinine (Cr) were examined using a Hitachi 7600 automatic biochemical analyzer (HITACHI, Japan). The Hemoglobin (Hb) and White Blood Cell (WBC) were examined by Sysmex pocH-100i automatic blood Analyzer (SYSMEX, Japan).



Fecal sample collection and microbe DNA extraction

Fresh stool samples (morning samples, 200 mg/aliquot) were collected using GUHE Flora Storage buffer (GUHE Laboratories, Hangzhou, China), and stored at room temperature until DNA extraction. DNA was extracted with nucleic acid extraction or purification reagent (GUHE Laboratories, GHFDE100, Hangzhou, China), and the quantity and quality of extracted DNAs were measured using the NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively.



16S rRNA gene sequencing

The V4 hypervariable regions of the bacterial 16S rRNA gene were amplified from each sample using the 515F(5’-GTGCCAGCMGCCGCGGTAA-3’) and 806R(5’-GGACTACHVGGGTWTCTAAT-3’) primers as previously described prior to sequencing. Phusion High-Fidelity PCR Master Mix with HF Buffer (PHUSION high fidelity DNA polymerase) was used for PCR. The following primary PCR cycling conditions were used: (1) Pre-denaturatio at 98℃ for 30 s; (2) 25 cycles of PCR at 98℃ for 15 s, 58℃ for 15 s, and 72℃ for 15 s; (3) a final extension at 72℃ for 1 min. PCR products were purified with AMPure XP Beads (Beckman Coulter, Indianapolis, IN), and the library was quantified with Qubit. After quantification, the Illumina NovaSeq6000 platform at GUHE Info Technology (GUHE, Hangzhou, China) was used for sequencing. The sequence data of this study have been uploaded in the GenBank Sequence Read Archive (SRA) of NCBI under the accession code BioProject PRJNA901399.



Sequence analysis

The original data of each sample were split according to the Barcode sequence and the primer sequence. The low-quality sequences were filtered through following criteria (Gill et al., 2006; Chen and Jiang, 2014): sequences that had a length of <150 bp, sequences that had average Phred scores of <20, sequences that contained ambiguous bases, and sequences that contained mononucleotide repeats of >8 bp. Paired-end reads were assembled using Vsearch V2.4.4 (–fastq_mergepairs –fastq_minovlen 5), than Operational taxonomic unit (OTU) picking using Vsearch v2.15.0, included dereplication(–derep_fulllength), cluster(-cluster_unoise), detectection of chimeras(-uchime3_denovo) (Rognes et al., 2016). The final effective tags were obtained by removing the chimeric sequences.



OTU/ASV clustering and species annotation

The filtered clean reads were clustered to get ASV statistical results. The representative sequences of OTUs were selected using default parameters. The representative sequences were annotated through QIIME2 (v2020.6) based on the SILVA138 database to further generate the OTU list. At each classification level, phylum, family, and genus were used to count the community composition of each sample.



Bioinformatics and statistical analysis

Sequence reads for 16S rRNA gene amplicons were analyzed using QIIME2 software and R package (v3.2.0). QIIME2 was used to calculate alpha diversity index in OTU level, including Chao1, ACE, Shannon, Simpson index. Beta diversity analysis was calculated through Qimme software based on UniFrac distance metric (Lozupone and Knight, 2005; Lozupone et al., 2007). “Vegan” from R package was used to evaluate the markers of microbial community structure differentiation between groups through PERMANOVA (Permanent multivariate analysis of variance) (McArdle and Anderson, 2001). The classification and abundance of bacteria were visualized by MEGAN software and GraPhlAn. And the R package “VennDiagram” was used to generate a Venn diagram (Zaura et al., 2009). Taxa abundances at the phylum, class, order, family, genus and species levels were statistically compared among samples or groups by Kruskal test from R stats package (metagenomeSeq packages). LEfSe (Linear discriminant analysis effect size) was performed to detect differentially abundant taxa across groups using the default parameters (Segata et al., 2011). Microbial functions were predicted by PICRUSt2 (Phylogenetic investigation of communities by reconstruction of unobserved states, https://github.com/picrust/picrust2/), based on high-quality sequences. For each sample, functions were profiling by using the Omixer-RPM version 1.0 (https://github.com/raeslab/omixer-rpm) with KO redundants predicted from PICRUSt2. Spearman’s rank correlation between the intestinal flora and biochemical indexes was calculated with our own python scripts (Ramsey, 1989). Random forest analysis was applied to discriminating the samples from different groups using the R package “random Forest” with 1,000 trees and all default settings. Values were expressed as the mean ± SEM. All other comparisons were calculated by two-tailed Student’s t-test or one-way ANOVA followed by Tukey’s test using GraphPad Prism 6 software.




Results


Participant cohort

Table 1 showed the detailed clinical characteristics of the study participants. 69 PTB patients and 63 age- and sex-matched healthy controls (HCs) were enrolled in this study. Among the clinical biochemical indexes tested in the study, a significant increase in serum fasting blood glucose (Glu) was observed in PTB patients (P<0.05). The levels of Albumin (Alb), Creatinine (Cr), Hemoglobin (Hb), Triglycerides (TG), Total cholesterol (TC), High-density lipoprotein cholesterol (HDL) and Low-density lipoprotein cholesterol (LDL), were all found to be significantly lower in PTB patients than in HCs (P<0.001). There was no statistical difference in White blood cells (WBC) between the two groups.


Table 1 | Clinical characteristics of the participants.





Dysbiosis of gut microbiota in PTB patients

In total, we generated 16,259,048 high-quality reads, and the reads were clustered into 7296 operational taxonomic units (OTUs) based on a similarity of 97%. A Venn diagram showed that 1141 OTUs and 732 OTUs were unique in the healthy controls and PTB patients, respectively (Figure 1A). The rarefaction curves showed that the curve entered in plateau, indicating that the sequencing data was large enough to reflect the bacterial diversity of the intestinal flora in HCs was higher than that in the PTB patients (Figure 1B). The alpha diversity indexes, including Shannon, Simpson, Chao1 and ACE reflected that the diversity of fecal microbiota in PTB patients was significantly lower than in HCs (P<0.01, P<0.05, P<0.001, P<0.001, respectively) (Figure 1C). The principal coordinate analysis (PCoA), based on Bray-Curtis, unweighted UniFrac and weighted UniFrac distances were performed to identify the difference in fecal microbiota composition between PTB patients and HCs. As shown in Figure 1D, there was a tendency of separation and had a partial overlap between two groups, which demonstrated that the total community of gut microbiota in the two groups was different.




Figure 1 | Intestinal microbial diversity. (A) Venn diagram showing the shared and unique OTUs in the gut microbiota of the two groups. (B) The rarefaction curves of two groups tended to be flat, indicating that the amount of sequencing data is large enough to reflect the majority of microbial species information in the sample. (C) The alpha diversity was assessed using the ACE, Chao1, Shannon and Simpson indexes, which showed significant differences between the PTB and HCs groups. *P<0.05, **P<0.01, ***P<0.001. Wilcoxon rank-sum test followed by Benjamini–Hochberg false discovery rate (FDR) correction. (D) PCoA based on Bray-Curtis, weighted_unifrac and Unweighted_Unifrac distance showed that gut microbiota in PTB separated from HCs (P<0.05). The significance was assessed by permutational multivariate analysis of variance (PERMANOVA) using the R package “vegan”. PTB, pulmonary tuberculosis; HCs, healthy controls.



The compositions of the fecal microbiota in the PTB patients and the HCs were assessed at different taxonomic levels, and the top 20 relative abundance of bacteria were shown in Figure 2A. At the phylum level, we observed an enrichment of Bacteroidota(33.10% vs. 27.08%), Proteobacteria(12.99% vs. 9.83%) and Fusobacteriota(0.58% vs. 0.56%, P<0.05), and a remarkable decrease of Firmicutes(48.07% vs. 55.89%, P<0.05) and Actinobacteriota(2.44% vs. 5.83%, P<0.01) in PTB patients compared with HCs (Figure 2B). At the family level, the relative abundance of Bacteroidaceae (24.59% vs. 16.14%, P<0.05), Tannerellaceae (2.88% vs. 0.90%, P<0.05) and Oscillospiraceae (2.19% vs. 1.18%, P<0.05) increased significantly in PTB patients, while Bifidobacteriaceae (1.7% vs. 5.03%, P<0.01), Butyricicoccaceae (0.45% vs. 0.81%, P<0.05) and Ruminococcaceae (10.74% vs. 22.20%, P<0.001) decreased drastically (Figure 2B). At the genus level, compared with the HCs, the PTB patients had a significantly higher relative abundance of Bacteroides (25.59% vs. 16.14%, P<0.05), Parabacteroides (2.88% vs. 0.90%, P<0.05) and Veillonella (4.24% vs. 0.84%, P<0.05), and lower relative abundance of Faecalibacterium (5.31% vs. 14.80%, P<0.05), Bifidobacterium (1.67% vs. 5.02%, P<0.05), Agathobacter (0.86% vs. 3.32%, P<0.05) and CAG-352 (0.60% vs. 2.21%, P<0.05) (Figure 2B). Our data indicated the altered gut microbiota composition in PTB patients.




Figure 2 | Relative abundance and LEfSe analysis of intestinal microbiota. (A) The relative abundance of intestinal flora between the PTB patients (red) and HCs (blue) at the phylum level, the family level and the genus level. (B) The statistical difference of intestinal flora between two groups. *P<0.05, **P<0.01, ***P<0.001. The significance was assessed by Student’s t test. (C) The cladogram identified the differentially abundant taxa between the PTB patients and HCs. The HC-enriched taxa were indicated with a negative LDA score (blue), and the taxa enriched in the patients with PTB were characterized by a positive score (red).



LEfSe analysis demonstrated that many key taxa were clearly different between PTB patients and HCs. According to the LDA score, the significantly enriched taxa in the gut microbiome of the PTB patients were Lactobacillus, Blautia, Erysipelatoclostridium and Fusobacterium. While the abundance of Faecalibacterium, Bifidobacterium, Butyricicoccus, Roseburia and Lachnospiraceae_NK4A136_group were higher in HCs (Figure 2C). The structure of the intestinal flora was determined by dynamic interactions between these community members. Based on the relative abundance of OTUs, PTB patients showed a more complex network of interactions than the HCs, with more positive and negative correlations among the microbiota (Figure S1).



The biochemical index was correlated with gut microbiota

A heat map was used to examine the associations between intestinal bacteria and the biochemical index (Figure 3). TC, HDL, LDL and Hb were positively correlated with 5 genera that were enriched in HCs, namely Lachnospiraceae_ND3007_group, Haemophilus, Faecalibacterium, Roseburia, Lachnospira (P<0.05). The levels of TG, Hb, LDL and TC were negatively associated with Lactobacillus, Erysipelatoclostridium and Megasphaera (P<0.05). Particularly, Alb was positively correlated with SCFA producers which were enriched in HCs, such as Lachnospiraceae_NK4A136_group, Faecalibacterium, Dorea, Butyricicoccus and Bifidobacterium (P<0.001), and negatively associated with Lactobacillus, Erysipelatoclostridium, Megasphaera and Sellimonas, most of which were enriched in PTB patients. Moreover, Cr was positively correlated with some bacteria enriched in HCs, and negatively correlated with bacteria enriched in PTB group (P<0.05). Besides, WBC had no direct relation with the genera in our study. It is also unusual in that Glu only had a negative correlation with Incertae_Sedis, Faecalibacterium, [Eubactrium]_eligens_group, Collinsella, Ruminococcus, CAG-352, Bilophila, Akkermanisia and Clostridia_UCG-014 (P<0.05). Taken together, there was an intimate relationship between the deferential genera of PTB patients and the biochemical index, indicating that the altered gut microbiota may be the key pathophysiology of PTB.




Figure 3 | Correlation analysis between intestinal flora and biochemical indexes. The depth of the color in the heat maps signifies the strength of the correlation: red represents a positive correlation, whereas blue indicates a negative correlation. * P<0.05, ** P<0.01, *** P<0.001. The correlation were assessed by the Spearman test. Grey represents features enriched in HCs, while black represents features enriched in PTB patients.





Microbial functional dysbiosis in PTB patients

PICRUSt2 was used to identify the metabolic and functional changes in the fecal microbiota between the PTB patients and the HCs. The results of PICRUSt2 based on the KEGG classification showed that the predominant predicted bacterial functions were related to cellular processes, genetic system, metabolism and organismal system (Figure 4A). Top 20 pathways were shown in Figure 4B, among which 18 were overrepresented in the PTB patients, while only 2 were enriched in healthy controls. Compared with HCs, 7 biosynthesis pathways related to ubiquinone, polyketide, siderophore, folate, lipopolysaccharide, N-glycan and steroid hormone were highly represented in PTB patients. Interestingly, 5 metabolism pathways related to lipoic acid, ascorbate, taurine, fructose and biotin were strikingly increased in PTB patients. Moreover, the degradation capacities for different types of substrates, such as amino acid and glycan were increased in patients, while the dioxin degradation pathway was increased in HCs. Notably, PTB patients had more pathways involved in toxin degradation and energy circulation, specifically reflected in the rise of peroxisome and TCA cycle pathways. However, HCs obviously had more proteasome, indicating a superior protein utilization capacity (Figure 4B). Thus, these results further confirmed that Mycobacterium tuberculosis infection would disturb the functional of the fecal microbiota and might participate in the pathogenesis and development of PTB.




Figure 4 | PICRUSt2-based examination of the fecal microbiome of the PTB patients and the healthy controls. (A) The different bacterial functions were evaluated between two groups. (B) A comparison of enriched KEGG pathways in PTB and HCs. * P<0.05, ** P<0.01, *** P<0.001. Functions and pathways were enriched in PTB group (red); Functions and pathways were enriched in the HC group (blue).





Significant biomarkers based on gut microbiota for PTB diagnosis

To further explore the diagnostic value of the gut microbiota for PTB, we constructed a random forest model to accurately distinguish PTB patients from HCs. 30 genus markers were selected from the model. The training of the random forest classifier involved the calculation of the feature importance of these 30 genera and their relative abundances (Table S1). The vital genera identified based on the model were described based on a mean decrease in accuracy (Figure 5A). ROC analysis was used to verify the diagnostic ability of these biomarkers. The area under the curve (AUC) obtained using the training datasets was 0.91, showing that patients with PTB could be successfully distinguished from the HCs. The AUC values for six genera, Lactobacillus (AUC=0.758), Faecalibacterium (AUC=0.803), Roseburia (AUC=0.829), Dorea (AUC=0.851), Monnoglobus (AUC=0.867) and [Eubacterium]_ventriosum_group (AUC=0.88), had an adequate diagnostic efficacy, respectively. Importantly, the model including all six genera had a relatively better diagnostic ability (AUC=0.90) (Figure 5B), indicating the combination of six genera may be a set of new diagnostic biomarkers for PTB.




Figure 5 | Establishing random forest models to predict the biomarkers of gut microbiota in PTBs. (A) The top 30 genera were selected to establish a random forest classifier for the diagnosis of PTB. The mean value enriched in HCs(blue); The mean value enriched in PTB patients (red). (B) Receiver operating characteristic (ROC) analysis of Lactobacillu, Faecalibacterium, Roseburia, Dorea, Monnoglobus, [Eubacterium]_ventriosum_group, 6 genera mentioned above and the 30 genera.






Discussion

Homeostatic interactions with the microbiome are central to healthy human physiology and nutrition is the main driving force shaping the microbiome (Dominguez-Bello et al., 2019; Gomaa, 2020). Malnutrition is one of the major factors in Mycobacterium tuberculosis (Mtb) infection, which has been associated with the gut microbiota (Martin and Sabina, 2019; Tellez-Navarrete et al., 2021). Once TB sets in, it leads to an increase in metabolism and a decrease in appetite that compounds the already present malnutrition (Hernández-Garduño and Pérez-Guzmán, 2007; Kant et al., 2015; Mashabela et al., 2019). Emerging studies have indicated cross-talk occurs between the gut microbiota and the pathogenesis of pulmonary tuberculosis (PTB) through a gut-lung axis (Dang and Marsland, 2019; Saint-Criq et al., 2021). Our study group consists of participants from eastern China, which is relatively less explored and has no consistent results in the existing research. We updated the data on the structure and function of the intestinal flora of Chinese tuberculosis patients and attempted to contact the interplay and mechanism between host nutritional status, pathology, and the gut microbiome.

We observed microbial dysbiosis in PTB patients, which was reflected in the reduction of diversity and the change of taxonomic composition (Figures 1, 2), parallel to the recent study (Khaliq et al., 2021). In this study, at the phylum level, we found an enrichment of Bacteroidota, Proteobacteria and Fusobacteriota in PTB patients, many of which produced lipopolysaccharide (LPS), suggesting an increase of gut-derived LPS in PTB patients. Chronic infection and persistent inflammatory reaction of tuberculosis may affect the integrity of the intestinal mucosal barrier, facilitating the translocation of the bacteria, leading to the increase of circulating LPS, which further aggravated the inflammation of the host (Gallucci et al., 2021). Especially, as compared with the HCs, at the genus level, the abundance of Bacteroides, Parabacteroides and Veillonella increased markedly in PTB patients. The stability of gut microbiota is essential for the host’s health, while the enrichment of anaerobic bacteria, for example, Bacteroides and Veillonella, were associated with disease status, leading to inflammation (Wei et al., 2020; Zafar and Saier, 2021). Moreover, we observed a significant decrease in the abundance of SCFAs-producing genera in PTB patients, such as Faecalibacterium, Bifidobacterium, Agathobacter and CAG-352 (Figure 2A). Especially, the depletion of Faecalibacterium and Bifidobacterium was related to the TB cases (Khaliq et al., 2021; He et al., 2021). It is known that SCFAs, especially, acetate, propionate and butyrate are key mediators of the beneficial effects elicited by the gut microbiome (Martin-Gallausiaux et al., 2021). In addition to maintain intestinal function, evidence is accumulating that SCFAs directly modulate host metabolic health related to appetite regulation, energy expenditure, glucose homeostasis and immunomodulation (Canfora et al., 2015; Blaak et al., 2020). More importantly, we found a set of novel non-invasive diagnostic biomarkers for PTB, the combination of 6 genera, containing Lactobacillus, Faecalibacterium, Roseburia, Dorea, Monnoglobus and [Eubacterium]_ventriosum_group specifically (Figure 5), had a relatively better diagnostic ability (AUC=0.90) than previous studies (Hu et al., 2019; Wang et al., 2022), which improved the accuracy and reduced the complexity.

Pulmonary tuberculosis (PTB) is a chronic consumptive disease, the malnutrition of PTB may cause anemia, hyperglycemia and other complications (Moon, 2014; Kant et al., 2015; Chhabra et al., 2021). In this study, we found that significantly lower lipid (TC, TG, HDL and LDL), Alb, Cr and Hb levels were other interesting characteristics of PTB patients (Table 1), which may result from a decrease in the utilization of protein and fat due to malnutrition (Kant et al., 2015). Moreover, we found that the levels of lipid, Alb and Hb were positively correlated with the abundances of SCFA-producing probiotics which enriched in HCs, such as Lachnospiraceae_ND3007_group, Faecalibacterium, Roseburia, Dorea and Butyricicoccus (Figure 3), indicating the enrichment of probiotics were related to the healthy physiological state of the host. Faecalibacterium and Roseburia are major producers of butyrate, which decreased Mtb-induced inflammation as well as insulin resistance (Jo et al., 2021; Faden, 2022). Meanwhile, the mentioned indexes were negatively correlated with the abundances of Lactobacillus, Erysipelatoclostridium and Sellimonas, which enriched in PTB patients (Figure 3). Previous study found that Lactobacillus was significantly increased in newly treated patients with PTB (Xie et al., 2021), and lactate, the product of Lactobacillus, was found to provide additional carbon matrix for Mtb (Billig et al., 2017). Besides, Erysipelatoclostridium was one of the major genera associated with active-TB, also associated with inflammation as well as lipid metabolism (Jo et al., 2021; Khaliq et al., 2021; Chang et al., 2022). In this study, we observed the level of Glu increased significantly in the PTB group (Table 1), and there was only a negative correlation between Glu level and the abundance of SCFAs producers, such as [Eubacterium]_eligens_group, Ruminococcus and Akkermansia (Figure 3) (Wang et al., 2022), different from the previous result (Hayashi et al., 2014). Although Akkermansia was reported to regulate blood glucose (Yoon et al., 2021), its ability might be reversed by other bacteria in the PTB group due to relative abundance or flora interaction. Thus, this study indicated that the imbalance of intestinal flora, especially the down-regulation of SCFA-producing bacteria, is related to the pathological indexes of PTB patients. In light of these observations, we considered this hypothesis that an upsurge of SCFAs-producing bacteria might have positive consequences on the host.

In addition to the SCFAs, we speculated another way that gut microbiota affected the pathological status of PTB patients was by regulating the bioavailability of nutrients such as amino acids, vitamins and glycan (Kant et al., 2015). The microbial function analysis revealed that PTB patients had a significant increase in the metabolism/degradation pathway of amino acids and glycan (Figure 4B), indicating an increased basal metabolic rate, which was consistent with the low fever pathology of PTB (El Amrani et al., 2016). The upregulation of these pathways probably resulted from the complicated microbial interaction network (Figure S1), which demanded much more nutrients to maintain in PTB patients than HCs. Notably, the lipopolysaccharide (LPS) biosynthesis pathway was significantly up-regulated in the PTB group, which was consistent with the up-regulated relative abundance of LPS-producing bacteria in PTB patients. Previous studies have found that LPS may be a sign of malnutrition and bacterial infection (Ubenauf et al., 2007; Patterson et al., 2021). Besides, LPS can induce insulin resistance, which is related to hyperglycemia (Salazar et al., 2020). The up-regulated LPS biosynthesis pathway may provide some explanations for the high blood glucose level and low blood lipid level of PTB patients in this study, which reaffirmed the involvement of gut microbiota in the process of PTB disease. Moreover, the biosynthesis of folic acid in this study increased significantly in PTB patients, it might be due to the enrichment of Lactobacillus in the PTB group, which was known as folic acid-producing bacteria (Levit et al., 2018; Hajian et al., 2019). Based on these results, the enrichment of proinflammatory bacteria in the PTB group seems to explain the pathologically elevated basal metabolic rate and the clinical characteristics of the host. Known as SCFAs can inhibit inflammation and regulate basic metabolism (Morrison and Preston, 2016; He et al., 2020), studies on the treatment of probiotics in diseases have been implemented (Xiong et al., 2021; Jiang et al., 2022). It seems feasible to treat PTB by replenishing the probiotics, for their excellent ability in improving the flora structure and increasing the production of SCFAs.

The results of this study provide a new framework for understanding the changes of intestinal microorganisms in the east China cohort exposed to Mtb and provide a new diagnostic marker for non-invasive diagnosis of PTB. We speculate that the enrichment of pro-inflammatory bacteria and the reduction of SCFA-producing probiotics in the PTB group caused the imbalance of intestinal flora structure and function, which led to the pathological metabolism in the PTB group, explaining the abnormality of clinical indexes in PTB patients. Therefore, it is meaningful to take probiotics to regulate the structure and function of the flora. The gut microbiota will be affected by environment, diet and living habits, diseases, antibiotics, etc. To increase the universality and strictness of this study, we need more large-scale follow-up research, including expanding cohort, upgrading sequencing methods, conducting animal experiments, etc., to obtain new insights from current findings. These studies will help us better understand the gut-lung axis and have potential significance for the non-invasive diagnosis and treatment of PTB.
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Cyprinid herpesvirus 2 (CyHV-2) infects gibel carp (Carassius auratus gibelio) and causes severe losses. Microbiota in animal guts involves nutrition intake, development, immunity, and disease resistance. However, the relationship between gibel carp gut microbiota and CyHV-2 infection is not well known. Herein, we analyzed the gut microbiota composition and metabolite profiles in CyHV-2-infected and -uninfected fish using high-throughput sequencing and gas chromatography/mass spectrometry. Results showed that CyHV-2 infection significantly changed gut microbiota and metabolite profiles (p < 0.05). High-throughput sequencing demonstrated that the relative abundance of Aeromonas in the midgut increased dramatically while Cetobacterium decreased. Time-course analysis showed that the number of Aeromonas in the midgut of infected fish increased more than 1,000 times within 5 days post infection. Metabolome analysis illustrated that CyHV-2 infection significantly altered 24 metabolites in the midgut of gibel carp, annotating to the anomaly of digestion and metabolisms of amino acids, carbohydrates, and lipids, such as tryptophan (Trp) metabolism. The Mantel test demonstrated that gut microbiota and metabolite profiles were well related (r = 0.89). Furthermore, Trp metabolism responded to CyHV-2 infection closely was taken as one example to prove the correlation among CyHV-2 infection, metabolites and microbiota in the midgut, and host immunity. Results showed that modulating Trp metabolism could affect the relative abundance of Aeromonas in the midgut of fish, transcription of antiviral cytokines, and CyHV-2 infection. Therefore, we can conclude that CyHV-2 infection significantly perturbed the gut microbiome, disrupted its’ metabolic functions, and caused the proliferation of the opportunistic pathogen Aeromonas. This study also suggests that modulation of the gut microbiome will open a therapeutic opportunity to control CyHV-2 infection in gibel carp.
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1 Introduction

Gibel carp (Carassius auratus gibelio), an omnivorous freshwater fish, is one of the leading aquaculture species worldwide. More than 2,700,000 tons of gibel carps were produced in 2020 with an economic value of over 5 billion dollars (Ministry of Agriculture and Rural Affairs of China, 2021), and most of its production farms are located in Yancheng, Province Jiangsu, China (Liu et al., 2018). However, the disease caused by Cyprinid herpesvirus 2 (CyHV-2), also known as the goldfish hematopoietic necrosis virus (GFHNV), limits the sustainable aquaculture of gibel carp (Lu et al., 2022; Zhu et al., 2022). CyHV-2 infection in gibel carp was first reported in 1999 in China (Chang et al., 1999), and the massive mortality reached over 90% in many breeding ponds (Wang et al., 2012). The CyHV-2-infected fish displays lethargic, anorexic, and widespread bleeding in the body, gill, and swim bladder. When the gill cover opens and closes or the fish’s body is stressed or jumping, blood will flow out from the gills (some infected fish may not have gill-bleeding symptoms). Some infected fish have erythema on the gill cover, which is called a beauty spot. Internal organs are congested or bleeding, the fish’s swim bladder has obvious bleeding points compared to the hemorrhages caused by Aeromonas spp., and the tail fin is whitish (Wu et al., 2013). CyHV-2 can be naturally detected in the water and sediments in the culture ponds, and gibel carp is sensitive to this virus (Yao et al., 2016). Gills are the critical organ for the initial invasion of CyHV-2 into fish, while the kidney and spleen are the primary organs for viral replication (Ding et al., 2014; Zhu et al., 2015; Yao et al., 2016). However, there is still no effective strategy to control this infection, which threatens this species’ sustainable culture industry.

