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Understanding the dynamics of lung microbiota in tuberculosis patients, especially those who cannot be confirmed bacteriologically in clinical practice, is imperative for accurate diagnosis and effective treatment. This study aims to characterize the distinct lung microbial features between bacteriologically confirmed and negative tuberculosis patients to understand the influence of microbiota on tuberculosis patients. We collected specimens of bronchoalveolar lavage fluid from 123 tuberculosis patients. Samples were subjected to metagenomic next-generation sequencing to reveal the lung microbial signatures. By combining conventional bacterial detection and metagenomic sequencing, 101/123 (82%) tuberculosis patients were bacteriologically confirmed. In addition to Mycobacterium tuberculosis, Staphylococcus aureus, Kluyveromyces lactis, and Pyricularia pennisetigena were also enriched in the bacteriological confirmation group. In contrast, Haemophilus parainfluenzae was enriched in the bacteriologically negative group. Besides, microbial interaction exhibits a different state between bacteriologically confirmed and negative tuberculosis patients. Mycobacterium tuberculosis was confirmed correlated with clinical characteristics such as albumin and chest cavities. Our study comprehensively demonstrates the correlation between unique features of lung microbial dynamics and the clinical characteristics of tuberculosis patients, suggesting the importance of studying the pulmonary microbiome in tuberculosis disease and providing new insights for future precision diagnosis and treatment.
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Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is a severe infectious and leading deathly disease worldwide (WHO, 2019). Clinical diagnosis and treatment of TB is complicated and controversial. Bacteriological confirmation (BC) in TB refers to the identification of Mtb in the sputum smear microscopy or sputum culture from patients and is widely used clinically for TB diagnosis. The World Health Organization (WHO) reported that 55% of TB patients were BC in 2018. Those bacteriologically negative (BN) patients were mainly diagnosed based on clinical symptoms or abnormalities on chest radiography or suggestive histology (Pek et al., 2002; Muttamba et al., 2019). Zhang et al. found that the cavity on the chest radiography and diabetes comorbidity were significantly overrepresented in the BC group (Zhang et al., 2020). However, it remains largely unknown whether lung microbes differ between BC and BN patients.

Lung and the entire lower respiratory tract (LRT) inhabit niches-specific microbial communities (Man et al., 2017; Naidoo et al., 2019). For example, Tropheryma whipplei, which causes Whipple disease and primarily exists in gut, is found in the LRT but not the upper respiratory tract (URT), suggesting that the LRT provides a distinct microbial habitats (Qin, 2016). In fact, the microbial biomass of LRT is significantly less than that of the URT due to nutrient scarcity and local immune clearance (Dickson and Huffnagle, 2015). To date, limited studies have investigated the lung microbial feature of TB patients. Zhou et al. found that the genus Cupriavidus was significantly enriched in TB patients compared to healthy individuals ( Zhou et al., 2015). Hu et al. found the family Bacillaceae and the genus Anoxybacillus were enriched in the lungs of the BC patients regardless of the effect of antibiotics (Hu et al., 2020). These two studies, which were both based on 16S rRNA sequencing, showed that bacterial composition varied between TB patients and healthy individuals. Due to the high prevalence of bacteria and the fact that the tuberculosis pathogen itself is a bacterium, these recent lung microbiome studies focused on the bacteria (Man et al., 2017). In fact, fungal microbiota, or mycobiome, is also an important part of lung microbiome and interacts with bacteria impacting host immunity. Since the condition may go unnoticed, fungal infections are very dangerous for TB patients. Amiri et al. found 16 of 130 (12.3%) TB patients were tested fungi positive, with high prevalence of Aspergillus fumigatus (10/16, 62.5%) and Candida albicans (6/16, 37.5%)in fungi culture, indicating fungi should be considered as a major coinfection agent in TB (Amiri et al., 2018).

Metagenomic next-generation sequencing (mNGS) is highly sensitive to detect various microorganisms, and thus has been now applied to the diagnosis of infectious diseases, especially with unidentified pathogens (Wilson et al., 2014; Miao et al., 2018). mNGS is now becoming a part of the diagnostic workup in TB patients for its superior sensitivity, speed, and cost-effectiveness.

In the present study, we applied the mNGS approach to systematically study the characteristic differences in lung microbiota between patients in the BC and BN groups to understand the impacts of microbiota on TB patients (Matarazzo et al., 2012; Wylie, 2017; Li et al., 2019). We improved the bacteriological confirmation approach by combining the traditional culture method with mNGS and identified the unique microbial features that link to the outcomes of bacteriological confirmation. Our study provides a preliminary discussion of the roles of these microbes in the progress of TB as well as a novel perspective on understanding the various phenotypes of TB disease.



Materials and Methods


Study Patients

A total of 407 patients were diagnosed at the Fifth Affiliated Hospital of Sun Yat-sen University between April 2018 and April 2019. Following strict criteria as described (Figure 1), a total of 123 patients newly diagnosed with TB were enrolled in the study. This study was approved by the Institutional Review Board of the Fifth Affiliated Hospital, Sun Yat-sen University, and written informed consent was obtained from all participants. The enrolled patients were categorized into two groups, bacteriologically confirmed (BC) and bacteriologically negative (BN). BC refers to those patients whose bronchoalveolar lavage fluid (BALF) was detected of Mtb by metagenomic sequencing or traditional detection method, including sputum smear, culture, and NAAT. BN refers to those who were diagnosed as tuberculosis clinically but Mtb cannot be detected in respiratory samples by either mNGS or traditional sputum check.




