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Editorial on the Research Topic
 Evolution of Animal Microbial Communities in Response to Environmental Stress



We live in a microbial world in which bacteria, viruses, fungi, and other microscopic organisms such as parasites live together in microbial communities, where they establish ecological interactions, cooperative and competitive behaviors, driving to environmental adaptation and genome evolution.

A microbiome represents the collection of the microorganisms that inhabit a specific environment along with their genomic content. They are present everywhere and in many niches of the human body. Metagenomics brings together microbiology, genetics, genomics, and bioinformatics, enabling an integrated approach to the understanding of the natural microbial communities to capture the ecology, evolution, and dynamics of these microbial communities.

In a changing environment, microorganisms evolve and adapt, and the balance between species and strains within the community can also be disrupted or shifted to another level of steady-state. Human and other animal microbiomes can be under diverse sources of disturbance: physiological changes due to diet or health/illness, exposure to medications, or even environmental changes, among others. To understand and study the effect of these changes on animal microbial communities' dynamics, the most appropriate sampling design tools must be applied, and mathematical and computational methods must also be developed to deal with this challenging subject. This Research Topic “Evolution of Animal Microbial Communities in Response to Environmental Stress” addresses the dynamics of microbial (symbiotic) communities under environmental changes.

The microbiome of individuals who share the same household or social contacts is more likely to share similar microbes (Brito et al., 2019). Thus, cohabitation has been reported to be a driver of the transfer and sharing of the oral, gut, and nasopharyngeal microbiomes from person to person in a physical social network, as well as, for example, a major factor facilitating the typical asymptomatic transmission of SARS-CoV-2 (Hu et al., 2020). Chen Y. et al. conducted a confined experiment in which healthy individuals were enclosed together in a space capsule on the ground for 180 days, which revealed that both the structure and diversity of the nasal and oropharyngeal microbiota changed over time and were shared between the participants, during the study. A work by Fu et al. shows that domestication is also a modulator of gut microbiome diversity in yak which paves the way for the development of new commercial strains in livestock based on the biotechnology of gut microbiota.

The microbial community of the Qinghai-Tibet Plateau (QTP) includes parasites of mammalian hosts, such as some rodent species. Wu et al. have demonstrated that the altitude of the Qinghai-Tibet Plateau is a driver of diversity, not only of plants and animals but also of microorganisms such as parasites and their microscopic larvae of Taeniidae species.

A classic example of the adaptive response of populations and communities is exposure to antibiotics. The study by Chen C.-M. et al. demonstrates that changes in the gut microbiota following maternal exposure to antibiotics during pregnancy can be transmitted to offspring, also leading to a disruption in gut development in neonatal mice.

Dietary modification can also have an effect as a modulator of the gut microbiota, inducing the appearance of new genomic variants in the gut microbiome. For example, one study shows that changing the diet to one rich in fiber, in children with Prader-Willi syndrome and obese children, led not only to changes in microbial diversity but also to the evolution of the microbial genome with the appearance of variants corresponding to SNPs related to traits of adaptation to the use of nutrients from the diet, thus opening the prospect of investigating new therapeutic pathways (Li et al.). Diet is also involved in modeling gut microbiota and the immune stimulation of sows, which may reduce the diarrhea rate of their offspring (Zhang et al.).

The human gut is an ecosystem comprising trillions of microbes that reacts to diet and interacts with the host influencing its health. Close relationships between dietary modifications, microbiota composition and health status have been established (Enam and Mansell, 2019). Furthermore, gut microbes develop catabolic activity to circumvent the antimicrobial activity of certain food additives such as vanillin. Gene clusters specific for the vanillin metabolism and intermediary metabolic pathways have been identified by metagenomic analysis in several gut microbial populations (Yadav et al.). The metabolomic analysis brings forth the functionality of the vanillin catabolic pathway. These results highlight the human gut microbial features and metabolic bioprocess involved in vanillin catabolism to overcome its antimicrobial activity.

Another example of the relationship between the diversity of the gut microbiome and health is presented by Ma et al. that have demonstrated that there is a correlation between native Tibetans and Han immigrants' gut microbiome and their hematological profile, which may also relate to the Tibetans' adaptation to high altitudes.

The determination of the vaginal microbiome in women undergoing different types of treatments and the correlation with clinical outcomes have been the object of several studies (Hyman et al., 2012). The changes in the composition of the vaginal microbiome under the effect of menopausal hormonal therapies consist in a decrease in microbial diversity and a preponderance of Lactobacillus (Geng et al.). In contrast, the non-treated vaginal microbiome is enriched with anaerobic and facultative anaerobic bacteria, namely, Gardnerella, Prevotella, Escherichia, Shigella, Streptococcus, Atopobium, Aerococcus, Anaerotruncus, and Anaerococcus, apart from Chlamydia and Streptococcus. These changes have consequences in the symptoms of the genitourinary syndrome in menopause that are more severe without the effect of hormonal therapies.

It is known that the natural respiratory tract microbiome plays an important role in controlling nosocomial infections. However physiological conditions and interventions of critical respiratory tract patients, such as mechanical ventilation and antibiotics administration, dramatically alter the respiratory tract microbiome, leading to dysbiosis and favoring the colonization by opportunistic and resistant pathogens (Pérez-Cobas et al.). Therefore, this microbial imbalance is linked with various diseases and significantly reduces the quality of one's life. Varying inflammatory profiles are associated with specific microbial compositions, while the same is true for many disease conditions and environmental exposures. A shift in the microbial composition is also detected upon the administration of numerous therapeutics, highlighting other beneficial and adverse side effects (Elgamal et al., 2021).

The commensal bacteria that show the potential to inhibit pathobionts and modulate host immunity should be further studied for their potential to stimulate a resilient microbiota that is resistant to infection. The development of in vivo and in vitro models that assess microbial competition and interactions within the microbiota will further the understanding of the complex relationships that exist and will help develop probiotic solutions for respiratory tract infections.


AUTHOR CONTRIBUTIONS

TN, AB, LB, and JI contributed to conception of the aim of the Research Topic. TN and AB wrote the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

Fundação para a Ciência e a Tecnologia (FCT), I.P., supports TN by contract ALG-01-0145-FEDER-028824 and PTDC/BIA-MIC/28824/2017 and cE3c-FCUL through contract UIDP/00329/2020.



ACKNOWLEDGMENTS

We would like to thank Todd Treangen and Sara Vieira-Silva for the fruitful discussions and suggestions during the preparation of the Research Topic.



REFERENCES

 Brito, I. L., Gurry, T., Zhao, S., Huang, K., Young, S. K., Shea, T. P., et al. (2019). Transmission of human-associated microbiota along family and social networks. Nat. Microbiol. 4, 964–971. doi: 10.1038/s41564-019-0409-6

 Elgamal, Z., Singh, P., and Geraghty, P. (2021). The upper airway microbiota, environmental exposures, inflammation, and disease. Medicina 57, 823. doi: 10.3390/medicina57080823

 Enam, F., and Mansell, T. J. (2019). Prebiotics: tools to manipulate the gut microbiome and metabolome. J. Ind. Microbiol. Biotechnol. 46, 1445–1459. doi: 10.1007/s10295-019-02203-4

 Hu, Z., Song, C., Xu, C., Jin, G., Chen, Y., Xu, X., et al. (2020). Clinical characteristics of 24 asymptomatic infections with COVID-19 screened among close contacts in Nanjing, China. Sci. China Life Sci. 63, 706–711. doi: 10.1007/s11427-020-1661-4

 Hyman, R. W., Herndon, C. N., Jiang, H., Palm, C., Fukushima, M., Bernstein, D., et al. (2012). The dynamics of the vaginal microbiome during infertility therapy with in vitro fertilization-embryo transfer. J. Assist. Reprod. Genet. 29, 105–115. doi: 10.1007/s10815-011-9694-6

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 © 2022 Nogueira, Botelho, Bowler and Inácio. 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.












	 
	ORIGINAL RESEARCH
published: 16 October 2020
doi: 10.3389/fmicb.2020.588545





[image: image]

Catabolic Machinery of the Human Gut Microbes Bestow Resilience Against Vanillin Antimicrobial Nature

Monika Yadav1, Rajesh Pandey2* and Nar Singh Chauhan1*

1Department of Biochemistry, Maharshi Dayanand University, Rohtak, India

2Genomics and Molecular Medicine, CSIR-Institute of Genomics and Integrative Biology (CSIR-IGIB), New Delhi, India

Edited by:
Ana Rosa Botelho, Instituto Nacional Investigaciao Agraria e Veterinaria (INIAV), Portugal

Reviewed by:
Monica Rosenblueth, National Autonomous University of Mexico, Mexico
Debarati Paul, Amity University, India

*Correspondence: Rajesh Pandey, rajeshp@igib.res.in; Nar Singh Chauhan, nschauhan@mdurohtak.ac.in; nschauhanmdu@gmail.com

Specialty section: This article was submitted to Microbial Symbioses, a section of the journal Frontiers in Microbiology

Received: 29 July 2020
Accepted: 17 September 2020
Published: 16 October 2020

Citation: Yadav M, Pandey R and Chauhan NS (2020) Catabolic Machinery of the Human Gut Microbes Bestow Resilience Against Vanillin Antimicrobial Nature. Front. Microbiol. 11:588545. doi: 10.3389/fmicb.2020.588545

Vanillin is a phenolic food additive commonly used for flavor, antimicrobial, and antioxidant properties. Though it is one of the widely used food additives, strategies of the human gut microbes to evade its antimicrobial activity await extensive elucidation. The current study explores the human gut microbiome with a multi-omics approach to elucidate its composition and metabolic machinery to counter vanillin bioactivity. A combination of SSU rRNA gene diversity, metagenomic RNA features diversity, phylogenetic affiliation of metagenome encoded proteins, uniformly (R = 0.99) indicates the abundance of Bacteroidetes followed by Firmicutes and Proteobacteria. Manual curation of metagenomic dataset identified gene clusters specific for the vanillin metabolism (ligV, ligK, and vanK) and intermediary metabolic pathways (pca and cat operon). Metagenomic dataset comparison identified the omnipresence of vanillin catabolic features across diverse populations. The metabolomic analysis brings forth the functionality of the vanillin catabolic pathway through the Protocatechuate branch of the beta-ketoadipate pathway. These results highlight the human gut microbial features and metabolic bioprocess involved in vanillin catabolism to overcome its antimicrobial activity. The current study advances our understanding of the human gut microbiome adaption toward changing dietary habits.

Keywords: human gut microbes, food metabolism, vanillin catabolism, food additives, metabolomics, metagenomics, antimicrobial resistance


INTRODUCTION

The human gut microbiome is a stratified, metabolically active, and resilient biotic component of the human body (Yadav et al., 2018). Its progressive establishment starts with human birth and matures by the adulthood of the host (Vemuri et al., 2018). The gut microbes continuously interact, mostly as commensals with the host for their survival (Parker et al., 2018) and maintenance of the healthy host physiology (Yadav et al., 2018). An adult gut microbiome is primarily enriched with Firmicutes and Bacteroidetes (Chauhan et al., 2018). The human gut microbiome enriches the host gene pool with additional 300,000 + genetic features to enrich the metabolic potential of the host (Qin et al., 2010; Oliphant and Allen-Vercoe, 2019). Role of the gut microbes in food digestion is being elucidated for decades, however, their role in xenobiotic/drug metabolism has only been recently discovered (Clarke et al., 2019). Human gut microbes are equipped with efficient metabolic machinery to metabolize polyphenols (Theophylline and Caffeine) (Yu et al., 2009) as well as pharmaceutical drugs (Zimmermann et al., 2019). Despite these discoveries, research toward unveiling the role of human gut microbes in the metabolism of food additives needs further attention.