Recent studies reveal that modulating the gut microbiota is an effective strategy to control disease development in human beings (Liu et al., 2013), but few studies were reported on the fish (Ran et al., 2021). Gut microbiota is considered as a good indicator of animal health, and plays a vital role in regulating host immune homeostasis and metabolic function (Guarner and Malagelada, 2003; Hu, 2017). The following four roles related to gut microflora have been reported: 1) metabolic activities in the fermentation of non-digestible dietary residue and endogenous mucus: the salvage of energy as short-chain fatty acids, the production of vitamin K, and the absorption of ions; 2) critical trophic effects on intestinal epithelial cell growth and differentiation, and interactions between intestinal bacteria and host immunity at the mucosal interface; 3) protection or mucous integrity-dependent barrier against pathogen invasion by alien microbes; and 4) relation to certain pathological disorders, including multisystem organ failure and inflammatory diseases (Guarner and Malagelada, 2003; Shapira, 2016; Cong et al., 2022). Thus, determining causal links of gut microbiota to diseases can contribute to developing new therapeutic interventions (Guarner and Malagelada, 2003; Li et al., 2017; Agus et al., 2018).

Although the gut microbiota of fish is affected by many factors, including host factors (e.g., genetics, gender, weight, and immunity), environmental factors (e.g., water, salinity, diet, and medicine), and microbial factors (Wang et al., 2018), the composition of the gut core microbiota is relatively stable in fish (Wang et al., 2018). Among them, water, diet, and feeding habits have been studied the most. Aeromonas, Pseudomonas, and Bacteroides type A dominate the gut microbiota of freshwater fish species. Plesiomonas, Enterobacteriaceae, Micrococcus, Acinetobacter, Clostridium, Bacteroides type B, and Fusariumas are less abundant. Additionally, many studies have used the combined metabolomic and metagenomic methods to investigate the correlation between metabolic alterations and gut microbiota changes, providing new insights into the disease pathology and therapeutic intervention (Guarner and Malagelada, 2003; Wang et al., 2018). For gibel carp, the gut microbiota of fish post-CyHV-2 infection was changed, and Plesiomonas was highly abundant in the infected fish Rong et al., 2017. CyHV-2 and CyHV-3 infections ruin the gut integrity of carps. These findings raised the possibility of the direct interaction between CyHV-2 and commensal bacteria (Rong et al., 2017; Ran et al., 2021). However, few studies have been conducted to investigate the effect of CyHV-2 infection on the gut microbial ecology by using combined metabolomic and metagenomic analysis. It will hinder the control and prevention development of CyHV-2 infection in gibel carp culture.

Thus, in this study, the changes of microbiota and metabolites in the midgut of CyHV-2-infected gibel carp and the correlation among them were firstly investigated. Then, the time-dependent number changes of target bacteria associated with CyHV-2 infection were analyzed through the culture method. Furthermore, tryptophan (Trp) metabolism was taken as one of the examples to prove the correlation between CyHV-2 infection and the metabolites since 1) the changes of microbiota and metabolites in the fish midgut post-CyHV-2 infection in this study had been annotated to Trp metabolism; 2) Trp metabolism has been reported to play a crucial role in gut microbiota–host cross-talk in health and disease via the aryl hydrocarbon receptor (AhR) (Hao and Whitelaw, 2013; Agus et al., 2018; Natividad et al., 2018; Sun et al., 2019; Wyant and Moslehi, 2022); 3) AhR, a nuclear protein upon association with certain endogenous and exogenous ligands, can translocate signals into the nucleus, bind DNA, and regulate gene expression. Trp metabolites are one of the most important endogenous AhR ligands (Ghiboub et al., 2020; Willem et al., 2022); and 4) Trp metabolism is known to regulate the intestinal barrier function and host immunity, and Trp metabolites/AhR signaling modulation are a therapeutic perspective in human diseases (Lamas et al., 2016; Lamas et al., 2018; Trikha and Lee, 2019; Platten et al., 2019; Ghiboub et al., 2020; Rosser et al., 2020). Taken together, these results about microbiome-modulated metabolites from this study will provide valuable information to control CyHV-2 infection from a disrupted equilibrium to clinical opportunities.



2 Materials and methods


2.1 Ethics statement

In the present study, all the animal experiments were handled in accordance with the guidelines for the Care and Use of Experimental Animals of China. The Committee for the Welfare and Ethics of Laboratory Animals was approved by the Animal Care and Use Committee of the Center for Applied Aquatic Genomics at the Chinese Academy of Fishery Sciences.



2.2 Fish acclimation

Gibel carp (43.17 ± 2.9 g) was obtained from a fish farm at Yancheng City, Jiangsu province China. After bringing the fish to the lab, we first performed PCR to make sure that the fish did not carry the CyHV-2 and then did further research (Figure S1). The primers for PCR are listed in Table S1. PCR in the reaction volume of 20 μl was performed following the protocols as one cycle of 95°C for 5 min, followed by 30 cycles at 95°C for 30 s, 58°C for 30 s, 72°C for 30 s, and final elongation at 72°C for 5 min (Zhu et al., 2015). The PCR products were checked by 1% agarose gel electrophoresis.

Then, the fish were acclimated in a tank with static water at a water temperature of 23°C–25°C, pH of 7.8–8.2, and dissolved oxygen (DO) higher than 5 mg L−1 and provided with 24-h continuous aeration circulation for 2 weeks prior to the experiments. Gibel carp was fed three times each day with commercial diets (Tongwei, Yancheng, China) to satiation. The diets contained 32.25% crude protein, 5.90% crude lipid, 1.18% calcium, and 1.23% total phosphorus.



2.3 CyHV-2 solution preparation and viral quantification

The CyHV-2 solution was prepared as the previous description by Qiao et al. (2020). In brief, the kidney from naturally CyHV-2-infected gibel carp with typical signs of hemorrhage in the gill and swim bladder was sampled, homogenized by mixing with 10 times volume of phosphate-buffered saline (PBS, 0.01 M, pH7.2), centrifuged at 12,000 × g for 30 min and filtered by a 0.45/0.22-μm biofilter to remove bacteria.

DNA from the kidney was extracted using the viral DNA extraction kit (TaKaRa BIO Co., Ltd., Dalian, China), and the extracted DNA was assessed and adjusted to 50 ng μl−1 by Biophotometer Plus (Eppendorf). The primers (CyHV-2-RT-F and CyHV-2-RT-R) for quantitative real-time PCR (qPCR) are listed in Table S1. The qPCR reactions were performed using the SYBR® Premix ExTaq™ kit (Takara Bio Co., Ltd., Dalian, China) in a total volume of 25 μl, containing 12.5 μl SYBR Premix Ex Taq II (TaKaRa, Japan), 2 μl template DNA, 1 μl each primer and 8.5 μl ddH2O. Distilled water replacing the extracted DNA was set as a negative control for each new run. The thermal cycling condition was as follows: one cycle of 95°C for 3 min, followed by 40 cycles at 95°C for 5 s and 55°C for 30 s and then by dissociation curve analysis (65°C–95°C: increment 0.5°C for 5 s) (Qiao et al., 2020). After amplification, melting curve analysis was performed, and Ct values were obtained. The standard curve of the viral DNA copy number is shown in Figure S2, which was generated as described by Xu et al. (2014). Plasmid DNA containing the sequence of the CyHV-2 helicase gene was selected to serve as the standard for virus quantification. The amplified DNA fragment was gel-purified using a Fermentas Gel Extraction Kit (Thermo). The resulting DNA fragment was inserted into the pMD19-T plasmid to produce pMD-CyHV-2. A 10-fold dilution series of pMD-CyHV-2 was used as the standard template of CyHV-2 in the qPCR. Finally, a viral stock solution at a concentration of 9.7 × 107 copies μl-1 was prepared.



2.4 Fish infection with CyHV-2 through gills (simulated to natural infection)

The gut microbiota diversity of gibel carp is related to the environment, diets, and feeding habits (Chen et al., 2021), but the composition of core microbiota in the gut is relatively stable under the same cultural circumstance (Wang et al., 2018; Chen et al., 2021). Therefore, allogynogenetic gibel carp, after acclimation for 14 days in the lab, was house-infected by CyHV-2 to avoid the effect of gender, water, and diet on gut microbiota. After acclimation in part 2.2, fish were divided randomly into two groups, namely, a control group with PBS and the CyHV-2-infection group. Each group included six tanks, three of them (volume of 100 L) with 8 individuals were used to calculate cumulative mortality (CM) and another three (volume of 400 L) with 30 individuals was set to sample for gut microbiota and metabolite analysis.

The ‘per-gill infection method’ mocked natural infection, which directly exposes virus to only gills, had been used to infect gibel carp like KHV and CHNV (Miyazaki et al., 2008; Somamoto et al., 2015) since gills are one of the first organs of aquatic animals exposed to pathogens (Murray et al., 2017; Andrews et al., 2010) and key invasion portal for CyHV-2 in gibel carp (Ding et al., 2014). Briefly, fish were anesthetized with tricaine methane sulfonate (MS-222) at 100 mg L−1 and inoculated with a CyHV-2 working solution (9.7×106 copies μl−1) at 10 μl fish-1 into their gills (both sides) in air. An equal volume of PBS was inoculated into gills as the control group. After gill exposure to the viral solution or PBS, fish were wrapped with wet papers and kept in air for 5–7 min at 25°C to allow the virus to adsorb into the gill tissue. Then, the fish were returned to the tank and maintained at 25°C with 24-h continuous aeration circulation. During the challenge test, no diets were fed (Qiao et al., 2020).



2.5 CyHV-2 infection confirmation


2.5.1 Clinical symptom observation and cumulative mortality

Clinical symptoms were observed daily, focusing on lethargy, anorexia, and hemorrhage in the body, eye, gill, and swim bladder. CM within 14 days post infection (dpi) was counted.



2.5.2 CyHV-2 load measurement

The fish with typical hemorrhagic symptoms at the 5th dpi were sampled. The viral load at 5 dpi in different tissues, including the gill, foregut, midgut, hindgut, liver, kidney, spleen, brain, and muscle, was detected by qPCR as described in part 2.3. Viral load was converted into copies per ng DNA.




2.6 Microbiome analysis of fish gut post-CyHV-2 infection


2.6.1 Midgut microbiota analysis through high-throughput sequencing

The midgut of three individuals with typical hemorrhagic symptoms at 5 dpi from each tank was collected and pooled as one sample. Resultantly, a total of nine fish for each group and three biological replicates were conducted for gut microbiome analysis. Microbial DNA was extracted from the midgut using the HiPure Soil DNA kits (Magen, Guangzhou, China) according to the manufacturer’s protocols. DNA samples were amplified to target the V4 region of bacterial 16S rRNA (Qiao et al., 2020). PCR products were purified with Qiagen Gel Extraction Kit (Qiagen, Suzhou, China). The primers 341F and 806R were used, and sequences are listed in Table S1 (Guo et al., 2017). Purified amplicons were pooled in the equimolar and paired-end sequences on an Illumina platform (MiSeq, Illumina Inc., Guangzhou, China) (2 × 250) following the standard protocols. The effective tags were clustered into operational taxonomic units (OTUs) of ≥97% similarity using the UPARSE (version 9.2.64) pipeline (Edgar, 2013). The tag sequence with the highest abundance was selected as a representative sequence within each cluster. A Venn diagram using the R package (version 1.6.16) to analyze and draw plots was performed in R project UpSetR package (version 1.3.3) to identify unique and common OTUs (Conway et al., 2017). The species comparison between groups was calculated by Welch’s t-test. Principal component analysis (PCA) was performed to distinguish the gut microbiota profiles between control and CyHV-2-infection groups. All α-diversity indexes were calculated in QIIME (version 1.9.1), and the alpha index comparison between groups was calculated by Welch’s t-test (Caporaso et al., 2010). Sequence alignment was performed using muscle (version 3.8.31), and phylogenetic tree was constructed using FastTree (version 2.1) (Edgar, 2004; Price et al., 2010); then, the weighted UniFrac distance matrix was generated by R project GuniFrac package (version 1.0) (Lozupone and Knight, 2006). The Kyoto Encyclopedia of Genes and Genomes KEGG pathway analysis of the OTUs was inferred using PICRUSt (version 2.1.4), and the analysis of functional difference between groups was calculated by Welch’s t-test (Langille et al., 2013). Canonical correspondence analysis (CCA) was executed in the R Project Vegan package (version 2.5.3) to clarify the influence of treatment on community composition (Oksanen et al., 2011). The biomarker features in each group were screened by the CCA effect size (LEfSe) software (version 1.0) (Edgar, 2013). Student’s t-test was used to evaluate the statistical differences of biological parameters between control and CyHV-2-infection groups. The significant difference was set at p < 0.05.



2.6.2 Verification of time-dependent Aeromonas abundance within 5 dpi by the culture method

Based on the results from part 2.6.1 and Aeromonas frequent infection in gibel carp culture practice, the time-course abundance of Aeromonas in the midgut of fish after infected by CyHV-2 was detected. The midgut of fish at 0, 1, 4, and 5 dpi was collected and homogenized in precold PBS. Then, the homogenate was diluted and spread on the RS selective medium, which was cultured at 28°C for 24–48 h. Bacterial colonies were counted and converted into the CFU g-1 midgut. Meanwhile, the number of Aeromonas in culture water during the whole experiment was counted.




2.7 Metabolomic analysis of fish gut post-CyHV-2 infection


2.7.1 Metabolomic analysis of fish midgut by Jiangsu Liquid Chromatography-Tandem Mass Spectrometry LC-MS/MS

The midgut from each fish with typical hemorrhagic symptoms at 5 dpi was sampled, cut off, and then flushed with PBS to collect metabolites. Six biological replicates were set for each group. LC-MS/MS analysis was performed using a Ultra High Performance Liquid Chromatography UHPLC system (1290, Agilent Technologies). Mass Spectrometer MS raw data (.raw) files were converted to the mzML format using ProteoWizard and processed by R package XCMS (version 3.2), including retention time alignment, peak detection, and peak matching. The OSI-SMMS (version 1.0, Dalian Chem Data Solution Information Technology Co. Ltd.) was used for peak annotation after data processing with an in-house MS/MS database. Partial least squares discriminant analysis (PLS-DA) is a supervised dimensionality reduction method and was applied in comparison groups using R package models (http://www.r-project.org/) (Worley and Powers, 2013). The metabolite resonances were identified according to the Human Metabolome Database (Deng et al., 2014). Significantly changed metabolites were identified based on the following criteria: fold change >2.00 or <0.56, VIP > 1, and p < 0.05.



2.7.2 Detection of time-dependent concentration of aryl hydrocarbon receptor (AhR) within 5 days post-CyHV-2 infection

The results from parts 2.6 and 2.7.1 showed that 1) CyHV-2 infection increased the relative abundance of Aeromonas spp. and decreased Cetobacterium in the midgut significantly; 2) the concentration of indoleacetaldehyde decreased significantly; and 3) a strong positive correlation between them was also found. Additionally, indole derivatives such as indoleacetaldehyde are the products of Trp metabolism and activate the AhR signaling pathway and its downstream signals (Agus et al., 2018). AhR activation has been reported to play important roles in host health and diseases through modulating T-cell differentiation, the expression of cytokines, transcription factors, autoimmunity, and inflammation (Quintana et al., 2008; Kerkvliet et al., 2009; Apetoh et al., 2010; Jeremy et al., 2016). Thus, the time-dependent concentration of AhR in the midgut of infected fish at 0, 6, 24, 72, and 120 hpi was detected using the AhR assay kit (Jiangsu Jianglai Biotechnology Co. Ltd., Suzhou, China) according to the manufacturers’ protocol.



2.7.3 Effect verification of AhR expression on CyHV-2 infection

6-Formylindolo[3,2-b]carbazole (FICZ), a Trp photoproduct postulated as a candidate physiological ligand of AhR (Rannug et al., 1987; Oberg et al., 2005; Jeong et al., 2012), was used to evaluate the effect of AhR expression on the bacterial diversity in the midgut, the expression of antiviral cytokines, and viral infection progress.


2.7.3.1 Optimal FICZ working concentration assessment in gibel carp

FICZ (MedChemExpress, State of New Jersey USA) at the concentration of 1 μg fish-1 was injected by I.P., and an equal volume of PBS (100 μl fish-1) was injected as control. At 0, 12, 24, and 48 hpi, the fish midgut from two groups was sampled, immersed in RNA later (Sigma, Shanghai, China), and immediately stored at -80°C. Total RNA extraction, complementary DNA cDNA synthesis, and RT-qPCR were conducted as described in our previous study (Qiao et al., 2020). Briefly, RNA was extracted with the RNeasy mini kit (Qiagen, Valencia, CA, USA), and genomic DNA was erased through DNase I (Qiagen). A Nanodrop ND-1000 spectrophotometer was used to detect the quantity of RNA and concentration. Then, cDNA was synthesized using the oligodT primer and Prime-script™ first-strand cDNA synthesis kit (Takara Bio, Dalian, China). Genes AhR1 and AhR2 and downstream gene Cyp1A1 (Cytochrome P450, family 1, member A1) were chosen to investigate the effect of FICZ on the expression of key genes involved in the AhR signaling pathway (Jeong et al., 2012). The gene-specific primers are listed in Table S1. The RT-qPCR was performed through SYBR® Premix Ex Taq™ (Takara, Dalian, China) in a CFX96 Real-Time PCR Detection System (Bio-Rad, Shanghai, China) (Qiao et al., 2020). The relative fold changes of a specific gene in the FICZ injection group were compared to that in the control PBS-injected group using the 2-ΔΔCt method (Livak and Schmittgen, 2001).



2.7.3.2 Effect of FICZ on the expression of cytokines

FICZ was injected at 1 μg fish-1 by I.P., and an equal volume of PBS (100 μl fish-1) injected as control. At 12 hpi based on the results from part 2.7.3.1, the head kidney was sampled, immersed in RNA later, and immediately stored at -80°C. Total RNA extraction, cDNA synthesis, RT-qPCR, and the relative expression calculation of cytokines, including IFN-γ (interferon), MX1 (myxovirus resistance 1), ISG15 (interferon-stimulated gene 15), JAK (Janus kinase), TNF-α (tumor necrosis factor-α), MAPK3 (mitogen-activated protein kinase 3), IL-4 (interleukin-4), Gata3 (Gata binding protein 3), and T-Bet1 (T-box expressed in T cells 1), were performed as described in part 2.7.3.1. The genes and gene-specific primers are listed in Table S1.



2.7.3.3 Effect of FICZ on the cumulative mortality of fish post-CyHV-2 infection

There were four groups, namely, the PBS single-injection group (10 μl fish-1), FICZ single-injection group, ‘FICZ+CyHV-2’-infection group, and ‘PBS+CyHV-2’- infection group. FICZ (1 μg fish-1) was injected into fish by I.P., PBS, and CyHV-2 immersed fish through the ‘per-gill’ method as described in part 2.4. Additionally, two viral concentrations were set, which were 9.7×106 and 2.4×107 copies μl−1. Each group included triplicates. Death within 14 days was recorded, and CM was calculated.



2.7.3.4 Effect of FICZ on the viral replication in vivo post-CyHV-2 infection

The fish from both the FICZ (1 μg fish-1, I.P.) group and control group (PBS, 100 μl fish-1) were infected by CyHV-2 through the ‘per-gill’ method as described in part 2.4. At 6, 12, 24, 48, 72, and 120 hpi, the kidney from ‘FICZ +CyHV-2-infected’ fish and ‘PBS +CyHV-2-infected’ fish was sampled, and viral load was quantified by qPCR as described in part 2.3.





2.8 Correlation between the gut microbiome and metabolites

Pearson correlation coefficient between gut microbial composition and experimental treatment was calculated with the R-project psych package (version 1.8.4) (Hornik, 2012). A network of correlation coefficients was generated using Omicsmart, a dynamic real-time interactive online platform for data analysis (http://www.omicsmart.com). In order to further prove the change of metabolites on the relative abundance change of main bacteria species, the effect of AhR expression on the relative abundance of Aeromonas in the midgut of fish post-CyHV-2 infection was investigated. Briefly, based on the results from part 2.7.3.1, the optimal working model of FICZ in vivo was injected by I.P. at 1 μg fish-1 for 12 h. Four groups were set, including ‘PBS+ PBS’ single injection group (100 μl fish-1), ‘FICZ+ PBS’ injection group, ‘FICZ+CyHV-2’ injection group, and ‘PBS+CyHV-2’ injection group. FICZ and PBS were injected into fish by I.P. and CyHV-2-infected fish through the ‘per-gill’ method as described in part 2.4. They were conducted at 12-h intervals. At 0, 1, 4, 5, and 7 dpi, the midgut of fish in four groups was sampled and homogenized in precold PBS. Then, the homogenate was diluted and spread on TSA and RS-selective medium, which was cultured at 28°C for 24–48 h. The TSA medium was used to count the total culturable bacteria, and the RS medium was used for Aeromonas spp. Bacterial colonies were counted and converted into the CFU g-1 midgut.



2.9 Statistical analysis

Results are expressed as mean ± standard deviation and subjected to one-way analysis of variance using the statistical software program Statistical Product and Service Solutions SPSS version 17.0 (SPSS Inc., IL, USA). The significant difference was determined using Tukey’s multiple comparison test for more than three experimental groups and Student’s t-test for two experimental groups. Statistical significance was considered at P-values less than 0.05, and the results were expressed as mean ± SE (standard error).




3 Results


3.1 Viral load in vivo post-CyHV-2 infection through ‘per-gill’ method

No CyHV-2 was detected by PCR in the fish before the experiment (Figure S1A). Gibel carp could be infected by CyHV-2 through the ‘per-gill’ method in the lab. Like natural infection, hemorrhage in the fish skin and bulging eyes was observed at 5 dpi (Figure 1A). Severe hemorrhage was observed in the gills and swim bladder wall (Figures 1B, C). In the control group, no CyHV-2 was detected and no clinical symptoms were observed (Figures S1A, B). CM in the CyHV-2-infection (9.7 × 107 copies per fish) group was 50%, and no mortality was observed in the PBS control group (Table S2). The standard curve of viral load using the qPCR method is shown in Figure S2. CyHV-2 loads among various tissues were significantly different (Figure 2). The viral loads in the kidney, spleen, midgut, hindgut, and gill were 4.4 × 105, 3.5 × 105, 3.0 × 105, 1.6 × 105, and 1.3 × 105 copies ng-1 DNA, respectively. Less than 1.0 × 102 copies ng-1 DNA were detected in the liver, foregut, muscle, and brain. Thus, different organs had different viral loads.




Figure 1 | Cross-pathological signs of artificially infected gibel carp (Carassius auratus gibelio) by Cyprinid herpesvirus 2 (CyHV-2) through the per-gill method. (A) Severe hemorrhages on the body surface and bulging eye; (B) severe hemorrhages on gills; and (C) a petechial hemorrhage presented on the bladder wall.






Figure 2 | Viral replication in different tissues of gibel carp (C. auratus gibelio) challenged by CyHV-2 using the quantitative real-time PCR method. One-way ANOVA was conducted with SPSS 17.0 software. Different letters mean significant difference among tissues (p < 0.05).





3.2 CyHV-2 infection changed gut microbiome


3.2.1 OTU statistics and α-diversity analysis

We examined the microbiome in the midgut of infected and uninfected fish. The raw data about the microbiome and metabolites have been deposited in the NCBI (https://www.ncbi.nlm.nih.gov/sra/PRJNA655390), and the accession number is PRJNA655390. The abundance statistics of OTUs are shown in Table S3. Chao1 richness estimators in control and CyHV-2-infection groups were 926.60 and 985.54, respectively. The Simpson index in the CyHV-2-infection group was higher than that in the control group, and the Shannon index was lower. The less Simpson index, the higher the bacterial community diversity, while the Simpson index is inverse. The present results suggested that there was no significant difference in bacterial diversity between CyHV-2-infection and control groups (Table S4). Following the microbiota diversity analysis, we classified bacteria in fish midguts. A total of 383 OTUs were shared by the control and CyHV-2-infection groups. A total of 264 OTUs in control and 273 OTUs in the CyHV-2-infection group were unique, respectively (Figure S3).



3.2.2 Microbiota composition

At the phylum level, the microbiota in both control and CyHV-2-infection groups were dominated by Proteobacteria, Fusobacteria, Firmicutes, and Bacteroidetes (Figure 3A). Notably, compared to the control group, the relative abundance of Proteobacteria and Firmicutes in the CyHV-2-infection group was significantly increased, while the abundance of Fusobacteria decreased (p < 0.05). At the genus level, the gut microbiota in both control and CyHV-2-infection groups were dominated by Aeromonas, Cetobacterium, ZOR0006, Flavobacterium, Shewanella, Vibrio, Gemmobacter, Bacteroides, Acinetobacter, and Pseudomonas. Compared to the control group, the relative abundance of Aeromonas in the CyHV-2-infection group increased from 41.81% to 67.00%, while Cetobacterium decreased from 38.36% to 4.41% (Figure 3B). Multivariate statistical analysis–Principal Co-ordinates Analysis PCoA was used to reveal the difference in midgut microbiome patterns that responded to CyHV-2 infection. The gut microbiota in the CyHV-2-infection group was clearly separated from the control group, with 69.12% and 22.65% variation explained by PC1 and PC2 at the genus level, respectively (Figure S4A). The result from hierarchical clustering analysis with unweighted pair-group method with arithmetic means UPGMA was consistent with the PCoA plot, i.e., all OTUs in both control and CyHV-2-infection groups were clustered in their own cluster except sample 2 by CyHV-2 infection (Figure S4B). Additionally, the analysis of similarities ANOSIM analysis showed that the R-value between the control and CyHV-2-infection groups was 0.63, illustrating that the middle difference between the two groups was found (Figure S4C). These differences of midgut microbiome patterns in different groups can be directly attributed to the relative abundance changes of dominant species. Therefore, CyHV-2 infection changed the abundance of different classes of bacteria in the midgut of fish.




Figure 3 | The gut microbiome composition individual profiles at the phylum (A) and genus (B) levels in the control and CyHV-2-infection groups. * means a significant difference between the two groups (p<0.05).



LEfSe and CCA analysis showed that the specific main species in each group could be found. The most relevant species in the midgut-related CyHV-2 infection was Aeromonas. In the control group, Fusobacteria and Cetobacterium among different individuals were donated (Figure 4). Aeromonas presented a closely positive association with the viral infection (Figure 5). Aeromonas accounted for 41.81% in the control group and 67.00% in the CyHV-2-infection group (Figure 3B). A time-dependent abundance of Aeromonas in the midgut of gibel carp post-CyHV-2 infection by the culture method increased from 3.8 × 104 CFU g-1 midgut at 0 dpi to 6.4 × 105 CFU g-1 midgut at 1 dpi, 2.8 × 106 CFU g-1 midgut at 4 dpi, and 7.6 × 107 CFU g-1 midgut at 5 dpi, respectively. The abundance of Aeromonas at 5 dpi increased almost 1,000 times compared to 0 hpi, which was in accordance with the microbiome analysis by high-throughput sequencing. There was no significant difference in Aeromonas (less than 8 CFU ml-1 water) in culture water between the two groups during the whole challenge test. These results illustrated that CyHV-2 infection increased the relative abundance of Aeromonas and decreased Cetobacterium.




Figure 4 | Linear discriminant analysis coupled with effect size measurements to identify the most deferentially abundant taxon between control and CyHV-2 infection groups.






Figure 5 | The relationship between the gut microbial composition and experimental treatments at the genus level by Circos based on canonical correspondence analysis (CCA).





