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Abstract

The alteration of the microbial community in the upper respiratory tract (URT) can contribute to the colonization and invasion of respiratory pathogens. However, there are no studies regarding whether the characteristics of the URT microbiota can be affected by infections in lower respiratory tract (LRT). To elucidate the microbial profiles of the URT during pneumo- nia, the oral, nasal, and lung microbiota was evaluated at the early phase in a murine pneu- monia model by direct intratracheal inoculation of Klebsiella pneumoniae. The meta 16S rRNA sequencing of bronchoalveolar lavage fluid after K. pneumoniae inoculation pre- sented alterations in the beta diversity of the microbes, but not in the alpha diversity. At this point, a significant increase in microbial alpha diversity was observed in the oral cavity, but not in the nasal cavity. The significant increase was observed in the family Carnobacteria- ceae and family Enterococcaceae. These results suggest that characterizing the microbial community of the respiratory tract may not just involve a simple downstream relationship from the URT to the LRT. The health status of the LRT may influence the oral microbiota. Thus, evaluation of the oral microbiota may contribute towards monitoring lung health; the oral microbiota may act as a diagnostic marker of pneumonia.





Introduction
Microbial communities in the respiratory tract and their impact on health have been discussed for a long time. Pathogens causing lower respiratory tract (LRT) infections have been consid- ered to enter through the upper respiratory tract (URT) [1–3]. For most respiratory pathogens such as Streptococcus pneumoniae, Staphylococcus aureus, and Klebsiella pneumoniae, coloni- zation of the URT is the first step to cause respiratory infections [4, 5]. As the elderly display increased oropharyngeal colonization by pathogens [4], there is a close relationship between the pathogenesis of the upper and lower airways.
The components of the URT, such as the nasal and oral cavities, have their own unique microbiota, and increasing evidences support the fact that the normal microbiota of the URT basically has a protective role against pathogen invasion and colonization, with complex inter- actions between microorganisms, such as competing for nutrients, producing bactericidal molecules, and inducing metabolism shifting [1, 2, 6]. Indeed, alteration of the URT micro- biota has been observed during pneumonia and viral infections [7, 8]. According to these reports, it has been suggested that the altered microbial community in the URT can contribute to colonization by respiratory pathogens and spreading of infection to the LRT.
The lung is classically thought to be sterile; however, recent molecular methods have revealed that bacteria are also present in the lungs of healthy people at low levels, compared to the upper respiratory tract (URT) [2, 9, 10]. Because the bacterial community of healthy lungs has a composition similar to that in the mouth rather than the nose, microbial immigration from the mouth can serve as the principal source of the lung microbiota in a healthy condition [10]. In contrast, the LRT also has some mechanisms to eliminate bacteria, such as cough, mucociliary clearance, and the innate and adaptive host defenses [2]. These microbial elimina- tion systems can modify the microbial profile of the URT [2].
Thus, the microbial alteration of the URT may be possible to affect the microbial appear- ance in the LRT; however, no studies have been examined whether the microbial characteris- tics of the URT can be affected by LRT infections. To achieve the goal, we need to study the microbial profiles using in vivo pneumonia model. Although it is often difficult to make pneu- monia model due to the affinity between bacteria strains and mouse strains, we have a K. pneu- moniae strain which reproducibly cause pneumonia in mice [11]. Therefore, to determine whether lung infections modify the URT microbiota, the nasal and oral microbial characteris- tics of an animal model with K. pneumoniae pneumonia were studied.
Results
Microbial characteristics in the LRT
To study the microbial features in the respiratory tract during pneumonia, mice were directly inoculated with K. pneumoniae into the LRT, and were evaluated at 24 h after inoculation because the mice could loss the appetite due to the pneumonia. At this point, K. pneumoniae was cultured in the lungs (Fig 1A), and a significant increase in the population of neutrophils was observed in the bronchoalveolar lavage (BAL) fluid (Fig 1B). The alpha diversity in BAL was at a level similar to that of the Shannon index in both the control and K. pneumoniae- infected mice (p = 0.22, Fig 1C). However, the beta diversity in the Weighted UniFrac of the two groups was significantly different (p<0.01, Fig 1D). In control mice, Staphylococcaceae and Propionibacteriaceae were predominant at the family level, whereas a decreased propor- tion of these families of bacteria and an increased abundance of the members of the Enterobac- teriaceae family were observed in the K. pneumoniae-infected mice (Fig 1E and S1 Table).