Vanillin is the principal flavor and aroma component of the vanilla beans (Ramachandra Rao and Ravishankar, 2000). In addition to the flavoring properties, is also characterized by antimicrobial, antifungal, antioxidant, anticlastogenic, and antitumor properties (Durant and Karran, 2003; Shyamala et al., 2007; Sinha et al., 2008; Guo et al., 2018). Due to its flavoring and medicinal properties, it was used in Indian food preparations for many centuries (Menon and Nayeem, 2013). The natural preservative and flavoring properties of vanillin make it a commonly used food additive (Fitzgerald et al., 2004). Additionally, the degradation of lignin compounds also contributes (Furuya et al., 2015; Chen et al., 2016) to the availability of vanillin (10 mg/kg of the body weight in the human body) (Furuya et al., 2015; Chen et al., 2016). Continuous exposure of the vanillin exposes human gut microbes toward its antimicrobial property (Fitzgerald et al., 2004; Endo et al., 2009). It possibly challenges human gut microbes to either develop efficient metabolic machinery to respond to antimicrobial behavior of vanillin or a compromised survival trajectory. If microbes were unable to efficiently metabolize vanillin, it could lead to microbial dysbiosis, followed by the onset of microbial dysbiosis associated human disorders. On the contrary, vanillin is known to improve the gut microbiome composition (Guo et al., 2018), as well as protect the host from the onset of various human disorders (Yan et al., 2017). Thus, it indicates the possible presence of efficient vanillin catabolic machinery among the human gut microbes; however, an effort to explore these metabolic pathways is warranted. In the current study, we have explored the human gut microbiome composition, its genetic content, and metabolic efficiency to catabolize vanillin using a culture-independent multi-omics approach. This is a pioneer study to rationalize the role of human gut microbes in vanillin catabolism. The findings of this study hold potential to enrich our understanding of the gut microbial functionaries in the xenobiotic metabolism and evolution of the human gut microbiome with dietary habits.



MATERIALS AND METHODS


Ethics Statement

The study was conducted after receiving ethical clearance from the Human Ethical Committee at M. D. University, Rohtak, Haryana, India. Strict human ethical guidelines were followed and written consent was sought from each enrolled individual in this study.



Metagenomic DNA Isolation

The fecal samples were collected from healthy individuals (n = 8, Age 29–36 years, Male). Alkali-lysis method was adopted to isolate high molecular weight metagenomic DNA (Kumar et al., 2016). Qualitative and quantitative analysis of Metagenomic DNA was performed with agarose-gel electrophoresis and Qubit dsDNA HS Assay Kit (Invitrogen, United States) respectively.



Small Subunit rRNA Gene Analysis

The V1 to V4 region of the SSU rRNA gene was amplified from the metagenomic DNA using region-specific primers (Morowitz et al., 2011). The amplified product was sequenced with Roche 454 GS FLX + using GS FLX Titanium XL+ Sequencing Kit (Gupta et al., 2017). Quantitative Insights into Microbial Ecology (QIIME) 1.9.1 pipeline was implemented for quality filtering, OTU picking, taxonomic assignment, alpha and beta diversity analysis (Kapono et al., 2018).



Metagenome Sequencing and Sequence Analysis

The metagenomic DNA was sequenced with MiSeq Next-Generation Sequencing (NGS) platform with paired-end sequencing chemistry using MiSeq Reagent Kit v3 (600-cycle) (Illumina, United States). The reads were preprocessed and uploaded into the Metagenome Rapid Annotation using Subsystem Technology (MG-RAST) server 4.0.3 (Meyer et al., 2008). The metagenome sequence dataset was quality filtered (Denoising and normalization with DynamicTrim, removal of host DNA sequences with Bowtie2) and processed for the identification of rRNA gene features (by rRNA genecalling) and protein features (with genecalling using cutoff similarity% > 70%). Potential ribosomal RNA genes were clustered with CD-HIT and checked for their homologs in the Greengene database (e-value <10–5, sequence similarity < 60% and word size > 15 bp). FragGeneScan 1.3.1 was employed for the identification of all putative protein-coding features (Rho et al., 2010). Predicted protein features were clustered (90% identity) and processed for similarity search using BLAT (BLAST-Like Alignment Tool) algorithm (Kent, 2002) against the M5NR protein database, RefSeq database (O’Leary et al., 2016), COG database (Database of Clusters of Orthologous Groups of proteins) (Tatusov, 2000) with stringent search parameters (e-value <10–5, minimum identity < 60%). Protein feature abundance, Lowest Common Ancestor (LCA) abundance profile, and Data source abundance profile were used to predict taxonomic and functional affiliation of the predicated protein features (Milanese et al., 2019).



Identification and Mapping of Features Associated With Vanillin Catabolism

Functional annotation of predicted protein features was performed by searching homologs in the Subsystems database (Overbeek, 2005) using stringent search parameters (e-value < 10–5, minimum identity < 60%, word size > 15). Vanillin catabolic features were manually curated from the annotated protein features and mapped on to the metabolic pathway. Sequence (both gene and protein) of the potential vanillin catabolic features were extracted from the metagenomic dataset and used for phylogenetic characterization using KAIJU webserver 1.7.3 (Menzel et al., 2016).



Comparative Metagenome Analysis

To explore the omnipresence of the vanillin catabolic features across gender, age, geographical location, the human gut metagenomic datasets of the United States, Sweden, Venezuela, Japan, and Malaysia were used for comparative analysis (Supplementary Table S1). All these metagenomic datasets were processed with the MG-RAST server. Predicted RNA features were clustered and checked for their homologs in the Greengene database (e-value <10–5, sequence similarity < 60% and word size > 15 bp). Predicted protein features were clustered and searched for their homologs in the RefSeq database (O’Leary et al., 2016), COG database (Database of Clusters of Orthologous Groups of proteins) (Tatusov, 2000) (e-value <10–5, minimum identity < 60%). Functional annotation of the predicated protein features was performed after searching homologs (e-value < 10–5, minimum identity < 60%, word size > 15) in the Subsystems database. Vanillin catabolic features were manually curated from each dataset. Each search output was normalized before the Pearson correlation analysis, Principle Component Analysis (PCA), and heatmap generation (Koch et al., 2018).



Functional Assessment of Vanillin Catabolism

Human fecal suspensions (n = 8) (500 mg/ml in phosphate buffer saline pH 7.4) were used for the purification of the microbial pellet (Kumar et al., 2016). The microbial pellet was incubated in vanillin solution (5 mM) at 37°C. A control sample without the vanillin solution was also incubated at 37°C simultaneously. The samples were withdrawn in small fractions at various intervals of time (0, 0.5, 2, 4, 6, 12, and 24 h). Samples were centrifuged at 13,000 rev min–1 for 2 min. Samples were quenched and processed for extraction of metabolites (Supplementary Method SM1). A 400 μl of acetonitrile was added to the metabolite fraction and centrifuged at 5,000 rev min–1 for 10 min. The supernatant was collected and loaded in autosampler for injection in LC-MS analysis. High-performance liquid chromatography coupled to quadrupole-time of flight mass spectrometry (HPLC/Q-TOF MS), possessing an Exion LC system integrated with X-500 QTOF (SCIEX Technology, United States) was used to obtain the metabolic profiles in the filtered supernatant (Supplementary Method SM2). Both negative and positive modes of electrospray ionization were used to capture the metabolic profile. LC-MS spectra were analyzed with SCIEX OS software 1.4 using ALL in One HR-MS/MS spectral library (SCIEX, United States) using an untargeted metabolic mapping workflow using default parameters.



RESULTS


SSU rRNA Gene Amplicons Based Human Gut Microbiome Composition

A total of 208,726 sequence reads were obtained after sequencing the SSU rRNA amplicons (V1–V4 region) from human stool metagenomic DNA. The removal of ambiguous sequences, quality (>Q30), and chimeric sequences, resulted in a total of 149,342 high quality reads for downstream analysis. De novo clustering of all sequences with QIIME 1.9.1 resulted in a total of 1,453 OTUs. Microbial diversity analysis of SSU rRNA sequences identified sequences corresponding to a total of 11 microbial phyla. Among all, the majority of sequences were of Bacteroidetes (80.18 ± 11.6%), Firmicutes (17.8 ± 11.67%), and Proteobacteria (1.85 ± 1.6%) lineages (Figures 1A,B). Additionally, representation of Actinobacteria, Acidobacteria, Chloroflexi, Fusobacteria, Lentisphaerae, Tenericutes, and Verrucomicrobia was also observed at lower proportions (Figures 1A,B). Within Bacteroidetes, majority of SSU rRNA sequences (90.16 ± 8.26%) were found affiliated to Prevotella sp., while Ruminococcaceae (40.82 ± 23.1%) and Lachnospiraceae (31.05 ± 17.85%) were found to be predominant among Firmicutes (Supplementary Figure S1).
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FIGURE 1. Microbiome composition based on SSU rRNA gene analysis, rRNA features, and protein features. Phylogenetic distribution of SSU rRNA genes (A) and their interrelationship among samples (B). Phylogenetic distribution of human gut metagenomic rRNA features (C) and protein features (D).




Taxonomic Characterization of the Human Gut Metagenomic Dataset

A total of 20,136,917 sequences were generated after shotgun sequencing of the human gut metagenomic DNA with the MiSeq paired-end sequencing chemistry (Illumina, United States) (Supplementary Table S2). The151554 sequences were identified to possess ribosomal RNA features. The majority of these ribosomal features were phylogenetically affiliated with the bacterial clade (99.98 ± 0.01%), whereas 0.01 ± 0.008% remained unclassified. Amidst bacterial clade, rRNA features shared homology with rRNA gene sequences of Bacteroidetes, Firmicutes, Proteobacteria, Actinobacteria, Verrucomicrobia, Cyanobacteria, Tenericutes, Chlorobi, Synergistetes, Planctomycetes, and Spirochetes (Figure 1C). Among these groups, Bacteroidetes were predominant (66.11 ± 24.67%) followed by Firmicutes (17.47 ± 16.95%), and Proteobacteria (2.86 ± 2.47%). The ribosomal features based gut microbiome analysis shared a good correlation (R = 0.9916) with the outcome of the SSU rRNA gene-based microbial diversity analysis. This highlights the significant concordance among the microbial diversity observed after whole metagenome sequencing and targeted V1–V4 region of 16S rRNA gene sequencing.

RefSeq database search analyses indicated taxonomic affiliation within bacteria (99.62 ± 0.1%), archaea (0.21 ± 0.06%), eukaryota (0.14 ± 0.03%), and viruses (0.035 ± 0.01%). These protein features showed similar phylogenetic distribution as observed after analysis of SSU rRNA genes and rRNA features (Figure 1D and Supplementary Table S3). Despite of a slightly higher diversity of the encoded protein features, a good correlation was observed among phylogenetic affiliation of encoded protein features and SSU rRNA gene-based diversity analysis (R = 0.975).



Functional Characterization of the Human Gut Metagenomic Dataset

A total of 2,581 clusters of orthologous groups (COGs) have been observed with a role in various cellular physiological processes. Of this, 48.93 ± 2.30% of orthologous features were found associated with cellular metabolism, while 20.10 ± 0.17% were involved in cellular processes and signaling. A slightly lower proportion (19.01 ± 2.07%) was found associated with information storage and processing, while remaining (11.94 ± 0.16%) were poorly characterized proteins. Among cellular metabolism-associated COGs, the majority of proteins were associated with carbohydrate transport and metabolism (30.18 ± 0.69%) and amino acid transport and metabolism (23.53 ± 0.17%). We observed a very low percentage of COGs (3.11 ± 0.11% and 0.57 ± 0.03%) associated with defense and secondary metabolism (Supplementary Table S4). The human gut is considered a more stable ecosystem than its environmental counterparts (soil, water, etc.). Hence human gut microbes were not subjected to challenging environmental conditions (variations in temperature, pH, water contents, scarcity of nutrients, etc.) (Tian et al., 2017). Human gut microbiome evolution might have allowed human gut microbes to perform genetic restructuring toward gut conditions for better harvesting of energy and nutrients for their growth and proliferation (Hooper, 2001).