3.2.3 Functional prediction of gut microbiota through PICRUSt

A total of 35 KEGG functions of all the midgut microbiota from two groups were annotated through PICRUSt. The major functions were donated into three categories, namely, metabolism, genetic information processing, and environmental information processing. The functions regulated by the top 10 gut microbiota were membrane transport, carbohydrate metabolism, amino acid metabolism, replication and repair, energy metabolism, translation, metabolism of cofactors and vitamins, nucleotide metabolism, cell motility, and lipid metabolism (Figure S5A). The different microbiota between the control and CyHV-2-infection groups were annotated into 16 functions (Figure S5B).




3.3 CyHV-2 infection altered metabolite profiles in fish gut


3.3.1 Basic analysis of midgut metabolites from two groups

The PLS-DA model was conducted on the NMR data sets of all individuals, and the first two primary components PC1 and PC2 were selected to identify the discrimination between the control and CyHV-2-infection groups. Results showed that the metabolite profiles between the two groups were separated with 24% and 46% variation explained by PC1 and PC2, respectively (Figure 6).




Figure 6 | Scatter plot of partial least squares discriminant analysis for metabolite profiles from control and CyHV-2-infection groups. Each group was conducted in six replicates and named control-1/2/3/4/5/6 and CyHV-2-1/2/3/4/5/6. The distance of each point represents their correlation.





3.3.2 Different metabolites between two groups

Compared to the control, the concentrations of the main 24 metabolites were significantly changed in the CyHV-2-infection group. Among them, the concentrations of 8 metabolites (norizalpinin, D-maltose, (dibromomethylene)-17beta-hydroxy-androst-4-en-3-one propiote, deoxy-D-altro-heptulose 7-phosphate, ellagic acid, alanyl-valine, N-a-acetyl-L-arginine, and phosphophosphite) increased and 16 metabolites decreased significantly (Table 1). These metabolites are related to various metabolism pathways, such as the digestive system (p-cresol, D-glucose, and D-maltose), amino acid metabolism (2-oxo-4-methylthiobutanoic acid, phenylpyruvic acid, hydroxyphenyllactic acid, ketoleucine, O-phospho-L-serine, picolinic acid, 2-oxoarginine, and 2-oxoadipate), metabolism of other amino acids (L-selenocysteine), carbohydrate metabolism (D-maltose), lipid metabolism (phytosphingosine), xenobiotics biodegradation, and metabolism (cyclophosphamide).


Table 1 | Differences in the metabolite profiles between the control and Cyprinid herpesvirus 2 (CyHV-2)-infection groups .





3.3.3 Function annotation of metabolites

All of the metabolites from both control and CyHV-2-infection groups were enriched, and the top 20 KEGG pathways are shown in Figure 7A. The first seven pathways were metabolic pathways, 2-oxocarboxilic acid metabolism, carbohydrate digestion and absorption, Trp metabolism, starch and sucrose metabolism, taste transduction, and biosynthesis of amino acids (Figure 7A). Different metabolites between the two groups were enriched in 11 signaling pathways (p < 0.05) (Figure 7B). Among them, the most obviously different signaling pathways were Trp metabolism, starch and sucrose metabolism, carbohydrate digestion and absorption, metabolic pathways, and taste transduction (Figure 7). Accordingly, different metabolites were mainly annotated to the digestive system, amino acid metabolism, carbohydrate metabolism, and lipid metabolism (Table 2). Taken together with metabolites and their related signaling pathways, we found that five metabolites were involved in these significantly different signaling pathways, including picolinic acid (PLA), 2-oxoadipate, and indoleacetaldehyde participated in Trp metabolism, phytosphingosine entangled in non-alcoholic fatty liver disease, D-maltose and D-glucose annotated in carbohydrate digestion and absorption, starch and sucrose metabolism, taste transduction, and ATP-binding cassette ABC transporters. Therefore, CyHV-2 infection changed midgut metabolites significantly, further affecting metabolisms, such as Trp metabolism.




Figure 7 | The top 20 pathways (A) of all gut metabolites from control and CyHV-2-infection groups through KEGG annotation and enriched signal pathways (B) with significant changes between two groups. The most top pathways of all gut metabolites are marked with a red triangle in (A) and the most significantly different pathways with a red arrow in (B) The colors and numbers in panel B represent the significance of metabolic pathways. The higher significance, the smaller the number and the darker the color.




Table 2 | The correlation between some differentially specific microbes and metabolites.






3.4 Verification of the correlation between AhR and CyHV-2 infection


3.4.1 CyHV-2 infection decreased the concentration of AhR in the midgut

In the control group, there was no significant difference on the concentration of AhR among 0, 6, 24, 72, and 120 hpi. However, in the CyHV-2-infection group, the concentration decreased from 5.38 pM (0 hpi) to 3.77 pM (120 hpi) (Figure 8A).




Figure 8 | Time-dependent changes of the aryl hydrocarbon receptor (AhR) concentration in the midgut of fish post-CyHV-2 infection (A), the effect of 6-Formylindolo[3,2-b]carbazole (FICZ) on the AhR signaling pathway (B), the effect of FICZ on the transcription of cytokines (C), and effect of FICZ on the viral replication in vivo (D). All measurements are done in the midgut. * means a significant difference between two groups at a p-value from 0.01 to 0.05. ** means a p-value less than 0.01.





3.4.2 AhR expression affected the transcription of cytokines

The optimal FICZ injection (I.P.) was 1 μg fish-1 for 12 hpi (Figure 8B). At 12 hpi, the highest expression of AhR1 and Cyp1A1 was observed, and AhR2 upregulated significantly (Figure 8B). The transcriptional levels of cytokines JAK, IFN-γ, ISG15, MX1, IL-4, Gata3, and T-Bet1 were upregulated significantly by 9.75-fold, 9.92-fold, 7.05-fold, 5.56-fold, 2.03-fold, 4.14-fold, and 2.75-fold, respectively. However, the mRNA expression of genes TNF-α and MAPK3 was not regulated significantly (Figure 8C).



3.4.3 Higher AhR expression reduced the cumulative mortality of fish and inhibited CyHV-2 replication in vivo

Compared to the ‘PBS+CyHV-2’ infection group, the CM of fish post-CyHV-2 infection in the ‘FICZ+CyHV-2’ group was much lower. CM in the ‘FICZ+CyHV-2’ group at the viral concentrations of 2.4 × 107 and 9.7×106 copies μl-1 was 41.7% and 33.3%, respectively. They were 83.8% and 58.3% in the ‘PBS+CyHV-2’ group. The fish in the ‘FICZ+CyHV-2’ group died later than that in the ‘PBS+CyHV-2’ group. No death was observed in PBS single and FICZ single injection groups (Table 3).


Table 3 | Effect of aryl hydrocarbon receptor (AhR) expression on the cumulative mortality of fish post-CyHV-2 infection.



Compared to the ‘PBS+CyHV-2’-infection group, the viral replication in the ‘FICZ+CyHV-2’ group was slower, suggesting that higher AhR expression inhibited CyHV-2 replication in vivo. The viral load in the ‘FICZ+CyHV-2’ group at 6 hpi (6.9 × 103 copies ng-1 DNA) and 120 hpi (2.3 × 104 copies ng-1 DNA) was lower than that in the ‘PBS+CyHV-2’ group, which were 1.4 × 104 copies ng-1 DNA at 6 hpi and 5.5 × 104 copies ng-1 DNA at 120 hpi, respectively (Figure 8D). These findings and in-depth verification suggested that Trp metabolism is one of the cross-talk ways between a viral infection and a host.




3.5 Correlation between the altered microbiota and metabolites

In the CyHV-2-infection group, the relative abundance of Aeromonas significantly increased, while Cetobacterium decreased. We generated a scatter plot using Pearson correlation coefficient analysis to investigate the potential association between metabolites and bacterial composition. The heatmap of the correlation between gut metabolites and microbiota is shown in Figure 9. The apparent correlations were identified between the perturbed bacteria genus and altered metabolites (Mantel test, r = 0.89) (Figure 10 and Table 2). For example, the OTUs assigned to Aeromonas were positively correlated with glycyrrhetinic acid, sedoheptulose 1-phosphate, donepezil, and 2-oxoarginine and negatively correlated with indoleacetaldehyde, 1-kestose, and 8-iso-15-keto-PGE2. OTUs belonging to Cetobacterium were positively correlated with indoleacetaldehyde, adenosine monophosphate, 4-ketocyclophosphamide, LysoPC (24:0), D-glucono, cis-aconitatecis-4-carboxymethylenebut-2-en-4-olide, 4-pyridoxate, 4-hydroxybenzaldehyde, pyrrolidonecarboxylic acid, 13-oxoODE, L-cysteine, ketoleucine, stearoyl sphingomyelin, deoxyribose 5-phosphate, phytosphingosine, 2-oxoarginine and 4-hydroxyphenylpyruvic acid (Figure 10 and Table 2). In this study, the most noteworthy functional genes were involved in ABC transporters and glycerophospholipid metabolism related to membrane synthesis and gut integrity, followed by primary immunodeficiency (Figure S5B). Our data demonstrated that CyHV-2 infection changed both the gut microbiome and metabolome, and these two changes were correlated.




Figure 9 | Heatmap of the correlation between gut metabolites and the microbiota. The horizontal axis represents bacterial species, and the vertical axis represents the metabolites. Grid means the correlation index. The color from white to red means a positive correlation from weak to strong, and white to blue means a negative correlation. *, significant correlation with a p-value less than 0.05; **, highly significant correlation with a p-value less than 0.01.






Figure 10 | Scatter plot showing the correlation between Aeromonas, Cetobacterium, and significant different metabolites from the control and CyHV-2-infection groups.





3.6 Alteration of AhR expression affected microbiota in the midgut of fish post CyHV-2 infection

Compared to the PBS injection group, CyHV-2-infection group, and ‘FICZ+CyHV-2’ group, FICZ stimulation at 4 and 5 dpi increased the number of total culturable bacteria by approximately two folds significantly. There was no significant difference among the PBS injection group, CyHV-2-infection group, and ‘FICZ+CyHV-2’-infection group (Figure 11A). However, compared to PBS injection group and FICZ injection group, the number of Aeromonas spp. in the CyHV-2-infection group and ‘FICZ+CyHV-2’- infection group from 1 to 7 dpi increased significantly. There was still a significant difference between the CyHV-2-infection group and the ‘FICZ+CyHV-2’ infection group from 1 to 7 dpi. The number of Aeromonas spp. in the CyHV-2-infection group was significantly higher than that in the ‘FICZ+CyHV-2’ infection group from 1 to 7 dpi. FICZ injection could inhibit the replication of Aeromonas spp. in the midgut of fish post-CyHV-2 infection (Figure 11B).




Figure 11 | Effect of AhR expression on the number of total culturable bacteria and Aeromonas spp. in the midgut of fish post-CyHV-2 infection The data showing as 'mean±SE' is based on four biological replicates. The significant differences among different treatments are indicated by lowercase letters above each column (one-way ANOVA followed by the LSD test, P < 0.05) in (A, B).






4 Discussion

Gibel carp can be artificially infected by CyHV-2 through the ‘per-gill’ method. Like natural infection, the typical clinical syndromes of hemorrhagic gills and the swim bladder were observed post-CyHV-2 infection through the ‘per-gill’ method, and CyHV-2 could be quantified in different inner organs. The hemorrhage of gills is mainly observed during the transition from spring to summer and in autumn, similar to the epidemiological characteristics of the hematopoietic necrosis (HVHN) of goldfish infected with CyHV-2 (Jung and Miyazaki, 1995; Zhu et al., 2015). Until now, there is no effective method to control this disease, although some studies on a vaccine are undergoing in the lab (Takafumi and Yukio, 2015; Yan et al., 2020). Early prevention before disease outbreaks becomes more important to control this epidemic disease. Growing pieces of evidence have demonstrated that the gut microbiota plays an important role in health and diseases. The gut microbiota in fish can regulate the expression of 212 genes, of which some are related to the promotion of nutrient metabolism, stimulation of epithelial proliferation, and immunity. The absence of gut microbiota in fish may lead to epithelial cell dysfunction and weaker immune responses (Wang et al., 2018). Colonization by commensal in newly hatched zebrafish (Denio rerio) primes neutrophils and induces several genes encoding proinflammatory and antiviral mediators (Galindo-Villegas et al., 2012).

To our knowledge, this study was the first to address the relationship among CyHV-2 infection, gut microbiota, and metabolite profiles in the gibel carp. The present results showed (1) gut microbiota dysbiosis, especially the relative abundance increment of Aeromonas and decrement of Cetobacterium; (2) metabolome alternation regarding amino acid metabolism, carbohydrate metabolism, and lipid metabolism, especially Trp metabolism; (3) the strong correlation between gut microbiota and metabolite profiles; and (4) the interference of viral infection through modulating gut ecology. The predominant genera in the gibel carp were Aeromonas, Cetobacterium, Flavobacterium, Shewanella, Vibrio, Gemmobacteria, Bacteroides, Acinetobacter, and Pseudomonas. Accordingly, Aeromonas, Cetobacterium, Pseudomonas, Acinetobacter, and Bacteroides were reported as the predominant genera in freshwater fish (Li et al., 2017; Wang et al., 2018). However, there are some differences in genus composition; Flavobacterium, Shewanella, and Vibiro were found in our experimental fish, while these genera are mainly reported in marine fish (Onarheim et al., 1994; Blanch et al., 1997). It is supposed that this difference is mainly attributed to the culture environment, especially salinity, since our experimental fish was obtained from Yancheng and the culture sediment in the pond was closer to the mudflat (Chen et al., 2021). The culture farm in Yancheng is mainly located along the coastline with the longest and biggest mudflat in China. Consistent to the previous report (Zhang et al., 2016), the abundance of dominant species such as Cetobacterium increases along with higher salinity.

The microbiota depends on a functional equilibrium related to the host, environment, and dietary factors. The gut microbiome is responsible for maintaining gut metabolic homeostasis and coordinating immune responses (Kau et al., 2011; Shapira, 2016). A disturbance in the functional equilibrium can lead to changes in the microbial diversity and abundance of certain bacteria, which are beneficial or harmful to fish (Liu et al., 2013; Ling et al., 2014; Lukens et al., 2014). Thus, we used a laboratory infection model instead of naturally infected fish to study the effect of CyHV-2 infection on the gut microbiota and microbiome. After acclimation, the gut microbiota is more stable (Chen et al., 2021). In this study, the midgut of fish was chosen as the target organ to study the microbiome and metabolite changes post-CyHV-2 infection since the viral load in the midgut was higher than that in the foregut and hindgut (Figure 2). Accordingly, the microbial abundance and gene gata5 expression in the midgut of zebrafish are higher than that in the foregut and hindgut (Hu, 2017; Rong et al., 2017). The gata5 gene regulates gut mucus secretion and gut epithelial differentiation (Hu, 2017).

CyHV-2 infection changed the gut microbiota of fish. The abundance of genera Aeromonas, Pseudomonas, and Flavobacterium were significantly increased in the CyHV-2-infected fish. Particularly, the relative abundance of Aeromonas in the CyHV-2-infected fish increased significantly from 48.74% to 67.00%, consistent with reports in crucian carp (C. carassius) (Caruso et al., 2017). Accordingly, a time-dependent abundance of Aeromonas in the midgut of gibel carp increased along with the CyHV-2 infection progress. However, it is different from the previous report (Rong et al., 2017), which showed that Plesiomonas was highly abundant in CyHV-2-infected gibel carp and could be used as a microbial biomarker for CyHV-2 infection. In this study, no dominant Plesiomonas was detected in both uninfected and infected gibel carp, as in the previous report by Chen et al. (2021). This difference might be related to the environment salinity, water, and developmental stage, which have been widely reported to affect the fish gut microbiota (Wang et al., 2018). This study suggests that the abundance of Aeromonas could be attractively monitored during the disease development progress. Aeromonas are ubiquitous inhabitants of freshwater and estuary environments as potential etiological agents in diseases of fish, terrestrial animals, and humans. It can cause motile aeromonad septicemia with high mortality and severe economic losses (Ran et al., 2018).

The gut metabolic disorders were observed in the CyHV-2-infected fish. For instance, three digestive pathways related to metabolites of p-cresol, D-glucose, and D-maltose and eight amino acid metabolism–related pathways to the metabolites of 2-oxo-4-methylthiobutanoic acid, phenylpyruvic acid, hydroxyphenyllactic acid, ketoleucine, O-phospho-L-serine, PLA, 2-oxoarginine, and 2-oxoadipate were changed in the gut of CyHV-2-infected fish. PLA has broad and effective antimicrobial activity against both bacteria and fungi (Dieuleveux et al., 1998; Lavermicocca et al., 2003). PLA is a major metabolic biomarker for oxidative damage to the cerebral cortex, phenylketonuria, and alcohol-induced liver disease (Manna et al., 2011). More recently, PLA has been well documented to play a positive role in the progression of different cancers (Lavermicocca et al., 2003; Fong et al., 2011) as shown in this study. Glucose as a good carbon source for cofactor regeneration in Trp metabolism is consistent with the phenomenon that the glucose content increased, while the corresponding maltose content decreased significantly in this study. D-maltose and D-glucose are involved in the digestive system. Sugars are the primary carbon source for bacterial cells, and they play important roles in bacterial pathogenesis (Pacheco et al., 2012; Ng et al., 2013). Both pathogenic and commensal bacteria compete for carbon sources such as glucuronate, mannose, fucose, and ribose to colonize and proliferate in the gut (Lustri et al., 2017). Sugar availability influences the microbiota composition and expansion of bacterial pathogens (Lustri et al., 2017). The change of glucose concentration in the environment regulates the expression of the locus of enterocyte effacement and catabolic, and osmotic stress (Njoroge et al., 2012; Njoroge et al., 2013).

In this study, an apparent correlation between specific microbes and metabolites was observed. For instance, Cetobacterium OTUs are negatively correlated with phytosphingosine, which is involved in membrane synthesis. The concentration increment of phytosphingosine raises the permeability of endothelial cells and leads to the barrier function decline (Luther et al., 2013). Another interesting metabolite is 1-kestose, the smallest component of Fructooligosaccharide FOS in the probiotics from the human gut. These findings suggest that 1-kestose is a potential new prebiotic targeting drug  (Tochio et al., 2018). It has been shown that the hepatocyte membrane has abundant glycyrrhetinic acid (GA) receptors (Shan et al., 2017). Some documents have authenticated that GA is combined with the GA receptors of hepatocyte membrane to enhance the targeted therapy of liver (Shan et al., 2017; Wang et al., 2018). A more interesting finding is that Cetobacterium OTUs are correlated with indoleacetaldehyde positively (Natividad et al., 2018). Both indoleacetaldehyde and PLA from this study were annotated to Trp metabolism. Actually, most indole derivatives are formed from Trp metabolism (Lamas et al., 2018). Indole substances are the endogenous ligands of AhR and thus participate in many important biological processes of the body, such as cell differentiation, apoptosis, and inflammation (Agus et al., 2018). Indole and Trp metabolites are a major source of endogenous AhR ligand precursors (Bjeldanes et al., 1991; Perdew and Babbs, 1991). It has been reported that the gut microbiota affects health and disease through the regulation of Trp metabolism and the activation of AhR (Lamas et al., 2016; Lamas et al., 2018; Agus et al., 2018; Natividad et al., 2018; Trikha and Lee, 2019). CARD9 was reported to impact colitis by altering the gut microbiota metabolism of Trp into AhR ligands (Lamas et al., 2016).

AhR is a member of the basic helix–loop–helix–(bHLH) superfamily of transcription factors, which are associated with cellular responses to environmental stimuli. Early AhR studies focused on understanding the role of AhR in mediating the toxicity and carcinogenesis properties of the prototypic ligand 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Recently, AhR has been highly receptive to a wide array of endogenous and exogenous ligands. Its activation leads to a myriad of crucial host physiological functions, such as intestinal barrier function and immune cells, as well as intestinal homeostasis (Lamas et al., 2018). The byproducts of Trp photooxidation possess a high AhR-binding capacity, and are able to induce the expression of Cyp1A1 and other AhR target genes (Paine, 1976; Paine and Francis, 1980; Goerz et al., 1996). In fish, two kinds of AhR (AhR1 and AhR2) have been reported mostly (Prasch et al., 2003; Aluru et al., 2011). Thus, the AhR pathway related to Trp metabolism in this study was chosen to prove the effect of gut micro-ecology changes on the viral infection process through FICZ stimulation, which is a prime example of a Trp photoproduct and can agonistically stimulate AhR activity in as low as picomolar ranges (Jeong et al., 2012). The present results showed that 1) CyHV-2 infection reduced AhR concentration in the midgut (Figure 8A) and serum (data not shown), 2) higher AhR expression upregulated the mRNA expression of antiviral genes in the head kidney; 3) higher AhR expression reduced the relative abundance of Aeromonas spp. in the midgut of fish post-CyHV-2 infection; 4) higher AhR expression reduced the 14-day CM of fish post-CyHV-2 infection and inhibited viral replication in vivo. In mammals, AhR is known to express by different intestinal immune cells, such as intestinal epithelial cells (IECs), Th17 cells, innate lymphoid cells (ILCs), macrophages, and neutrophils. The AhR signaling pathway is pivotal to the differentiation and proliferation of T cells and the regulation of mucosal intestinal immune responses (Qiu et al., 2012; Goudot et al., 2017). Although the correlation between metabolite changes and CyHV-2 infection focusing on Trp metabolism was proven, further in-depth studies on the correlation among gut microbes, gut barrier disturbance, Aeromonas translocation, Trp metabolism, immunity, and antiviral infection need to be conducted. Especially, regulating Trp metabolism in the gut by diets including probiotics will attract more attention as reported in mammals (Whitfield-Cargile et al., 2016; Cervantes-Barragan et al., 2017). These actionable studies will probably provide an excellent immunotherapeutic intervention to control carp diseases and thus advance the sustainable culture.



5 Conclusion

This study found a significant difference in microbiota-regulated metabolites in the fish midgut post-CyHV-2 infection. Notably, the relative abundance of Aeromonas increased while Cetobacterium decreased. The different metabolites were annotated to the metabolism of the digestive system, amino acid, carbohydrate, lipid, and xenobiotic biodegradation, especially Trp metabolism. An in-depth analysis showed that some of these altered metabolites were highly correlated with the genera Aeromonas and Cetobacterium. Our results supported that CyHV-2 infection–induced changes in the midgut, bacterial community structure disturbed the metabolic functions of the gut microbiome, and the viral infection process could be interrupted through the modulation of gut microecology. These findings will provide a new therapeutic strategy to prevent disease and thus advance the sustainable culture.
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Background

Most studies have reported fecal microbiota transplantation (FMT) as an effective secondary option for Crohn’s disease (CD). However, there is little data on FMT as a first-line treatment for CD. In our study we explore the rates of clinical and endoscopic remission and mucosal healing after FMT plus partial enteral nutrition (PEN), as a first-line treatment for active CD in children.



Methods

We retrospectively enrolled pediatric CD patients who underwent PEN or PEN plus FMT treatment at diagnosis from November 2016 to July 2019 at the Pediatric Department, Tongji Hospital. The two groups were defined as FMT group (repeated and multiple doses of FMT plus PEN) or PEN group (PEN alone). All the patients received PEN intervention. At baseline and week 8- 10, the FMT group was administered multiple doses of FMT to help induce and maintain remission. All patients were evaluated at week 8- 10 and 18-22 via clinical and relevant laboratory parameters and endoscopic results. The clinical and endoscopic remission and mucosal healing rates were compared between the two groups at different time points after the therapy.



Results

Twenty-five newly diagnosed active CD patients were included in the study, containing 7 females and 18 males with a median age of 11. 1 ± 2.3 years. 13 and 12 patients were assigned to the PEN and FMT groups, respectively. At week 8-10, clinical remission was obtained in 83.3% and 53.8% of the FMT and PEN groups, respectively (p=0.202). The endoscopic remission rates were 72.7% for FMT and 25.0% for PEN (p=0.039), whereas the mucosal healing rates were 27.2% for FMT and 0% for PEN (p=0.093). At week 18-22, clinical remission was achieved in 72.7% and 20.0% of patients in the FMT and PEN groups, respectively (p=0.03). Theendoscopic remission rates were 66.6% and 12.5% in the FMT and PEN groups, respectively (p=0.05), whereas the mucosal healing rates were 55.5% and 0% in FMT and PEN groups, respectively (p=0.029).



Conclusion

This study demonstrate that FMT plus PEN can be used as a first-line treatment for active CD in children.





Keywords: fecal microbiota transplantation, partial enteral nutrition, Crohn’s disease, first-line treatment, pediatric



Introduction

Crohn’s disease (CD) is an acute and chronic nonspecific inflammatory gastrointestinal disorder. In recent years, with the westernization of diet and lifestyle, as well as the widespread use of antibacterial agents and heavy social pressure, CD has become increasingly common worldwide; in China, and the incidence is becoming increasingly in younger (Wang et al., 2013; Ng et al., 2017). Compared to adults, the course of CD in children is more rapid, the disease changes faster, and the intestinal tract is more extensively involved, which seriously affects growth and development (Kuenzig et al., 2022).

Currently, the main treatment methods for CD include exclusive enteral nutrition (EEN), oral corticosteroids, immunity inhibitors, and biologicals. Corticosteroids are critical in the induction of active CD remission, but are unable to sustain long-term treatment with serious adverse reactions. Immunity inhibitors, such as methotrexate and azathioprine, which are used for CD maintenance in children, have significant side effects. Biological agents, such as infliximab and adalimumab are relatively effective in treating CD in children. However, long-term potential adverse events, such as infection and high cost, greatly limit their widespread use. Multiple studies have confirmed that EEN has a significant effect on inducing remission in mild-to-moderate pediatric CD (Buchanan et al., 2009; Frivolt et al., 2014; Moriczi et al., 2020), but foods should be strictly avoided making EEN unsuitable as an effective means of maintaining remission. Partial enteral nutrition (PEN) is a more patient-friendly and tolerant treatment (Johnson et al., 2006), and PEN alone is generally considered partially effective, but PEN in combination with medication has been shown to be beneficial in inducing and maintaining remission (Takagi et al., 2006). Although its etiology is not fully understood, gut imbalance and dysregulation of immunological responses plays a critical role in the development of CD (Gevers et al., 2014). As the best way to regulate intestinal flora, fecal microbiota transplantation (FMT) is recommended as a guideline for therapy of recurrent Clostridium difficile infections (Cammarota et al., 2017).

Published evidences have demonstrated that FMT is one of the effective ways to treat CD (Goyal et al., 2018; Green et al., 2020; Sokol et al., 2020). Most of these studies have addressed FMT as an alternative for the first-line treatment for CD. Data have shown that the therapeutic efficacy of FMT declines over time, and the timing of the second FMT helps maintain the long-term benefit of active CD (Cui et al., 2021). To date, no studies have evaluated FMT coupled with PEN as a first-line treatment in inducing and sustaining remission in CD with children. We conducted a retrospective study to evaluate the clinical remission and mucosal healing via repeated and multiple doses of FMT plus PEN (80%), as the first-line treatment in pediatric patients with CD. The study served as a pilot study to NCT05321758 which was registered as a clinical trial.



Methods


Ethics

The present study was approved by the Medical Ethics Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology (TJ-C20220313). Written informed consent for FMT treatment was obtained from parents or legal guardians of all pediatric subjects.