Figure 1 | Criteria for the enrollment of TB patients in the present study. From a total of 407 diagnosed patients, 123 patients were included in this study. Enrollment criteria included 1) new diagnosis, 2) no treatment, 3) no antibiotic exposure in the last two weeks, and 4) no other pulmonary infection except tuberculosis. The enrolled patients were divided into two groups, bacteriologically confirmed (or BC, N = 101) and bacteriologically negative (or BN, N = 22), based on an improved method in which we combined traditional culture-based approach with mNGS. BC patients were further categorized as BC_Cavity (N = 48) and BC_Cavity_N (N = 53) based on the presence of cavity on the chest radiography.





Sample Processing and DNA Extraction

BALF was collected from the sick lung of each patient using bronchoscopy according to standard procedures. Samples of 3–5 ml BAL were immediately stored in −80°C freezers and processed within three days of collection. DNA was extracted according to the instructions of the kit (DP316, Tiangen Biotech, Beijing, China), which was completed in BGI China.



Pathogen Metagenomics Sequencing

DNA libraries were constructed using the end-repair method, including the adapter addition and polymerase chain reaction (PCR) amplification. The library was validated by 2100 Bioanalyzer system (Agilent Technologies, Inc.) then was sequenced on the Ion Torrent next-generation sequencing (BGISEQ100, BGI China) platform. The metagenomic sequencing data had been deposited to the Dryad Archive database (https://datadryad.org/stash/share/B5qwEaAtFy_UCDhM_24JjAJLyK6vg8UYHzgF1Qqzyto).



Sequence Taxonomic Annotation

We assigned the reads to taxonomy using k-mer-based algorithms according to the Kraken2 taxonomic annotation pipeline (Wood et al., 2019). The database consisted of bacterial, fungal, viral, and archaea reference genomes from NCBI (http://www.ncbi.nlm.nih.gov) and FungiDB (http://fungidb.org). We built the reference libraries by count distinct 31-mer to obtain high accuracy and fast classification speeds. The produced metagenomic read counts were normalized in each kingdom respectively (Coker et al., 2019).



Statistical Analysis

We applied the linear discriminant analysis effect size (LEfSe) method to identify differential species based on relative abundance, which was implemented on the Galaxy platform (http://huttenhower.sph.harvard.edu/galaxy). Other statistical analyses were performed in R platform.




Results


Demographics and Clinical Characteristics of Study Patients

A total of 407 patients were diagnosed with tuberculosis at the Fifth Affiliated Hospital of Sun Yat-sen University between April 2018 and April 2019. Of these, 123 patients were enrolled in this study following strict criteria, including 1) new diagnosis, 2) no treatment, 3) no antibiotic exposure in the last two weeks, 4) no pulmonary infection except Mtb (Figure 1). By combining the results of conventional bacterial detection and mNGS, 101 (82%) TB patients in our cohort were identified as bacteriologically confirmed (BC) (Liu et al., 2020); the BC rate is higher that of the WHO 2019 report (55%) (WHO, 2019). Significant differences were detected in cavity on the chest radiography, monocyte, and alanine aminotransferase (ALT) between BC and BN groups (Table 1). The BC group had a higher rate of cavity and high-monocyte than the BN group (cavity: 47.52 vs 4.55%; monocyte: 44.55 vs 18.18%, both p < 0.05). The ALT concentration of BC (median: 13; IQR: 9–21) was significantly lower than that of BN (median: 19.5; IQR:13.25–25.5). No significant difference was found in age, gender, and other metrics between the BC and BN groups.


Table 1 | Demographics and clinical characteristics of study patients.



According to the presence of cavity on the chest radiography, the BC patients were categorized as BC_Cavity (N = 48) and BC_Cavity_N (N = 53). Significant differences in diabetes, total protein (TP), albumin (ALB), and monocyte were found between these two groups (p < 0.05).



The lung Microbial Signature Significantly Differed Between BC and BN

After quality filtering, we obtained a total of 136,601,563 metagenomic sequencing reads, the majority of which are of human origin. After removing those of human source, we assigned the remaining reads to the taxonomy of microorganisms (including bacteria, fungi, virus, and archaea). To improve the quality of subsequent analysis, we removed those species with less than 10 reads assigned.

The dominant parts of the classified reads were bacteria (97%). We identified 39 phyla of bacteria from all samples, with Proteobacteria, Firmicutes, and Bacteroidetes as the three most abundant phyla. Regarding the differences in the relative abundance present in the BC and BN groups, Proteobacteria (BN: 36.50% vs BC: 26.77%, p < 0.05) was more abundant in the BN group, while Actinobacteria (BC: 11.81% vs BN: 6.64%) was more abundant in the BC group (Figure 2A). To further explore the differences between the two groups at the species level, we applied the Linear discriminant analysis Effect Size (LEfSe) method and found a total of 116 species were significantly differentially enriched in either BC or BN (LDA score >2.0, p < 0.05): 99 bacterial species were enriched in BC and 17 bacterial species were enriched in BN (Supplementary Table S1). Of these, 13 bacteria had an average relative abundance greater than 1%. Mycobacterium tuberculosis (BC: 6.88% vs BN: 0%, p < 0.05), which belongs to Actinobacteria, was detected only in BC group. Haemophilus parainfluenzae (BC: 1.48% vs BN: 3.19%, p < 0.05) and Neisseria subflava (BC: 3.17% vs BN: 5.36%, p < 0.05), which belong to Proteobacteria, were the species with higher relative abundance in BN group than in BC group (Figure 2B).




Figure 2 | The lung microbial signature differed between BC and BN patients. Stacked bar chart indicates that the distribution of bacteria in the BC and BN (A). Proteobacteria, Firmicutes, and Bacteroidetes were the three most abundant phyla among TB patients (A). Bacteria that were significantly enriched in BC or BN were identified using LEfSe, of which those with the highest relative abundance were shown in (B). Tetrapisispora blattae, Candida albicans, Malassezia restricta, Tetrapisispora phaffii, Neurospora crass, and Botrytis cinerea were the most abundant fungal species in TB patients (C). Two fungal species were significantly enriched in the BC patients (D) * represents p value < 0.05.