Vanillin Catabolism Genetic Machinery of the Human Gut Microbiome

To date there is no scientific evidence of vanillin catabolism among human gut microbes; however, its catabolism has been studied in various free-living microbes like Rhodococcus jostii RHA1 (Chen et al., 2012), Pseudomonas putida (Plaggenborg et al., 2003), Sphingomona spaucimobilis SYK-6 (Masai et al., 2007), and Streptomyces sp. NL15-2K (Nishimura et al., 2018). Vanillin is generally metabolized in two phases; vanillin is catabolized into protocatechuate by two-step process catalyzed by vanillin dehydrogenase (LigV) and vanillate O-demethylase (LigM) in the first phase (Kamimura et al., 2017). Phase II includes bioconversion of protocatechuate through a central aromatic intermediate metabolic pathway into TCA cycle intermediates (Grant and Patel, 1969; Romero-Steiner et al., 1994; Parke, 1995).

Manual curation of the human gut metagenome dataset identifies protein features and their respective genes potentially associated with vanillin metabolism (Table 1). Homologs of the decoded genes are part of lig, pca, and cat operons. Encoded products of vanillin membrane transporter gene (vanK), lig genes (ligV and ligM) could perform cellular transport and catabolism of vanillin into protocatechuate, respectively (Figure 2). Identified vanillin membrane transporter (VanK) was found to be a member of the aromatic acid/H + symport family MFS transporter involved in the transport of aromatic compounds across cytoplasmic membranes (Chaudhry et al., 2007). The lig operon genes ligV, and ligM encode putative vanillin dehydrogenase (LigV) and putative vanillin-O-demethylase (LigM). Homologs of these proteins catalyze the conservation of vanillin to vanillic acid and vanillic acid to protocatechuate (Chen et al., 2012). Putative vanillin dehydrogenase (LigV) sequence was found to harbor a ALDH_VaniDH_like (Pseudomonas putida vanillin dehydrogenase-like) conserved domain (cd07150) characterized for NAD(P)+-dependent dehydrogenase activity against vanillin. Additionally, putative LigV features shared a good homology of (65–90%) with their characterized homolog of Pseudomonas putida KT2440 indicating its activity as a vanillin dehydrogenase. The sequences of putative LigM were found to possess START/RHO_alpha_C/PITP/Bet_v1/CoxG/CalC (SRPBCC) ligand-binding domain. The SRPBCC domain was characterized by Rieske-type non-heme iron aromatic ring-hydroxylating oxygenases. Additionally, putative LigM shared a very good homology of 98 and 96% with vanillin-O-demethylase of Enterobacter hormaechei and Klebsiella pneumonia respectively. Presence of a domain for Rieske-type non-heme iron aromatic ring-hydroxylating oxygenases, and high identity with vanillin-O-demethylase indicates its potential activity as vanillin-O-demethylase to convert vanillic acid into protocatechuate. Phylogenetic characterization indicates that the VanK, LigV, and LigM shared homology with the proteins belonging to the Azotobacter vinelandii, Azoarcus sp., Enterobacter hormaechei, Klebsiella pneumonia, Pseudomonas putida, Rhodopseudomonas palustris, and Serratia proteamaculans indicating their origin from the proteobacterial clade.


TABLE 1. Human gut microbiome protein features mapped for vanillin catabolism.
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FIGURE 2. The delineated phase I of the vanillin catabolic pathway. Vanillin dehydrogenase (VanD) and vanillate O-demethylase (VanM) metabolize vanillin into protocatechuate.


Metagenomic exploration identifies genes associated with the catechol branch of the beta-ketoadipate pathway and the protocatechuate branch of the beta-ketoadipate pathway (Table 1). The pcaIJFBDKCHG operon is well-established as genetic machinery to catabolize protocatechuate to TCA cycle intermediates through the beta-ketoadipate pathway (Gerischer et al., 1998). Manual curation of the current metagenomics dataset indicates several genes sharing homology with pcaB, pcaC, pcaD, pcaG/H, pcaI, pcaJ, pcaK, pcaF, and pcaR (Table 1). Encoded proteins of these genes systematically catabolize protocatechuate into succinate and acetyl CoA (Figure 3). These putative proteins share homology with the proteins associated with Proteobacteria, Firmicutes, and FCB group microbes (Acidovorax sp., Bacteroides fragilis, Dethiosulfovibrio peptidovorans, Eggerthella lenta, Escherichia coli, Eubacterium rectale, Klebsiella pneumoniae, Lactobacillus acidophilus, Lactobacillus brevis, Lactobacillus gasseri, Lactobacillus reuteri, Leuconostoc mesenteroides, Methanosarcina barkeri, Marinomonas, Pediococcus pentosaceus, Pseudomonas syringae, Rhodospirillum centenum, Ruegeria pomeroyi, and Streptococcus mutans).


[image: image]

FIGURE 3. The delineated phase II of the vanillin catabolic pathway. Protocatechuate could be metabolized either directly into TCA cycle intermediates or through catechol mediated ortho ring cleavage.


Catechol mediated protocatechuate metabolism is an alternative catabolic pathway (Grant and Patel, 1969), catabolized by Catechol-1,2-dioxygenase, Muconate cycloisomerase, and Muconolactone D-Isomerase (Figure 3) encoded by catA, catB, and catC genes of cat operon, respectively. In-depth human gut metagenome analysis showed several protein features homologous to the CatA, CatB, and CatC proteins (Table 1). Human gut metagenomic putative Catechol 1,2-dioxygenase (catA) were found phylogenetically affiliated with proteins of the Klebsiella pneumoniae, while the putative Muconate cycloisomerase (catB) shared homology with the proteins of Bacteroides vulgatus, Dokdonia donghaensis, and Clostridium difficile origin. Muconolactone isomerase (catC) shared homology with Crenarchaeota (Sulfolobus tokodaii) originated proteins.

Contrary to the vanillin catabolic gene clusters, pca, and cat operon encoded proteins shared homology with diversified microbial groups (Figure 4). These observations indicate that vanillin metabolism might be either carried out in a synergistic way or there is a division of labor where only one microbial group is assigned to do this job.
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FIGURE 4. Phylogenetic affiliation of the features associated with catechol (A) and protocatechuate (B) catabolism.




Comparative Metagenomic Analysis

Current human gut metagenomic datasets were compared with other gut metagenome datasets (Supplementary Table S1) to assess its similarity and uniqueness. Selected gut metagenomic datasets represented the individual of diverse geographical locations (United States, Sweden, Venezuela, Japan, and Malaysia), varied age group (infants, children, teenagers, and adults) (Yatsunenko et al., 2012), gender (male and female). Presence of vanillin catabolic features among this varied representation would confirm their omnipresence.

Ribosomal features of the current metagenomic dataset showed a good correlation with ribosomal features identified in other metagenomic datasets at the domain level (R > 0.99), however, it is drastically reduced at lower taxonomic levels (Supplementary Table S5). Principal component analysis (PCA) indicates a clustering of the current metagenomic dataset with the metagenomic dataset of Japan and Venezuela at the domain level (Supplementary Figure S2A); however, no clustering was observed at other taxonomic analysis (Supplementary Figures S2B,C). Heatmap indicates variable clustering of the current metagenomic dataset with a metagenomic dataset at different taxonomic levels (Supplementary Figure S3). These results cumulatively indicate that the gut metagenomic datasets are comparatively similar at a higher taxonomic level; however, phylogenetic variability enhances at lower taxonomic levels.

COGs analysis of the metabolic features showed a very good correlation at level 1 (R > 0.99) and level 2 (R > 0.96, R > 0.98, R > 0.95, R > 0.9606, R > 0.98, and R > 0.95) of COG classification with the features identified in various metagenomic datasets (Malawi, Japan, Europe, United States, and Venezuela, respectively). However, a lower correlation (R = 0.45) was observed with Malaysian population gut metagenomic dataset at level 2 of COG classification. Principal component analysis (PCA) also makes a similar observation (Figure 5A). Heatmap of the subsystem database identified protein features showed clustering of the current metagenomic datasets with Malawi, Japan, Europe, United States, Venezuela in a group, while Malaysian metagenome was in the distant group (Figure 5B). Comparative functional profiling of metagenomic datasets indicates that despite taxonomic diversity, all the metagenomic dataset harbors similar functional profile.
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FIGURE 5. A comparison of the metabolic potential of the gut metagenomes across diversified populations. Principle component analysis (A) and heatmap (B) showing the relationship among various gut metagenomes.


Explorations of the metagenomic datasets for vanillin catabolic features indicate their omnipresence with differential abundance profile (Supplementary Table S6). Principal component analysis (PCA) and heatmap indicated clustering of Japan (MGP4778) and United States metagenomes with the current dataset (Figure 6). The omnipresence of vanillin catabolic features indicates the metabolic potential of the gut microbiome. However, their functioning needs to be assessed through functional assays.
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FIGURE 6. Vanillin catabolic features across various gut metagenomes. Principal component analysis (A) and heatmap (B) showing the relationship among various gut metagenomes.




Validation of Vanillin Catabolism

Metabolomics profiling identified several metabolites associated with vanillin metabolism (Table 2). Significantly enriched metabolites were mapped to the proposed metabolic pathway confirming the functionality of the proposed vanillin metabolic pathway. LC-MS spectra analysis indicates that the vanillin was completely metabolized by human gut microbes within 24 h of incubation (Supplementary Figure S4). The disappearance of vanillin was negatively correlated with the appearance of the Protocatechuate (r = -0.987), Catechol (r = -0.978). These results established the protocatechuate and catechol-mediated vanillin catabolism among human gut microbes.


TABLE 2. List of statistically significant (p < 0.05) metabolites associated with vanillin metabolism from the microbial pellet incubated with 5 mM vanillin at 37°C for 24 h.
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DISCUSSION

The human microbiome is a specialized dynamic organ that plays a vital role in the maintenance of host physiology. The human gut microbiome complements with host machinery to metabolize a wide range of ingested foods (Yadav et al., 2018). Along with improving the metabolic capacity of the host, the gut microbes play a significant role in drug detoxification (Jourova et al., 2016) and xenobiotic metabolism (Clarke et al., 2019). Vanillin, a commonly used major food additive, possesses antimicrobial, antioxidative, and flavoring properties (Fitzgerald et al., 2004; Ngarmsak et al., 2006). Metabolism of vanillin was delineated in the human body (Muskiet and Groen, 1979) where the liver metabolized it as vanillic acid and finally it was excreted as a free metabolite or in conjugate form through the urogenital system (Sayavongsa et al., 2007). Though the human gut microbiome plays a key metabolic component in food digestion, the role of the human gut microbiome in vanillin metabolism has never been studied. Additionally, there is a lack of information about microbial survival strategies toward antimicrobial properties of vanillin. The present study encompasses an integrative approach wherein the human gut microbiome has been shown to delineate the process of vanillin catabolism to counter its antimicrobial properties.