Study design

We retrospectively reviewed the medical charts of children with mild-to-moderate active CD who were hospitalized in the Department of Pediatrics in Tongji Hospital of Tongji Medical College, Huazhong University of Science and Technology from November 2016 to July 2019. The diagnosis of CD was rested on history, clinical symptoms, endoscopy, and histological evidence.

The inclusion criteria met the following: (i) age of 6–14 years with no genetic diseases; (ii) all newly diagnosed with mild-to-moderate CD with early PEN (80%) and/or FMT treatment; (iii) in addition to the PEN and FMT treatment, other treatments should not be added. Exclusion criteria included: (i) children who were treated with PEN (80%) for less than eight weeks or with other drugs during that time, including corticosteroids, methotrexate, thiopurines, and anti-TNF agents; and (ii) incomplete data for patients.

All children with CD received PEN (80% of total calories as a pooled diet, Peptamen, Nestle, Vevey, and swiss) intervention at diagnosis to help induce and maintain clinical remission, and the FMT group received multiple FMT interventions at baseline and week 8- 10 in addition to PEN treatment (Figure 1). The volume of formula per day was calculated according to the estimated energy requirement (EER) × 120% (basal rate plus an additional 20% caloric needs for weight gain). The EER was calculated based on the recommendations of the Chinese Dietary Reference Intake. Another 20% of the calories comes from a regular diet with no allergens and limited animal protein.




Figure 1 | Flowchart of patient inclusion. FMT, fecal microbiota transplantation; PEN, Partial enteral nutrition.



Patients treated with FMT coupled with PEN were defined as the FMT group, and those treated with PEN alone served as the PEN group. Patients with mild-to-moderate CD, defined by the Pediatric Crohn’s Disease Activity Index (PCDAI) of >10 and ≤40, and Simple Endoscopic Score for CD (SES-CD) of >3, were enrolled in the study. The Paris classification was used to assess the anatomical location and behavior of the disease (Levine et al., 2011). Clinical remission was defined as a PCDAI score of ≤10 (Grover et al., 2016). Endoscopic remission was defined as SES-CD ≤2 and PCDAI score ≤ 10 (Vuitton et al., 2016). Mucosal healing was defined as SES-CD=0 and PCDAI score ≤ 10 (Peyrin-Biroulet et al., 2015).

The time point at which CD was diagnosed was the baseline. Colonoscopy was conducted by trained pediatric endoscopists at baseline and at two assessment points (week 8- 10 and 18-22) after the therapy, and SES-CD scores were calculated jointly by two pediatric attending physicians. If the participants required additional medication within 18 weeks, they were considered clinically invalid and were not included in the next evaluation point.



Donor screening

12 healthy donors were recruited in the study with one recipient and one donor. Eligible donors, including children with similar age (e.g., relatives and trusted friends), were recruited according to the following criteria (Kelly et al., 2015; Cammarota et al., 2017; Liu et al., 2017): (i) no history of infectious conditions (e.g., tuberculosis); (ii) no history of metabolic syndromes (e.g., diabetes); (iii) no gastrointestinal illnesses and functional disorders, including chronic fatigue and irritable bowel syndrome (IBS); (iv) no allergic diseases (e.g., eczema); (v) no antibiotic taken in the past three months; (vi) no autoimmune diseases; (vii) no drug abuse history; and (viii) on a regular diet during donation of the material.

To minimize the risk of disease transmission, the donors underwent rigorous serological and stool tests within 10 days before the FMT donation. Clinical tests, including complete blood count, biochemistry, hepatitis virus, HIV, and common intestinal pathogens, should be normal to qualify as donors (Supplementary Table 1). They had to rescreen and re-evaluate any abnormalities in the symptoms and signs. Fecal 16S RNA or macrogene sequencing was performed if necessary.



FMT procedure

12 patients received therapy with FMT plus PEN (80%). The guardians of the 12 patients refused immunological interventions, considering the adverse effects of corticosteroids and immunosuppressants, and they agreed to FMT as first-line therapy. The number of FMT infusions was grouped into single (1 day) or multiple infusions (2-10 days continuously). No bowel preparation (cleanup or laxative administration) was performed before the FMT. The donor feces were collected 1 h pre-FMT, attenuated, and mingled with sterile normal saline (1 mg of feces was attenuated with 5ml of saline). Samples were filtered through sterile gauze, and a 100mL fresh fecal microbiota suspension was prepared for the FMT. The fecal suspension was poured into a sterile cup for the FMT procedure within 1 h. The routes of administration included colonoscopy and enema. Fecal microbiota transplantation (FMT) were performed by colonoscopy (Figures 2A, B). Fecal microbiota transplantation (FMT) were performed by retention enema (Figures 2C, D). After infusion, the patients were asked to hold a fixed position (>25° semi-reclining or hip-up position) for at least 4 h. The FMT procedure followed a uniform standard for each patient. All the patients in the FMT group received fresh fecal suspensions.




Figure 2 | Delivery route of fecal microbiota transplantation (FMT) and related clinical response. (A) Endoscopic images show microbiota suspension being infused. (B) Endoscopic images showed no visible particles when the colonoscope was inserted into the infused microbiota suspension at the end of the ileum. c,d Fecal microbiota transplantation (FMT) were performed by retention enema (C, Retention enema, D, Infused microbiota suspension under the retention enema). (E, F)The change of endoscopic appearance pre-PEN and 10 weeks post-PEN. (G, H) The change of endoscopic appearance pre-FMT and 10 weeks post-FMT.





Microbiota analysis

Fecal microbiota was analyzed for two patients before and after FMT. DNA extracted from feces collected from the healthy donors, and patients pre-FMT (one day before FMT), at week 8 and week 18 of after FMT using a PowerSoil DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA). 16S rRNA gene (V3-V4 region) were amplified using PCR primers as described previously (Liu et al., 2017). Diversity and changes of fecal microbiota were analysed on the QIIME2 v.2020.2 platform.



Data collection

The data of twenty-five pediatric patients used in this study were extracted from medical records. To aid in evaluating clinical efficacy and safety, laboratory data were collected at baseline (at week 0), at week 8–10 and 18–22, including laboratory inflammation and biochemical indicators, such as erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), hemoglobin (Hb), leukocyte, serum albumin, platelet, vitamin D, fecal calprotectin, PCDAI, SES-CD score, and FMT-related adverse events (AEs).



Statistical analysis

Continuous variables are presented as mean (standard deviation) or median (range). Noncontinuous parameters are depicted as frequencies and percentages. According to the results acquired, nonparametric test (Mann Whitney U test) or a parametric test (T test) were used to evaluate differences between groups. Univariate analysis between the two groups was conducted using the Chi-square test or Fisher exact test for categorical data. The IBM SPSS Statistics 25 was used for the statistical analyses. Statistical significance was set at p<0.05 in a two -side test. GraphPad Prism version 8 was used to draw graphics.




Results


Patient characteristics

From November 2016 to July 2019, twenty-five pediatric patients were analysed in this study, containing seven females and eighteen males with a median age of 11. 1 ± 2.3 years. All patients enrolled in the current study were newly diagnosed CD and treated with PEN (80%) for more than eight weeks. Of those, 13 patients belonged to the PEN and 12 in the FMT group, respectively. There were no statistically remarkable differences in the baseline demographics between the two groups (Table 1).


Table 1 | The baseline characteristics of the study population at the time of diagnosis.



The median time from CD diagnosis (at baseline) to PEN initiation (80%) was 0.07 ± 0.01 months. Twenty-two patients (88%) received PEN orally at all time, but three (12%) patients required nasogastric feeding for the first five days. The guardians of the FMT group all consented to FMT as their first-line treatment. The median time from CD diagnosis to FMT initiation was 0.31 ± 0.09 months in the FMT group. The data of the children in the FMT group are shown in Table 2.


Table 2 | Factors related to FMT in patients treated with FMT.



Patients who received multiple doses of FMT usually once a day consecutively, underwent the first colonoscopy, and the others through an enema. In the PEN group, 13 patients were treated with PEN (80%) alone for more than 8 weeks, 10 of them were treated with PEN (80%) alone for more than 18 weeks, and another 3 patients were switched to biologics at weeks 8-10. In the FMT group, 12 patients received one round of FMT plus PEN (80%) therapy for more than 8 weeks, 8 of them received two rounds of FMT plus PEN (80%) therapy for more than 18 weeks, 3 of them received one round of FMT plus PEN (80%) therapy for more than 18 weeks, and another 1 patient switched to biologics at weeks 8- 10 (Figure 1). Of the 25 patients, only three had a PEN (80%) treatment duration longer than 24 weeks.



Evaluation of induction remission (at week 8-10)

One patient in each group did not undergo endoscopic examination at week 8- 10 after the treatment. The induced clinical and endoscopic remissions and mucosal healing rates in the FMT group were remarkably higher than those in the PEN group (Table 3).


Table 3 | Comparison of clinical and endoscopic outcomes between the two groups at different time points.



Clinical remission was observed in 10 (83.3%) and 7 (53.8%) patients in the FMT and PEN groups, respectively (p=0.202). The mean PCDAI score was decreased from 23.2 ± 6.7 at baseline to 7.6 ± 7. 1 in the FMT group, and from 23.5 ± 5.6 at baseline to 16.7 ± 11. 1 in the PEN group. Endoscopic remission was observed in 8 of 11 of the patients (72.7%) in the FMT group and 3 (25.0%) in the PEN group. Figures 2E-H shows the endoscopic appearance before and after treatment in FMT group and PEN group. Ulcers were still visible in the PEN group, but disappeared in the FMT group after treatment. This showed a better endoscopic remission rate in the FMT group.

Mucosal healing was observed in 3 of 11 patients (27.2%) in the FMT group and 0 (0%) in the PEN group. The mean SES-CD score was reduced from 6.75 ± 1.05 at baseline to 2.36 ± 1.9 in the FMT group, and from 6.54 ± 1.05 at baseline to 4.83 ± 2.8 in the PEN group.

At week 8-10, there were significant statistical differences in PCDAI and SES-CD scores in both groups (both P<.05) (Figure 3). CD-related parameters such as ESR, CRP and serum albumin were evaluated, and both groups showed improvement from baseline. Compared with PEN group, FMT group showed more significant improvement, faster decline of ESR and CRP, faster increase of albumin, and better clinical efficacy. There were remarkable differences between the two groups in ESR, CRP and serum albumin (all P<.05) (Figure 3).




Figure 3 | Changes in parameters between baseline, 8-10w and 18-22w in two groups. (A–F) Changes in leukocyte count, albumin, CRP, ESR, PCDAI score and SES-CD score between baseline, 8- 10w and 18-22w in the FMT group and PEN group respectively. The distribution of values within each group at each timing is illustrated by mean and SD. FMT, fecal microbiota transplantation; PEN, Partial enteral nutrition; CRP, C-reactive protein; ESR,erythrocyte sedimentation rate; PCDAI, Pediatric CD Activity IndexSES-CD, Simple Endoscopic Score for CD.





Evaluation of maintaining remission (at week 18-22)

Three patients in the PEN group and one patient in the FMT group were switched to biologics after disease flare, leaving 11 patients in the FMT group and 10 patients in the PEN group to be analyzed at week 18-22. To help maintain remission, eight patients received multiple FMT doses again at week 8- 10 in the FMT group (Table 2).

The remission rate was remarkably better in the FMT group than in the PEN group (Table 3). In the FMT group, eight (72.7%) patients maintained clinical remission and seven (87.5%) of those received a second round of FMT treatment (Table 2). Only two (20.0%) patients maintained clinical remission in the PEN group. The mean PCDAI score was 9.45 ± 10.3 in the FMT group and 22. 1 ± 10.6 in the PEN group (p=0.09). The mean SES-CD score was 2.2 ± 1.06 in the FMT group, and 5. 1 ± 0.8 in the PEN group (p=0.032) (Figure 3). Endoscopic remission was observed in 6 of 9 (66.6%) patients in the FMT group and in 1 of 8 (12.5%) patients in the PEN group. Mucosal healing was observed in 5 of 9 (55.5%) patients in the FMT group and 0 (0%) patients in the PEN group. Two patients in each group did not undergo an endoscopic examination.

The mean values of ESR, CRP, PCDAI and SES-CD score in the PEN group were rebound between week 8- 10 and week 18-22. The mean PCDAI score was increased from 16.7 ± 11. 1 to 22. 1 ± 10.6, and the SES-CD score was increased from 4.83 ± 2.8 to 5. 1 ± 0.8, ESR and CRP also showed similar changes. However, These parameters of FMT group were relatively stable. There were also significant differences in ESR and SES-CD score between the two groups at week 18–22 (both P<.05) (Figure 3).These findings suggest that the PEN group is not effective in maintaining sustained remission and that FMT can help maintain clinical remission.

Fecal calprotectin (a cutoff <200 µg/g) of 5 patients in FMT group was significantly elevated, ranging between 1903 to 3330µg/g at baseline. Fecal calprotectin decreased significantly for between week 0 and week 8- 10. Fecal calprotectin of 2 children continued to decline between week 8- 10 and week 18-22, while fecal calprotectin increased in the other 2 children, which was considered to be related to disease flare (Table 2).



Safety

A total of 21 FMT-related AEs occurred in 7 patients. Most AEs (90.5%) occurred within two days post-FMT. The AEs included abdominal pain(n=6), abdominal distension (n=5), nausea or vomiting (n=3), fever(n=2), constipation(n=2), diarrhea(n=2) and purpura (n= 1) (Table 4). One patient presented with abdominal pain and purpura in both lower limbs 12 hours after FMT. The diagnosis was allergic purpura. Abdominal pain improved one day after corticosteroid administration, which was considered to be caused by an immune disorder induced by bacterial flora. One patient developed fever with elevated blood routine and CRP levels 28 hour after the FMT. Inflammatory markers and body temperature returned to normal two days after antibiotic administration. The other AEs were self-limiting and symptom-free within 48 h.


Table 4 | The adverse events of FMT.





Microbial composition changes

16s rDNA sequencing analysis showed that species richness and diversity of fecal microbial in 2 patients with Crohn’s disease were significantly lower than those of healthy donors. FMT treatment can increase the species richness and diversity of patients. The bacterial population of the recipient was close to that of the donor after FMT treatment (Figure 4). After FMT treatment, the relative abundance of bacterial genera Bacteroides, Eubacterium, Parasutterella, Butyricicoccus were significantly increased and Clostridioides, Ruminococcus, Blautia were decreased in 2 children (Supplement 2).




Figure 4 | The dynamic changes in gut microbiota before and after FMT. DNA extracted from feces collected from the healthy donor, and recipient pre-FMT (-1), week 8, week 18 of after FMT was subjected to 16S rRNA gene (V3-V4 region) libraries construction and sequencing. (A) Species composition of feces samples of patient 5 at at genus level. (B), Species composition of feces samples of patient 2 at genus level. (C) The Alpha diversity of patient 5 was measured by Shannon indexes. (D) The Alpha diversity of patient 2 was measured by Shannon indexes.






Discussion

To the best of our knowledge, this is the first study to assess the effects of endoscopic remission and mucosal healing with repeated and multiple doses of FMT plus PEN as the first-line treatment in pediatric CD. The study indicated that within a small sample size of pediatric CD patients, repeated and multiple FMTs plus PEN can not only help induce and maintain remission but also contribute to mucosal healing.

Over the past decade, the therapeutic endpoint of CD has shifted from clinical remission to mucosal healing (Peyrin-Biroulet et al., 2015). The benefits of mucosal healing have been supported by clinical evidence to improve the long-term outcomes of CD patients, including reduced hormone use and incidence of risks, such as relapse and hospitalization (Ruemmele et al., 2015; Taylor et al., 2020). Previous FMT-related studies mainly focused on clinical remission (Goyal et al., 2018; Sokol et al., 2020; Cui et al., 2021), but paid little attention to mucosal healing. Our study showed that the mucosal healing rate in the FMT group were significantly higher than those in the PEN group in both the induction and maintenance stages, indicating that FMT treatment can promote mucosal healing. This is a very novel clinical result, which may be related to the ability of FMT can remodel gut microbiota and restore microbial diversity. Compared to that of donors, the gut microbiota diversity of pediatric CD patients was significantly decreased, and the abundances of Eubacterium, Clostridia_ UCG-014, Oscillibacter, Coprostanoligenes were lower, while the abundance of Clostridioides was higher in CD patients. After FMT, the species richness and diversity of our two patients showed significant improvement. FMT changed the relative abundances of several bacterial genera in 2 patients, including the relative abundance of Bacteroides, Eubacterium, Parasutterella, Butyricicoccus were significantly increased and Clostridioides, Ruminococcus, Blautia were decreased. We found that after FMT, the microbial community of children with CD was close to that of donors. This is why the endoscopic remission rate decreased from 72% to 66% but the mucosal healing rate increased from 27.2% to 55% at week 18-22.

Partial enteral nutrition uses the same liquid formulation as EEN, which significantly improves compliance and taste compared to EEN. Studies have suggested that PEN is beneficial in inducing and maintaining remission in patients with CD and more patient- friendly and tolerant treatment (Verburgt et al., 2021). Our study also confirms this view, but the effective duration is relatively short. In our study, ESR, CRP, SES-CD and PCDAI scores improved significantly between baseline and weeks 8- 10 in both groups, but FMT improved more. Between weeks 8- 10 and 18-22, these parameters remained largely unchanged in the FMT group and increased in the PEN group, after FMT treatment, fecal calprotectin also decreased significantly. All of this suggests that the FMT group was more successful in controlling inflammation. This indicates that the PEN treatment alone is poor in maintaining remission in CD patient, whereas FMT plus PEN is effective.

From the available evidence, to date, there is deficient evidence to recommend FMT as the first-line treatment for active pediatric CD patients. Knowledge on the application of FMT in pediatric CD are limited. Most of these studies have reported FMT as a secondary treatment option for refractory CD (Hourigan et al., 2015; Suskind et al., 2015; Goyal et al., 2018; Karolewska-Bochenek et al., 2018). Alka Goyal et al. (2018) reported that after a single FMT treatment, 57% of 21 children IBD patients who were refractory to conventional treatment showed clinical responses at 1 month. In a study by Suskind et al. (2015), 9 adolescents with CD were treated with a single FMT after refractory to conventional treatment, and 5 achieved clinical remission at 6 and 12 weeks. Karolewska-Bochenek K et al (Karolewska-Bochenek et al., 2018). reported that a two-week course of FMT was clinically effective in children with IBD refractory to standard therapy. Our study is the first paper to explore the first-line treatment of CD in children with FMT. Our data suggest that FMT combined with PEN therapy not only helps to induce remission in children with active CD, but also maintains clinical remission. This finding demonstrates that FMT may be a potential first-line treatment regimen for active pediatric CD. Given the drawbacks of current CD treatments, this should be a meaningful practice and exploration.

Several studies have demonstrated that a single FMT is safe and effective in patients with CD; meanwhile, multiple doses of FMT have been shown to be more effective than a single dose (He et al., 2017; Baunwall et al., 2020). Our findings are consistent with these results. Among the 12 patients in the FMT group, only two received a single FMT, and one (50%) was in clinical remission at week 8- 10. The other 10 patients received multiple FMTs, of which nine (90%) showed clinical remission at at week 8- 10. This indicates that the clinical remission rate of multiple FMTs is significantly higher than that of single FMT.

The safety of FMT in pediatrics CD is relatively good. The adverse events (AEs) mainly include nausea, vomiting and abdominal pain, and most of them are mild (Suskind et al., 2015; Goyal et al., 2018). Our recent study reports the short term safety of FMT in children, most AEs (88.5%) occurred within 2 days post-FMT, 91.4% of the AEs were self-limiting (Zou et al., 2022). This current study also shown that the short-term safety of FMT was very good. Although 7 out of 12 patients had FMT-related AEs, accompanied by two serious adverse events, most of the symptoms were mild. These symptoms may be related to poor intestinal mucosal barriers and the intestinal environment in children with CD.

The number of donor strains decreased within 1.5-3 months after FMT, and the theoretical effect of FMT decreased with a decrease in donor strains (Li et al., 2016). A recent study found that after three months of FMT treatment for IBS, the clinical response rate was 65% in the FMT group and 43% in the placebo group. However, the efficacy of FMT decreased significantly after 12 months and was similar to that of the placebo group (Johnsen et al., 2018). Therefore, we recommend periodic FMT to help maintain efficacy. To date, there have been several studies of repeated FMTs (Costello et al., 2019; Schierová et al., 2020; Wang et al., 2020), but few studies of periodic FMTs. Our study confirmed that periodic FMT within 10 weeks could significantly maintain long-term efficacy and help sustain mucosal healing in pediatric CD. In the FMT group of the study, at week 8- 10, eight patients received periodic FMTs in the FMT group, of which seven (87.5%) maintained clinical remission, six (75%) underwent endoscopic remission, and five (62.5%) had mucosal healing; meanwhile, three patients were treated with PEN (80.0%) only and without periodic FMT treatment, of which one (33.3%) was in clinical remission and 0 had mucosal healing. The results demonstrated that periodic FMT could be a safe, feasible, and effective treatment for children with active CD. To our knowledge, this is the first time that periodic FMTs has been used in the treatment of CD in children.

Our study has some limitations. This was not a randomized clinical trial that would have provided more important evidence. Additionally, we primarily focused on the clinical efficacy of repeated FMT, with relatively little attention paid to the variation in gut flora. Finally, the frequency of FMT required to maintain long-term clinical efficacy in pediatric CD requires a larger sample size.

In conclusion, this retrospective study demonstrated that repeated and multiple doses of FMT plus PEN had a beneficial effect in inducing and maintaining clinical remission and mucosal healing in newly diagnosed children with active CD. Therefore, FMT can be a potential first-line treatment regimen for active pediatric CD. Further prospective studies are required to verify these findings.
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Background

Recent studies reported the association between the changes in gut microbiota and sepsis, but there is unclear for the gut microbes on aged sepsis is associated acute lung injury (SALI), and metformin treatment for the change in gut microbiota. This study aimed to investigate the effect of metformin on gut microbiota and SALI in aged rats with sepsis. It also explored the therapeutic mechanism and the effect of metformin on aged rats with SALI.



Methods

Aged 20-21 months SD rats were categorized into three groups: sham-operated rats (AgS group), rats with cecal ligation and puncture (CLP)-induced sepsis (AgCLP group), and rats treated with metformin (100 mg/kg) orally 1 h after CLP treatment (AgMET group). We collected feces from rats and analyzed them by 16S rRNA sequencing. Further, the lung samples were collected for histological analysis and quantitative real-time PCR (qPCR) assay and so on.



Results

This study showed that some pathological changes occurring in the lungs of aged rats, such as hemorrhage, edema, and inflammation, improved after metformin treatment; the number of hepatocyte death increased in the AgCLP group, and decreased in the AgMET group. Moreover, metformin relieved SALI inflammation and damage. Importantly, the gut microbiota composition among the three groups in aged SALI rats was different. In particular, the proportion of E. coli and K. pneumoniae was higher in AgCLP group rats than AgS group rats and AgMET group rats; while metformin could increase the proportion of Firmicutes, Lactobacillus, Ruminococcus_1 and Lactobacillus_johnsonii in aged SALI rats. Moreover, Prevotella_9, Klebsiella and Escherichia_Shigella were correlated positively with the inflammatory factor IL-1 in the lung tissues; Firmicutes was correlated negatively with the inflammatory factor IL-1 and IL-6 in the lung tissues.



Conclusions

Our findings suggested that metformin could improve SALI and gut microbiota in aged rats, which could provide a potential therapeutic treatment for SALI in aged sepsis.
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Introduction

Sepsis refers to life-threatening organ dysfunction caused by the dysregulation of the host’s response to infection (Singer et al., 2016), and it’s mortality as high as 33%, which affects millions of people worldwide (Angus et al., 2001; Dellinger, 2003; Buchman et al., 2020). Furthermore, studies showed more than 60% septic patients are elderly people (>65 years), and an exponential increase in the incidence and mortality of sepsis in the elderly patients (Milbrandt et al., 2010; Mankowski et al., 2020). The lung is the first organ involved in the progress of sepsis. According to epidemiological data, about 50% of septic patients complicated with acute lung injury (ALI) or acute respiratory distress syndrome (ARDS) in the intensive care unit(ICU) (Sevransky et al., 2009; Aziz et al., 2018). As high mortality of the sepsis-related lung injury (SALI) patients and a poor prognosis in SALI suggest a lack of clinically feasible therapeutic methods. Therefore, studying the pathogenesis of SALI to search a new effective therapy method is necessary.

The gut microbiota is the the chief regulator in maintaining homeostasis of the host (Honda and Littman, 2016). The gut microbial composition changes with age (Yatsunenko et al., 2012), as such from infant to adult shows from dominant Bififidobacterium to Bacteroidetes and Clostridia genus, and to age shows the Centenarians’ gut microbiota with pathogenic microbiota increasing, which different from the infant and adults (Mariat et al., 2009; Claesson et al., 2012; Rampelli et al., 2013). Furthermore, the above gut microbial composition varies indicates the decreased short-chain fatty acid (SCFA) production, leading to the intestinal inflammation and the mucosa reduction and gut permeability increasing. More importantly, the Centenarians’ gut microbiota, Specifically, the relative abundance of the Faecalibacterium, Eubacteriaceae, Lactobacillus and Clostridia decreased and the relative abundance of the Proteobacteria and Bacilli is reduction, resulting the productive SCFA gut microbiota is decreasing, and yet changed pathogen is increasing in the elderly (Rampelli et al., 2013). Additionally, the previous study showed that chronic mild inflammation in the elderly, which might lead to an abnormal increase in intestinal wall permeability (Buford et al., 2018). Therefore, maintaining the balance of the gut microbiota and improving the gut permeability may be effective measures for treating age-related SALI.

Metformin is the first-line treatment in patients with type 2 diabetes (Flory and Lipska, 2019). Studies confirmed that metformin had an anti-inflammatory effect on the expression of inflammatory factors (Cameron et al., 2016; Wu et al., 2018). Furthermore, some studies showed that metformin delayed aging by reducing the production of reactive oxygen species (Valencia et al., 2017). Metformin is taken orally and absorbed mainly in the small intestine (Buse et al., 2016; Honda and Littman, 2016). Metformin also affects the resident intestinal microbiota and can correct intestinal damage by augmenting the intestinal microbiota (Lee et al., 2018; Maniar et al., 2018; Brandt et al., 2019). This study was performed to investigate the effect of metformin on the intestinal microbiota of senile rats with sepsis and assess whether metformin could be an effective drug for treating SALI.