These results suggest that in the early phase of pneumonia caused by K. pneumoniae, alter- ations in the lung microbiota were observed in case of the beta diversity, but not in the alpha diversity.
Microbial characteristics in the URT
Next, to identify the nasal microbiota during pneumonia, the nasal airway lavage (NAL) fluid was collected and analyzed by 16S metagenomic sequencing. No significant difference was observed in the alpha (p = 0.69, Fig 2A) and beta diversity (p = 0.52, Fig 2B) between the con- trol and K. pneumoniae-infected mice. The most abundant family was Staphylococcaceae in the NAL, followed by Corynebacteriaceae (Fig 2C and S1 Table).




Lastly, to assess the microbiota in the oral cavity, which is another component of the URT, swabs were taken from the oral cavity, including from the tongue. The alpha diversity was sig- nificantly increased in the K. pneumoniae-infected mice (p = 0.03, Fig 3A), while there was no significant difference in the beta diversity (p = 0.45, Fig 3B). The proportion of the most domi- nant family, Streptococcaceae, decreased slightly, but not significantly with regards to the rela- tive abundance in the K. pneumoniae-infected mice (Fig 3C and 3D and S1 Table). The proportion of members from the family Carnobacteriaceae and Enterococcaceae were signifi- cantly elevated, compared to that from the control mice (p = 0.02 and <0.01, respectively, Fig 3D and S2 Table).
Collectively, it can be stated that in the early phase of pneumonia caused by K. pneumoniae, an increase in microbial diversity was induced in the oral cavity, but not in the nasal cavity.
Discussion
The surface of the human body has a unique microbiota; its influence on our health is gradu- ally being revealed. Similar to how much evidence has proven the role of gut microbiota, URT microbiota has also been shown to be related to our health, as well as to the pathogenesis of local and systemic diseases, including autoimmune [12–14], brain [15], and respiratory dis- eases [16]. In the present study, we revealed that the oral microbiota, but not the nasal micro- biota was altered during pneumonia infection.
The bacteria in the oral cavity have been partly recognized as causative pathogens of LRT infections. However, 16S rRNA sequencing-based microbiological profiling has revealed that the oral microbiota has a lot of functional possibilities, and is not just a source of pathogens [1]. In a cohort study of nursing home residents, the tongue microbiota, which was dominated by the Streptococcus, Prevotella, and Veillonella species, showed low alpha diversity and was associated with a high risk of pneumonia-related death [17]. In another study focusing on elderly adults with poor oral health, it was observed that their oral microbiota was primarily characterized by Prevotella histicola, Veillonella atypica, Streptococcus salivarius, and Strepto- coccus parasanguinis [18]. These studies are basically focused on the risk of pneumonia but lit- tle is known about the microbiota changes during pneumonia infection. The alpha diversity of oropharyngeal microbiota was found to be increased and accompanied with the increase in the populations of the Streptococcus (pseudo) pneumoniae, Rothia, and Lactobacillus species in patients with pneumonia [7]. Similarly, increased alpha diversity was observed in the present study. Basically, the respiratory microbiota loses its topography with ageing, and potential pathogens including streptococci increases in the oral cavity [19, 20]. In the present study, we cannot expect the effects on specific populations with high risk of pneumonia because we used just young wild mice to reveal the characteristics of respiratory microbiota during pneumonia. Thus, we should evaluate whether similar findings are observed in aged mice or disease model mice in the future. However, our findings imply that oral microbiota can be modified during pneumonia, as well as during systemic diseases [12, 13, 21].
Little is known about the functional aspects of the LRT microbiota. Invading pathogens and altered lung microbiota may influence circulating lymphocytes and contribute to immune modulation, because the epithelial cells play the role of sentinels in the immune system, in cooperation with associated lymphoid tissues [22]. For example, the inflammatory phenotype of Th17 lymphocytes is associated with the aspiration-derived microbiota in the lungs [16].