The studied human gut microbiome is primarily composed of Bacteroidetes, Firmicutes, and Proteobacteria, while Actinobacteria and other microbial groups contribute less to the total gut bacterial diversity. Efforts to analyze the human gut microbial diversity in a similar population also revealed the matching outcome wherein Bacteroidetes is the predominant bacteria within the human gut (Human Microbiome Project Consortium, 2012; MetaHIT Consortium (additional members) et al., 2011). Additionally, Prevotella is the predominant microbial group within the Bacteroidetes and Ruminococcaceae and Lachnospiraceae among Firmicutes. These observations are in line with human gut microbial diversity studies highlighted by our group (Chauhan et al., 2018), as well as by other studies in Indian populations (Bhute et al., 2016). SSU rRNA gene amplification followed by their sequencing could introduce biases during the exploration of microbial diversity (Poussin et al., 2018). Hereby, the current study also assesses the microbial diversity through shotgun sequenced datasets that are considered more precise and accurate approach (Ranjan et al., 2016). The metagenomic diversity revealed through RNA and protein feature analysis indicated the abundance of Bacteroidetes followed by Firmicutes and Proteobacteria along with traces of archaea, viruses, fungi, and higher eukaryotes. These observations are in line with human gut microbial profiles generated from various global populations in the current study, as well as in other studies (MetaHIT Consortium (additional members) et al., 2011). Despite it, variability in microbial taxonomic distribution and abundance profile was observed across various populations. These variations could be attributed to diverse food habits, ethnicity, and lifestyle (Chauhan et al., 2018). Functional annotation of human gut metagenomic protein features shows an enrichment of the carbohydrate metabolism associated protein features. Harvesting energy from non-conventional carbohydrates might be allowing the human gut microbes to avoid any conflict with the host to meet their energy requirement (Flint et al., 2012). These interactions might be playing an active role in developing commensalism with the host toward the successful commensalism of the human gut microbiome (Kumar Mondal et al., 2017). In addition to the CAzyme associated protein features, a diverse array of the proteins associated with microbial growth and sustenance were identified (Kurokawa et al., 2007). This variability could be explained in terms of their evolutionary adaptations to meet up environmental requirements (Bradley and Pollard, 2017).

Protein features potentially associated with the vanillin metabolism were identified from the human gut metagenome dataset. Protein features like membrane-bound vanillin transport systems (VanK), vanillin dehydrogenase (ligV), and vanillin-O-demethylase (ligM) indicate the cellular process of vanillin metabolism in the human gut microbes. As characterized in Acinetobacter sp., VanK feature might be allowing the human gut microbes for the cellular transport of vanillin and Protocatechuate (D’Argenio et al., 1999). Similarly, ligV and ligM as characterized in Sphingomonas paucimobilis SYK-6, Pseudomonas putida (Abe et al., 2005; Masai et al., 2007) indicate vanillin catabolism into protocatechuate. The current metagenomic dataset also represents the presence of almost all genes associated with pca operon. These gene clusters were characterized for protocatechuate metabolism to TCA cycle intermediates through the beta-ketoadipate pathway in the free-living microbes (Iwagami et al., 2000). Similarly, cat operon genes catA (Catechol-1,2-dioxygenase), catB (Muconate cycloisomerase), and catC (Muconolactone-D-isomerase) have been characterized in free-living microbes for catabolizing catechol through the beta-ketoadipate intermediate of the central aromatic intermediate metabolic pathway (Cámara et al., 2007). Metabolic mapping of all these human gut microbiome protein features indicates a probable pathway for vanillin metabolism.

Presences of the vanillin catabolic features across diverse populations with varied age, sex, and geography indicates their omnipresence. The gut metagenome of Europe, United States, Venezuela and Malaysian population showed a relative higher enrichment of vanillin specific (Phase I) catabolic features in comparison to Japan and Malawi population. This varied enrichment of vanillin catabolic features could be an outcome of differential exposure to the vanillin supplemented foods; however the lack of vanillin consumption dataset across the global population limits the validation of this hypothesis.

However, the presence of genetic features does not confirm their functioning (Langille, 2018), hereby a translation approach needs to be implemented to confirm their function in the gut microbes (Zhang et al., 2019). Metabolomics approach was used for validating the functioning of vanillin catabolic features. It has shown statistical enrichment of metabolites associated with the proposed pathway. Additionally, a reciprocal relationship among the disappearance of vanillin with enrichment of protocatechuate and catechol also confirms the vanillin protocatechuate-mediated vanillin metabolism.

Phylogenetic affiliation analysis of protein features indicates that the vanillin specific catabolic features were selectively enriched in gammaproteobacteria group microbes, while protein features associated with protocatechuate metabolism showed omnipresence in the human gut microbial groups belonging to Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria. This segregated distribution indicates either vanillin catabolism is the only function in proteobacteria microbial groups or there is a division of labor as well as stratified functioning in the gut ecosystem (Sichertz, 2011). Additionally, the majority of these identified genetic features shared homology with genetic features of the free-living microbes (Kumar Mondal et al., 2017). It indicates a possible transfer of the genes in the human gut microbiome through horizontal gene transfer for a better adaptation within the human gut environment (Lerner et al., 2017).

Though the current study helps to explain the mechanism of vanillin catabolism, it raises the scientific query as to whether the host microbiome is already enriched with such metabolic machinery or exposure of these xenobiotics has modulated the human gut microbes to evolve (Maurice et al., 2013). Progressive evolution is a prominent feature of the microbes, which allows them to adapt and colonize in extreme environments (Li et al., 2014). It strongly favors the possibility that the continuous exposure of a xenobiotic has put an evolutionary pressure on the human gut microbes to enrich their genetic machinery to either protect from their antimicrobial nature (Sarmiento et al., 2019) or to harness energy from it (Dantas et al., 2008).

The current study is the first study to catalog human gut microbial gene clusters and the protein features involved in vanillin catabolism. Additionally, the current study has used the strength of multi-omics approach to rationalize the role of human gut microbiome composition in vanillin catabolism. This study strengthens the hypothesis of gut microbiome evolution with respect to dietary composition, as well as explains how microbes accustom to the changing gut environment for successful colonization.
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Genitourinary syndrome of menopause (GSM) is a chronic and progressive condition with a series of vulvovaginal, sexual, and lower urinary tract discomforts, mainly due to hypoestrogenism. Menopausal hormone therapy (MHT) has generally been considered as the most effective treatment for GSM. In addition, vaginal microbiota is of particular significance to gynecological and reproductive illnesses and potentially has some intimate connections with GSM. Consequently, we sought to evaluate how MHT impacts the composition and structure of vaginal microbiota while alleviating GSM in Chinese menopausal women aged 45–65 years, which has not been investigated previously. 16S rRNA gene sequencing was performed to analyze microbial diversity and composition using vaginal swabs obtained from 100 menopausal women, classified as MHT women who have been taking tibolone regularly (n = 50) and non-treated women who never received any treatment (n = 50). Vaginal Health Index Score (VHIS) and GSM symptoms inquiry were also performed. We found that the vaginal microbial diversity decreased and that the abundance of Lactobacillus increased to be the dominant proportion significantly in the MHT group, in considerable contrast to vaginal microbiota of the non-treated group, which significantly comprised several anaerobic bacteria, namely, Gardnerella, Prevotella, Escherichia-Shigella, Streptococcus, Atopobium, Aerococcus, Anaerotruncus, and Anaerococcus. In this study, women without any MHT had significantly more severe GSM symptoms than those receiving tibolone, especially with regard to vulvovaginal dryness and burning, as well as decreased libido (P < 0.01). However, there was no significant difference in the severity of urological symptoms between the groups (P > 0.05). Furthermore, Lactobacillus was demonstrated to be associated with VHIS positively (r = 0.626, P < 0.001) and with GSM negatively (r = −0.347, P < 0.001). We also identified Chlamydia (r = 0.277, P < 0.01) and Streptococcus (r = 0.270, P < 0.01) as having a prominent association with more serious GSM symptoms. Our study provided an elucidation that MHT could notably alleviate GSM and conspicuously reshape the composition of the vaginal microbiota, which is of extreme importance to clinical practice for the management of GSM.
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INTRODUCTION

Genitourinary syndrome of menopause (GSM), previously known as vulvovaginal atrophy or atrophic vaginitis, is reported in approximately half of perimenopausal and postmenopausal women worldwide (Portman and Gass, 2014; Geng et al., 2018) and characterized by bothersome disorders interfering with quality of life. It is a collection of symptoms and signs associated with low circulating estrogen levels, commonly including vaginal dryness; dyspareunia; frequent, urgent, and painful urination; recurrent urinary tract infection; incontinence; etc. (Portman and Gass, 2014). However, GSM has not received enough attention from health care providers and patients, causing a delay in management. It is reported that only 25% of patients in Asia were willing to seek medical assistance, and only 24% of them had access to treatment (Chua et al., 2017). Menopausal hormone therapy (MHT) previously has been shown to be the most effective management for GSM (Gandhi et al., 2016; Faubion et al., 2017). As estrogen receptors distribute in diverse tissues and organs of our body, women in the menopausal stage tend to manifest various types of symptoms requiring treatment due to estrogen deficiency. We found that systemic hormone replacement therapy is suitable for a great many cases in our practical clinical work. The human microbiota inhabiting the vagina alter dynamically across different reproductive stages (Gajer et al., 2012). After menopause, endocrine level and vaginal environment change gradually accompanied by changes in vaginal microbial community structure. In general, vaginal dominant colonization with Lactobacillus is infrequent compared to premenopausal women (Muhleisen and Herbst-Kralovetz, 2016; Kaur et al., 2020). However, the correlation between menopausal related genitourinary symptoms and vaginal flora is still full of ambiguity. Some studies reported that women with examination findings of atrophy had lower proportion of Lactobacillus (Shen et al., 2016; Brotman et al., 2018), whereas other studies did not show this significant association (Mitchell et al., 2017, 2018). While there is evidence of associations between different types of hormone therapy and increased detection of Lactobacillus in vaginal environment (Devillard et al., 2004; Mitchell et al., 2018; Gliniewicz et al., 2019), relatively little is known about effects of MHT on the overall vaginal microbial composition and symptoms and signs of GSM, especially in Chinese women.

In this cross-sectional study, we sought to explore vaginal microbial structure and severity of GSM in women who received regular and uniform MHT in comparison with those who did not by using 16S rRNA gene amplicon sequencing to identify microbial taxa. Moreover, we evaluated the severity of common symptoms in GSM, confirmed a transformation in abundance and diversity of vaginal bacteria after MHT, and elucidated particular associations among vaginal microbiota, MHT, and clinical characteristics.



MATERIALS AND METHODS


Subjects’ Data and Sample Collection

Menopausal women were recruited and selected from patients attending the menopause clinic in the Shanghai Jiao Tong University Affiliated Sixth People’s Hospital in China, from February 2017 to December 2018. These participants were divided into two groups of 50 subjects each, according to whether they have received regular MHT (tibolone, a synthetic steroid, 2.5 mg orally per day, was selected as the uniform treatment in this study) at least in the past year. Women were included in the study if they were 45–65 years old and did not have menstruation in the past 60 days. In addition, women were excluded if they had any contraindications of MHT; irregular menstrual bleeding due to disease; induced menopause caused by drug, operation, or chemoradiotherapy; a history of diabetes or severe chronic diseases; or they were pregnant or lactating. Moreover, women receiving intravaginal operation such as gynecological examination within the past 24 h, systemic or vaginal topical antibiotic treatment in the past 30 days, or those with no sexual partner were also excluded from this study. All study subjects signed an informed consent form before participation.

Participants responded to one-on-one questionnaires conducted by trained investigators. Demographic characteristics were first assessed by a questionnaire including age, height, weight, reproductive history, menstruation, employment status, economic level, and years of education. Height and weight were measured to calculate body mass index (BMI). In addition, serum estradiol (E2) and follicular stimulating hormone (FSH) levels were abstracted from medical records archived at the Shanghai Jiao Tong University Affiliated Sixth People’s Hospital with participants’ permission. Common menopausal genitourinary symptoms, such as (1) vulvovaginal symptoms including dryness, itching, and burning; (2) urological symptoms including frequent, urgent, and painful urination; recurrent urinary tract infection; and incontinence; and (3) sexual symptom including only decreased libido, were also evaluated by asking women if they had bothersome symptoms described above on a five-point scale ranging from 0 to 4, corresponding to “asymptomatic,” “mild,” “moderate,” “severe,” and “extremely severe,” respectively. Objectively, the severity of GSM was represented by the sum of scores for all seven symptoms.