Of all the microbial reads, 1.7% were classified as fungi. Ascomycota (relative abundance in fungi—BC: 85.95% vs BN: 78.69%), Basidiomycota (BC: 13.59% vs BN: 21.15%), and Microsporidia (BC: 0.46% vs BN: 0.16%), were the three most dominant phyla. At the species level, Malassezia restricta (BC: 8.91% vs BN: 16.27%), Candida albicans (BC: 5.56% vs BN: 4.75%), Botrytis cinerea (BC: 5.97% vs BN: 4.52%), Tetrapisispora blattae (BC: 4.66% vs BN: 2.80%, p < 0.05), and Tetrapisispora phaffii (BC: 4.41% vs BN: 3.45%) were the five fungal species with highest relative abundance (Figure 2C). M. restricta, an opportunistic pathogen which can be found in patients with cystic fibrosis (Willger et al., 2014), were detected in 80 patients with TB (65%). Notably, the average relative abundance of M. restricta in BN was higher than that in BC, although its occurrence rates were not significantly different between these two groups. LEfSe analysis identified that two fungal species, Pyricularia pennisetigena and Kluyveromyces lactis, were significantly enriched in the BC group (Figure 2D).

We found Euryarchaeota, Crenarchaeota, and Thaumarchaeota were the three major phyla of archaea. No significant difference at the phyla level was found between BC group and BN group (Figure S1A). Euryarchaeota was the main archaea in both groups (BC: 80.12% vs BN: 83.53%). At the species level, Methanosarcina barkeri, Methanococcus maripaludis, and Methanococcus aeolicus were the three dominant species in the Euryarchaeota, and their relative abundance was not significantly different between the two groups. Only the relative abundance of Sulfolobus islandicus of the phylum of Crenarchaeota differed significantly between the two groups (Figure S1B).

The presence of viruses in these lung microbiome samples is rare and easily neglected; however we still observed some interesting results. Siphoviridae was the most abundant family in the lung of patients with TB, and its relative abundance in BN group (29.66%) is higher than that in BC group (15.11%) (Figure S1C). The family of Siphoviridae mainly includes various phages, such as Streptococcus-associated phage and Staphylococcus-associated phage. In addition, human herpesvirus, including Human betaherpesvirus 6B, Human alphaherpesvirus 3, was another common type of virus in the lung of patients with TB. These results suggest that attention should be paid to the presence of various types of viruses in the lungs during the treatment of TB.



Microbial Interactions Exhibited Different States Between BC and BN Patients

To determine how these pulmonary microbes interact with each other and whether these interactions are associated with the TB phenotype, we used Spearman correlations to compare the co-occurrence network of microbes with relative abundance above 0.1% and present in at least 50% of samples between the BC and BN groups. The results showed that the interaction between microorganisms was decreased in the BC group compared to that in the BN group. After excluding those with correlations less than 0.7 or p-FDR values greater than 0.05, 44 interaction nodes and 108 connections were retained in the BC network, while 122 interaction nodes and 324 connections were retained in the BN network (Figures 3A, B). Notably, all the remaining nodes in the BC group were bacteria, while in the BN group bacteria interacted with other kingdoms of microorganisms as well. These results suggested that the microbial interaction network was more stable and diverse in the BN group than in the BC group. Interaction nodes in the BN group showed significantly higher degrees, implying that they had more connections with other microorganisms than in the BC group (Figures 3C, D). Remarkably, Neisseria and Actinomyces had high degrees in the BN group, while Prevotella, Streptococcus, and Haemophilus parainfluenzae, common respiratory bacteria (Popov et al., 2019; Sierra et al., 2020) had high degrees in the BC group. These species with high degrees are commonly considered as key taxa in the network (Banerjee et al., 2018; Herren and McMahon, 2018).




Figure 3 | Microbial interactions exhibited different state between BC and BN patients. Microbial interaction networks were calculated as the Spearman’s correlation of the relative abundance of the microbes and visualized using Cytoscape for the BC (A) and BN (B) patients respectively. Only those microbes with relative abundance more than 0.1% and presenting at least 50% of samples were included in the plots. The species with the highest average relative abundance and degree in the BC and BN networks are shown in (C, D) respectively.





Lung Microbiota Varied With the Characteristics of TB Patients

To further investigate the correlation between clinical characteristics and the lung microbiota of TB, we performed Spearman’s rank-based correlation test on the 18 species of microbes whose relative abundance differed significantly between the two groups (Figure 4A). Albumin, globulin, and albumin/globulin ratio were the main clinical factors that were significantly associated with specific species of bacteria. It is worth noting that, M. tuberculosis was negatively correlated with albumin (Figure 4B), total protein (Figure 4C) as well as the albumin/globulin ratio and positively correlated with neutrophil (NEU). Another species enriched in the BC group, S. aureus, was also negatively correlated with ALB and the albumin/globulin ratio. Accordingly, the species enriched in the BC group, such as H. parainfluenzae, was positively correlated with albumin and the albumin/globulin ratio. These observations suggest the dynamics of lung microbiota caused by M. tuberculosis is associated with the physical conditions of the patients.




Figure 4 | Specific microbial signatures are associated with the clinical data. The heat map shows the Spearman correlation between microbial species with clinical data (A). Red values indicate species were negatively correlated with clinical data, while blue ones indicate the species were positively correlated with clinical data. Significant associations (adjusted p < 05) are indicated by asterisk. Spearman’s test showed that M. tuberculosis was negatively correlated with albumin (B) and total protein (C). In the BC patients, the relative abundance of M. tuberculosis in those with cavity was significantly higher than in those without cavity (D). ALB, albumin; TP, total protein; Dbil, direct bilirubin; Tbil, total bilirubin; A/G ratio, albumin/globulin ratio; BMI, body mass index; AST, aspartate transferase; LDL, low density lipoprotein; WBC, white blood cell; NEU, neutrophil; CCR, creatinine.