Materials and methods


Animals

Twenty-four male Sprague–Dawley (SD) rats (6–8 weeks) were purchased from Beijing Vital River Laboratory Animal Technology (Beijing, China) and housed until 20–21 months. All rats were housed in a specific pathogen-free animal laboratory. The rats were fed a standard diet and purified water under controlled laboratory conditions (12-h light/dark cycle). They were randomly divided into three groups: sham-operated rats (AgS group, n=4), rats with cecal ligation and puncture (CLP)-induced sepsis (AgCLP group, n=12), and rats treated with oral metformin (100 mg/kg) 1 h after AgCLP treatment (AgMET group, n=8). The AgCLP model was used in this study, and anesthesia was provided by injecting hydantoin (10%, 3–4 mL/g) into the peritoneal cavity. Microsurgery was performed in the midline of the abdomen and involved ligating one half of the free end of the cecum, puncturing the cecum with a 21-gauge needle in two locations at the ligature site, and applying gentle pressure until the feces were extruded. The bowel was then placed back into the abdominal cavity, and the incision was closed. The procedure was performed by the same person to minimize the impact of different ligation and puncture sites on the results. After closing the incision, the rats were injected subcutaneously with normal saline (1 mL/100 g) at 37°C and placed back in the cage to rewarm for 1 h. In the AgS group, the rats underwent only open surgery and did not undergo ligation or puncture of the cecum. The rats in the metformin group were given metformin (25 mg/kg) intragastrically 1 h after the surgery. All rats were sacrificed 24 h after CLP treatment. Only five aged rats with SALI survived in the AgCLP group, and four aged rats with SALI survived in the AgMET group after 24 h of CLP treatment. This animal experiment was approved by the Life Science Ethics Review Committee of Zhengzhou University.



Histological analysis

The tissues from rat lungs were analyzed using hematoxylin and eosin (H&E) staining. The lung and kidney tissues were fixed in 4% paraformaldehyde for 24h and embedded in paraffin. The tissues were then stained and observed under a light microscope. The degree of alveolar congestion, hemorrhage, infiltration and aggregation of neutrophils or leucocytes, and alveolar wall thickness was observed. The lung sections were scored using the aforementioned indicators, with a maximum score of 16.



Terminal deoxynucleotide transferase d-UTP nick-end labeling assay

The lung tissues were paraffin-embedded and fixed, and the proportion of apoptotic cells was determined using a terminal deoxynucleotide transferase d-UTP nick-end labeling (TUNEL) assay and fluorescence microscopy.



16S rRNA gene sequencing for gut microbiota analysis

First, extraction of genome DNA: we used the CTAB/SDS method to extract the genome DNA, and its’ concentration and purity was monitored on 1% agarose gels. And then we diluted the DNA to 1ng/μL by using sterile water based on the concentration. Next, the primers 341F (5’-CCTAyGGRBGCasCAG-3’) and 806R (5’-GGA CTA CNN GGG TAT CTA AT-3’) were used to amplify the 16S rRNA genes of 16SV3–V4 regions with the barcode. All PCR reactions were carried out with Phusion® High-Fidelity PCR Master Mix (New England Biolabs) is used to performed all PCR reactions. Then, PCR Products quantification and qualification analysis. Mix same volume of 1X loading buffer (contained SYB green) with PCR products and operate electrophoresis on 2% agarose gel for detection. Samples with bright main strip between 400-450bp(16S) and ITS (100-400bp) were chosen for further experiments. PCR products was mixed in equidensity ratios. Then, the Qiagen Gel Extraction Kit was used to purify the mixture PCR products (Qiagen, Germany).Sequencing libraries were generated using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA) following manufacturer’s recommendations and index codes were added. The library quality was assessed on the Qubit® 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. At last, the library was sequenced on an Illumina NovaSeq 6000 platform and 250 bp paired-end reads were generated. According to 97% similarity, we used the Usearch (version 11.0.667) with no ambiguous bases to cluster. The Mothur v1.42.1 and the vegan

package in R-package were used to calculated the Alpha diversity and beta diversity, respectively. The PICRUSt2 software package (https://github.com/picrust/picrust2) used to calculate the pathway enrichment.



Quantification of mRNA using qRT–PCR

We used TRIzol reagent (TaKaRa, Tokyo, Japan) to extract total RNA from the lungs. The concentration and purity of RNA were quantified using ultraviolet spectroscopy. The corresponding cDNA was synthesized by reverse transcription of mRNA using a TaqMan reverse transcription kit (UE, Suzhou, China). All qRT-PCR was used 40 cycles for amplification, and the results were analyzed by the 2-ΔΔCT method. The gene expression was normalized using reduced glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. The gene primers were chemokine (C-C motif) ligand 7 (CCL7) forward primer: CTTCTGTGTGTGCTGCTCAAC, reverse primer: CTATGGCCTCCTCAACCCAC; interleukin (IL)-6 forward primer: AGAGACTTCCAGCCAGTTGC, reverse primer: AGTCTCCTCTCCGGACTTGT; CCL3 forward primer: TGCTGTTCTTCTCTGCACCA, reverse primer: CAGGTCCTTTGGGGTCAGC; IL-1β forward primer: GCAACTGTTCCTGAACTCAACT, reverse primer: ATCTTTTGGGGTCCGTCAACT; chemokine (C-X-C motif) ligand 1 (CXCL1) forward primer: CGCTCGCTTCTCTGTGCA, reverse primer: TTCTGAACCATGGGGGCTTC; and GAPDH forward primer: TGTGAACGGATTTGGCCGTA, reverse primer: GATGGTGATGGGTTTCCCGT.



Statistical analysis

The GraphPad Prism (Version 6.0; GraphPad Software Inc., USA) R-package were used to statistical analyses. The quantitative data was assessed by mean ± standard deviation. The unidirectional or bidirectional analysis of variance (ANOVA) was used for multiple groups, and an unpaired-sample Student t test was used for the statistical analysis in two groups. Furthermore, the Mothur v1.42.1 and the vegan package in R-package were used to calculated the Alpha diversity and beta diversity, respectively. The PICRUSt2 software package (https://github.com/picrust/picrust2) used to calculate the pathway enrichment. P value <0.05 indicated a statistically significant difference.




Results


Metformin alleviated the inflammation and lung injury in aged rats with SALI

A previous study (DeFronzo et al., 2016) reported that metformin may induce kidney failure result of lactic acidosis. Hence, the histological analysis to check whether metformin could induce kidney injury. The results showed that metformin did not cause kidney damage, confirming that the dose of metformin was safe to administer (Figure S1). We next performed H&E and TUNEL assays on lung tissues to assess the effect of metformin on SALI in aged rats. The results showed that lung tissue destruction, inflammatory infiltration, and alveolar wall thickening in the aged rats in the AgCLP group compared with the rats in the AgS group. However, lung tissue destruction and inflammatory infiltration were significantly improved in the AgMET group (Figures 1A, B, P < 0.05). The effect of metformin on apoptotic cells of lung tissues in aged rats with sepsis was determined by assessing the percentage of apoptotic cells through the TUNEL staining. The apoptotic cells of lung tissues significantly increased in aged rats with sepsis compared with that in AgS rats, and metformin treatment attenuated sepsis-induced apoptotic cells of lung tissues (Figures 1C, D, P < 0.05). Further, the mRNA expression of the inflammatory factors CCL3, CCL7, CXCL1, IL-1, and IL-6 substantially increased in aged rats with SALI compared with the AgS group. However, metformin reversed the expression of these inflammatory factors induced by sepsis (Figures 1E, I, P < 0.05). Metformin improved the inflammatory response in rats with sepsis, which was consistent with our previously reported results (Liang et al., 2022). Hence, these data suggested that metformin attenuated lung injury and inflammation in aged rats with SALI.




Figure 1 | Metformin reduces SALI in aged rats with sepsis. (A) H&E staining showed edema and an increased amount of hemorrhage in the lung tissue of rats in the AgCLP group compared with the control group. These changes could be reversed after metformin treatment. (B) The level of lung injury was assessed semi-quantitatively based on the lung injury score (P < 0.05). (C) TUNEL results showed an increased apoptosis in the AgCLP group and a decreased apoptosis in the AgMET group. (D) Three sections were taken from each group, and the number of apoptotic cells was measured (P < 0.05). (E-I) ccl3, ccl7, cxcl1, IL-1 and IL-6 expression increased in AgCLP group and metformin could decreased these factors’ expression. *p<0.05; **p<0.01; ***p<0.001.





Effects of metformin on the intestinal microbiota in aged rats

16S rRNA metagenomic analysis was used to assess the composition of gut microbiota, evaluating the effect of metformin on gut microbiota in aged rats with SALI. Alpha diversity (ACE, Chao1, Shannon, and Simpson indexes) can reflect the abundance of bacteria in the community. We used ACE and Chao1 to assess the abundance of microbiota. The results showed that metformin could improve the SALI induced the decreased Alpha diversity (Figure 2A). Next, we analyzed the β-diversity between bacterial populations. β-diversity assessed the differences of gut microbiota between multiple samples and the changes of microbiome under different factors. The results of β-diversity showed that compared with the AgCLP group, the gut microbiota in AgMET group was similar to that in the AgS group (Figure 2B).




Figure 2 | Effect of metformin on intestinal microbiota diversity in aged rats with sepsis. (A)16S rRNA metagenomic analysis for α-diversity (ACE, Chao1); (B) β-diversity reflected microbial richness in groups and between groups.



We explored the effect of metformin on the abundance of gut microbiota. The results showed that compared with the AgS and AgCLP groups, the AgMET group had a higher Firmicutes/Bacteroidetes ratio (Figure S2). At the genus level, the abundance of Lactobacillus slightly increased, while the abundance of Ruminococcus-1 decreased in the AgCLP group compared with the AgS group, and increased after metformin treatment. Furthermore, the increased relative abundance of Prevotella-9 in the AgCLP group compared with the AgS group, which related with inflammation, while metformin could reverse this change. At the species level, the abundance of Lactobacillus johnsonii slightly increased, and Escherichia coli and K. pneumoniae increased in the AgCLP group compared with the AgS and AgMET groups (Figures 3A, B). In the AgCLP group, the increase in the abundance of these opportunistic pathogens increased the inflammatory response of the host, which was consistent with our previous findings (Liang et al., 2022). Furthermore, the abundance of Romboutsia and Ruminococcus-1 decreased and the abundance of Proteobacteria, Escherichia coli, and K. pneumoniae increased in AgCLP group compared with that in the AgMET group, indicating a decrease in the abundance of intestinal microbiota associated with SCFA production. In addition, we analyzed the correlations between inflammatory factors and gut microbiota (Figure 4), the results show that Klebsiella pneumoniae, Escherichia coli, Prevotella-9 and Proteobacteria were positively correlated with iL-6, while Romboutsia, Latobacillus, Latobacillus_johnsonii,Firmicutes were negatively correlated with IL-1 and IL-6. Therefore, metformin administration could improve the gut microbiota disorder in aged rats with SALI.




Figure 3 | Effects of metformin on intestinal microbiota. (A) Three figures show the differences between the microbiota in the AgMET, AgS, and AgCLP groups at the phylum, genus, and species levels, respectively. The abundance of opportunistic pathogenic bacteria increased in the AgCLP group. (B) Histogram showing the differential microbiota, highlighting the changes in intestinal microbiota between the experimental groups. *p<0.05; **p<0.01.






Figure 4 | Correlation analysis. Correlation analysis between microbiota and inflammatory parameters.






Discussion

This study assessed the effect of metformin for alleviating inflammation, lung injury and gut microbiota disorder in aged rats with sepsis. Metformin treatment reversed the pathological changes including lung tissue damage, hemorrhage, and edema in aged rats with CLP-induced sepsis. Meanwhile, significant apoptotic cells of lung tissues in the AgCLP group but with a considerable improvement in the AgMET group. The gut microbiota composition in the AgMET group varied from such as an increasing relative abundance of some opportunistic pathogen such as E. coli and K. pneumoniae, relating with LPS production and inflammation to anti-inflammation, which exerted the protection of aged rats with SALI. These results showed that metformin is a therapeutic alternative for treating aged SALI.

Metformin is a clinical first-line hypoglycemic drug as its specific antihyperglycemic properties with excellent safety profile. Metformin also has other functions such as anti-aging and anti-tumor effects (Shafiee et al., 2014; Pryor et al., 2019). Furthermore, enhanced the lifespan of Caenorhabditis by affecting the metabolism of microbial folate and methionine by modifying the gut microbiota (Cabreiro et al., 2013). Metformin could inhibit IκB kinase/nuclear factor-κB activation to suppress the expression of senescence-related factors (Moiseeva et al., 2013). It was later discovered that fecal microbial transplantation decreased the expression of IL-18 (Lee et al., 2019). Metformin improved the intestinal barrier function by modulating the gut microbiota, thereby increasing the number of mucus-producing goblet cells (Hur and Lee, 2015). Additionally, metformin inhibited apoptosis via the phosphoinositide 3-kinase/Akt signaling pathway, which was found to be effective in brain injury caused by sepsis (Tang et al., 2017). These studies also supported our findings.

The Firmicutes and Bacteroidetes is the main gut microbiota in human, accounting for 75.9% and 10.83%, respectively (Pan et al., 2018), which was consistent with the results of this study. We found that the abundance of Firmicutes decreased in the AgCLP group compared with the AgS group, and this change was reversed after metformin treatment. Firmicutes are mainly Gram-negative bacteria, consisting of specialized anaerobes or parthenogenic anaerobes, of which Faecalibacterium is involved in the formation of butyric acid, while Dialister is engaged in the final phase of propionic acid production (Nava et al., 2011; Tanca et al., 2017). The abundance of Firmicutes decreased noticeably in type 2 diabetes. In this study, AgCLP caused variations in the abundance of intestinal microbiota, such as a decline in the abundance of lactic acid–producing bacteria and probiotics and an increase in the abundance of opportunistic pathogenic bacteria associated with inflammation, such as E. coli and K. pneumoniae. Metformin treatment reversed these changes, resulting in an increase in the abundance of L. johnsonii and a decline in the abundance of E. coli and K. pneumoniae. Bacteroides thetaiotaomicron and L. johnsonii reduced the infiltration of intestinal inflammatory cells, alleviated edema, disrupted the cell wall mannans of Candida albicans, and inhibited the development of C. albicans (Charlet et al., 2020). In sepsis, intestinal barrier dysfunction and increased permeability contribute to the pathological transfer of intestinal bacteria or endotoxins, worsening sepsis (Hassoun et al., 2001; Meng et al., 2017). Metformin further enhances intestinal barrier function by increasing the number of villi through the modulation of intestinal microbiota, such as Firmicutes and lactic acid–producing bacteria. Prevotella interacts with the immune system and enhances mucosal inflammation mediated by TH17, stimulating epithelial cells to produce inflammatory factors such as IL-8 and IL-6 (Zeng et al., 2019), which agreed with our results.

This study had some limitations. First, the sample size in the experimental groups was small, and this findings should be confirmed by other similar studies, in the other hand, in the next study, we could be further verify the findings. Second, we did not include the metformin-alone group, reducing the rigor of the study. However, after metformin treatment, the kidney injury had no difference between AgCLP group and AgMET group, which suggested the dose of metformin is safe. More importantly, our previous study (Liang et al., 2022) search the effect of metformin alone group on septic aged rats.



Conclusions

This study indicated that metformin could relieve inflammation, lung injury and gut microbiota in aged rats with SALI. More importantly, metformin reversed the imbalance of gut microbiota such as as increasing relative abundance of opportunistic pathogen such as E. coli and K. pneumoniae. in aged rats with sepsis, which could provide a potential treatment for aged SALI.
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The tuberculosis (TB) burden remains a significant global public health concern, especially in less developed countries. While pulmonary tuberculosis (PTB) is the most common form of the disease, extrapulmonary tuberculosis, particularly intestinal TB (ITB), which is mostly secondary to PTB, is also a significant issue. With the development of sequencing technologies, recent studies have investigated the potential role of the gut microbiome in TB development. In this review, we summarized studies investigating the gut microbiome in both PTB and ITB patients (secondary to PTB) compared with healthy controls. Both PTB and ITB patients show reduced gut microbiome diversity characterized by reduced Firmicutes and elevated opportunistic pathogens colonization; Bacteroides and Prevotella were reported with opposite alteration in PTB and ITB patients. The alteration reported in TB patients may lead to a disequilibrium in metabolites such as short-chain fatty acid (SCFA) production, which may recast the lung microbiome and immunity via the “gut-lung axis”. These findings may also shed light on the colonization of Mycobacterium tuberculosis in the gastrointestinal tract and the development of ITB in PTB patients. The findings highlight the crucial role of the gut microbiome in TB, particularly in ITB development, and suggest that probiotics and postbiotics might be useful supplements in shaping a balanced gut microbiome during TB treatment.
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1 Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis is one of the leading infectious disease killers worldwide (Avoi and Liaw, 2021). According to the latest WHO report, it is estimated that a quarter of the global population is infected with M. tuberculosis. Even though only about 5-10% of infected people develop active TB, in 2020 alone, the incidence of TB was about 127 cases per 100,000 people, and approximately 1.3 million HIV-negative people died of TB (WHO, 2021). Furthermore, most TB cases were reported in less developed regions, especially in South-East Asia, Africa, and the Western Pacific regions (WHO, 2021). However, the incidence might be underestimated as in some areas, especially in sub-Saharan Africa, the diagnosis of TB is still a challenge, and it is estimated that approximately 50% of TB cases remain undiagnosed (Mnyambwa et al., 2021; Jayasooriya et al., 2022). In the year 2015, all WHO members adopted the WHO’s End TB strategy which aims to reduce the absolute number of TB deaths by 95% and the incidence rate by 90% by 2035 compared to the 2015 baseline. Six years have passed, and the incidence of TB has only dropped by 10%. With only 13 years left, the situation is still challenging.

TB is transmitted by cough-generated aerosols from patients, and it primarily affects the lungs, causing pulmonary tuberculosis (PTB) (Tan et al., 2020). However, it can also involve other parts of the body. TB that affects areas outside the lungs is called extrapulmonary tuberculosis. Approximately 1-3% of total TB cases (Sheer and Coyle, 2003; Cho et al., 2018) and 10% of all extrapulmonary tuberculosis cases involve the gastrointestinal tract, causing intestinal tuberculosis (ITB) (Abu-Zidan and Sheek-Hussein, 2019; Maulahela et al., 2022). Swallowing of sputum in PTB patients has a certain chance of causing ITB (Gan et al., 2016). This is because M. tuberculosis is more resistant to the gastric acid barrier due to its special cell wall structure (Vandal et al., 2009). However, not all PTB patients develop ITB, as they might benefit from the protective effect of the intestinal barrier.

The intestinal barrier is a highly complex system, including the outer mucus layer, the epithelial layer, the underlying lamina propria, and components such as commensal microbiota, antimicrobial peptides, secretory immunoglobulin A, and immune cells (König et al., 2016; Vancamelbeke and Vermeire, 2017). Intestinal microbiota with a complex and dynamic microbial community is of vital importance to human health (Chen et al., 2021). It can not only regulate host physiological processes such as digestion, nutrient absorption, and metabolism, but also modulate host immunity in protection against pathogens and toxins (Wang et al., 2017; Comberiati et al., 2021). It is of great importance in gut homeostasis and colonization resistance to exogenous pathogens (Ducarmon et al., 2019), and dysbiosis in microbiome composition can result in susceptibility to infections and disease development (Budden et al., 2017). It is reported that altered microbiota composition can cause increased epithelial permeability and disruption in the mucus layer, resulting in susceptibility to Clostridioides difficile (Bien et al., 2013) and Citrobacter rodentium infection (Wlodarska et al., 2011). A recent study in patients with COVID-19 observed significant gut dysbiosis with enrichment of opportunistic pathogens (Zuo et al., 2020). Therefore, the gut microbiome of the host might also be crucial in preventing TB infection or decelerating the disease progression (Hu et al., 2019b).

With the universal application of Next-Generation Sequencing and bioinformatic analysis, there are increasing studies investigating the association between M. tuberculosis infection and alteration of gut microbiota. Here, we reviewed all the previous reports on the intestinal microbiome in active TB patients (including PTB and ITB) without any treatment, summarized their main findings, and tried to deduce the reasons for ITB development in PTB patients.




2 Alteration of gut microbiome in active TB patients

M. tuberculosis infection is known to cause dysregulation of the immune system, resulting in dysregulation of the gut microbiome (Osei Sekyere et al., 2020). In this review, we included studies referring to the alterations in the gut microbiome of TB patients (Luo et al., 2017; Maji et al., 2018; Huang et al., 2019; Hu et al., 2019a; Hu et al., 2019b; Li et al., 2019; Namasivayam et al., 2020; Cao et al., 2021; He et al., 2021; Naidoo et al., 2021; Shi et al., 2021; Ding et al., 2022; Wang S. et al., 2022; Wang Y. et al., 2022; Yang et al., 2022; Ye et al., 2022; Yoon et al., 2022). All patients included in the study were without antibiotic treatment, as the antibiotics can result in dysbiosis and mask the results caused by M. tuberculosis infection (Hu et al., 2019a; Namasivayam et al., 2020). The main findings are summarized in Table 1 and Figure 1. The study design and sequencing techniques used in these studies are also included.


Table 1 | Studies investigating the alteration of gut microbiome in pulmonary tuberculosis patients or intestinal tuberculosis patients without antibiotics comparing with the healthy controls.






Figure 1 | The main findings in alteration of gut microbiomes in TB patients compared to healthy controls at the phylum, order, family, and genus level. Red: elevation; blue: reduction; grey: not reported; white: no reported genus within the family.



Most of the studies found a decreased alpha-diversity in TB patients (Maji et al., 2018; Hu et al., 2019a; Hu et al., 2019b; Li et al., 2019; Namasivayam et al., 2020; Cao et al., 2021; He et al., 2021; Shi et al., 2021; Ding et al., 2022; Wang S. et al., 2022; Wang Y. et al., 2022; Yang et al., 2022; Ye et al., 2022; Yoon et al., 2022), with only one exception reporting increased diversity in both newly diagnosed PTB and recurrent PTB patients (Luo et al., 2017). However, it should be noted that the study by Luo et al. reported a significant difference in the age structure between the healthy control group and the two TB patient groups (Luo et al., 2017), which might have contributed to the observed enhancement in gut microbiome diversity. In a mouse model challenged with M. tuberculosis, dysbiosis resembling that observed in TB patients was observed in TB patients was reported (Winglee et al., 2014). The authors found a rapid initial post-infection reduction in alpha-diversity of the gut microbiome followed by slight recovery of diversity until death (Winglee et al., 2014). They proposed that the change in gut microbiome was due to the crosstalk between microbiota and immune system activation, while the recovery of diversity indicated the attainment of balance.

The dysbiosis observed in the gut microbiome of TB patients at the taxonomic level was mainly in the following aspects.



2.1 Firmicutes


Firmicutes, which play a role in nutrition and metabolism (Stojanov et al., 2020), are the most abundant microbiome in the healthy human colon, comprising 64% of the gut microbiome (Piccioni et al., 2022). The imbalance in the ratio of Firmicutes/Bacteroides was also reported to indicate disrupted intestinal homeostasis, pathogen invasion, or unhealthy conditions (Stojanov et al., 2020). The significant reduction in the phylum Firmicutes in TB patients was observed by several independent groups (Hu et al., 2019a; He et al., 2021; Wang S. et al., 2022; Wang Y. et al., 2022; Ye et al., 2022). The relationship between reduced Firmicutes and M. tuberculosis infection might be regarded as reciprocal causation. On one hand, the imbalanced microbiome composition caused by Firmicutes reduction might cause susceptibility to M. tuberculosis infection or the activation of TB in latent TB infection. On the other hand, the reduction of Firmicutes might also be triggered by the dysregulated immune system caused by M. tuberculosis infection.

Precisely, within Firmicutes, Clostridiales and Veillonellales were found to be decreased by some studies (Ding et al., 2022; Wang S. et al., 2022; Yoon et al., 2022). Meanwhile, many observations support the reduction of families Lachnospiraceae, Ruminococcaceae, and Clostridiaceae within Clostridiales (Maji et al., 2018; Li et al., 2019; He et al., 2021; Shi et al., 2021; Ding et al., 2022; Wang S. et al., 2022; Ye et al., 2022) and the reduction of Veillonellaceae within Veillonellales (Maji et al., 2018; Namasivayam et al., 2020). More interesting findings were observed at the genus level. Some of the most common genera in Firmicutes such as Faecalibacterium, Ruminococcus, Blautia, Roseburia, Lachnospira, Eubacterium, Coprococcus, and Dorea were all observed to be decreased (Luo et al., 2017; Hu et al., 2019a; Hu et al., 2019b; Li et al., 2019; He et al., 2021; Shi et al., 2021; Ding et al., 2022; Wang S. et al., 2022; Wang Y. et al., 2022; Yang et al., 2022; Ye et al., 2022; Yoon et al., 2022), whereas Granulicatella, Lactobacillus, Enterococcus, and Streptococcus were observed to be increased in patients (Luo et al., 2017; Maji et al., 2018; Hu et al., 2019a; Li et al., 2019; He et al., 2021; Shi et al., 2021; Ding et al., 2022; Wang Y. et al., 2022; Ye et al., 2022).

As mentioned earlier, the reduced genera primarily belong to the two most abundant families in Firmicutes, Lachnospiraceae and Ruminococcaceae. They are obligate anaerobic and butyrate-producing bacteria (Sorbara et al., 2020; Liu et al., 2021). Butyrate is a short-chain fatty acid (SCFA) that is an essential regulator for the maintenance of intestinal homeostasis (Parada Venegas et al., 2019). Butyrate can interact with G-coupled receptors such as GPR43, GPR41, and GPR109a (Hodgkinson et al., 2023), leading to increased regulatory T cells (Tregs) and dendritic cell precursors, improved epithelial barrier function, as well as the increased expression of anti-inflammatory cytokines such as IL-10 (Liu et al., 2018). Additionally, butyrate can also inhibit HDAC activity to decompact chromatin and upregulate gene expression, inducing Tregs and the antimicrobial activity in intestinal macrophages (Schulthess et al., 2019). In addition, Phenylbutyrate (PBA), a derivative of butyrate, has been found to induce the expression of antimicrobial peptides in lung epithelial cells (Steinmann et al., 2009) and directly restrict the growth of M. tuberculosis in vitro or even within macrophages (Coussens et al., 2015). In clinical trials for TB patients, PBA in combination with vitamin D has also been shown to increase the clearance of M. tuberculosis by inducing the antimicrobial peptide LL-37 (Mily et al., 2013; Mily et al., 2015), while also ameliorating inflammation and improving symptom relief (Bekele et al., 2018; Rekha et al., 2018). LL-37 was reported to disrupt the cell wall of intra- and extracellular M. tuberculosis (Deshpande et al., 2020) and also activate the autophagy of macrophages (Rekha et al., 2015). Therefore, a decreased butyrate level would result in elevated pro-inflammatory responses, reduced antimicrobial activity, and impaired epithelial barrier function (Chen et al., 2019b).

Conversely, the increased genera in patients all belong to the order Lactobacillales, a group of lactic acid-producing bacteria. Lactic acid bacteria are generally regarded as beneficial microorganisms that support the host’s gut homeostasis and enhance the epithelial barrier (Ren et al., 2020). However, it is also reported that lactic acid bacteria can induce Th1 and suppress Th2 responses during M. tuberculosis infection (Ghadimi et al., 2010). Meanwhile, it is also worth noting that some of the bacteria in Enterococcus, Streptococcus, and Granulicatella are opportunistic pathogens. The disrupted epithelial barrier caused by reduced butyrate can facilitate the colonization of these opportunistic pathogens.




2.2 Bacteroidetes


Bacteroidetes are the second most abundant microbiota in the healthy human colon, comprising 23% of the gut microbiota (Sánchez-Tapia et al., 2019). Similar to Firmicutes, alterations in Bacteroidetes are also important in metabolism and energy balance (Chen et al., 2019a). However, unlike Firmicutes, Bacteroidetes are the main producer of the other two members of SCFAs, namely acetate and propionate (Feng et al., 2018).