Then, women underwent a gynecological examination by an experienced gynecologist, during which the Vaginal Health Index Score (VHIS) was measured. The VHIS evaluates the condition of vaginal mucosa through elasticity, vaginal discharge, pH, mucosal integrity, and moisture. A lower VHIS means a worse vaginal physical condition, and if the score is less than 15, it indicates the status of vaginal atrophy (Arêas et al., 2019). Also during this visit, two sterile swabs were used to obtain vaginal secretions samples from the posterior vaginal fornix while avoiding touching the cervix and vulva to avert contamination. One swab was used to detect vaginal pH by a pH test strip (Merck, Darmstadt, Germany) from 4.0 to 7.0 (Huang et al., 2010), and the other was immediately placed in a cryopreservation tube and stored in a −80°C freezer until processed.



DNA Extraction, Polymerase Chain Reaction Amplification, and Sequencing

Before the DNA extraction, frozen swabs containing vaginal secretions were thawed on the ice in a decontaminated environment. The bacterial genomic DNA was isolated from each specimen using the FastDNA® SPIN Kit for Soil (MP Biomedicals, Irvine, CA, United States), according to the standard manufacturer’s protocol, and stored at −20°C prior to subsequent detection. DNA concentrations and purities were quantified by the NanoDrop® ND-2000 UV-Vis spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States), and DNA quality was verified by 1% agarose gel electrophoresis.

The V3–V4 hypervariable region of the bacterial 16S ribosomal RNA gene was amplified using primers (Ling et al., 2017) 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GACTACHVGGGTWTCTAAT-3′) under the following thermal-cycling parameters: an initial temperature of 95°C for 3 min, followed by 28 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 45 s, and a final extension at 72°C for 10 min. The polymerase chain reaction (PCR) reactions were performed in a mixture in volume of 20 μL, containing 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of forward/reverse primer (5 μM), 0.4 μL of FastPfu Polymerase, 10 ng of template DNA, and 10 μL of ddH2O. The PCR products were checked on a 2% agarose gel, extracted from the gel, and further purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) and then quantified using QuantiFluorTM-ST (Promega, Madison, WI, United States). Subsequently, purified amplicons were pooled in equal amounts and were sent for paired-end sequencing (2 ∗ 300) on an Illumina MiSeq platform.



Bioinformatics and Statistical Analysis

Bioinformatics analysis was conducted in QIIME (v 1.9.0) or using R project (v 3.6.3) basically. Raw 16S rRNA gene sequences were analyzed using the Quantitative Insights into Microbial Ecology (QIIME) pipeline (v 1.9.0) as previously described (Caporaso et al., 2010). Briefly, raw sequences were assigned to respective samples based on the sample specific barcode sequences and trimmed through removal of both barcode and primer sequences for further quality filtering. Criteria used to filter the low-quality sequence reads were mainly as follows: sequences with a length less than 150 bp, sequences with an average quality score less than 20, sequences with mononucleotide repeats greater than 8, and sequences containing one or more ambiguous base (Huang et al., 2018). Retained high-quality sequences were clustered into distinct operational taxonomic units (OTUs) at a 97% similarity threshold using QIIME’s UCLUST program (Edgar, 2010), and chimeric sequences were detected and removed with ChimeraSlayer implemented in QIIME (Haas et al., 2011). Finally, representative sequences were aligned against the SILVA database (Quast et al., 2013)1 using the Ribosomal Database Project (RDP)2 Bayesian classifier that was retrained to assign taxonomy to each OTU at a 70% confidence threshold. Vaginal microbial taxa were confirmed at the phylum, class, order, family, and genus levels in this portion of the study analysis. In order to eliminate the difference of sequencing depth among samples and to minimize the sequencing errors caused by different library sizes, an average and uniform OTUs table was generated by subsampling under the minimum sequencing depth for downstream analysis.

Based on the OTU information, alpha and beta diversities were utilized to examine vaginal microflora structure. Alpha diversity (de la Cuesta-Zuluaga et al., 2019) (considered as “within” sample diversity) indices were calculated using the vegan package in R (v 3.6.3), including Shannon diversity index, Ace richness index, Chao estimator, Simpson diversity index, and Good’s coverage. Beta diversity (Chu et al., 2017) (known as “between” sample diversity) was analyzed using the Bray–Curtis and weighted UniFrac distance matrices. Then the principal coordinate analysis (PCoA) was plotted using R package ggplot with significant clustering in the intergroup Adonis test. The hierarchically clustered heatmap was generated to visualize microbial taxonomy composition and abundance by the R package pheatmap. Briefly, some relevant tables reflecting community structures were generated to reinforce argument explicitly. In addition, the linear discriminant analysis (LDA) effect size (LEfSe) (Segata et al., 2011) modeling was applied for the identification of significantly differential genera between groups based on relative abundance performed in the online Galaxy tools3. To define multivariate correlations of clinical characteristics and microbial community structure, Pearson correlation coefficient between them was calculated, and canonical correlation analysis (CCA) (Guo et al., 2016) was implemented in the R package vegan.

Further statistical analysis was performed using SPSS software (v 22.0). For continuous variables, data with a normal distribution were expressed as mean ± standard deviation; otherwise, data were shown as median (lower quartile, upper quartile). For categorical variables, the percentage was used to describe information. To judge differences between groups, independent-samples t-test (normal distribution and homogeneity of variance), Mann-Whitney U-test (non-normal distribution), χ2-test, or Fisher exact test (comparison of rate) was applied. Differences were considered statistically significant with P < 0.05.




RESULTS


Study Cohorts and the Severity of GSM Symptoms

A total of 100 vaginal samples from 100 menopausal women were available for analysis in this study and classified into two groups: non-treated women without any MHT (n = 50) and women on MHT over the past year (n = 50, tibolone was selected as the unified medication regimen for MHT in our study). Table 1 describes the main demographic characteristics of each group, and no significant difference was observed between groups except for years since menopause that was longer in women with MHT than in non-treated women.


TABLE 1. Demographic characteristics of participants.
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Table 2 shows common symptoms of GSM by severity, from asymptomatic to extremely severe, and Figure 1 demonstrates intuitively the mean score for main symptoms by group. Scores of vaginal symptoms and sexual symptom, as well as GSM, were higher in the non-treated group, indicating that a majority of GSM symptoms were significantly relieved in women treated with MHT (P < 0.01). However, there was no significant drop in the severity scores of urological symptoms between the groups (P > 0.05).


TABLE 2. Common symptoms of GSM.
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FIGURE 1. Severity of GSM main symptoms in each group: non-treated vs. MHT. Higher score means more severe symptom; statistical differences are shown in this figure: ∗∗P < 0.01, ∗∗∗P < 0.005.




Sequencing Data, Microbial Distribution, and Abundance

In this work, a total of 3,965,265 sequence reads (range 30,214–72,367 reads per sample) were acquired after quality control, with an average length of 444 bp per sample. Then high-quality sequences were classified into 27 phyla, 52 classes, 103 orders, 176 families, and 356 genera through bioinformatics processing.

The alpha diversity indices differed significantly between the non-treated group and MHT group as shown in Table 3. Shannon diversity index, Ace richness index, and Chao estimator were greater in the non-treated samples, whereas Simpson diversity index was lower in the non-treated samples relative to the MHT samples (P < 0.005). These results reflected a higher microbial diversity of vaginal environment in the non-treated women than in the MHT-treated women. However, there was no significant difference in Good’s coverage value between two groups, and the value for each group was 1.00, suggesting that the sequencing depth was sufficient to saturate the taxa.


TABLE 3. Alpha diversity indices for vaginal microbiota.
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To examine how the vaginal microbiota varied between these two groups, beta diversity analysis was performed by PCoA on the Bray–Curtis dissimilarity. As illustrated in Figure 2, the community structure of MHT-treated women was mostly separated from non-treated women (Adonis P < 0.001), with an R2-value (0.170) suggestive of this significant differentiation.
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FIGURE 2. Comparing samples distributions belonging to the non-treated (red) or MHT (blue) group by using principal coordinate analysis (PCoA) on the Bray–Curtis dissimilarity. Each sample is shown as a dot.


For more details on microbial community at the genus level, we analyzed the relative abundance of the top 50 classified genera in all samples, which was demonstrated as a hierarchically clustered heatmap (Figure 3). Table 4 lists the most abundant genera in two groups and included only the genera with abundance proportions greater than 0.005 in each sample; those failing to meet the condition were expressed as “others.” According to Figure 3, samples within the same group were more interrelated. Furthermore, microbial community profiles from the two groups were markedly different (Figure 3 and Table 4), which was also verified by PCoA results. Lactobacillus was the most representative bacterial genus in both groups, but was dominant only in the MHT group (Lactobacillus proportion of 29.1% in the non-treated samples vs. 83.1% in the MHT samples). In the non-treated group, Gardnerella, Prevotella, Streptococcus, Escherichia-Shigella, Atopobium, Sneathia, Bifidobacterium, etc., made great contributions, which was demonstrated by both data and graphics.


[image: image]

FIGURE 3. Heatmap analysis of relative abundance of microbial taxa found in all vaginal samples at the genus level (top 50). Each sample is shown as vertical bar, and different color of each cell represents different relative abundance: the low abundance and high abundance are highlighted by green and red, respectively. The horizontal bar on the top indicates the non-treated (red) or MHT (blue) group; dendrograms reflect hierarchical clustering on Bray–Curtis dissimilarity (columns) or Euclidean distance (rows) using average linkage.



TABLE 4. Proportion of most abundant genera in vaginal microbiota of different groups.
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Significant Differences in Microbial Communities

Subsequently, biomarker analysis was conducted to identify the special microbial taxa with significant abundance differences between non-treated and MHT samples using the LEfSe modeling. As seen in Figure 4, there were 49 bacterial clades presenting significant intergroup differences with a LDA threshold of 3.5, and most bacteria were enriched in non-treated samples. Focusing on the genus level, we found that there were as many as eight significantly different genera in the non-treated group, namely, Gardnerella, Prevotella, Escherichia-Shigella, Streptococcus, Atopobium, Aerococcus, Anaerotruncus, and Anaerococcus (all P < 0.05). In contrast, only Lactobacillus manifested the abundance advantage in the MHT group (P < 0.05).
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FIGURE 4. Linear discriminant analysis (LDA) effect size (LEfSe) analysis for comparing microbial variations at the genus level between the non-treated (red) and MHT (blue) group. (A) LEfSE cladogram of microbial taxa in different group (P < 0.05). (B) LDA score identifying effect size of difference between groups with a threshold value of 3.5, a higher score represents a greater contribution to the observed intergroup difference, indicating this taxon is a more important biomarker.




Multivariate Analysis

Finally, the CCA was applied to reveal the potentially multivariate correlation of clinical characteristics and primary microbial community (Figure 5). In the CCA, the length of the vector is used to interpret this correlation (a longer vector means a greater correlation with bacterial distribution), and the angle between vectors could reflect associations of clinical variables (a positive association is plotted as an acute angle and a negative association as an obtuse angle). Additionally, a greater distance between samples indicates a stronger dissimilarity in microbial structure. According to Figure 5, we found that the dissimilarity between samples in the non-treated group was larger than that in the MHT group, this phenomenon was consistent with PCoA results. Moreover, the distribution of non-treated samples was generally in accordance with the GSM vector, whereas MHT samples were mostly distributed in the direction of the VHIS vector, which was similar to the comparison of the severity of GSM between these two groups. The first axis had a significantly positive correlation with VHIS (P < 0.001), as well as a negative correlation with GSM (P < 0.005); it was obvious that these two variables had an obtuse relationship. Lactobacillus was also associated with the first axis; similarly, it corrected with VHIS positively (r = 0.626, P < 0.001) and with GSM negatively (r = −0.347, P < 0.001). As for GSM, other vaginal genera had some connections with it as well, including Chlamydia (r = 0.277, P < 0.01), Streptococcus (r = 0.270, P < 0.01), Enterococcus (r = 0.236, P < 0.05), Corynebacterium (r = 0.234, P < 0.05), Porphyromonas (r = 0.223, P < 0.05), and Escherichia-Shigella (r = 0.199, P < 0.05), all of which increased with the GSM severity score. Additionally, the second axis only presented a significantly inverse relationship with BMI (P < 0.001), but age could not affect the microbial community distribution in our study (P > 0.05).
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FIGURE 5. Canonical correlation analysis (CCA) of the above vaginal microbiota and clinical characteristics. Red and blue points represent non-treated and MHT samples, respectively, the 95% confidence intervals of samples’ distribution are visualized by ellipses, and the top 20 microbial genera are colored with yellow. Clinical characteristic variables (age, BMI, VHIS, GSM) are indicated by vectors in black.