M. tuberculosis was positively related to cavity in BC group (p-adjust < 0.05). In the BC group, the relative abundance of M. tuberculosis was significantly higher in the patients with cavity than those without cavity (Figure 4D), confirming again the role of M. tuberculosis in the formation of chest cavity.

Next, we categorized the BC patients as BC_Cavity (N = 48) and BC_Cavity_N (N = 53) as explained above. The phylum Actinobacteria was significantly enriched in BC_Cavity patients (Figure 5A). At the species level, M. tuberculosis was enriched in the BC_Cavity group, while Prevotella intermedia, Neisseria subflava, Porphyromonas gingivalis, and other seven bacterial species were significantly enriched in the BC_Cavity_N group (Figure 5B). Of fungi, Tetrapisispora phaffii, Pichia kudriavzevii, Naumovozyma castellii, and Candida dubliniensis were enriched in the BC_Cavity_N group (Figure 5C).




Figure 5 | In BC patients, the presence or absence of chest cavity was significantly associated with the lung microbiome. In the BC group, Actinobacteria was significantly enriched in patients with chest cavity (A). Bacteria (B) that were significantly differentially enriched in BC patients with or without chest cavity were identified by LEfSe. Fungi that were significantly differentially enriched in the BC_Cavity_N group were identified by LEfSe (C).






Discussion

In this study, we improved the bacteriological confirmation approach by integrating the traditional culture methods and mNGS, leading to a higher rate of bacteriological confirmation (101 of 123 in this cohort, 82%). Compared with the culture-based methods (Chiu and Miller, 2019), mNGS has the capacity to detect all pathogens in clinical samples theoretically (Han et al., 2019) and thus, is more sensitive and more suitable for detecting difficult-to-culture microbes, including Mtb (Miao et al., 2018; Sulaiman et al., 2018). To date, several studies have provided a glimpse into the potential of mNGS in clinical and public health settings. The first case of clinical application of mNGS was the diagnosis of neuroleptospirosis in a 14­year­old severely ill boy (Wilson et al., 2014); in this case, mNGS provided the actionable information to guide effective targeted antibiotic treatment and finally led to the recovery of the patient. Since then, mNGS has been playing an increasingly important role in the diagnosis of unknown-pathogen diseases (Simner et al., 2018; Chiu and Miller, 2019). Here we improved the bacteriological confirmation rate to 82%; however, the remaining 18% of patients who had been clinically diagnosed with TB still cannot be bacteriologically confirmed. We therefore further analyzed the metagenomics data to explore the microbial features that are associated with disease phenotypes.

BALF was collected directly from the LRT and lungs and avoided contamination from the oral microbiota (Man et al., 2017; Naidoo et al., 2019). Till now, a few studies have used BALF to study lung bacteria associated with TB using 16S rRNA sequencing ( Zhou et al., 2015; Segal et al., 2017; Hu et al., 2020). In this study, we profiled the comprehensive lung microbiota of the TB patients using mNGS and found Bacteroidetes, Firmicutes, and Proteobacteria were the three dominant phyla in TB lungs. Of them, Proteobacteria was significantly enriched in the BN group; specifically, of this phylum, H. parainfluenza, Neisseria subflava, and Aggregatibacter segnis were enriched in the BN group. In contrast, M. tuberculosis and S. aureus were enriched in BC group. S. aureus is a major opportunistic pathogen that reside mainly in the respiratory tract as well as on the skin (Tong et al., 2015) and can cause a wide variety of clinical manifestations, such as Methicillin-resistant S. aureus (MRSA) infection (Hassoun et al., 2017) and inflammatory response in the blood (Labandeira-Rey et al., 2007). Serious clinical outcomes of S. aureus co-infection with Mtb had been reported (Manigandan et al., 2013; Lamas et al., 2019). Lamas et al. reported that S. aureus was co-infected with Mtb in a clinical case of primary purulent pericarditis (Lamas et al., 2019). Cadena et al. found that the Staphylococcus genus was enriched in the Mtb-infected macaque based on 16S rRNA sequence analysis (Cadena et al., 2018). In our study, S. aureus was detected in 86% of BC patients and 73% of BN patients. However, no clinical symptoms reported in TB patients were statistically significantly associated with the presence of S aureus. To explore the reasons for this discrepancy, we further tested the correlation between S. aureus and other microorganisms, and we found that S. aureus was positively correlated with high incidence of Staphylococcus phage. Usage of S. phage had been reported to treat the antibiotic-resistant S. aureus (Azam and Tanji, 2019), and thus S. phage may have the potential of limiting the overgrowth of S. aureus. This well-tuned balance between the phage and host bacteria may be the reason why S. aureus has a high incidence in TB patients but not many people show symptoms.

We also noticed the gender ratio issue of TB patients. In our data, the sex ratio (male/female) in the BC group was 2.48 (72/29), while in the BN group the ratio was 1.75 (14/8). These numbers are consistent with the WHO TB report (2020), in which the sex ratio for all ages ranged from 1.3 in the Eastern Mediterranean Region to 2.1 in the European and Western Pacific regions. We also compared whether sex differences would be associated with microbiome characteristics and found that Aggregatibacter segnis and Fusobacterium nucleatum showed enrichment in females in the BN group among strains with a mean relative abundance greater than 1%, while, compared to the BC group, A. segnis was relatively enriched in the BN group compared to the BC group.