The immunological crosstalk between LRT and URT may be one of a leader for the alteration in microbiota in the mouth, but not in the nose. As another possibility, mechanical microbial elimination systems such as mucociliary clearance and cough can affect the microbiota in URT [2]. K. pneumoniae was not observed in both culture and PCR (data now shown) in URT; however, the other bacterial transfer from LRT can modify the oral microbial commu- nity. Although the mice did not show a loss in body weight and decrease in activity during a short period of our study, our data could not exclude the possible influence of the loss of appe- tite associated with pneumonia on the microbiota. This possibility can affect the oral micro- biota directly as well as indirectly, because components and metabolites of the gut microbiota influence the immune system [22].
In the present study, the oral microbiota was relatively altered compared to the nasal micro- biota; however, the role of altered microbiota in the oral cavity during pneumonia is still unknown. From a beneficial viewpoint, the slightly decreased abundance of Streptococcaceae might reduce the additional involvement of oral bacteria on LRT infections because oral strep- tococci is highly observed in patients with pneumonia [23]. Conversely, the alteration of oral microbiota might lead to colonization by other pathogens [1]. The detected genus in Family Carnobacteriaceae was mainly Atopostipes in the present study; however, the bacteria from the genera Dolosigranulum and Granulicatella, which belong to the family Carnobacteriaceae, have been known to be a part of the human oropharyngeal flora and also an important cause of bacteremia and infective endocarditis [24–26]. As far as we searched, there are no reports regarding the pathogenic roles of oral Enteroccocus in pneumonia patients. However, because family Enterococcaceae is rarely observed in the oral cavity in healthy subjects [27] and known to be present in root canal infections [28] and endodontic infections [29], the increase of Enterococcus may imply the poor oral condition. Pathogenesis of infection caused by these bacteria during pneumonia is still unknown, and further examination is required to under- stand the role of the alteration of oral microbiota. However, the alteration of oral microbiota in the early phase of pneumonia can be a possible diagnostic marker of pneumonia. In particu- lar, it might be beneficial for the people who show poor signs or symptoms of pneumonia, such as elderly and unconscious patients if inexpensive methods are developed for evaluation of the oral microbiota.
There are some limitations in this study. Because we used just only one strain, it is still uncertain whether similar findings are also observed in other K. pneumoniae strains or major respiratory pathogens such as S. pneumoniae and H. influenzae. Future studies using these bac- teria will support the universality and reinforce the weak points of our study such as small sample sizes. Our study just presented the genomic microbial community using a single method and the functional significance in the microbiome is still unknown. To reveal unknown oral functions, studying bacterial transcriptomes using RNA-seq and metabolic pro- filing will be helpful. The multi-omics study will contribute to the validation of our findings.
In conclusion, characterizing the microbial community of the respiratory tract may not merely involve a simple relationship between the URT and the LRT. These possibilities should be considered when the alteration of oral microbiota during LRT infections is studied. The health status of the LRT may influence the oral microbiota, and the evaluation of oral micro- biota may contribute to monitoring lung health.

Materials and methods
Animals
Six- to eight-week-old female C57BL/6J mice were purchased from Charles River Laboratories Japan, Inc. (Kanagawa, Japan). All animals were housed in a pathogen-free environment in the Laboratory Animal Center for Biomedical Science at Nagasaki University and were provided sterile food and water. Mice were co-housed for at least two weeks before experiments. The Ethics Review Committee for Animal Experimentation (Institutional Animal Care and Use Committee (IACUC) of Nagasaki University) approved all the experimental protocols used in this study (Protocol Number: 1503101199).
Pneumonia model
A single colony of Klebsiella pneumoniae KEN-11 [11] which is a mouse-adaptive strain, was sub-cultured in Luria-Bertani (LB) broth overnight. After 6–8 h of additional incubation in fresh LB broth, the bacteria were adjusted to appropriate concentrations by turbidimetry.
After isoflurane anesthesia, KEN-11 (1 × 104 CFUs/mouse) was directly inoculated into the trachea as previously described [11]. Mice freely took sterile food and water in a sterile cage (maximum 4 mice per cage). Mice were observed at the timing of bacterial inoculation and 24 h later, and sacrificed by isoflurane.
Bronchoalveolar lavage
After the pulmonary vasculature was flushed with 3 mL of normal saline via the right ventricle, bronchoalveolar lavage (BAL) was performed by lavaging the LRT thrice with 0.8 mL of PBS, as described previously [11]. Cytospin slides were prepared and stained with Diff-Quik (SYS- MEX Co., Hyogo, Japan) for a differential cell count. The BAL fluids were stored at −20˚C until further assays.