DISCUSSION

In the current study, we performed a cross-sectional survey to determine a vaginal microbial restoration and GSM-related symptom improvement with MHT application based on 16S rRNA gene sequencing and to demonstrate the salient relevance among them. Taking into account the possible impact of different MHT options on the outcome, we chose tibolone as the only unified treatment. The foremost reason is that the vast majority of women treated with tibolone had no menstrual period; in this way, effects of menstruation on vaginal flora could be eliminated. What needs to be explained was that in our study cohort, patients received tibolone treatment due to multiple systematic symptoms rather than genitourinary symptoms alone, in strict accordance with the medicine guidelines (Pinkerton, 2020). Tibolone, a synthetic steroid with estrogenic, progestogenic, and androgenic properties, has long been used worldwide for menopausal symptoms (Formoso et al., 2016). Obviously, we proved that women receiving tibolone had significantly milder GSM symptoms than non-treated women, especially for vulvovaginal dryness and burning, as well as decreased libido, which was similar to previously reported studies (Kenemans and Speroff, 2005). However, there was no significant distinction in vulvovaginal itching and all urological symptoms between the two populations. The underlying basis for these findings is presumably the medicinal property. Tibolone is rapidly metabolized into three metabolites that play diverse roles in target tissues in the body through binding with estrogen, progesterone, or androgen receptors and modulating enzymatic activity (Kloosterboer, 2004), which explains why the levels of serum E2 and FSH were steady in all study participants. Tibolone itself and its Δ4 isomer have slight androgenic effects contributing to the increases in free testosterone and consequently to improving sexual desire (Laan et al., 2001). The female reproductive and lower urinary tracts share the same embryonic origin—urogenital sinus; furthermore, estrogen, and progesterone receptors have been identified in both tissues (Tincello et al., 2009). In theory, it could be anticipated that hormone therapy would help to ameliorate both genital and urinary symptoms, whereas the present researches still remain controversial about the effect of systemic estrogen on urinary symptoms (Robinson and Cardozo, 2011). We supposed that the urinary tract symptoms were mainly mild in the cohort, which to some extent may explain the lack of significant remission of symptoms after tibolone. Hence further clinical surveys and basic experiments should be carried out to clarify the management of postmenopausal lower urinary tract symptoms.

Herein, we demonstrated the vaginal microflora of women with MHT differed from that of non-treated women. First, the differences in all alpha diversity indices between groups implied a higher microbial diversity in samples of non-treated women, which suggested that there might be no definitely preponderant bacteria in these samples. Then, the analysis results revealed distinct vaginal microbial signatures in each group. Lactobacillus accounted for the highest proportion in both of them, but it was only dominant in the vaginal community of women with MHT. We also found it correlated positively with a healthier vaginal condition as well as negatively with more severe GSM, corresponding to the findings of previous studies (Muhleisen and Herbst-Kralovetz, 2016; Mitchell et al., 2018; Gliniewicz et al., 2019). However, it is pertinent to note that the non-treated vaginal microflora significantly included several anaerobic bacteria, namely, Gardnerella, Prevotella, Escherichia-Shigella, Streptococcus, Atopobium, Aerococcus, Anaerotruncus, and Anaerococcus. Interestingly, Prevotella has been shown to promote the growth of Gardnerella by producing polyamines during metabolism, in the same way, the existence of biofilm in Gardnerella could stimulate the growth of Prevotella (Randis and Ratner, 2019). Additionally, not only Gardnerella and Prevotella but also Streptococcus and Atopobium were strongly associated with bacterial vaginosis (Onderdonk et al., 2016). Numerous studies have affirmed that Escherichia coli, as the primary pathogen of urinary tract infections, could adhere to or even invade into vaginal epithelial cells prior to inducing an ascending infection (Brannon et al., 2020). Likewise, a few particular species of Aerococcus were also believed to involve in urinary tract infections (Rasmussen, 2016). One previous research detected that Anaerotruncus in the female reproductive tract might contribute to the development of endometrial cancer (Walther-António et al., 2016). Moreover, Anaerococcus was reported to be correlated with cervical intraepithelial neoplasia disease progression (Mitra et al., 2015). Taken together, these findings hint that ecological interactions are meaningful for vaginal environment and reproductive health; however, the potential interactions are far from definitive.

Our work specifically addressed relationships between the severity of GSM and vaginal microbiota, and except for a strikingly negative correlation between Lactobacillus and GSM, we demonstrated that other taxa correlated with GSM positively, including Chlamydia and Streptococcus, with high correlation coefficients. It has been suggested that a distinct bacterial community state characterized by Streptococcus was associated with vulvovaginal atrophy (Brotman et al., 2018), and our results were consistent with this finding. Moreover, it is well known that Chlamydia infection could result in acute and chronic reproductive disorders. Nevertheless, a few cross-sectional studies found that women in menopause were not susceptible to Chlamydia (Jackson et al., 2015; Stemmer et al., 2018). Notably, there was probably a complex mutual mechanism underlying the definite association between Chlamydia and more severe symptoms of GSM, as shown in our findings. Infection with Chlamydia in the female genital tract could drive increased expression of TLR2 and TLR4 accompanied by upregulation of cytokines, such as tumor necrosis factor α, interleukin 1α (IL-1α), and IL-6; these cytokines together trigger the inflammatory response during which tissue damage occurs (Agrawal et al., 2009). Unfortunately, our study did not involve immune-relevant research, so there was no way to directly provide an explicit conclusion of the interaction mechanism between vaginal bacteria and the local immune response. This aspect was one of limitations in the present study. However, based on the available evidence, we may speculate that the composition and stability of the vaginal microbiota play an essential part in determining the mucosal immune response and susceptibility to infection. Other limitations included that sample sizes were relatively small and participants included in this study were only from outpatients in one clinical center, which might lead to the issue that our results only partly reflected the situation of menopausal women in Shanghai, China. In this regard, additional studies with larger sample sizes and multicenter are required to further investigate the latent microbes associated with GSM and the microbiological mechanism in the occurrence and development of GSM.

In conclusion, GSM emerges with a decline in circulating estrogen levels, which may worsen gradually without intervention. Understanding the microbiological effect of MHT on GSM could help to improve novel strategies for GSM treatment and prevent discomfort. Our study demonstrated that Lactobacillus was distinctly abundant in the vagina and that symptoms of GSM were notably alleviated after regular hormone therapy. Furthermore, several special anaerobic bacteria were found to be significantly enriched in menopausal women without any treatment, and these bacteria were bound up with gynecological and reproductive diseases. Women infected with Chlamydia or Streptococcus in the vagina may be prone to suffer from GSM, which is necessary to be taken into account by medical staff. These findings are of great importance to clinical practice for the management of GSM, although the microbiological mechanism in the progression of GSM remains to be explored and perfected further.
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Effects of Dietary Isomaltooligosaccharide Levels on the Gut Microbiota, Immune Function of Sows, and the Diarrhea Rate of Their Offspring
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To investigate the effects of dietary isomaltooligosaccharide (IMO) levels on the gut microbiota, immune function of sows, and the diarrhea rate of their offspring, 120 multiparous gestating pig improvement company (PIC) sows with similar body conditions were selected and fed 1 of 6 diets: a basal diet with no supplement (control, CON), or a diet supplemented with 2.5 g/kg, 5.0 g/kg, 10.0 g/kg, 20.0 g/kg, or 40.0 g/kg IMO (IMO1, IMO2, IMO3, IMO4, or IMO5 group, respectively). Results showed that dietary treatments did not affect the reproductive performance and colostrum composition of sows (P > 0.05). However, compared to the CON, IMO reduced the diarrhea rate of suckling piglets (P < 0.05) and improved the concentrations of colostrum IgA, IgG, and IgM (P < 0.05). Moreover, IMO decreased the concentrations of serum D-lactate (D-LA) and lipopolysaccharides (LPS) at farrowing and day 18 of lactation (L18) (P < 0.05). High-throughput pyrosequencing of the 16S rRNA demonstrated that IMO shaped the composition of gut microbiota in different reproductive stages (day 107 of gestation, G107; day 10 of lactation, L10) (P < 0.05). At the genus level, the relative abundance of g_Parabacteroides and g_Slackia in G107 and g_Unclassified_Peptostreptococcaceae, g_Turicibacter, g_Sarcina, and g_Coprococcus in L10 was increased in IMO groups but the g_YRC22 in G107 was decreased in IMO groups relative to the CON group (P < 0.05). Furthermore, the serum D-LA and LPS were negatively correlated with the genus g_Akkermansia and g_Parabacteroides but positively correlated with the genus g_YRC22 and g_Unclassified_Peptostreptococcaceae. Additionally, the colostrum IgA, IgG, and IgM of sows were positively correlated with the genus g_Parabacteroides, g_Sarcina, and g_Coprococcus but negatively correlated with the genus g_YRC22. These findings indicated that IMO could promote the immune activation and had a significant influence in sows’ gut microbiota during perinatal period, which may reduce the diarrhea rate of their offspring.

Keywords: reproductive performance, diarrhea, gut microbiota, sows, isomaltooligosaccharide


INTRODUCTION

The perinatal period of sows is the transition stage from gestation to lactation, which generally refers to the combined period of late gestation and early lactation (10 days before after delivery). And sows are the core of modern large-scale pig production; their health and reproductive performance are the key to the economic benefits of pig farms. There were massive researches which suggest that the gut microbiota homeostasis of sow is important for the healthy gut development of their offspring during perinatal period (Zambrano et al., 2016; Grześkowiak et al., 2020). In addition, the physiological condition of suckling piglets is closely connected with the sows in the first weeks of life, including energy and nutrient supply (Klobasa et al., 1987; Gao et al., 2020), immunological protection (Salmon et al., 2009) and the microbial colonization of the gastrointestinal tract. So far, there are increasingly studies on the sow-piglet-axis, but there are not many systematic research literatures in this field.

Previous studies have demonstrated that a probiotic treatment of sows altered the composition of the gut microbiota in their offspring (Mori et al., 2011; Baker et al., 2013; Starke et al., 2013). Isomaltooligosaccharides (IMO), as a functional oligosaccharide, is considered to act as a prebiotic, since it can modulate the composition and metabolic activity of the gut microbiota, which might potentially enhance the health of the host organism (Ketabi et al., 2011). In particular, previous studies have shown that Bifidobacterium and Lactobacillus were increased in fecal microbiota, when different doses of IMO were supplemented to the diets (Ketabi et al., 2011; Yen et al., 2011; Likotrafiti et al., 2014). Besides, IMO is also known for its potential to activate the immune system and to enhance the host’s resistance to diseases and oxidation (Wu et al., 2017). However, no studies have been conducted to evaluate the effects of dietary IMO in gestating and lactating sows, although dietary IMO supplementation directly improved immune status and diarrhea of piglets (Wang et al., 2016; Wu et al., 2017). This aspect might be interesting, as a modulation of the gut microbiota of the sows might also influence the structure and composition of bacteria in the intestinal tract of their piglets. In addition, few studies have evaluated the potential of prebiotics in the sow-piglet-axis up to now, particular IMO. Therefore, it is necessary to study on the mechanism of IMO supplementation with respect to sow-piglet-axis.