Fungi were an unneglectable part of the lung microbiome. Due to lack of clear clinical symptoms, it was difficult to diagnose lung fungal infection, leading to high morbidity and mortality (Amiri et al., 2018); for example, Candida albicans may cause infections in immunosuppressive patients, and a culture-based study showed that 4.62% of TB patients were co-infected with C. albicans (17). In contrast, using mNGS we found that 82 BC patients (81.19%) and 15 BN patients (68.18%) in our cohort were co-infected with C. albicans. Our results demonstrated the sensitivity of mNGS is significantly higher than that of culture in detecting fungus. Archaea mainly live in the extreme conditions, such as high heat and pressure environment, alkaline lakes (Takai et al., 2008). Recent studies suggested that archaea also inhabits the human body, such as nose, gut, and skin (Pennisi, 2017; Sereme et al., 2019). Sereme et al. summarized in a review article that methanogenic archaea can trigger the activation of immunity system to generate specific T and B cells in human, modulating the release of antimicrobial peptides (Sereme et al., 2019). The identification of archaea in the lung of TB patients advances our understanding of the biological adaptations of archaea, although the effect of archaea in the lung of patients with TB is unknown. Mtb with other microbes together constitutes the lung microbial ecosystem of the TB patients, shaping the host immune system (Trauer et al., 2018). We found that microbial interactions were significantly reduced in the BC group, indicating that TB infection disturbed the microbial ecosystems of the lungs. The relative abundance of Mtb was associated with the pulmonary cavity in TB patients, which was consistent with previous reports (Hunter et al., 2014). One of our very important results was the finding that the abundance of Mtb was negatively correlated with albumin (ALB) (Figure 4B). Tuberculosis is a chronic infection disease, and long-term chronic infection of M. tuberculosis will lead to chronic metabolic deficit and increased depletion of ALB. Serum ALB level is an important marker of the nutritional state of a patient. Low ALB level often indicates the presence of malnutrition, which is closely related to the incidence of tuberculosis (Ramakrishnan et al., 2008) and low ALB levels have been shown to be a predictive risk factor for in-hospital mortality from tuberculosis (Okamura et al., 2013). On the other hand, it is also possible that the negative correlation between M. tuberculosis and ALB is due to the infection of M. tuberculosis-induced inflammatory cytokines that increase the synthesis of acute phase reactants in the liver thereby decreasing the synthesis of ALB; this hypothesis warrants further studies to test it.

Although we performed a comprehensive analysis of the TB lung microbiota, there were certain limitations in this study. Since it was a retrospective study, all microorganisms were profiled by sequencing the frozen DNAs that were previously extracted and stored. Thus, some specific microorganisms, such as RNA virus, may not be detected by this mNGS approach.



Conclusions

In summary, our study demonstrated the great potential of mNGS for early and accurate diagnosis of TB patients, which leads to an effective targeted therapy for improved clinical outcomes. The comprehensive profiling and comparison of the lung microbiota between the BC and BN patients provided a new perspective for further understanding the various phenotypes and pathogenesis of tuberculosis.



Data Availability Statement

The original contributions presented in the study are publicly available in the China National Center for Bioinformation: https://bigd.big.ac.cn/gsa/browse/CRA004908.



Ethics Statement

The studies involving human participants were reviewed and approved by The Institutional Review Board of the Fifth Affiliated Hospital, Sun Yat-sen University. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author Contributions

Study concept and design: TD, LD, XL, and JX. Acquisition of data: LD, XL, XQL, and HO. Analysis and interpretation of data: YL, TD, and XW. Drafting of the manuscript: YL and TD. Critical revision of the manuscript for important intellectual content: TD, YL, and MW. Statistical analysis: YL and LD. Administrative, technical, or material support: TD, JX, and XL. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Guangdong Key Field Research and Development Plan (2019B020228001), Guangdong Basic and Applied Basic Research Foundation [2020A1515010255], Fundamental Research Funds for the Central Universities (19ykpy43), Open project of Key Laboratory of Tropical Disease Control (Sun Yat-sen University), Ministry of Education (2020kfkt08), the Medical Science and Technology Research Fund of Guangdong (A2018275). Additional grants were obtained from Zhongshan School of Medicine, Sun Yat-sen University.



Acknowledgments

We acknowledge the patients who contributed generously to the work we performed.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.708827/full#supplementary-material



References

 Amiri, M. R. J., Siami, R., and Khaledi, A. (2018). Tuberculosis Status and Coinfection of Pulmonary Fungal Infections in Patients Referred to Reference Laboratory of Health Centers Ghaemshahr City During 2007-2017. Ethiop J. Health Sci. 28, 683–690. doi: 10.4314/ejhs.v28i6.2

 Azam, A. H., and Tanji, Y. (2019). Peculiarities of Staphylococcus Aureus Phages and Their Possible Application in Phage Therapy. Appl. Microbiol. Biotechnol. 103, 4279–4289. doi: 10.1007/s00253-019-09810-2

 Banerjee, S., Schlaeppi, K., and van der Heijden, M. G. A. (2018). Keystone Taxa as Drivers of Microbiome Structure and Functioning. Nat. Rev. Microbiol. 16, 567–576. doi: 10.1038/s41579-018-0024-1

 Cadena, A. M., Ma, Y., Ding, T., Bryant, M., Maiello, P., Geber, A., et al. (2018). Profiling the Airway in the Macaque Model of Tuberculosis Reveals Variable Microbial Dysbiosis and Alteration of Community Structure. Microbiome 6, 180. doi: 10.1186/s40168-018-0560-y

 Chiu, C. Y., and Miller, S. A. (2019). Clinical Metagenomics. Nat. Rev. Genet. 20, 341–355. doi: 10.1038/s41576-019-0113-7