Despite the contradictory findings in the alteration of Bacteroidetes, the most predominant findings were related to the three most abundant genera in Bacteroidetes, namely Bacteroides, Prevotella, and Parabacteroides (Rinninella et al., 2019; Zafar and Saier, 2021). In most studies, Bacteroides and Parabacteroides were reported to be increased in TB patients while Prevotella was reported to be decreased (Maji et al., 2018; Hu et al., 2019a; Hu et al., 2019b; Shi et al., 2021; Wang S. et al., 2022; Wang Y. et al., 2022; Ye et al., 2022).

Both Bacteroides and Parabacteroides are acetate-producing bacteria. Like butyrate, acetate can enhance antimicrobial peptides such as defensins, and also increase the epithelial barrier repairment by inducing the production of IL-22 (Fachi et al., 2020). Defensin, such as defensin-1, was found to inhibit the intracellular growth of mycobacterium inside granulomas (Sharma et al., 2017). Moreover, acetate was also reported to increase phagocytosis and bacterial killing by macrophages and neutrophils (Galvão et al., 2018). In addition, Bacteroides was also one of the major sources of propionate in the gut microbiota (Louis and Flint, 2017). Propionate was also shown to have antimicrobial activity. Propionate produced by Bacteroides was reported to limit the colonization of many bacteria such as Salmonella (Jacobson et al., 2018) and E.coli (Ormsby et al., 2020) by regulating intracellular pH. However, it should not be neglected that acetate may also suppress CD4+ T cell activation and Th1 and Th17 response while propionate may suppress antigen-specific CD8+ T cell activation by alleviating the IL-12 production by dendritic cells (Nastasi et al., 2017). These effects may also increase the susceptibility of the host to infections (Ahn et al., 2017; Piccinni et al., 2019).

In contrast, studies have shown that Prevotella can augment Th17-mediated mucosal inflammation (Kempski et al., 2017) and increase epithelial permeability to bacterial products (Larsen, 2017). This might be because Prevotella can activate TLR2-signaling and induce the secretion of IL-6, IL-8, and CCL20 by epithelial cells (Tamanai-Shacoori et al., 2022), as well as the secretion of IL-1β, IL-6, and IL-23 by dendritic cells (Kwok et al., 2012). These cytokines can induce Th17 immune response and neutrophil recruitment, increasing infection severity and tissue damage (Larsen, 2017; Shen and Chen, 2018). Therefore, reduced Prevotella as well as increased Bacteroides and Parabacteroides might simultaneously exert an anti-inflammatory effect.

Intriguingly, in the context of ITB, there seems to be minor differences compared with PTB patients. The most significant observation would be the opposite trends with decreased Bacteroides and increased Prevotella in ITB patients (He et al., 2021; Yoon et al., 2022). As the major sources of both acetate and propionate, decreased Bacteroides together with downregulated Firmicutes in ITB patients would result in a dramatic depletion of SCFA production. Based on the critical role that SCFAs play in epithelial barrier function, antimicrobial protein production, and immunomodulation, this depletion would cause excessive immune responses, increased inflammatory lesions, and antimicrobial peptide production. It might also increase the invasion and colonization of M. tuberculosis and other opportunistic pathogens in the gut.

Moreover, the increased Prevotella would also increase the Th17 response inducing neutrophil accumulation and granuloma formation after M. tuberculosis infection (Seiler et al., 2003). However, when exposed to excessive IL-17 produced by Th17 cells, longer survival of neutrophils can cause increased neutrophil infiltration and the formation of pathological lesions (Torrado and Cooper, 2010). This is also in line with the observation of elevated IL-17 expression in ITB patients (Pugazhendhi et al., 2013).




2.3 Proteobacteria and Actinobacteria

At the phylum level, Proteobacteria were observed to be increased in TB patients (Luo et al., 2017; Namasivayam et al., 2020; He et al., 2021; Ding et al., 2022; Wang Y. et al., 2022), while conflicting trends were reported for Actinobacteria (Luo et al., 2017; Namasivayam et al., 2020; Ding et al., 2022; Wang S. et al., 2022; Wang Y. et al., 2022). However, at the genus level, Pseudomonas (Maji et al., 2018; He et al., 2021; Shi et al., 2021), Shigella (Shi et al., 2021; Ding et al., 2022)and Escherichia from Proteobacteria (Luo et al., 2017; Shi et al., 2021; Ding et al., 2022)and Actinomyces from Actinobacteria (Maji et al., 2018; Shi et al., 2021; Ding et al., 2022)were all reported to be increased in patients. These bacteria are all common opportunistic pathogens and are always associated with the disruption of mucosal barriers (Pujic et al., 2015). An imbalanced SCFA constitution alters the gut environment resulting in dysregulated immune response and breakdown of the epithelial barrier, causing the colonization of opportunistic pathogens.





3 Microbiome-immune crosstalk during M. tuberculosis infection

The gut microbiome and lung microbiome are not separate groups within an organism. They are tightly related by the so-called “gut-lung axis”, which means that the metabolites produced by the gut microbiome can reach the systemic circulation and shape the lung microbiome and the immune response in the lung, and vice versa (Enaud et al., 2020). Among the metabolites of the microbiome, SCFAs are the most extensively studied. SCFAs including acetate, propionate, and butyrate have been shown to have a modulatory role in the immune system and epithelial function.

In PTB patients, compared with healthy controls (Figure 2A), the main findings are the loss of Firmicutes such as Lachnospiraceae and Ruminococcaceae, and the enrichment of Bacteroidetes (Figure 2B). In the murine model challenged with M. tuberculosis, the authors also observed a post-infection reduction of butyrate-producing Lachnospiraceae and Ruminococcaceae and enrichment of acetate/propionate-producing Bacteroides, similar to the observations in humans (Winglee et al., 2014). Furthermore, two studies on the relationship between Helicobacter hepaticus and M. tuberculosis infection found that infection by Helicobacter hepaticus resulting in similar dysbiosis with increased Bacteroidaceae and decreased Clostridiales, Ruminococcaceae, Lachnospiraceae, and Prevotellaceae could cause hyperactivated immune response, overexpressed pro-inflammatory cytokines, and increased susceptibility to M. tuberculosis, resulting in severe lung damage (Arnold et al., 2015; Majlessi et al., 2017). These observations in patients and murine models may lead to the potential altered SCFA composition with decreased butyrate but increased acetate and propionate. A fecal metabolomic study also revealed slightly increased acetate and a significant decrease in butyrate in PTB patients (Wang S. et al., 2022).




Figure 2 | The main findings in gut microbiome composition in PTB and ITB patients. Compared with the healthy conditions (A), in PTB patients (B), reduced Firmicutes and Prevotella and increased Bacteroides altered the proportion of each SCFA, causing immune cell recruitment and mildly increased immune response. However, when Bacteroides decreased and Prevotella increased (C), decreased SCFAs production resulted in drastic activation of immune response and disruption of epithelial barrier, facilitating the colonization of M. tuberculosis in the intestine and the development of ITB.



Acetate, butyrate, and propionate are all SCFAs that can exert anti-inflammatory effects by binding to GPR41 and GPR43. However, butyrate is the only SCFA known to bind to GPR109A (Liu et al., 2018). In vivo experiments using Gpr109a-/- mice failed to ameliorate the inflammatory response and epithelial barrier dysfunction after sodium butyrate administration (Chen et al., 2018), indicating the importance of GPR109A in anti-inflammatory response and epithelial barrier construction. Another experiment using Gpr109a-/- mice observed dysregulated immune responses and increased M1 macrophage polarization (Zhang Z. et al., 2022). Increased acetate and propionate may remedy the loss of butyrate in GPR41 and GPR43 activation but may not rescue the loss of GPR109A activation. The loss of butyrate in the gut microbiome and further in the circulation by the “gut-lung axis” results in dysbiosis in the lung microbiome (Hu et al., 2020; Vázquez-Pérez et al., 2020; Xiao et al., 2022; Zhang M. et al., 2022), as well as the disruption of the lung epithelial barrier and upregulation of pro-inflammatory cytokines in the systemic circulation such as IFN-γ, TNF, and IL-17A (Machado et al., 2021). These pro-inflammatory cytokines and the opening up of tight junctions in the lung epithelial barrier can facilitate the migration of immune cells such as neutrophils and macrophages (Akdis, 2021). Macrophages and neutrophils are the first-line innate immune defense against M. tuberculosis by phagocytosis (Roca et al., 2019). Moreover, immune cells such as macrophages and dendritic cells can present antigens to T and B cells and augment adaptive immune responses. After infection, CD4+ T cells can not only further strengthen the innate immunity but also promote the function and survival of CD8+ T cells (Lu et al., 2021), whilst CD8+ T cells can directly kill M. tuberculosis by their cytolytic function (Lin and Flynn, 2015). Antibody opsonization was also shown to promote the phagocytosis of macrophages (Chandra et al., 2022).

However, when the SCFA level in circulation is sustainably reduced due to an imbalanced microbiome in TB, as observed in ITB patients with decreased Bacteroides (Figure 2C), the resulting depletion of IL-10 production and anti-inflammatory response can provoke the persistence of an overactivated pro-inflammatory response. Meanwhile, excessive TNF production was found to induce necroptosis of granuloma macrophages by activating the RIP1-RIP3 necroptosome (Stutz et al., 2018), which can facilitate bacterial replication and activation (Roca et al., 2019). Moreover, the increased Prevotella in ITB patients’ gut microbiota could further induce Th17 responses and aggravate neutrophil infiltration and pathological lesions in both lung and gut. The upregulated pro-inflammatory cytokine production may contribute to the overactivation of neutrophils and lead to impairment of mycobacterial controls within granulomas and thus exacerbate disease (Moreira-Teixeira et al., 2020). The observation of higher levels of neutrophils in the circulation of active TB patients also indicates the detrimental role of an overactivated immune response (Moideen et al., 2018). The uncontrolled replication and invasion of M. tuberculosis might facilitate its colonization in the gut and cause intestinal TB.




4 Perspectives and conclusions

The treatment of TB requires long-term multidrug treatment with a mixture of broad-spectrum and mycobacterial-specific antibiotics, especially for multidrug-resistant TB. However, it has also been reported that anti-TB medications can result in further dysbiosis of the intestinal microbiome in TB patients (Namasivayam et al., 2017; Wipperman et al., 2017; Hu et al., 2019b; Yoon et al., 2022). Intestinal microbiome disruption can also, in turn, limit the efficiency of treatment (Negi et al., 2020). A study of M. tuberculosis infection in mice pre-treated with isoniazid and pyrazinamide for 8 weeks also showed a higher lung bacterial burden. Besides, alleviated TNF and IL-1β production, decreased MHCII expression, and defective M. tuberculosis control were found in the alveolar macrophages of the mice. This phenotype can be partially reversed by fecal transplantation (Khan et al., 2019). Moreover, in our review, the current findings in TB patients also indicate a correlation between severely imbalanced gut microbiome with the development of ITB in PTB patients. Therefore, a balanced gut microbiome is crucial during M. tuberculosis infection. To achieve this goal, probiotics and postbiotics as potential routine supplements during TB treatment could be a one-stone-two-birds strategy.

Probiotics, such as Bacteroides fragilis and Lactobacillus plantarum, have already been considered novel probiotics in TB treatment (Liu et al., 2021; Eribo et al., 2022). B. fragilis has been reported to exert anti-inflammatory function by decreasing excessive IFN-γ and inducing IL-10 secretion in mice through its metabolite PSA (polysaccharide) (Johnson et al., 2015; Johnson et al., 2018). The study by Negi et al., also reported increased MHCII expression on lung dendritic cells and a lower M. tuberculosis burden in the lung of mice after treatment with Lactobacillus plantarum. Another in vitro study using Lacticaseibacillus rhamnosus PMC203 found a direct restriction in M. tuberculosis growth and increased killing ability in infected RAW 264.7 cells (Rahim et al., 2022).

Postbiotics, such as indole propionic acid, can inhibit M. tuberculosis by targeting tryptophan synthesis (Negatu et al., 2019). PBA as a derivative of probiotics (butyrate) has also been tested in clinical trials and observed to provide significant relief of symptoms (Bekele et al., 2018; Rekha et al., 2018). However, the usage and concentration of probiotics and postbiotics must be individualized in the context of the patients. For example, different concentrations of SCFAs might have distinct functions (Ashique et al., 2022). Another example is the usage of SCFAs, which might be helpful in normal TB patients, but detrimental in people with HIV co-infection (Machado et al., 2021)

As mentioned above, studies have shown that the gut microbiome alteration in general TB patients (PTB) is characterized by dysbiosis, which is defined as reduced butyrate-producing Firmicutes and Prevotella (Bacteroidetes), and increased lactic acid-producing Firmicutes, Bacteroides, Parabacteroides, and opportunistic pathogens in Proteobacteria and Actinobacteria. The most significant consequence of this alteration, given the abundance of Firmicutes and Bacteroidetes in the human gut microbiome, is the change in the composition of SCFAs, with reduced butyrate and increased acetate and propionate metabolite production. When acetate and propionate production is further decreased by the reduction of Bacteroides, there might be an increased susceptibility to M. tuberculosis infection in the gut, causing ITB. Therefore, the gut microbiome may act as the defense line in preventing ITB development. Probiotics and postbiotics could become potential supplements in TB treatment and ITB prevention.
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The morbidity and mortality of invasive fungal infections are rising gradually. In recent years, fungi have quietly evolved stronger defense capabilities and increased resistance to antibiotics, posing huge challenges to maintaining physical health. Therefore, developing new drugs and strategies to combat these invasive fungi is crucial. There are a large number of microorganisms in the intestinal tract of mammals, collectively referred to as intestinal microbiota. At the same time, these native microorganisms co-evolve with their hosts in symbiotic relationship. Recent researches have shown that some probiotics and intestinal symbiotic bacteria can inhibit the invasion and colonization of fungi. In this paper, we review the mechanism of some intestinal bacteria affecting the growth and invasion of fungi by targeting the virulence factors, quorum sensing system, secreting active metabolites or regulating the host anti-fungal immune response, so as to provide new strategies for resisting invasive fungal infection.
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1 Introduction

Invasive fungal infections (IFI) are an increasingly serious public health problem, which can cause prominent invasive lesions with serious symptoms in the host, such as life-threatening bloodstream infection and organ dysfunction (Bongomin et al., 2017). The most common clinical pathogenic fungi are Candida albicans, Aspergillus fumigatus and Cryptococcus neoformans. With the increasing number of immunosuppressed people caused by organ transplantation, cancer treatment, HIV and so on, the morbidity and mortality of IFI are rising gradually (Kato et al., 2018; Mayer and Kronstad, 2019). IFI are easy to relapse and difficult to cure, killing more than 1.5 million people worldwide every year, almost as many as tuberculosis (Bongomin et al., 2017). Moreover, IFI can lead to intestinal fungal dysbiosis, which in turn has a certain effect on metabolic diseases and intestinal disorders diseases such as gastric cancer, inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), celiac disease (CeD), colorectal cancers etc. (Table 1) (Ramirez-Garcia et al., 2016; Li et al., 2019).


Table 1 | Detrimental roles of fungi in the human gastrointestinal tract on metabolic diseases and intestinal disorders diseases.



However, the current antifungal drugs are limited and outdated. Only three types of antifungal drugs are the first line drugs to treat human systemic fungal infections (Table 2). Amphotericin B, the first discovered polyene anti-fungal agent, binds to the ergosterol of cell membrane and “strips” it out, thereby destroying the structure of the fungal cell membrane. While the high toxicity limits its clinical application. Later, azoles, novel anti-fungal agents with lower side-effect, were developed, that can block the ergosterol synthesis by inhibiting lanosterol 14-α-demethylase (encoded by ERG11) (Perfect, 2017). However, due to the agricultural use of azoles to protect crops from fungal infection, azoles resistance gradually developed in the 1990s (Verweij et al., 2020). The third-generation antifungal drug echinocandins (such as caspofungin) work by blocking the biosynthesis of β-(1,3) d-glucan (encoded by FKS1), an essential component of fungal cell walls. Unfortunately, echinocandin-resistant Candida species have emerged in both laboratory and clinical settings (Medici and Del Poeta, 2015).


Table 2 | First-line antifungal drugs and their limitations.



Furthermore, the widespread use of clinically antifungal agents has accelerated fungal resistance rates (Fairlamb et al., 2016). Candida auris is a superbug that first reported in Japan in 2009 (Wang et al., 2020). Although the exact mode of transmission is unclear, C. auris can rapidly affect patients and colonize the skin persistently (Schelenz et al., 2016; Lockhart et al., 2017; Vallabhaneni et al., 2017). Like other fungi, it can cause superficial and invasive candidiasis as well as bloodstream infections (Mane et al., 2016; Chowdhary et al., 2017). In addition, C. auris has multi-drug resistance to two or more classes of drugs and a few (about 4%) to all classes of antifungal drugs (Sanguinetti et al., 2015). Echinocandins are currently commonly used to treat C. auris infections, but caspofungin has been proved to be ineffective against C. auris biofilms (Harriott et al., 2010; Pahwa et al., 2014).

Meanwhile, COVID-19, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), emerged at the end of 2019 and since then has spread worldwide (Gorbalenya et al., 2020; Zhou et al., 2020). When the patient’s condition worsens, hospitalization is required and eventually intubation may be required and the patient is transferred to the intensive care unit (Zhu et al., 2020). The respiratory failure associated with novel coronavirus infection is the main driver of death in this population; However, some observations indicate that patients with COVID-19 may also have a higher risk of secondary infections (Rawson et al., 2020). For example, patients can further develop fungal infections (eg, IFI) at an advanced stage of the disease, especially in severely ill or immunocompromised patients (Guo et al., 2019). In China, Chen et al. performed fungal culture on admission to all 99 patients and identified 5 cases (5%, 5/99) of fungal infection, including 1 case of Aspergillus flavus, 1 case of Candida glabrata and 3 cases of C. albicans (Chen et al., 2020). Yang et al. found that the presence of A. flavus, A. fumigatus and C. albicans in all 52 critical patients (3/52, 5.8%) (Yang et al., 2020). Clinical abuse of broad-spectrum antibacterial drugs is conducive to the selection of pathogens unaffected by continuous antibacterial therapy, such as Clostridium difficile and C. albicans, which may increase the susceptibility of secondary infection of fungal pathogens, increasing the morbidity and drug resistance. Therefore, there is an urgent need to exploit new treatment strategies and novel antifungal agents to manage IFI (Antinori et al., 2020).

The mammalian gut harbors a large number of microorganisms, including bacteria, fungi, archaea, protozoa, and viruses, collectively known as the microbiome. The intestinal microbial community is a dense and diverse ecosystem, whose main functions include metabolizing indigestible carbon sources, providing nutrients for the host, regulating the immune system, and preventing the invasion and colonization of pathogenic microorganisms. Thus, the destruction of the intestinal ecosystem facilitates the invasion of pathogens. For example, antibiotic treatment can kill pathogenic bacteria and cure the infection, but also inhibit the growth of other beneficial or colonizing bacteria of the same type, making it vulnerable to new pathogenic microorganisms (Kumamoto, 2016). Researches have shown that germ-free (GF) mice are more susceptible to infection than conventionally reared mice, and become less susceptible when fecal microbiota from conventional mice are transplanted with GF mice (Hooper et al., 2012).

Invasive fungi have a symbiotic relationship with bacteria in the host body to form a dynamic balance of micro-ecology, which plays an important role in the maintenance of human health (Limon et al., 2017). In the microecology, there is a mutual competition between fungi and bacteria (Zuo et al., 2018). In recent years, researches on some probiotics and intestinal commensal bacteria have shown that they can affect the colonization of invasive fungi in the intestinal tract. For example, intestinal commensal bacteria, Enterococcus faecalis and Staphylococcus, can inhibit the growth and biofilm formation of C. albicans. Biofilm is an important virulence factor of fungi, which endows fungi with drug resistance (Peters et al., 2012). In conclusion, the researches on probiotics and intestinal bacteria can provide new insights for clinical antifungal treatment. This review describes the antifungal activity of probiotics and intestinal commensal bacteria against the invasion and colonization of clinical common fungi, providing new strategies for the treatment of fungal infections.




2 The antifungal effect of probiotics

In the human body, the total amount of intestinal microorganisms are equivalent to the number of cells. Probiotics refer to “live microorganisms confer a health benefit on the host when administered in sufficient quantities” (Hill et al., 2014). The interaction between probiotics and intestinal microorganisms enables probiotics to alleviate the occurrence and development of some diseases. For example, some clinical randomized controlled trials (RCTs) have proved that probiotics can significantly alleviate the symptoms and signs related to COVID-19 such as diarrhea, headache, fever, cough, dyspnea, fatigue, myalgia and anosmia, reduce the viral load of nasopharynx, the duration of pulmonary infiltrates and the symptoms of digestive system and non-digestive system, and reduce the risk of respiratory failure and mortality (Gutiérrez-Castrellón et al., 2022). Probiotics are present not only in the intestine but also in other parts of body, such as mouth, respiratory tract, skin and genital tract. In recent years, more and more researches have shown that probiotics can exert their probiotic effects in intestinal health, immune development, nutrition metabolism, emotional management, liver diseases, oral diseases, gynecological diseases and skin health. What we need to pay special attention to is that some probiotics can inhibit the colonization of pathogenic bacteria in the intestine, strengthen the intestinal barrier, regulate the intestinal flora, synthesize active metabolites, etc. (Taverniti et al., 2021).

Clinical researches have shown that probiotics can regulate cytokine secretion, thus affecting the non-specific and specific immunity. Castrellón et al. conducted a single-center, four-blind, randomized trial on COVID-19 patients, and found that probiotic adjuvant therapy significantly increased the production of specific IgM and IgG responses to SARS-CoV-2, reduced the level of D- dimer, and reduced the risk of venous thromboembolism (such as pulmonary embolism), thus reducing the severity and mortality of COVID-19 patients (Gutiérrez-Castrellón et al., 2022). In addition, COVID-19 can cause intestinal ecological imbalance, altered intestinal permeability, and microbial translocation. However, Wu et al. found that in patients treated with probiotic adjuvant therapy COVID-19, partial recovery of intestinal ecological imbalance is evidenced by increased microbial diversity tests, and inflammatory markers such as TNF-α, IL-1β, IL-4 and IL-12P70 are also reduced (Wu et al., 2021).

Human immunodeficiency virus (HIV) infection results in altered intestinal microbiota and increased intestinal permeability, accompanied by related microbial translocation, immune activation and inflammation (González-Hernández et al., 2012). Researches have shown that probiotics can affect the immune response of people with HIV. They can avoid bacterial overgrowth and translocation by stimulating the secretion of polymeric IgA, stimulate the production of regulatory T cells by anti-inflammatory cytokines, and weaken inflammation, thus improving the immune function of HIV patients (Trois et al., 2008). In another trial, levels of D- dimer and inflammatory markers IL-6 and CRP decreased after 8 weeks of probiotic intervention with in HIV-infected subjects receiving stable antiretroviral therapy (ART), suggesting that probiotics play a beneficial role by weakening inflammation (Stiksrud et al., 2015). In addition, Candida colonization has been reported in more than 50% of HIV patients and symptomatic candidiasis has been reported in approximately 10% of patients. Researches have shown that the use of probiotics can reduce the number of pathogenic microorganisms (C. albicans, E. coli, Staphylococcus aureus, Staphylococcus epidermidis, and Clostridium perfringens) in HIV patients and tend to restore a normal range of microbial landscape (Wilson et al., 2013).

At present, the generally recognized probiotics mainly include Lactobacillus, Non-pathogenic Escherichia coli, Bacillus, Enterococcus and yeast (such as Saccharomyces boulardii), most of which are derived from the intestinal tract or fermented food (Zhang et al., 2022). In recent years, due to various hot researches on the intestinal microorganisms, probiotics have been proposed to antagonize opportunistic fungi and regulate the intestinal flora. On the one hand, probiotics can inhibit the invasion and colonization of pathogenic fungi by targeting their virulence factors. The researches have also revealed that the quorum sensing system is related to fungal virulence, and can be used as the target of anti-virulence treatment. On the other hand, probiotics can accumulate in the intestine and produce a variety of active metabolites (such as lactic acid, short-chain fatty acids, tryptophan, tryptophan metabolite, hydrogen peroxide, and bacteriocin, etc.) that inhibit fungal colonization (Mathur et al., 2020).



2.1 Virulence factor is a new antifungal target

Fungi have different pathogenic mechanisms. For example, the first step of C. albicans to cause infection is adhesion (Jin et al., 2005). After being swallowed by the phagocytes, yeast cells produce germ tubes and grow hypha, penetrating and destroying the host cell membrane. C. albicans can also produce various enzymes such as hydrolase and protease to invade and destroy tissues (Watamoto et al., 2009). A. fumigatus can produce some mycotoxins that damage local tissues (Rementeria et al., 2005). C. neoformans produces substances such as capsule, melanin, and mannitol to help the bacteria invade the host (Alspaugh, 2015). Additionally, fungi form biofilms against antifungal drugs. Therefore, researches in recent years are devoted to inhibiting or even killing fungi by targeting their virulence factors.

Researches have shown that two new food-derived yeasts, Saccharomyces cerevisiae and Issatchenkia occidentalis, can inhibit the virulence characteristics of candida adhesion, filamentation and biofilm formation, indicating that food-derived yeasts can be used as an alternative antifungal therapy (Kunyeit et al., 2019). In addition, the cell-free supernatant of L. rhamnosus was found to reduce the virulence of C. albicans and inhibit the formation of its germination tubes. L. rhamnosus can also secrete 1- acetyl-β-carboline (1-ABC), which inhibits the transformation of C. albicans into mycelium and biofilm formation by inhibiting the DYRK1 family kinase of fungi, thus inhibiting its pathogenicity (Figure 1) (Leão et al., 2015). The antifungal mixture produced by Lactobacillus crispatus inhibits the growth and formation of C. albicans hyphae (Wang et al., 2017a). Lactobacillus acidophilus inhibits C. albicans biofilm formation and alleviates host candidiasis symptoms (Vilela et al., 2015). That is, Lactobacillus has inhibitory effects on fungal growth, biofilm formation, mycelium development, dental canal germination and virulence. Therefore, Lactobacillus can be used as a probiotic as a therapeutic adjuvant for mycosis to improve antifungal effects.




Figure 1 | Mechanism of intestinal bacteria against C. albicans. Intestinal bacteria prevent the proliferation and colonization of C. albicans through various mechanisms. For example, Pseudomonas aeruginosa can produce phenazine, intracellular ROS production increased, mitochondrial membrane hyperpolarization, leading to the death of C. albicans; It can secrete lipopolysaccharide and improve EFG1 transcription in the hypoxia condition of biofilm environment, thereby stimulating glycolysis and inhibiting Candida hyphae-specific genes (HSGs), changing gene expression in biofilm formation and inhibiting hypha formation; Producing secretory lysophospholipase C, which degrades phosphatidylcholine and leads to the death of C. albicans; AHLs are produced that inhibit the C. albicans Ras1–cAMP–PKA pathway and reduce its virulence. Enterococcus faecalis can produce bacteriocin Entv, which can regulate the Frs system of C. albicans, secrete GelE, SprE and some extracellular proteases, inhibit the formation of C. albicans biofilm and hyphae, and reduce its toxicity. Acinetobacter baumannii can secrete OmpA and make it adhere to C. albicans to inhibit the formation of C. albicans hyphae and biofilm. The glycolipid substances secreted by Serratia marcescens have the characteristics of biosurfactant and can inhibit the formation of C. albicans biofilm. Bacillus can produce lipopeptide and also has the characteristics of biosurfactant, which can reduce the expression of HWP1 and ALS3 of C. albicans and inhibit its biofilm formation. Lactic acid bacteria can produce short-chain fatty acids and lactic acid, reduce the expression of HWP1, and inhibit the hyphal formation of C. albicans. Lactobacillus rhamnosus can secrete 1- acetyl-β-carboline (1-ABC) to inhibit the formation of C. albicans biofilm by inhibiting the fungal DYRK1 family kinase. Staphylococcus epidermidis can inhibit the biofilm formation of C. albicans, but its inhibition mechanism is still unclear.