Consequently, the purpose of this study was to study the effects of dietary IMO levels on reproductive performance, colostrum composition, immune index and gut microbiota of sows and diarrhea of offspring.



MATERIALS AND METHODS


Animal, Diets and Experimental Design

The protocol of this study was approved by the Institution Animal Care and Use Committee of college of Animal Science and Technology, Hunan Agricultural University (Changsha, China), and was conducted in accordance with the National Institutes of Health (Changsha, China) guidelines for the care and use of experimental animals. The IMO (IMO-900; purity ≥ 90%, with total isomaltose, panose, and isomaltotriose contents > 45%) was provided by the Baolingbao Biology Company (Shandong, China).

One hundred and twenty late pregnant sows (day 85 of gestation, PIC) with an initial body weight of 253.36 ± 14.30 kg and parity of 5.27 ± 1.58 were randomly allocated to 1 of 6 dietary treatments with 20 replicates based on body weight, parity and back fat. The treatments are: 1) a basal diet from late gestation to farrowing (CON group), 2) a basal diet plus 2.5g/kg, 5.0g/kg, 10.0g/kg, 20.0g/kg or 40.0g/kg IMO (IMO1, IMO2, IMO3, IMO4, or IMO5 groups). The composition of basal diets (Supplementary Table 1) was formulated in compliance with NRC (1998) nutrient requirements.

Sows were housed in 2.0 m × 0.6 m concrete-floored farrowing pen during day 85 to day 107 of gestation. The average amount fed to sows in each group was half provided at each feeding for a total of 2.6–2.8 kg, twice a day (08:00 am and 15:00 pm). During gestation day 108 to lactation, the sows were housed indoors in 2.13 m × 0.66 m concrete-floored delivery room pen. The average amount fed to sows in each group was half provided at each feeding for a total of 3.2 kg, twice a day (08:00 am and 16:30 pm). Before farrowing days 1–2, the average feeding amount dropped to 2.0 kg d–1. On the farrowing day (day 0 of lactation), the sows initially received a total of 1.0 kg day–1 of their lactation diets, which was then increased by 0.8 kg day–1 on days 1 and 2 and by 1.0 kg day–1 on days 3 and 4 until arriving at their maximum feed intake. To feed sows diets ad libitum to ensure that the sow’s trough has surplus fodder from day 5 of lactation to weaning. Sows were provided ad libitum access to water during the experimental period. The experiment was carried out in Hunan Xinguangan Agriculture and Animal Husbandry Co., Ltd. Pingjiang Branch (Xinguangan, Inc., Hunan, China), and the feeding management and immunization procedure were carried out in accordance with the company’s standard of breeding management. The trial lasted for 60 days.



Sample Collection

Seven sows per group were randomly selected for sample collection. Fresh feces were collected directly by massaging the rectum of sow on G107 and L10. Then, 60 samples stored in dry ice were transported to the laboratory and then stored at -80°C until analysis. A 10-mL blood sample of sow from the ear vein was collected on farrowing day within 2 h after delivery and L18 after an overnight fasting period of 16–18 h. Serum samples were obtained by centrifuging at 3,000 × g for 15 min at 4°C after standing for 1 h at 4°C. Then the samples were immediately stored at −80°C for the next analysis. Within two hours after farrowing, seven sows in each group were randomly selected for milk sample collection by hand-milking of four to six teats.



Reproductive Performance and Diarrhea Rate of Piglets

The total number of born, born alive, born robust (weight greater than 800 g), stillborn, and mummy number was recorded, so were average piglet birth weight (BW) at farrowing and lactation as well as average daily feed intake (ADFI) during lactation. On this basis, the survival rate of piglets, litter weight gain (from day 3 after birth to weaning) and total milk yield [(weaning litter weight-initial litter weight)/4] were calculated. In addition, from birth to weaning, the fecal score of piglets of each litter was recorded daily and their diarrhea rate during days 1–3, 1–7, 1–14, and 1–21 after birth were also be calculated.



Sow’s Milk Composition and Immunity, and Serum D-Lactate and Lipopolysaccharides

The milk samples of sows in each group were separately analyzed for the concentrations of fat, protein, lactose, urea nitrogen, fatting dry matter, and total dry matter using a Milko-Scan FT 120 (Foss Electric, Hillerford, Denmark). Colostrum and serum concentrations of immunoglobulin G (IgG), immunoglobulin A (IgA), and immunoglobulin M (IgM) were determined by the radial immunodiffusion method using a commercial kit (Wuhan Biological Engineering Co., Ltd, Wuhan, China). Besides, the serum D-lactate (D-LA) and lipopolysaccharides (LPS) were assessed by ELISA using commercially available kits (Wuhan Biological Engineering Co., Ltd, Wuhan, China).



DNA Extraction 16S rDNA Amplification and 16S rRNA Sequencing

DNA was extracted from fecal samples of sows (G107 and L10) using a Stool DNA Isolation Kit (Tiangen Biotech Co., Ltd., Beijing, China). The V3–V4 hypervariable region of the bacterial 16S rRNA gene was amplified using universal primers (338F and 806R). For each fecal sample, a 10-digit barcode sequence was added to the 5’ end of the forward and reverse primers (provided by Allwegene Company, Beijing, China). The PCR components contained 5 μL of Q5 reaction buffer (5×), 5 μL of Q5 High-Fidelity GC buffer (5×), 0.25 μL of Q5 high-fidelity DNA polymerase (5 U/μL), 2 μL (2.5 mM) of dNTPs, 1 μL (10 uM) of each forward and reverse primer, 1 μL of DNA template, and 9.75 μL of ddH2O. Cycling parameters were 98°C for 5 min, followed by 25 cycles at 98°C for 30 s, 52°C for 30 s, and 72°C for 1 min, and a final extension at 72°C for 5 min. PCR amplicons were purified with Agencourt AMPure beads (Beckman Coulter, Indianapolis, IN, United States) and quantified using the PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, United States). After the individual quantification step, amplicons were pooled in equal amounts, and pair-end 2 × 300 bp sequencing was performed using the Illlumina MiSeq platform with MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology Co., Ltd (Shanghai, China). The sequences were clustered into operational taxonomic units (OTUs) at a similarity level of 97% to generate rarefaction curves and to calculate the richness and diversity indices. OTUs representing <0.005% of the population were removed and taxonomy was assigned by the Ribosomal Database Project (RDP) classifier.

The Qiime1 software (Caporaso et al., 2010) was employed to process the sequencing data and perform cluster analysis, ACE abundance indexing, and Simpson diversity indexing of the analysis results. In addition, USEARCH2 was used to exclude chimeric sequences. Beta diversity analysis was used to investigate the structural variation of microbial communities across samples using UniFrac distance metrics. The Spearman’s rho nonparametric correlations between the gut microbiota and immune-related indexes were determined using R packages (v3.5.2).



Statistical Analysis

An individual sow served as the experimental unit. All statistical analyses were performed using SPSS 20.0 software (SPSS Inc., Chicago, IL, United States). The differences among groups were compared using covariance analysis, one-way ANOVA and Duncan multiple range test. In addition, the reproductive performance and colostrum composition of sows were compared with use of independent-samples T-test, and the diarrhea rates of suckling piglets were compared with use of chi-square analysis. Significance was set at P < 0.05.



RESULTS


Reproductive Performance on Sows

The effects of dietary IMO levels on reproductive performance of sows were shown in Table 1. There were also no effects of IMO treatment on mainly reproductive performance of sows (P > 0.05), in addition to mummy number and lactation ADFI (P < 0.05).


TABLE 1. Effects of different doses of IMO on the reproductive performance of sows.
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The Diarrhea Rate of Suckling Piglets

The results of dietary IMO levels on diarrhea rate of piglets were shown in Figure 1. The diarrhea rate of piglets was awfully high at days 1 to 14 of lactation (1–14 days) and days 1 to 21 of lactation (1–21 days), whereas dietary IMO reversed the diarrhea rate of piglets in a dose-dependent manner (P < 0.05, Figures 1C,D).


[image: image]

FIGURE 1. Effects of different doses of IMO on the diarrhea of suckling piglets in a different stage [(A), 1–3 days; (B) 1–7 days; (C) 1–14 days; (D) 1–21 days]. Data were compared with use of chi-square analysis (P < 0.10).




The Colostrum Composition and Immunity of Sows

Effects of dietary IMO levels on colostrum composition and immunity were shown in Table 2 and Figure 2. The results displayed that dietary IMO had no marked effect on the colostrum composition of sows (P > 0.05, Table 2). However, sows fed the IMO had a higher IgA, IgG, and IgM concentration in colostrum, with the highest values observed in IMO3 and IMO4 groups (P < 0.001, Figure 2).


TABLE 2. Effects of different doses of IMO on colostrum composition of sows.
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FIGURE 2. Effects of dietary isomaltooligosaccharide (IMO) levels on the concentrations of colostrum IgA (A), IgG (B), and IgM (C). Data are presented as means ± SD (n = 7). (a–d) Significant effects of treatment (P < 0.05; values with different lowercase letters are significantly different; T, total; L, linear; Q, quadratic).




The Serum Immunity of Sows

As shown in Figure 3, sows in the IMO5 group exhibited the highest concentrations of serum IgA, IgG, and IgM (P < 0.05) at farrowing. Besides, the IMO4 significantly increased the serum IgG concentration compared with CON, IMO1, and IMO2 groups (P < 0.05, Figure 3B).
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FIGURE 3. Effects of dietary isomaltooligosaccharide (IMO) levels on the concentrations of serum IgA (A), IgG (B), and IgM (C). Data are presented as means ± SD (n = 7). (a–c) Significant effect of treatment (P < 0.05; values with different lowercase letters are significantly different; T, total; L, linear; Q, quadratic).




The Serum Biomarker of Sows

At farrowing, the D-LA concentration in IMO1 group and LPS concentration in IMO1, IMO3, IMO4 and IMO5 groups were lower than those in the CON group (Linear, P < 0.05, Figures 4A,C). In addition, sows fed the diets containing IMO5 had a higher concentration of serum D-LA compared to IMO1 and IMO2 in L18 (Linear, P < 0.05), but the lower concentration of serum LPS was shown in IMO4 and IMO5 groups (Linear, P < 0.05, Figures 4B,D).
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FIGURE 4. Effects of dietary isomaltooligosaccharide (IMO) levels on the concentrations of sows’ serum D-LA (A) and LPS (C) at farrowing as well as serum D-LA (B) and LPS (D) at day 18 of lactation. Data are presented as means ± SD (n = 7). (a–c) Significant effect of treatment (P < 0.05; values with different lowercase letters are significantly different; T, total; L, linear; Q, quadratic).




The Gut Microbiota Diversity and Composition of Sows

Isomaltooligosaccharide changed the gut microbiota diversity of sows in G107 and L10 but the trend was different. The Chao 1 and ACE diversity indices were significantly reduced by dietary IMO supplementation in sows (expect IMO1 group) compared with the CON group in G107 (Linear, P < 0.05, Figure 5A). The Simpson and Shannon diversity indices were increased in all IMO groups, and the significantly difference was observed among the CON group and IMO3 and IMO4 groups in L10 (Quadratic, P < 0.05, Figure 5B).
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FIGURE 5. Effects of dietary isomaltooligosaccharide (IMO) levels on the α-diversity of gut microbiota at day 107 of gestation (A) and at day 10 of lactation (B) of sows. Simpson index, Chao1 index, ACE index, and Shannon index. Data are presented as means ± SD (n = 5). (a–c) Significant effect of treatment (P < 0.05; values with different lowercase letters are significantly different; T, total; L, linear; Q, quadratic).