 Coker, O. O., Nakatsu, G., Dai, R. Z., Wu, W. K. K., Wong, S. H., and Ng, S. C. (2019). Enteric Fungal Microbiota Dysbiosis and Ecological Alterations in Colorectal Cancer. Gut. 68 (4), 654–662. doi: 10.1136/gutjnl-2018-317178

 Dickson, R. P., and Huffnagle, G. B. (2015). The Lung Microbiome: New Principles for Respiratory Bacteriology in Health and Disease. PloS Pathog. 11, e1004923. doi: 10.1371/journal.ppat.1004923

 Han, D., Li, Z., Li, R., Tan, P., Zhang, R., and Li, J. (2019). mNGS in Clinical Microbiology Laboratories on the Road to Maturity. Crit. Reveiews Microbiol. 45 (5-6), 668–685. doi: 10.1080/1040841X.2019.1681933

 Hassoun, A., Linden, P. K., and Friedman, B. (2017). Incidence, Prevalence, and Management of MRSA Bacteremia. Crit. Care 21 (1), 211. doi: 10.1186/s13054-017-1801-3

 Herren, C. M., and McMahon, K. D. (2018). Keystone Taxa Predict Compositional Change in Microbial Communities. Environ. Microbiol. 20, 2207–2217. doi: 10.1111/1462-2920.14257

 Hu, Y., Kang, Y., Liu, X., Cheng, M., Dong, J., Sun, L., et al. (2020). Distinct Lung Microbial Community States in Patients With Pulmonary Tuberculosis. Sci. China Life Sci. 63 (10), 1522–1533. doi: 10.1007/s11427-019-1614-0

 Hunter, R. L., Actor, J. K., Hwang, S.-A., Karev, V., and Jagannath, C. (2014). Pathogenesis of Post Primary Tuberculosis: Immunity and Hypersensitivity in the Development of Cavities. Ann. Clin. Lab. Sci. 44 (4), 365–387.


 Labandeira-Rey, M., Couzon, F., Boisset, S., Brown, E. L., Bes, M., Benito, Y., et al. (2007). Staphylococcus Aureus Panton-Valentine Leukocidin Causes Necrotizing Pneumonia. Science 315 (5815), 1130–1133. doi: 10.1126/science.1137165

 Lamas, E. S., Bononi, R. J. R., Bernardes, M. V. A. A., Pasin, J. L., Soriano, H. A. D., Martucci, H. T., et al. (2019). Acute Purulent Pericarditis Due Co-Infection With Staphylococcus Aureus and Mycobacterium Tuberculosis as First Manifestation of HIV Infection. Oxford Med. Case Rep. 2019 (2). doi: 10.1093/omcr/omy127

 Li, Z., Lu, G., and Meng, G. (2019). Pathogenic Fungal Infection in the Lung. Front. Immunol. 10, 1524. doi: 10.3389/fimmu.2019.01524

 Liu, X., Chen, Y., Ouyang, H., Liu, J., Luo, X., Huang, Y., et al. (2020). Tuberculosis Diagnosis by Metagenomic Next-Generation Sequencing on Bronchoalveolar Lavage Fluid: A Cross-Sectional Analysis. Int. J. Infect. Dis. 104, 50–57. doi: 10.1016/j.ijid.2020.12.063

 Man, W. H., de Steenhuijsen Piters, W. A., and Bogaert, D. (2017). The Microbiota of the Respiratory Tract: Gatekeeper to Respiratory Health. Nat. Rev. Microbiol. 15, 259–270. doi: 10.1038/nrmicro.2017.14

 Manigandan, G., Venkatesh, C., Gunasekaran, D., and Soundararajan, P. (2013). Tuberculous Otitis Media and Staphylococcus Aureus Coinfection in a Five-Year-Old Boy With Miliary Tuberculosis. J. Glob Infect. Dis. 5, 26–28. doi: 10.4103/0974-777X.107171

 Matarazzo, F., Ribeiro, A. C., Faveri, M., Taddei, C., Martinez, M. B., and Mayer, M. P. A. (2012). The Domain Archaea in Human Mucosal Surfaces. Clin. Microbiol. Infect. 9, 834–840. doi: 10.1111/j.1469-0691.2012.03958.x

 Miao, Q., Ma, Y., Wang, Q., Pan, J., Zhang, Y., Jin, W., et al. (2018). Microbiological Diagnostic Performance of Metagenomic Next-Generation Sequencing When Applied to Clinical Practice. Clin. Infect. Dis. 67, S231–S240. doi: 10.1093/cid/ciy693

 Muttamba, W., Kirenga, B., Ssengooba, W., Sekibira, R., Katamba, A., and Joloba, M. L. (2019). Prevalence of Tuberculosis Risk Factors Among Bacteriologically Negative and Bacteriologically Confirmed Tuberculosis Patients From Five Regional Referral Hospitals in Uganda. Am. J. Trop. Med. Hyg 100, 386–391. doi: 10.4269/ajtmh.18-0281

 Naidoo, C. C., Nyawo, G. R., Wu, B. G., Walzl, G., Warren, R. M., Segal, L. N., et al. (2019). The Microbiome and Tuberculosis State of the Art, Potential Applications, and Defining the Clinical Research Agenda. Lancet Respir. Med. 7 (10), 892–906. doi: 10.1016/S2213-2600(18)30501-0

 Okamura, K., Nagata, N., Wakamatsu, K., Yonemoto, K., Ikegame, S., Kajiki, A., et al. (2013). Hypoalbuminemia and Lymphocytopenia Are Predictive Risk Factors for in-Hospital Mortality in Patients With Tuberculosis. Intern. Med. 52, 439–444. doi: 10.2169/internalmedicine.52.8158

 Pek, W. Y., Chee, C., and Wang, Y. T. (2002). Bacteriologically-Negative Pulmonary Tuberculosis–The Singapore Tuberculosis Control Unit Experience. Ann. Acad. Med. Singap 31 (1), 92–96.