Bacillus is a common Gram-positive bacterium that is resistant to external harmful factors and widely distributed in soil, water, air, and animal intestinal tracts. In some ways, it can act as a probiotic to maintain the balance of microorganisms in the human body. In the human intestinal tract, co-parasitism between Bacillus and C. albicans can inhibit the invasion of C. albicans. Rautela’s research shows that lipopeptide secreted by Bacillus can inhibit the formation of fungal biofilm by reducing the expression of specific biofilm-forming genes, such as HWP1 and ALS3 (Rautela et al., 2014) (Table 3, Figure 1). Recent researches have shown that Bacillus safensis could inhibit fungal melanin exfoliation and melanosis through contact, thereby reducing C. albicans virulence and inhibiting biofilm formation (Mayer and Kronstad, 2017). B. safensis can also produce chitinase, which can damage fungal cell walls and inhibit fungal virulence factors. It is a vital active substance. Meanwhile, the virulence of other fungi (such as C. neoformans) could be significantly inhibited by Bacillus (Farrer et al., 2016) (Table 3). In summary, Bacillus reduces the fungal virulence by inhibiting the generation of hyphae, which may be a new antifungal target.


Table 3 | Substances secreted by bacteria and their influence on fungi.



A key regulatory hub for virulence is quorum sensing (QS). QS is a signaling transmission mechanism between microorganisms, through the secretion and release of some specific signal molecules, the perception of their concentration changes to monitor the population density, regulate the physiological function of the population, so as to adapt to the surrounding environment. It is also called “intercellular communication” or “self-induction”. The signaling molecules produced during the regulation are also called autoinducers (AI) (Galloway et al., 2011). Researchers found that QS regulates biological behaviors of bacteria, such as fluorescence production, toxin production, and the production of extracellular enzymes of pathogenic bacteria, especially biofilm formation (Miller and Bassler, 2001; Hooshangi and Bentley, 2008; Yang and Defoirdt, 2015). For example, S. aureus requires the Agr quorum sensing system to achieve intestinal colonization, and the lipopeptide fencarinin produced by Bacillus (mainly Bacillus subtilis) has a similar structure to AIP (auto-inducing peptide), which is a key factor in Agr quorum sensing and can interfere with Agr signal transduction, thereby inhibiting Agr quorum sensing and ultimately preventing S. aureus from colonizing the intestinal tract to eliminate this notorious multi-antibiotic-resistant bacterium (Piewngam et al., 2018). Moreover, quorum sensing systems exist not only in bacteria but also in fungi.

Farnesol in C. albicans is the first discovered quorum sensing molecule (QSM) (Hornby et al., 2001). Researches have shown that farnesol can inhibit C. albicans biofilm formation, can inhibit the transformation of C. albicans from yeast type to mycelium type, and can also induce the expression of antioxidant genes to resist oxidative stress (Langford et al., 2009). The Ras1 cyclic AMP protein kinase A pathway positively regulates C. albicans mycelial growth, and farnesol inhibits mycelial growth by inhibiting elements in this pathway (Davis-Hanna et al., 2008). 2-phenylethanol (2-PE) is a QSM in S. cerevisiae. Researches have shown that exogenous 2-PE could stimulate biofilm formation at low cell concentrations. In addition, 2-PE is synthesized mainly by the Ehrlich pathway, involving ARO8p and ARO9p, which are essential for the formation of biofilm. This research screened the mutants ΔARO8 and ΔARO9, and found that the deletions of these two genes reduced the 2-PE content, ethanol yield, extracellular polysaccharide content, the expression of FLOp participating in cell adhesion in the early stage of fermentation, and decreased the formation of biofilm (Wang et al., 2017b; Zhang et al., 2021). These findings suggest that the production of 2-PE could promote the formation of S. cerevisiae biofilm, so and thus the formation of biofilm could be inhibited by reducing the production of 2-PE. Other fungi also have quorum sensing signal molecules, such as C. neoformans, with an 11-amino acid polypeptide signaling molecule that promotes fungal growth on solid media (De Sordi and Mühlschlegel, 2009). All these indicate that the quorum sensing system plays an important role in fungi, but the signaling molecules and mechanisms of most fungi are still unclear. However, in the future antifungal therapy, we can study the mechanism of QS in fungi to understand the pathogenic mechanism, and use the quorum sensing system as a target for fungal anti-virulence therapy to develop new antifungal drugs.




2.2 Probiotics produce active metabolites to inhibit fungi

Among a variety of active metabolites produced by probiotics, bacteriocin is a 20-60 amino acid long polypeptide or protein with antibacterial activity synthesized by bacteria through the ribosomal pathway during the metabolic process. It is safe, nontoxic and has strong antibacterial activity, and is an important active metabolite (Donia and Fischbach, 2015). At present, it is generally believed that bacteriocin can destroy the cell membrane structure, form pores in the cell membrane, leak out intracellular substances, inhibit the function of the proton pump, cause the disorder of membrane potential and pH gradient, and then lead to the inhibition of DNA, RNA, protein and polysaccharide synthesis. It causes the loss of intracellular nutrients and eventually leads to bacterial cell death, thereby inhibiting the growth of intestinal pathogens and regulating the balance of intestinal flora (Moll et al., 1999). For example, E. faecalis can secrete a bacteriocin, Entv, which can inhibit the virulence, hyphal and biofilm formation of C. albicans, and thus inhibit its colonization and invasion of the intestinal tract (Table 3, Figure 1) (Graham et al., 2017). L. rhamnosus L60 and Lactobacillus fermentum L23 have potential probiotic activities, and their secondary active metabolite, bacteriocin, can inhibit the biosynthesis of aflatoxin B1 (AFB1) and the growth of A. flavus (Gerbaldo et al., 2012). Moreover, bacteriocin has a unique antibacterial mechanism, which is not easy to cause drug resistance; It has low immunogenicity and it is not easy to generate immune reaction in human body; It can be decomposed by protease in human body, so it is less toxic to the human body and will not destroy normal intestinal ecology (Barbosa et al., 2015). Therefore, probiotics that secrete bacteriocins that have specific antibacterial effects without disrupting the normal intestinal flora may be more desirable antibacterial agents than antibiotics.

According to related reports, lactic acid is considered as an important antibacterial substance that can lower the pH of fermentation broth, creating an acidic environment, which is not conducive to the growth of pathogenic bacteria. In addition, lactic acid can also enter the cell membrane and cannot be excreted, acidifying the cytoplasm of bacteria, interfering with intracellular functions and leading to cell death, thereby achieving a strong antibacterial effect (Tachedjian et al., 2017). Vulvovaginal candidiasis (VCC) is one of the major causes of female genital infections, and its main pathogenic factor is C. albicans. Clinically, fluconazole is the first choice for the treatment of VCC, but the increasing resistance of Candida strains to this treatment has prompted the search for alternative therapies for VCC (Rodríguez-Cerdeira et al., 2019). It is well known that lactic acid bacteria can ferment sugar to produce large amounts of lactic acid and obtain energy. For example, researches have confirmed that Lactobacillus casei can inhibit the growth of C. albicans causing VCC, and reduce the formation of C. albicans biofilm and hyphae, reducing their drug resistance and preventing invasive systemic infection (Paniágua et al., 2021). DRutz et al. also found a protective effect of oral administration of L. acidophilus on candidal vaginitis (Drutz, 1992). There are also researches that show that after women are infected with HIV, lactic acid produced by lactobacillus can acidify the vagina and reduce the burden of HIV, thus reducing the risk of HIV transmission among women like men and reducing the colonization of some opportunistic pathogenic Candida (Tachedjian et al., 2017).

Besides, short-chain fatty acids (SCFAs: such as acetate, propionate and butyrate) produced by probiotics can change the pH environment of the intestine. For example, butyrate can reduce the expression of several virulent genes of Salmonella enterica and Salmonella typhimurium and inhibit the growth of enterohemorrhagic Escherichia coli (EHEC) (Shin et al., 2002). SCFAs secreted by Lactobacillus can inhibit the morphological transformation of C. albicans and reduce its pathogenicity (Liang et al., 2016). They can affect the formation of hyphae and pseudohyphae by affecting the expression level of the HWP1 gene of C. albicans, reduce adhesion activity, and lose structural stability of biofilm (Matsuda et al., 2018; Rossoni et al., 2018). Furthermore, Lactobacillus can produce butyrate, which can inhibit filamentation of C. albicans, block the formation of capsule and melanin of C. neoformans, and enhance the effector function of macrophages (Nguyen et al., 2011). In addition, SCFAs can be used as hosts to reduce oxygen concentration and create an environment that is not conducive to fungal growth (Rivera-Chávez et al., 2016). Probiotics can also inhibit pathogen adhesion to intestinal epithelium by producing bacteriocins and SCFAs; improve the barrier function of intestinal mucosa by increasing mucus layer and producing tight junction proteins; stimulate the production of secretory IgA to improve intestinal immunity, and then relieve metabolic diseases and intestinal disorders diseases such as IBD, IBS and colorectal cancers (Sendid et al., 2009; Eslami et al., 2019; Simon et al., 2021).

Indole, a metabolite of tryptophan, is usually produced by intestinal bacteria containing tryptophanase, and is a specific intestinal commensal bacterial signal (Beaumont et al., 2018). Indole is important for innate immunity, inhibition of inflammation, elimination of free radicals and maintaining the integrity of intestinal immune barrier (Roager and Licht, 2018). Researches have shown that commensal E. coli can produce indole to inhibit the chemotaxis of pathogenic E. coli, and inhibit the adhesion of pathogenic bacteria to the intestinal epithelium by increasing the expression of genes involved in intestinal epithelial function, such as actin cytoskeleton and adhesive junction (Bansal et al., 2007). In addition, indole can be used as a ligand for aryl hydrocarbon receptor (AhR) to mediate intestinal immune regulation, which is beneficial to immune homeostasis and affects host physiological function. Bifidobacterium infantis has been reported to produce indole -3- lactic acid, which activates the AhRs of the intestinal epithelium by increasing its upregulation of CYP1A1 protein expression. The activation of AhR leads to the transcription of lL-22. In the intestinal tract, lL-22 can regulate the release of antimicrobial peptides, further increase the expression of antimicrobial peptides, and reduce the colonization of C. albicans in the gastrointestinal tract (Liu et al., 2020). Another research also showed that the cell-free supernatant of Lactobacillus paracasei contained metabolites such as lactic acid, SCFAs, indoleacetic acid and 2- hydroxy -3- methylbutyric acid, etc., which had good antifungal activity (Honoré et al., 2016). After these metabolites secreted by probiotics, including probiotics, regulate the intestinal flora, the changes of microbial metabolites in the intestinal tract will eventually affect the intestinal barrier, and the permeability of the intestinal barrier will be reduced, and our general inflammation will also be reduced, thus greatly reducing our infection rate and prevalence rate. These active metabolites are considered to be a molecule derived from natural resources, which are less susceptible to drug resistance than the high cost and unpredictability of developing new antifungal agents, is a feasible and promising approach.

Whether the probiotics themselves are used to inhibit the virulence factors of fungi, or anti-virulence treatment by targeting the quorum sensing system of fungi, or the active metabolites secreted by probiotics to inhibit the invasion and colonization of fungi in the intestine, all these have shown that probiotics can promote human health. Therefore, the potential of probiotics inspires more people to explore the untapped microorganisms in the healthy human gut to fight fungi.





3 Using intestinal commensal bacteria to inhibit the invasion of pathogenic fungi

At present, it has been confirmed that in addition to some recognized probiotics, some intestinal commensal bacteria can also inhibit the invasion of fungi through a certain mechanism, including Gram-positive and Gram-negative bacteria, such as Staphylococcus, Pseudomonas aeruginosa and E. coli, etc.

Staphylococcus is a common Gram-positive coccus that can exist on the human body surface, mouth and throat and inside the intestine, mainly causing nosocomial cross-infection. Human infection with Staphylococcus can cause severe diseases such as pneumonia, sepsis, and toxic shock syndrome, and even lead to death. But researches have found that Staphylococcus can inhibit the growth of C. albicans, when they are dominant in the niche. Culture supernatant of S. epidermidis has been proved to inhibit C. albicans biofilm formation, but the mechanism of inhibition is still unclear (Bhattacharyya et al., 2014). When S. aureus and C. neoformans are co-cultured, they can contact with each other to inhibit the growth of C. neoformans. When the two organisms are not in contact, inhibition of C. neoformans disappears (Saito and Ikeda, 2005). The mechanism is that S. aureus enhances the mitochondrial pathway of C. neoformans by attaching to the capsule of C. neoformans, resulting in the death of C. neoformans (Ikeda, 2011). S. aureus has been found to significantly inhibit the formation and development of A. fumigatus biofilm in vitro, regardless of the amount of bacterial inoculum with A. fumigatus (Ramírez Granillo et al., 2015). In general, C. albicans and C. neoformans can be inhibited by S. aureus when they are in contact with S. aureus (Saito and Ikeda, 2005).

In addition to Gram-positive bacteria, some Gram-negative bacteria can also inhibit the virulence factors of invasive fungus or directly inhibit their growth. For example, P. aeruginosa, a Gram-negative bacterium found in various water, air, normal human skin, respiratory tract, and intestinal tract, and is also an opportunistic pathogen. Human infection can cause postoperative wound infection, abscess, bacteremia and other symptoms, and even lead to death. Clinically, mixed infections of P. aeruginosa with C. albicans, A. fumigatus, and C. neoformans have been found in patients with pulmonary fibrosis (Nazik et al., 2017). But some experiments show that P. aeruginosa can inhibit C. albicans infection. P. aeruginosa can produce phenazine to inhibit the metabolic process and C. albicans biofilm formation (Morales et al., 2013). Therefore, the combination of azoles and phenazine can enhance the efficacy of candidiasis and provide a new idea for clinical treatment of Candida infections (Nishanth Kumar et al., 2014). In addition, P. aeruginosa can secrete lipopolysaccharide, which can inhibit the formation of C. albicans hyphae and biofilm formation by affecting the expression of key genes during biofilm formation (Bandara et al., 2013). It is recognized that Fe2+ and Cu2+ are indispensable nutrients for the growth of C. albicans. However, P. aeruginosa can inhibit fungal growth by inhibiting the fungal absorption processes of Fe2+ and Cu2+ (Robinett et al., 2019). Similarly, P. aeruginosa produces pyocyanin that inhibits the growth of C. neoformans when contacts with C. neoformans (Rella et al., 2012). The pyocyanin can also inhibit A. fumigatus growth, resulting in a deficiency of metal iron ions in the bacterium (Sass et al., 2018). Based on the current researches, we found that pyoverdine is the key substance for inhibiting the growth of fungi, and its inhibitory effect is regulated by the metabolism of metal ions, such as Fe2+ and Cu2+ (Hunsaker and Franz, 2019).

Besides P. aeruginosa, there are some Gram-negative bacteria that can inhibit the growth of invasive fungi. For example, E. coli can secrete lipopolysaccharide to inhibit the formation of Candida biofilm (Bandara et al., 2009). In addition, a specific protein produced by a variety of Escherichia bacteria can inhibit the development of conidia and cause hyphal atrophy, which in turn inhibits the growth of A. fumigatus (Yadav et al., 2005). Acinetobacter baumannii shows antifungal activity by binding to C. albicans hyphae and inducing apoptosis to prevent its biofilm formation through outer membrane protein (OmpA) (Gaddy et al., 2009).

Some intestinal commensal bacteria can also defend fungi by regulating the host anti-fungal immune response. For example, Villena et al. in a mouse model infected with Candida have found that supplementation of L. casei diet to mice can reduce mortality, increase phagocytosis and fungicidal activity of intestinal macrophages, and increase the number and function of neutrophils to prevent colonization and invasion of Candida (Villena et al., 2011). Researches have confirmed that Bacteroides fragilis produces the molecular polysaccharide A(PSA), which can eliminate fungi and maintain the steady state of the intestinal environment by inducing anti-inflammatory regulatory T cells (Treg cells) through TLR2 stimulation (Round et al., 2011). To sum up, intestinal commensal bacteria are essential to maintain the intestinal microecological homeostasis, and at the same time, some intestinal commensal bacteria can be used to prevent and control IFI. Although this approach still has great limitations, it is a vital step in developing new antifungal strategies.




4 Conclusion and prospect

In recent years, IFI have increased, together with the increase in drug resistance and the limited variety of antifungal drugs, which have posed an unprecedented threat to public health. Therefore, we need new strategies to fight IFI. There is a great deal of microbial symbiosis in our gut, including bacteria, fungi, viruses, archaea, bacteriophage and protozoa. Microbes settle down immediately after the birth of mammals, and many microbes that reside in the intestinal tract adapt to the intestinal environment and compete with other microbes for the nutritional niche of the host. Moreover, more and more researches have focused on the use of intestinal bacteria against fungi, and they have been confirmed that some probiotics and intestinal commensal bacteria can inhibit fungal growth, invasion, and gut colonization.

Besides some of the traditional probiotics mentioned above, “next-generation probiotics” are beginning to emerge as new preventive and therapeutic tools, such as Faecalibacterium prausnitzii and Akkermansia muciniphila (O’Toole et al., 2017). Researches have shown that oral administration of live F. prausnitzii or its supernatant significantly reduces the severity of TNBS colitis, in part because it secretes metabolites that prevent NF-κB activation and IL-8 production (Sokol et al., 2008). Although there are few researches on the next generation of probiotics against pathogenic fungi, but Faecalibacterium can produce high levels of butyrate, and whether it inhibits fungi like other intestinal probiotics needs to be explored.

However, the use of intestinal bacteria against IFI also has certain limitations. For example, the mechanism by which some intestinal symbionts affect fungal colonization is still unclear and needs to be further studied, which is also a promising direction for future researches on intestinal bacteria. Whether or how they can be applied clinically for antifungal therapy is also a problem worthy of deep thinking. In addition, the protection provided by microorganisms is highly dependent on the host’s diet, and probiotic-derived metabolites need to be consumed specific nutrients before they are produced. For example, SCFAs-butyrate and propionate are derived from the fermentation of fibers in the colon. Classical western-style diet usually lacks fruits and vegetables (sources of fiber and flavonoids), resulting in decreased abundance of intestinal bacteria and reorganization of intestinal microflora (Wastyk et al., 2023). At the same time, the intestinal flora deprived of dietary fiber damages the colonic mucus barrier, thus increasing pathogen susceptibility (Desai et al., 2016). All in all, the intestinal flora and the human body are mutually beneficial and inseparable. It is an important place for probiotics and some intestinal commensal bacteria to exert an antifungal effect. In combination with the rapidly developing omics methods, we can explore the antifungal probiotics and commensal bacteria in the intestine. In-depth study of their antifungal mechanism will provide new ideas and treatment strategies for “fungal inhibition by bacteria” in the future against pathogenic fungi.
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Age of complete feeding™ (days) * 50.67 + 18.93 220 +16.6 0.064"

“The patients had achieved the full enteral feeding when they were admitted to the NICU. & A newborn feeding amount of 150ml/kg per day means complete feeding. The p value was
analyzed by One-way ANOVA or fisher exact test. #P<0.05 vs Control. +P value was analyzed by two-tailed Student t test. The data are presented as the mean + SD.
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Control (n = 10) Experiment (n = 8) P-value

Age(yr) 76.9 + 13.3 715+ 21.9 0.573
Sex(M:F) 5vs5 4vs4 1
BMI(kg/m2) 20929 204 +46 0.46
Hypertension - no.(%) 5(50) 4(50) 1
Diabetes mellitus- no.(%) 2(20) 2(25) 1
Caridiac_disease- no.(%) 2(20) 0(0) 0.477
Liver_disaeas- no.(%) 1(10) 00) 1
Chronic_renal_disease 3(30) 0(0) 0.216
- no.(%)

Chronic_pulmonary_disease 2(20) 1(12.5) 1

- no.(%)

WBC(/ul) 17260 + 11931 11675 + 4062 0.36
Neutrophil_count(%) 82.3+9.0 742 +127 0.146
Hemoglobin(g/dL) 11.5+£15 1.1+16 0.633
Platelet_count(/ul) 211 £ 116 289 + 104 0.237
ESR(mm/hr) 17.7 + 326 452 +17.5 0.065
CRP(mg/dL) 99+6.5 9.0+6.0 0.965
BUN(mg/dL) 34.1 £ 34.4 128 +5.6 0.016
Creatine(mg/dL) 15+1.3 07+0.2 0.173
total_bilirubin(mg/dL) 07+0.2 0703 0.762
Albumin(g/dL) 32+08 32+0.6 0.829
Vitamin_D(ng/mL) 101 +3.8 98:44 0.897

BMI, body mass index; WBC, white blood cell count; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; BUN, blood urea nitrogen.
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Median time from CD  Times of ~ Times Activity Index (PCDAI ) SES-CD Fecal calprotectin ( ug/g)

diagnosis to FMT ini- FMT Patient-

patient CDI tiation (baseline) baseline week Week baseline 3 baseline week Week donor rela-
(mo) 8- 18- S8 = tionship
10 22 10 22

Pl - - - 05 1 ! 2 30 1 7 9 i i 1 / relative 9
P2 - - - 02 8 7 20 2 0 6 2 2 1 1 / friends 9
3 - - - 03 1 / 30 5 15 8 2 0 / / / friends 15
P - - - 05 9 10 37 5 5 9 2 0 3330 480 128 relative 127
»s - - - 02 3 2 2 5 5 7 0 0 1890 166 108 relative 9
13 - - - 03 10 i 2 15 25 7 2 7 1093 160 966 friends 13
7 - - - 03 9 7 17 0 27 7 0 8 1980 736 relative 10
P8 - - - 03 7 7 7 5 10 7 3 3 1880 120 710 relative 1
1 - - - 03 10 7 20 5 2 6 2 0 / / / friends 12
P10 - - - 03 4 / 2 5 5 6 0 i 1 1 / relative 9
Pll - - - 03 9 4 7 10 10 6 4 / / / / relative 12
P12 - - - 03 9 9 15 5 0 5 / 0 1 i 1 relative 7

EMT, fecal microbiota transplantation; CDI, C. difficile infection; EBV, EB virus; CMV, cytomegalovirus; PCDAL Pediatric CD Activity Index.
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Times Outc

Clinical remission (PCDAI < 10)
Endoscopic remission (SES-CD < 2)

8- 10
" Mucosal healing (MH) (SES-CD = 0)
Clinical remission (PCDAI < 10)
18-22w Endoscopic remission (SES-CD < 2)

Mucosal healing (MH) (SES-CD = 0)

FMT, fecal microbiota transplantation; PEN, Partial enteral nutrition; PCDAI, Pediatric CD Activity Index; SES-CD, Simple Endoscopic Score for CD.

FMT group

10/12(83.3%)
8/11(72.7%)
3/11(27.2%)
8/11(72.7%)

6/9(66.6%)
5/9(55.5%)

PEN

7/13(53.8%)
3/12(25.0%)
0

2/10(20.0%)

1/8(12.5%)
0

P value

0.202
0.039
0.093
0.03

0.05
0.029
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Related AEs Time from  Causality Clinical treatment and outcome

FMT

1 abdominal pain abdominal distension 8h Probable Probable Probable | x Self-improvement N
nausea or vomiting 8h x Self-improvement y
6h x Self-improvement N
2 abdominal pain 6h Probable Probable Probable | x Self-improvement Improvement after v
purpura 15h Pbbl v corticosteroid therapy v
6h x Self-improvement v

12h Improvement after antibiotic
abdominal pain 8h oae x therapy ¥
diarrhea 4h Probable Probable x Self-improvement Y
Self-improvement ¥
4 abdominal pain constipation abdominal 6h Probable Probable Probable | x Self-improvement v
distension 52h X Self-improvement v
6h x Self-improvement v
5 abdominal pain nausea or vomiting fever 6h Probable Probable Probable = x Self-improvement y
3h x Self-improvement y
15h x Self-improvement «/
6 abdominal pain diarrhea 8h Probable Probable Probable | x Self-improvement N
abdominal distension nausea or vomiting 4h Probable x Self-improvement v
8h x Self-improvement N
2h x Self-improvement v
7 Constipation abdominal distension 56h Probable Probable X Self-improvement v
6h x Self-improvement y

AEs, adverse events; SAEs, serious adverse events; FMT, fecal microbiota transplantation; h, hour.