Nasal airway lavage
NAL on mice was performed using the trans-pharyngeal nasal lavaging technique [30]. For this, 350 μL of PBS was flushed into the nasal airway, and the fluid was collected from the nos- trils. The NAL fluids were stored at −20˚C until further assays.
Oral cavity swabbing
The oral cavity swabs were collected by placing a FLOQ swab (Copan Italia S.p.A., Brescia, Italy) into the oral cavity [31]. Each swab was rotated 2–3 times before being withdrawn, and placed in a tube containing 1 mL of PBS. The oral cavity swabs were stored at −20˚C until fur- ther assays.
PCR amplification and preparation for 16S rRNA gene sequencing
DNA was extracted using a Quick-DNA Fecal/Soil Microbe Miniprep Kit (ZYMO Research, Irvine, CA), according to the manufacturer’s instructions. The V1-V2 region of the bacterial 16S rRNA genes was amplified using the following primers: forward (50-AGAGTTTGATYMT GGCTCAG-30) with the Ion A adapter and sample-specific 13-base barcode sequences, and reverse (50-TGCTGCCTCCCGTAGGAGT-30) with the Ion trP1 adapter sequence. The reaction mixture contained 20 ng of the template DNA, 1 U Platinum SuperFi DNA Polymerase (Thermo Fisher Scientific, Waltham, MA), 10 μL of 5X SuperFi buffer, 1 μL of 10 mM dNTP mix (Thermo Fisher Scientific, Waltham, MA), and 25 pmol of each primer; DNase-RNase-free water was then added to achieve a final volume of 50 μL. The reaction conditions were: 94˚C for 5 min, 30 cycles of denaturation at 98˚C for 10 s, annealing at 59˚C for 10 s, extension at 72˚C for 30 s, and a final extension at 72˚C for 5 min. The amplicons were purified using an AMPure XP Kit (Beckman Coulter, Indianapolis, IN) and the concentration and fragment size of the purified amplicons were measured using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). The purified amplicons were mixed in an equimolar manner. The final con- centration of the samples was adjusted to 100 pM, for their use as template DNA in emulsion PCR. Emulsion PCR and enrichment were performed using an Ion PGM HiQ View OT2 Kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s instructions. The enriched samples were loaded onto an Ion 318 chip and sequencing was performed using the Ion Torrent Personal Genome Analyzer with an Ion PGM HiQ View Sequencing Kit (Thermo Fisher Scientific, Waltham, MA), according to the manufacturer’s instructions.
Sequence analysis
The sequencing reads were analyzed using CLC Genomics Workbench version 12.0.1 and CLC Microbial Genomics Module version 3.6.11 (QIAGEN N. V., Venlo, Netherlands). After removing the primer sequences and trimming the read length between 100 bp and 400bp under 0.05% quality limit, samples with fewer than 100 reads and less than 50% from the median were excluded from the further analyses. Chimeric reads were detected and filtered using the chimera crossover detection algorithm with the default parameters (mismatch cost 1, minimum score 40, gap cost 4, maximum unaligned end mismatches 5, chimera crossover cost 3 and Kmer size 6). The reads were categorized into operational taxonomic units (OTUs) with 97% similarity, and then assigned using SILVA release 132. The creation of new OTUs was allowed when taxonomy similarity percentage was lower than 80% with minimum occur- rence of two reads. OTUs were aligned using MUSCLE software implemented in CLC soft- ware. Maximum likelihood phylogeny was created with Neighbor Joining as construction method and Jukes Cantor as nucleotide substitution model. We excluded the OTUs with a low abundance, or a combined abundance of less than 10 reads. The number of OTUs, Shannon index (alpha diversity), and Weighted UniFrac distances were analyzed using the CLC Micro- bial Genomics Module.
Statistical analysis
The groups were compared with Prism version 7 (GraphPad software, CA) using the Mann- Whitney test; Fig 3D was analyzed by unpaired t-test because the result showed normal distri- bution. The statistically significant alpha level was set as p?0.05. To compare the beta diversity, the data were analyzed in PERMANOVA analysis using the CLC, and the statistically signifi- cant alpha level was set as p?0.05, in false discovery rate (FDR).
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