 Pennisi, E. (2017). Survey of Archaea in the Body. Science 358, 983. doi: 10.1126/science.358.6366.983

 Popov, J., Strikwerda, A., Gubbay, J., and Pai, N. (2019). Haemophilus Parainfluenza Bacteremia Post-ERCP and Cholecystectomy in a Pediatric Patient: A Case Report. Off. J. Assoc. Med. Microbiol. Infect. Dis. Canada 4, 182–186. doi: 10.3138/jammi.2018-0027

 Qin, S. (2016). Presence of Tropheryma Whipplei in Different Body Sites in a Cohort of Healthy Subjects. AJRCM. 194 (2), 243–245. doi: 10.1164/rccm.201601-0162LE

 Ramakrishnan, K., Shenbagarathai, R., Kavitha, K., Uma, A., Balasubramaniam, R., and Thirumalaikolundusubramanian, P. (2008). Serum Zinc and Albumin Levels in Pulmonary Tuberculosis Patients With and Without HIVSerum Zinc and Albumin Levels in Pulmonary Tuberculosis Patients With and Without HIV. Jpn. J. Infect. Dis. 61 (3), 202–204.


 Segal, L. N., Clemente, J. C., Li, Y., Ruan, C., Cao, J., Danckers, M., et al. (2017). Anaerobic Bacterial Fermentation Products Increase Tuberculosis Risk in Antiretroviral-Drug-Treated HIV Patients. Cell Host Microbe 21, 530–537.e4. doi: 10.1016/j.chom.2017.03.003

 Sereme, Y., Mezouar, S., Grine, G., Mege, J. L., Drancourt, M., Corbeau, P., et al. (2019). Methanogenic Archaea: Emerging Partners in the Field of Allergic Diseases. Clin. Rev. Allergy Immunol. 57, 456–466. doi: 10.1007/s12016-019-08766-5

 Sierra, Y., Gonzalez-Diaz, A., Tubau, F., Imaz, A., Cubero, M., Camara, J., et al. (2020). Emergence of Multidrug Resistance Among Haemophilus Parainfluenzae From Respiratory and Urogenital Samples in Barcelona, Spain. Eur. J. Clin. Microbiol. Infect. Dis. 39, 703–710. doi: 10.1007/s10096-019-03774-x

 Simner, P. J., Miller, S., and Carroll, K. C. (2018). Understanding the Promises and Hurdles of Metagenomic Next-Generation Sequencing as a Diagnostic Tool for Infectious Diseases. Clin. Infect. Dis. 66 (5), 778–788. doi: 10.1093/cid/cix881

 Sulaiman, I., Wu, B. G., Li, Y., Scott, A. S., Malecha, P., Scaglione, B., et al. (2018). Evaluation of the Airway Microbiome in Nontuberculous Mycobacteria. Eur. Respir. Soc. 52 (4), 1800810. doi: 10.1183/13993003.00810-2018

 Takai, K., Nakamura, K., Toki, T., Tsunogai, U., Miyazaki, M., Miyazaki, J., et al. (2008). Cell Proliferation at 122°C and Isotopically Heavy CH4 Production by a Hyperthermophilic Methanogen Under High-Pressure Cultivation. PNAS 105 (31), 10949–10954. doi: 10.1073/pnas.0712334105

 Tong, S. Y.C., Davis, J. S., Eichenberger, E., Holland, T. L., and Fowler, V. G. Jr. (2015). Staphylococcus Aureus Infections Epidemiology, Pathophysiology, Clinical Manifestations and Management. CMR. 28 (3), 603–661. doi: 10.1128/CMR.00134-14

 Trauer, J. M., Dodd, P. J., Gomes, M.G. M., Gomez, G. B., Houben, R. M.G.J., McBryde, E. S., et al. (2018). The Importance of Heterogeneity to the Epidemiology of Tuberculosis. Clin. Infect. Dis. 69 (1), 159–166. doi: 10.1093/cid/ciy938

 WHO (2019). Global Tuberculosis Report. Geneva: World Health Organization (2019). Licence: CC BY-NC-SA 3.0 IGO.


 Willger, S. D., Grim, S. L., Dolben, E. L., Shipunova, A., Hampton, T. H., Morrison, H. G., et al. (2014). Characterization and Quantification of the Fungal Microbiome in Serial Samples From Individuals With Cystic Fibrosis. Micorbiome. 2, 40. doi: 10.1186/2049-2618-2-40

 Wilson, M. R., Naccache, S. N., Samayoa, E., Biagtan, M., Bashir, H., Yu, G., et al. (2014). Actionable Diagnosis of Neuroleptospirosis by Next-Generation Sequencing. N Engl. J. Med. 370, 2408–2417. doi: 10.1056/NEJMoa1401268

 Wood, D. E., Lu, J., and Langmead, B. (2019). Improved Metagenomic Analysis With Kraken 2. Genome Biol. 20, 257. doi: 10.1186/s13059-019-1891-0

 Wylie, K. M. (2017). The Virome of the Human Respiratory Tract. Clin. Chest Med. 38, 11–19. doi: 10.1016/j.ccm.2016.11.001

 Zhang, G., Zhang, Y., Chen, M., and Zhang, F. (2020). Comparison of Different Bacteriological Testing Strategies and Factors for Bacteriological Confirmation Among Pulmonary TB Patients: A Retrospective Study in Tianjin, China 2017-2018. BMC Infect. Dis. 20, 548. doi: 10.21203/rs.3.rs-32410/v1

 Zhou, Y., Lin, F., Cui, Z., Zhang, X., Hu, C., Shen, T., et al. (2015). Correlation Between Either Cupriavidus or Porphyromonas and Primary Pulmonary Tuberculosis Found by Analysing the Microbiota in Patients BAL. PloS One. 10 (5), e0124194. doi: 10.1371/journal.pone.0124194