OPS/images/fcimb.2023.1139436/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2023.1277517/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2023.1187831/table2.jpg
First-line anti-
fungal drugs

Amphotericin B

Azole drugs

Echinocandins

Action target

Fungal ergosterol

Lanosterol 14-0.-
demethylase

B-(1,3) D-glucan

Limitations

Side effects such as fever, heart inflammation and kidney problems are even life-threatening

Inhibit cytochrome P450 (a drug metabolizing liver enzyme needed for detoxification of human
blood); Liver toxicity caused by combination with other drugs

Be administered once a day, and each infusion needs to last for one hour; Low bioavailability; Ocular
toxicity

REE(E

(Patil and

Majumdar, 201

7)
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Invasive

Produced by

: ; Mechanism of action Functional effect REEERIEY
fungi bacteria
‘ O).udatwe a&?tlvlty, intracellular ROS ?roductmn increased, fakibirmetsbiolisiand (Gibson et al.,
Phenazine mitochondrial membrane hyperpolarized, affect C. . . 2009; Tupe et al.,
) L . biofilm formation
albicans respiration, apoptosis. 2015)
158 i oot b o B Alter gene expression
N . e e poo Ty (O A0 during biofilm formation (Bandara et al.,
Lipopolysaccharide  EFGl in C.albicans biofilm, increased glycolysis and aid fahibit hyokal 2013)
Candida inhibited Candida hyphae-specific genes (HSGs) i k
albicans formation
Secretory . " P
lysophospholipase Pegraded phosphatidylcholine (phospholipids abundant The death of the fungal cell (’Hog.m and
Pseudomonas 5 in eukaryotes) Kolter, 2002)
aeruginosa
Acyl homoserine ?n}ublt (}?e Ras1-cAMP-PKA pathway for hyphal growth T — (Davis-Hanna
lactones (AHLSs) in C. albicans et al., 2008)
Pyocyanine, 2-
Cryptococcus heptyl-3,4- Pseudomonas aeruginosa contacts C.neoformans, and . (Rella et al,,
4 s . Inhibit growth
neoformans dihydroxyquinoline  antifungal molecules play a role 2012)
(PQS)
Aspz.rgillus Pyocyanine Chel.a.!ed iron, deprived of A.fumifgatus necessary kbl (Mowat et al.,
fumigatus nutrition for growth and metabolism 2010)
Candida i : (Adam et al,,
albicans - - Inhibit biofilm formation 2002)
Cryptococcus Staphylococcus aureus attached to cryptococcus capsulatus, . (Tkeda et al.,
- A 1l death
Staphylococcus | neoformans mitochondrial pathway was enhanced, and cells died. poptotic cell deat 2007)
Inhibit growth, conidia, Ramirez-
Aspergillus Fungal growth may be significantly limited by gy ‘com . (Ramirez
igatus - intercellular contact and synthesis of bacterial products hyphe:and biofilm Craniloelal;
Jumiga R4 formation 2021)
& . 5 i (Ceresa et al.,
Candida Biosurfactant properties, reduced the mRNA expression
Li tid Inhibit biofilm formati 2016; Janek
albicans APOREPHCE of hypha-specific genes HWPI and ALS3 ERRERIOnloRmaton Jend
et al., 2020)
Inhibit biofilm formati Farrer et al.,
Bacillus Cryptococeus Chitinase Reduce the structural stability of cell wall to inhibit it biolim formation il
. e . . and virulence factor 2018; Upadhya
neoformans Laccase capsule formation; Inhibit melanin formation %
production et al, 2018)
A: ill Benoit et al.,
spe.rgx e = Inhibit the gene expression related to hyphae Inhibit hyphae formation (Beuioltiesa
fumigatus 2015)
Inhibit the formation of
Enterococcus Candida 5 Regulate that Frs system of Candida, secreting GelE, SprE ol i .orma 1?11 (,) > (Cruz et al,,
. ; Bacteriocin Entv hyphae and biofilm, inhibit
faecalis albicans and some extracellular protease N 2013)
virulence
hort-chain fe N d
Candida Short-chain fafty | 11 itit the expression of C. albicans HWPI gene, reduce Inhibit virulence and (ipvec i
X acid N . X : Huffnagle, 2004;
albicans o the adhesion and the stability of biofilm structure hyphae formation
Lactobacillus Lactic acid Jang et al,, 2019)
Inhibi h h Hob L
Cryptococeus Sodium butyrate  Inhibit the formation of capsule and melanin ahibiterowth and epliasice || (HODE <fd
neoformans macrophages 1983)
Candida . . Modulate biofilm (Bandara et al.,
lbicans Lipopolysaccharide - formation 2010)
Escherichia “
oolt Aspe‘rgillm eptosdlicprotsing Inhibit the development of conidia and cause hyphal Inhibit growth (Balhara et al,,
fumigatus atrophy 2014)
; . . " (Brossard and
Acinet t dida t Inhibit hyph: d biofil
A obaf o Cm{ : O érmembrme OmpA Attaches A. baumannii to C.albicans Filament G L m IR Campagnari,
baumannii albicans protein A(OmpA) formation 2012)
Serrati Candida D tal,
rratia mf ! Glycolipid Biosurfactant properties, anti-adhesion Inhibit biofilm formation (Dusseics
marcescens albicans 2011)

“-” No detailed reports at the time of review
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Study design

Change

ge in microbiota composition

Sequencing

Literature

. in diver- technology
Patients Controls sity
Stool samples from Stool samples from decreased Bifidobacterium and Prevotella decreased in patients 16S rRNA gene (Cao et al,,
active PTB patients healthy controls alpha- amplicon (Illumina) 2021)
(n=29) (n=22) deversity Bacteroidetes increased in patients sequencing
Stool samples from Stool samples from decreased Bacteroidetes, Clostridales, Ruminococcaceae, Lachnospiraceae, 16S rRNA gene (Ding et al,,
PTB patients (n=10) healthy controls alpha- Prevotella, Romboutsia, Dialister, Gemmiger, Collinsella and amplicon (Illumina) 2022)
(n=20) deversity Roseburia decreased in patients; sequencing
Proteobacteria, Actinobacteria, Bifidobacteriales,
Coriobacteriales, Rhizobiales, Bifidobacteriaceae,
Coriobacteriaceae, Caulobacteraceae, Phyllobacteriaceae,
Burkholderiaceae, Granulicatella, Solobacterium,
Erysipelotrichaceae unclassified and Actinomyces increased in
patients
Colon biopsy Colon biopsy no Firmicutes, Lachnospiraceae, Ruminococcaceae, Bacteroidaceae, 16S rRNA gene (He et al,
samples from ITB samples from significant Bacteroides, Faecalibacterium, Roseburia, Collinsella, Dorea, amplicon (Illumina) 2021)
patients (n=6) healthy controls difference Oscillibacter, Ruminococcus decreased in patients; sequencing
(n=4)
Proteobacteria, Enterobacteriaceae, Lactobacillus,
Pseudomonas, Klebsiella, Mycobacterium increased in patients
Stool samples from  Stool samples from | decreased Roseburia hominis, Roseburia inulinivorans, Roseburia Shotgun (Huetal,,
PTB patients (n=30) healthy controls alpha- intestinalis, Eubacterium rectale, Coprococcus comes, metagenomic 2019a)
(n=52) deversity Bifidobacterium adolescentis, Bifidobacterium longum, Tllumina sequencing
Ruminococcus obeum, Akkermansia muciniphila, Haemophilus
parainfluenzae decreased in patients;
unclassified Coprobacillus bacterium, Clostridium bolteae
increased in patients
Stool samples from Stool samples from minor Bacteroides slightly increased in patients 16S rRNA gene (Huetal,
active PTB patients healthy controls decreased amplicon (Tllumina) 2019b)
(n=28), latent PTB (n=13) alpha- sequencing
(n=10) deversity
Stool samples from Stool samples from not Firmicutes/Bacteroidetes ratio decreased in patients; 165 rRNA gene (Huang et al,,
active PTB patients healthy controls reported amplicon (Tllumina) 2019)
(n=25), latent PTB (n=23) Bacteroidetes increased in patients sequencing
Stool samples from Stool samples from decreased Bifidobacteriaceae, Ruminococcaceae, Bacteroidaceae, 16S rRNA gene (Lietal,
PTB patients (n=18) healthy controls alpha- Faecalibacterium, Faecalibacterium prausnitzii decreased in amplicon (454) 2019)
(n=18) deversity patients; pyrosequencing
Prevotellaceae, Enterococcus increased in patients
Stool samples from Stool samples from increased Bacteroidetes and Coprococcus depletion in RTB and NTB; 165 rRNA gene (Luo et al.,
new PTB patients healthy controls alpha- amplicon (Illumina) 2017)
(n=19), recurrent (n=20) but with diversity Firmicutes decreased in RTB, Roseburia decreased in NTB, sequencing
PTB (n=18) younger age Lachnospira and Prevotella decreased in both NTB and RTB
structure and more patients;
female . 5 . : ,
Actinobacteria, Proteobacteria, Streptococcus increased in both
NTB and RTB patients, Escherchia and Collinsella increased in
RTB
Stool samples from Stool samples from decreased Bifidobacterium decreased and Prevotella depletion in patients; 16S rRNA gene (Maji et al.,
PTB patients (n=6) healthy blood alpha- amplicon (Tllumina) 2018)
relatives of each deversity Faecalibacterium, Coprococcus, Phascolarctobacterium, sequencing; faecal
patient (n=6) Pseudobutyrivibrio, Bacteroides, Eubacterium rectale, whole genome
Phascolarctobacterium succinatutens, Roseburia inulinivorans, shotgun sequencing
Faecalibacterium prausnitzii, Shigella sonnei, Escherichia Coli, (Illumina)
Streptococcus pneumoniae, Streptococcus vestibularis were
increased in patients
Stool samples from Stool samples from inconclusive Erysipelotrichaceae, Anaerostipes and Blautia increased in 16S rRNA gene (Naidoo et al.,
PTB patients (n=58) close contacts PTB patients amplicon (Illumina) 2021)

and symptomatic
controls (n=47)

Stool samples from
new M. tuberculosis
PTB patients (n=21)

Stool samples from
PTB patients with
antibiotics (n=39)
and PTB patients
without antibiotics
(n=55)

Stool samples from
new PTB patients
(n=83)

Stool samples from
new PTB patients
(n=56) and latent
PTB (n=36)

Stool samples from
new PTB patients
(n=55)

Stool samples from
PTB patients (n=69)

Stool samples from
ITB patients (n=11)

cases (n=73) and

close contacts of
symptomatic

controls (n=82)

Stool samples from
healthy controls
(n=10)

Stool samples from
TB negative controls
(n=62)

Stool samples from
healthy controls
(n=31)

Stool samples from
healthy controls
(n=50)

Stool samples from
healthy controls
(n=50) with slightly
younger median age

Stool samples from
healthy controls
(n=10)

Stool samples from
healthy controls
(n=63)

decreased
alpha-
deversity

decreased
alpha-
deversity

decreased
alpha-
deversity

decreased
alpha-
deversity

decreased
alpha-
deversity

decreased
alpha-
deversity

decreased
alpha-
deversity

Bacteroidetes, Actinobacteria, Veillonellaceae,
Succinivibrionaceae and Crocinitomicaceae decreased
in patients

Lachnospiraceae, Lachnoclostridium, Anaeroglobus decreased
in PTB patients without antibiotics;

Enterococcus, Clostridiales and Rothia increased in patients

Firmicutes, Actinobacteria, Clostridales, Bifidobacteriales,
Bifidobacteriaceae, Lachnospiraceae, Ruminococcaceae,
Marinifilaceae, Eggerhellaceae, Barnesiellaceae, Blautia,

Roseburia, Bifidobacterium, undifined Ruminococcaceae,

Fusicatenibacter, Romboutsia decreased in patients;

Bacteroidetes, Bacteroidales, Bacteroidaceae, Tannerellaceae,
Fusobacteriaceae, Erysipelotrichaceae, Prevotellaceae,
Bacteroides, Parabacteroides, Fusobacterium,
Lachnoclostridium, Bacteroides vulgatus increased in patients

Firmicutes, Tenericutes, Roseburia decreased in patients;

Actinobacteria, Bifidobacterium increased in patients

Bacteroidetes and Bacteroides fragilis decreased in patients

Bacteroidetes, Proteobacteria, Fusobacteria, Bacteroidaceae,
Tannerllaceae, Bacteroides, Veillonella increased in patients

Firmicutes, Actinobacteria, Bifidobacteriaceae,
Butyricioccaceae, Ruminococcaceae, Faecalibacterium,
Bifidobacterium, Agathobacter decreased in patients

Proteobacteria, Megasphaera, Veillonellales decreased in
patients

Verrucomicrobia, Rhizobiales, Blautia increased in patients

sequencing

168 rRNA gene
amplicon (Illumina)
sequencing

16S rRNA gene
amplicon (454)
pyrosequencing

168 rRNA gene
amplicon (454)
pyrosequencing

168 rRNA gene
amplicon (Illumina)
sequencing

RT-qPCR for
targeting certain
phylum, family or
species

16S rRNA gene
amplicon (515, 806)
pyrosequencing

165 rRNA gene
amplicon (Illumina)
sequencing

(Namasivayam
et al., 2020)

(Shi et al.,
2021)

(Wang S.
etal, 2022)

(Wang Y.
etal, 2022)

(Yang et al.,
2022)

(Yeetal,
2022)

(Yoon et al,
2022)
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Diseases Related Related mechanism Reference

fungi
Inflammatory  Candida Production of anti-glycan antibody such as anti-S. cerevisiae antibodies (ASCA) can be induce during colonization (Sendid
bowel disease albicans 1 or infection of C. albicans et al,, 2009)
(IBD) Candida

tropicalis 1

Saccharomyces

cerevisiae |

Irritable Candida After fungal stimulation, Dectin-1/Sy pathway drives visceral allergic reaction and mast cells release more histamine.  (Pimentel
bowel albicans 1 and Lembo,
syndrome Saccharomyces 2020)
(IBS) cerevisiae 1
Colorectal Candida C. albicans mediates the up-regulation of macrophage glycolytic pathway, and up-regulates the expression and (Wong and
cancers albicans 1 secretion of IL-7, and then induces type 3 intrinsic lymphocytes (ILC3) to express high levels of IL-22 through AhR | Yu, 2019)
Candida and STAT3 pathways, which aggravates the progression of colorectal cancer.
tropicalis 1
Celiac disease | Candida C. albicans virulence factor, hyphal wall protein 1 (HWP1), is the same as or highly homologous to celiac-related-o. (Chibbar
(CeD) albicans 1 and vy gliadin in t-cell epitope and acts as a substrate for transglutaminase (TG), assisting in the production of and
autoreactive antibodies Dieleman,
2019)

“1”indicates an increase in abundance; ”|”indicates a decrease in abundance.
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A Top 20 pathways of all gut metabolites by KEGG from two groups

Top 20 of KEGG Enrichment

A Carbohydrate digestion and absorption [Jl] 3 (0.02645629)
A Tryptophan metabolism{ [l 3 (0.06661953)
A Starch and sucrose metabolism{ [l 3 (0.10473257)

Metabolic pathways | [ N ENNEEEEE o (0.13298337)

Taste transduction{ [l 3 (0.16276523)

Insulin signaling pathway{ [l] 1 (0.16276523)
Non-alcoholic fatty liver disease (NAFLD){ [l 1 (0.16276523)

A 2-Oxocarboxylic acid metabolism{ [l 4 (0.19570401)

Pathway

Degradation of aromatic compounds { - 3(0.22247488) qvalue
AGE-RAGE signaling pathway in diabetic complications { l 1 (0.22586327) 04
ABC transporters{ [l 3 (0.26294893) :::
D-Arginine and D-ornithine metabolism4 [l] 1 (0.36985774) 0.1

Prolactin signaling pathway{ [l| 1 (0.45030518)
Type Il diabetes melitus{ [l 1 (0.45930518)
Ubiquinone and other terpenoid-quinone biosynthesis 1 . 1(0.45930518)
FoxO signaling pathway{ [l 1(0.45930518)
Cholinergic synapse{ [l 1(0.45930518)
Cysteine and methionine metabolism4 [l 2 (0.45930518)

A Biosynthesis of amino acids{ [ 4 (0.45930518)

Insulin secretion{ [l 1(0.45930518)

0 50 100
Metabolite Percent(%)

B The significantly enriched signal pathways of different metabolic between two groups

ko00380 Tryptophan metabolism class

ko00500 Starch and sucrose metabolism 0.04 Amino acid metabolism
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ko04932 Non-alcoholic fatty liver disease (NAFLD) Digestive system

0.036 | ko04933 AGE-RAGE signaling pathway in diabetic complications 0.03 : i
k004910 Insulin signaling pathway Endocrine and metabolic diseases

k001100 Metabolic pathways Endocrine system

ko01210 2-Oxocarboxylic acid metabolism 0.02 Global and overview maps
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0.047 k002010 ABC transporters 0.01
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Parameters

Total number

Age(year), M+ SD (range) 10.69 + 2.39 11.56 £2.16  0.319
Sex, female, n (%) 3(0.25) 4(0.31) 1 ‘
Disease duration before PEN(mo) 0.068 + 0.074 + 0.325
0.009 0.015

V Hemoglobin (g/L) 109.6 + 21.9 107.7+ 135 0.868
White cell count (109/L) 11.7+ 1.6 139+ 1.5 0.336
Platelet (109/L) 416 £ 43 383 +£25 0.525
Vitamin D 174 £4.0 16.7 £5.5 0.525
ESR 315+22.4 335+£18.1 0.813
CRP (mg/L) 339 £34.7 335+£253 0.644
Albumin (g/L) 359 +53 354 £49 0.781
Disease location 0.595 ‘
L1 Terminal ileum 5 (41.7%) 6 (46.2)
12 Colon 3(0.25%) 6 (46.2)
L3 Ileocolonic 4 (0.33%) 2 (15.3%)
+L4 (upper GI tract) 2 (16.7%) 1(7.7%)
Disease behaviour ‘ 1
B1 non-stricturing or non- 10 (83.3%) 10 (76.9%)
penetrating
B2 stricturing 2 (16.7%) 3(23. 1%)
B3 penetrating ‘ 0 0
Perianal involvement . 2 (16.7%) 2 (15.3%) it
PCDAI score 232+6.7 235+£56 0.909
SES-CD score 6.75% 1.05 6.54+ 1.05 0.62

CRP, C-reactive protein; ESR erythrocyte sedimentation rate; PCDAL Pediatric CD Activity
Index; SES-CD, Simple Endoscopic Score for CD.





OPS/images/fcimb.2022.1017165/table3.jpg
Days post infection

9

10

Cumulative mortality (%)
(mean = SD)

PBS
PBS+CyHV-2 (2.4x107 copies pl)
PBS+CyHV-2 (2.4x107 copies pl)
PBS+CyHV-2 (2.4x107 copies pl)
PBS+CyHV-2 (9.7x10° copies ul™")
PBS+CyHV-2 (9.7x10° copies pl™)
PBS+CyHV-2 (9.7x10° copies pl)
FICZ

FICZ+CyHV-2 (2.4x107 copies ul")
FICZ+CyHV-2 (2.4x107 copies ul™")
FICZ+CyHV-2 (2.4x107 copies pl™)
FICZ+CyHV-2 (9.7x10° copies ul")
FICZ+CyHV-2 (9.7x10° copies ul™")

FICZ+CyHV-2 (9.7x10° copies pl™")

FICZ, 6-formylindolo [3,2-b] carbazole, a tryptophan photoproduct postulated as a candidate physiological ligand of ABR.

0

0

0

0

0

1

0

0

0

1

1

0

0

0

1

0

0

0

83.8+72

583+72

417 £72

333+72





OPS/images/fcimb.2023.1083236/crossmark.jpg
©

2

i

|





OPS/images/fcimb.2023.1083236/fcimb-13-1083236-g001.jpg
Fullfilled the
criteria (n=25)

FMT group (n=12)

PEN group (n=13)

Received FMTs plus PEN(80%) intervetion(n=12)
Received PEN(80%) intervetion(n=13)

At week 8-10, analysed FMT group (n=12

Received FMTs plus PEN(80%) intervetion(n=8) ,

At week 8-10, analysed PEN group (n=13

Received PEN(80%) intervetion(n=10), recstyed NIy itorvstionin=3,

received medications intervetion(n=3) received medications intervetion(n=I)

At week 18-22, analysed PEN group (n=10) At week 18-22, analysed FMT group (n=11)





OPS/images/fcimb.2023.1083236/fcimb-13-1083236-g002.jpg





OPS/images/fcimb.2022.1017165/fcimb-12-1017165-g011.jpg
>

Number of total culturable bacteria (CFU g-1 midgut)

4.50E+08

4.00E+08

3.50E+08

3.00E+08

2.50E+08

2.00E+08

1.50E+08

1.00E+08

5.00E+07

0.00E+00

Total culturable bacteria

uPBS
b b uCyHV-2
= FICZ+CyHV-2

wFICZ

4 5 7

Days post injection

Number of Aeromonas spp. (CFU g'! midgut) g

1.75E+08

1.50E+08

1.25E+08

1.00E+08

7.50E+07

5.00E+07

2.50E+07

2.00E+03

Aeromonas spp.

c

uPBS
uCyHV-2
® FICZ+CyHV-2

" FICZ

Days post injection






OPS/images/fcimb.2022.1017165/table1.jpg
Metabolites Class

o-Cresol Phenols <0.01 <0.01 371
Phenylpyruvic acid Benzene and substituted derivatives 0.05 <0.01 1111
Indoleacetaldehyde Indoles and derivatives 0.51 0.04 2.32
2-Ox0-4-methylthiobutanoic acid Fatty acyls 0.02 <0.01 13.84
D-Lactic acid Hydroxy acids and derivatives 0.53 <0.01 20.20
Succinic anhydride Oxolanes 0.26 <0.01 2.00
8,11,14-Eicosatrienoic acid Fatty acyls 0.56 0.02 6.95
Ketoleucine Keto acids and derivatives 0.18 0.02 19.90
Tloprost Fatty acyls 0.48 <0.01 3.26
Norizalpinin Flavonoids 337 0.02 2.85
L-Selenocysteine Carboxylic acids and derivatives 020 0.02 2.12
Convincing . 051 0.01 337
6-(Dibromomethylene)-17beta-hydroxy-androst-4-en-3-one propiote = 2.19 0.02 7.72
1-Deoxy-D-altro-heptulose 7-phosphate - 36.00 <0.01 331
Ellagic acid Tannins 6.43 <0.01 2.90
Picolinic acid Pyridines and derivatives 0.43 0.02 4.64
D-Maltose Organooxygen compounds 4.29 0.04 233
2,3,4,5-Tetrahydropiperidine-2-carboxylate = 040 <0.01 4.85
Alanyl-Valine - 337 0.04 3.58
4-Coumaroyl-2-hydroxyputrescine Cinnamic acids and derivatives 0.07 <0.01 3.19
N-a-Acetyl-L-arginine Carboxylic acids and derivatives 459 <0.01 8.86
2-Oxoarginine Keto acids and derivatives 0.25 <0.01 7.28
Phosphophosphite - 276 0.02 229
Nitrosylsulfuric acid Non-metal oxoanionic compounds 031 <0.01 2.84
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Metabolites

Bacteria

KEGG annotation
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value  value
-0.98 0.0006  Glycerophospholipids Cancers
097 0.001 Prenol lipids Unknown
0.98 0.0008 = Organooxygen Unknown
compounds
-0.98 0.0008  Organooxygen Unknown
compounds
0.98 0.0004  Piperidines Unknown
-0.98 0.0002  Fatty acyls Unknown
097 0.05 Keto acids and derivatives ~ Amino acid metabolism
-0.97 0.0007 Indoles and derivatives Amino acid metabolism
0.99 0.0002 = Organooxygen Aging
compounds
0.99 0.0001  Glycerophospholipids Cancers
0.98 0.0008 = Organonitrogen Xenobiotics
compounds
0.98 0.0008 = Organooxygen Carbohydrate metabolism
compounds
0.97 0.0009 | Carboxylic acids and Carbohydrate metabolism
derivatives
0.98 0.0007 | Dihydrofurans Global and overview maps
1.00 0.0000  Pyridines and derivatives Metabolism of cofactors and
vitamins
0.99 0.0002 = Organooxygen Global and overview maps
compounds
0.97 0.0013 Carboxylic acids and Metabolism of other amino
derivatives acids
0.99 0.0003 | Indoles and derivatives Amino acid metabolism
097 00011  Fatty acyls Lipid metabolism
0.99 0.0003  Carboxylic acids and Amino acid metabolism
derivatives
0.98 0.0008 Keto acids and derivatives ~ Amino acid metabolism
0.99 0.0001 = Benzene and substituted Amino acid metabolism
derivatives
0.99 0.0001 | Organooxygen Carbohydrate metabolism
compounds
0.98 0.0007  Sphingolipids Unknown
Organonitrogen 5 "
-0.97 0.05 Lipid metabolism
compounds
0.97 0.003  Keto acids and derivatives ~ Amino acid metabolism
0.97 0.0011  Glycerophospholipids Cancers
11 ity—
098 | 00007  Purine nucleotides Cellular community
eukaryotes
-0.98 0.0006  Prenol lipids Lipid metabolism
0.98 0.0006 Organic oxygen Carbohydrate metabolism
compounds
-0.97 0.0010  Fatty acyls Lipid metabolism
-0.97 0.0012  Pteridines and derivatives N-letab.ollsm of cofactors and
vitamins
0.99 0.0002  Purine nucleosides Nucleotide metabolism
097 | ogoig  Carowlicacidsand Carbohydrate metabolism
derivatives
097 00011 | Purine nucleotides Zenoblotichiodegradation and
metabolism
0.98 0.0009  Glycerophospholipids Cancers
-0.97 0.0011  Furans Global and overview maps
-0.98 0.0005 | Purine nucleotides Nucleotide metabolism
-0.97 0.0013 = Amines Lipid metabolism
) R Xenobiotic biodegradation and
0.99 0.0002 | Purine nucleotides

metabolism
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Isolates

FY1
FY2
FY3
FY4

Autoaggregation

15.67 £0.29 d
23.88 +047 b
19.24 + 048 ¢
49.19 +0.10 a

E. coli

24.68 £ 2.65 ¢
3179+ 038 b
26.28 £ 0.99 ¢
3843 +020a

Values expressed as mean + SD. Different letters represent significant difference, P < 0.05.

Coaggregation

S. aureus

23.00 £ 0.54 ¢
2492 +0.87 b
26.13 £0.85b
3844+ 041 a

Salm. typhimurium

2259+ 038 b
2193 +0.72 b
18.76 + 0.34 ¢
3481 +0.64a
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Variable

Gender, Man, n (%)

Age (year)

Albumin (g/L)

Creatinine (mmol/L)

Hemoglobin (g/L)

Triglycerides (mmol/L)

Total cholesterol (mmol/L)
High-density lipoprotein (mmol/L)
Low-density lipoprotein (mmol/L)
Serum fasting blood glucose (mmol/L)

White blood cell (x10°/L)

HC (n=63) mean (range)

40 (63.49%)
49 (34-67)
46.86 (41.60-51.80)
75 (48-105)
150 (110-170)
1.64 (0.54-5.04)
434 (2.33-635)
1.26(0.79-1.98)
3.03 (0.95-5.31)
5.08 (4.22-7.04)
6.13(3.46-9.10)

HC, healthy control; PTB, pulmonary tuberculosis; n.s., non-significance difference.

PTB (n=69) mean (range)

4 (63.77%)
51 (30-69)
32.62 (14.90-44.60)

63(35-110)

121 (70-175)
1.03(0.31-2.71)
3.34(1.36-5.99)
0.96(0.12-1.88)
2.13(0.46-3.89)
6.19(4.27-21.29)
6.36(3.07-13.55)

Student’s t test (P values)

ns.
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.05
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Strains Antibiotic susceptibility zone of inhibition in mm

CRO CIP AM R K S TE GM C E CcC CE

FY1 S R S S R R $ R S 1 T N
FY2 S N S N R R N R N N 1 S
FY3 S N I R R R N N S S N N
FY4 S S N N R S S N S N N N

Ceftriaxone (CRO), ciprofloxacin (CIP), ampicillin (AM), rifampicin (R), kanamycin (K), streptomycin (S), tetracycline (TE), gentamicin (GM), chloramphenicol (C), erythromycin (E),
clindamycin (CC), cephalothiophene (CE). Erythromycin results based on R < 13 mm; I: 13-23 mm; S > 23 mm. Gentamycin results based on R < 6 mm; I, 7-9 mm; $ > 10 mm.
Streptomycin results based on R < 11 mm; I, 12-14 mm; S = 15 mm. S, susceptible (zone diameter, >21). termediate (zone diameter, 15-20 mm); R, resistant (zone diameter, <15 mm).
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Isolates

E. coli
FY1 9.60 + 0.16
FY2 10.77 £ 0.25
FY3 15.83 +0.29
FY4 12.83 + 035

++

++

Indicator pathogens

S. aureus

10.43 £ 0.33
10.83 + 0.35
1533 £ 0.29
14.67 + 0.42

++

++

Salm. typhimurium

9.77 £ 0.21
9.87 £ 0.31
11.83 £ 0.35
12.10 + 0.36

Values expressed as mean + SD. Less than or equal to 9 mm (negative, -), 9-12mm (weak, +), 12-16mm (strong, ++), and more than 16mm (very strong, +++).

++