Author Disclaimer: The DNA extraction, DNA library construction, and sequencing were performed by BGI, China. BGI had no influence on study design, data collection, analysis, decision to publish or preparation of the manuscript.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Ding, Liu, Wu, Wu, Luo, Ouyang, Xia, Liu and Ding. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-11-708827-g003.jpg





OEBPS/Images/fcimb-11-708827-g005.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Pathogen Metagenomics Reveals Distinct Lung Microbiota Signatures Between Bacteriologically Confirmed and Negative Tuberculosis Patients

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Study Patients

          



          		

            Sample Processing and DNA Extraction

          



          		

            Pathogen Metagenomics Sequencing

          



          		

            Sequence Taxonomic Annotation

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Demographics and Clinical Characteristics of Study Patients

          



          		

            The lung Microbial Signature Significantly Differed Between BC and BN

          



          		

            Microbial Interactions Exhibited Different States Between BC and BN Patients

          



          		

            Lung Microbiota Varied With the Characteristics of TB Patients

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-11-708827-g002.jpg





OEBPS/Images/fcimb-11-708827-g004.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





OEBPS/Images/fcimb-11-708827-g001.jpg
nts with active or inactive puimonary TB (N=407)
Excuasd
The S o dolled putécs Incompiet medial Nstor o iiakd mNGS daa (N<25)
e e Pabonts wih I lecion (-13)
2okt Reveaiment T8 patens
5)No bt exposure  the st o weeks o ool
)Mo pmonary ecion excapt M

inacive pumonary T8 (=19

Newy diagnosed win T8
N=123)

Baseon the cotocton esuts o Mycobacterum Libercosis

Bacterlogialy Negaive (6N) Badterlogicaly Confimed (80)
N=2) N=101)

Prosance i chet cavy o X2
BC_Cavty
(N=48)






OEBPS/Images/table1.jpg
BC (N =101) BN (N = 22) p-value

Age, mean (SD), year 43.58 (15.32) 50.18 (16.18) 1.00
Gender, Female/Male (%) 29/72 (28.71/71.29) 8/14 (36.37/63.63) 0.65
BMI, mean (SD), kg/m? 21.15 3.11) 21.78 (1.90) 0.22
Smoking, N/Y (%) 66/35 (65.35/34.65) 14/8 (63.64/36.36) 1.00
Diabetes, N/Y (%) 77/24 (76.24/23.76) 20/2 (90.91/9.09) 0.22
Cavity, N/Y (%) 53/48 (52.48/47.52) 21/1 (95.45/4.55) 0.00*
WBC, mean (SD), 7.01 (2,42) 6.75 (3.24) 0.72
CD4, mean (SD), 592 (249) 597 (208) 0.92
CD8, mean (SD), 362 (188) 349 (151) 0.75
Hb, mean (SD), 135.26 (18.57) 188.00 (16.66) 0.49
VitD, mean (SD), 27.27 (12.40) 36.17 (29.57) 0.27
creatinine, mean (SD), 69.04 (21.20) 68.73 (14.55) 0.93
TP, mean (SD), 68.69 (6.59) 70.24 (7.62) 0.39
ALB, mean (SD), 40.73 (5.69) 42.4 (7.33) 0.32
globulin, mean (SD), 27.96 (4.99) 27.84 (6.06) 0.93
LDL, mean (SD), 2.54 (0.76) 2,51 (0.85) 0.87
HDL, median (IQR), 1(0.85-1.29) 1.15 (0.92-1.38) 0.27
LDH, mean (SD), 171.33 (45.89) 170.47 (31.83) 0.92
NEU, median (IQR), 4.29 (3.28-4.29) 3.39 (2.54-5.19) 0.20
urea, median (IQR), 4.3 (3.6-5.2) 4.5 (3.58-5.78) 0.45
ALT, median (IQR), 13 (9-21) 19.5 (13.25-25.5) 0.03*
AST, median (IQR), 20 (15-26) 21 (19.25-26) 0.11
Toil, median (IQR), 10.6 (7.9-14.4) 10.05 (7.00-15.55) 0.83
Dbil, median (IQR), 4.3 (3.0-5.4) 3.8 (2.2-6.28) 0.71
TC, median (IQR), 4.25 (3.68-4.99) 4.07 (3.88-5.15) 0.57
Trig, median (IQR), 0.94 (0.73-1.27) 0.93 (0.73-1.27) 0.93
CRP, median (IQR), 6.45 (0.5-21.12) 13.08 (0.24-15.43) 0.77
ESR, median (IQR), 22 (9.6-47) 16 (8-52) 0.61
monocyte-high, N (%) 45 (44.55) 4(18.18) 0.04*
GRF-normal, N (%) 60 (59.41) 12 (54.55) 0.92
GRF-moderately reduced, N (%) 33 (32.67) 8 (36.36)

GRF-Severely reduced, N (%) 8(7.92) 2(9.09)

SD, standard deviation; BMI, body mass index; IQR, interquartile range; Cavity, cavity on the chest X-ray; WBC, white blood cell; Hb, hemoglobin; VitD, vitamin D; TP, total protein; ALB,
albumin; HDL, high density lipoprotein; LDL, low density lipoprotein; LDH, lactate dehydrogenase; NEU, neutrophil; Lym, lymphocyte; ALT, alanine aminotransferase; AST, aspartate
transferase; Tbil, total bilirubin; Dbil, direct bilirubin; TC, total cholesterol; Trig, triglyceride; CRP, c-reaction protein; ESR, erythrocyte sedimentation rate; GRF, growth hormone releasing

factor: *P < 0.05.
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