All 60 fecal samples were subjected to 16S rRNA gene sequencing. Illumina Miseq sequencing of the V3-V4 regions of bacterial 16S rRNA genes generated 1,094,499 and 1,132,136 high-quality sequences in G107 and L10, respectively (Supplementary Table 2). On the basis of 97% sequence similarity, we obtained 7,806 and 7,969 OTUs in G107 and L10, respectively. Further, variations in the microbial composition of all groups were explored. LEfSe analysis of the bacterial community was used to filter the significantly different OTUs among groups and the results showed that there exist dramatic differences in microbial composition between the treatment groups and the CON group (Supplementary Figure 1). There were no significant difference in the relative abundance of bacterial p_Firmicutes and p_Bacteroidetes and its ratio (F/B) among the all treatment groups in G107 and L10 (P > 0.05, Figures 6A–C, 7A,B). g_Lactobacillus increased but g_YRC22 showed a remarkable reduction in IMO4 group compared with the CON group in G107 (Linear, P < 0.05, Figures 6D,E). Sows in IMO3 group had a highest relative abundance of g_Unclassified_Coriobacteriaceae and g_Slackia, and it significantly differ from IMO2, IMO4, and IMO5 groups in the relative abundance of g_Unclassified_Coriobacteriaceae and CON group, IMO1,IMO2, IMO4, and IMO5 groups in the relative abundance of g_Slackia (Total, P < 0.05, Figures 6F,H). Besides, the relative abundance of g_Parabacteroides was enhanced in IMO2 and IMO3 groups (Quadratic, P < 0.05, Figure 6G) and the relative abundance of g_Bifidobacterium was increased in IMO4 and IMO5 groups (P > 0.05, Figure 6I). At the genus level, the relative abundances of g_Unclassified_Ruminococcaceae and g_Coprococcus were the highest (Total, P < 0.05, Figures 7C,E) but the g_Unclassified_Peptostreptococcaceae and g_Sarcina was the lowest in IMO4 group in L10 (P < 0.05, Figures 7D,G). In addition, the relative abundances of g_Unclassified_Peptostreptococcaceae, g_Turicibacter and g_Sarcina were the highest in IMO2 group (Quadratic, P < 0.05, Figures 7D,F,G) and the relative abundance of g_Akkermansia was the highest in IMO1 group (P > 0.05, Figure 7H). Furthermore, IMO increased the relative abundance of g_Bifidobacterium compared with the CON (P > 0.05, Figure 7I). Therefore, the above results indicated that the gut microbiota composition of sows was profoundly altered during late pregnancy and lactation.
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FIGURE 6. Effects of dietary isomaltooligosaccharide (IMO) levels on the gut microbiota compositions at the phylum level in sows. (A) p_Firmicutes, (B) p_Bacteroidetes, (C) F/B, Firmicutes/Bacteroidetes, (D) p_Firmicutes; g_Lactobacillus, (E) p_Bacteroidetes;g_YRC22, (F) p_Actinobacteria; g_Unclassified_Coriobacteriaceae, (G) p_Bacteroidetes; g_Parabacteroides, (H) p_Actinobacteria; g_Slackia, (I) p_Actinobacteria; g_Bifidobacterium. Data are presented as means ± SEM (n = 5). (a–c) Significant effect of treatment (P < 0.05; values with different lowercase letters are significantly different; T, total; L, linear; Q, quadratic).
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FIGURE 7. Two major bacterial phyla and the changes in the seven distinct genera in gut microbiota composition of sows at day 10 of lactation. (A) p_Firmicutes, (B) p_Bacteroidetes, (C) p_Firmicutes; g_Unclassified_Ruminococcaceae, (D) p_Firmicutes; g_Unclassified_Peptostreptococcaceae, (E) p_Firmicutes; g_Coprococcus, (F) p_Firmicutes; g_Turicibacter, (G) p_Firmicutes; g_Sarcina, (H) p_Verrucomicrobia; g_Akkermansia, (I) p_Actinobacteria; g_Bifidobacterium. Data are presented as means ± SEM (n = 5). (a–c) Significant effect of treatment (P < 0.05; values with different lowercase letters are significantly different; T, total; L, linear; Q, quadratic).




Correlations Between Gut Microbiota and Serum Biomarker and Colostric Immunoglobulin

A Spearman’s correlation analysis was performed to evaluate the potential link between alterations in gut microbiota composition in G107 and L10 and serum D-LA, LPS, IgA, IgG, and IgM of sows at farrowing and L18 or IgA, IgG, and IgM in colostrum of sows at farrowing (Figure 8). The serum D-LA and LPS at farrowing was negatively correlated with the genus g_Akkermansia and g_Parabacteroides in L10 (P < 0.05), respectively. However, the serum LPS in L18 was positively correlated with the genus g_YRC22 in G107 and the genus g_Unclassified_Peptostreptococcaceae in L10 (P < 0.05). Moreover, the IgA, IgG, and IgM in colostrum of sows at farrowing was positively correlated with the genus g_Parabacteroides and g_Slackia in G107 and g_Coprococcus in L10 but negatively correlated with the genus g_YRC22 in G107 (P < 0.05).
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FIGURE 8. Heatmap of the Spearman’s r correlations between the gut microbiota significantly modified by different dietary treatments and period of sows. Data are presented as means ± SEM (n = 5 or 7). *P < 0.05; **P < 0.01 (following the Spearman’s correlation analysis). G, at day 107 of gestation; L, at day 10 of lactation.




DISCUSSION

The health of sow plays a crucial role in the pig production, and sows’ reproductive performance is an important index of economic benefit of pig farm. However, sows in the late gestation due to rapid fetal growth caused by insulin resistance and the body’s metabolic syndrome will lead to gut microbiota disorder, which will affect the reproductive performance of the sows and the growth and health of their offspring (Tan et al., 2016; Cheng et al., 2020). IMO is one of the oligosaccharides which produced by enzymatic conversion of starch and widely used in the food and feed industry, which has a wide spectrum of biological activities (Ketabi et al., 2011). Previous studies have shown that dietary oligosaccharides supplementation in sows improves sows’ performance by regulating the homeostasis of gut microbiota (Li et al., 2012; Duan et al., 2019). Contrary to these results, our current study showed that IMO supplementation exerted no effects on the mainly reproductive performance of sows. This discrepancy could be attributed to the time phase of IMO supplementation and different polymerization degree of commercial IMO (Hu et al., 2013).

Interestingly, we found that dietary IMO supplementation in sows significantly reduced the diarrhea rate of piglets during lactation, especially for low dose. Consistently, Wang et al. (2016) reported that the diarrhea rate of piglets linearly declined as the IMO level increased, and the beneficial effects may be due to enhanced immune status of pigs. During lactation, milk is one of the most important ways that the sows connect with its offspring (Wu et al., 2020). Moreover, the breast milk is the only source of the energy and immunity of the piglets (Xie et al., 2015), which contributes to immune system maturation, organ development, and healthy microbial colonization (Parigi et al., 2015). Many studies have showed that the milk composition and its immuneglobulin concentration play key roles in the healthy growth and development of piglets (Lonnroth et al., 1988; Charneca et al., 2015), which is closely related to the gut microbiota (Solís et al., 2010; Burton et al., 2017) and may affect the growth and development of the piglets (Kirmiz et al., 2018). A recent study indicated that chitooligosaccharides supplementation modified milk composition (Cheng et al., 2015). Similarly, previous studies have also shown that the sows fed mannanoligosaccharides improved the colostrum and milk IgA IgG, IgM, and the serum IgG level in the suckling piglets (Newman and Newman, 2001). Especially during early lactation, the diarrhea of piglets occurred due to the colostrum immunoglobulin. Therefore, we measured the colostrum composition and immunoglobulin (IgA, IgG, and IgM) of sows. We found that IMO supplementation did not affect colostrum composition of sows, but improved the concentrations of colostrum IgA, IgG, and IgM, which may explain why the diarrhea rate of piglets decreased.

In addition, the injury of gut barrier function is also closely related to the milk quality. Perez et al. (2007) found that intestinally derived bacterial components are transported to the lactating breast within mononuclear cells, which affected the milk quality and the offspring health. Bacterial translocation usually caused by the destruction of gut barrier (MacFie, 2000). The concentrations of serum LPS and D-LA can be used to give expression to the gut barrier function, and if its concentration improved in serum, the gut barrier have been destroyed (Xu et al., 2018). In the present study, the diets of sows containing IMO especially at low and high doses have lower concentrations of serum LPS and D-LA at farrowing and L18, which reflected that the function of IMO protected the intestinal barriers.

The gut microbiota is one of the most important intestinal barriers, whose homeostasis will also affect the body immunity, including the milk immunity (Rooks and Garrett, 2016). As we know, the level of immunoglobulin expression in serum of sows can immediately reflect the body immunity, which will also cause the changes of gut bacteria. In the present study, we found that IMO with different doses changed the concentrations of serum IgA, IgG, and IgM, especially IMO5 was very significant increased the immunoglobulin expression in serum of sows. To some extent, this suggests that IMO can increase the immunity of perinatal sows, which influence the structure of gut microbiota in sows. Furthermore, the establishment of gut microbiota of piglets was influenced by sow’s gut microbiota, which has already been demonstrated after a probiotic treatment of mother sows (Mori et al., 2011; Baker et al., 2013; Starke et al., 2013). Recent studies have suggested that diarrhea is strongly related to the dysbiosis of gut microbiota (Shrivastava et al., 2017; The et al., 2018). In addition, the disorderliness of gut microbiota during perinatal period of sows will affect its milk quality and gut microbiota of piglets, which may lead to diarrhea in piglets. Therefore, the functional pro(e)biotic supplementation to the diets of sows during perinatal period may improve the diarrhea of piglets by regulating sow’s gut microbiota.

In the present study, we found that IMO with different doses changed the composition and structure of the gut microbiota of perinatal sows, especially G107 and L10. Except for the numbers of g_YRC22, the bacterial groups in the feces of the sows were increased with varying degrees by the dietary inclusion of IMO. In G107, dietary supplementation of IMO increased the abundance of g_Parabacteroides, belonging to p_Bacteroidetes, which were comprises anti-inflammatory bacteria (Ishioka et al., 2017). The relative abundance of bacterial g_Slackia, belonging to p_Actinobacteria, was also increased. It can produce some bioactive substances to play a protective role and correlated with immunity. The same as our result, g_Parabacteroides and g_Slackia were closely correlated with colostrum IgA, IgG, and IgM, which may influence the diarrhea of piglets by this way.

Moreover, dietary supplementation of IMO in L10 can also significantly enhanced the relative abundance of bacterial g_Unclassified_Peptostreptococcaceae, g_Coprococcus, g_Turicibacter and g_Sarcina, which both belong to the p_Firmicutes. g_Unclassified_Peptostreptococcaceae was the dominant bacteria genus to produce the volatile fatty acids (VFAs), which contributed to the energy metabolism of host (Li et al., 2018). g_Coprococcus have been found to play beneficial roles in maintaining intestinal stability, also reported as the butyrate-producing genus (Nishino et al., 2018). g_Turicibacter and g_Sarcina are also in connection with intestinal barrier function and inflammation (Liu et al., 2014; Le Sciellour et al., 2019). It systematically enhancing effect of dietary IMO on the numbers of beneficial bacterium in sows can be assumed.



CONCLUSION

In conclusion, IMO could reduce the diarrhea rate of their offspring, the effects might be attributed to the enhanced immune system of piglets. This suggests that the reduced rate of diarrhea in piglets is mainly because of the role of immunoglobulin in the sows’ milk, although the IMO still had a significant influence in sows’ gut microbiota, which was significantly correlated with immunoglobulin in milk. In our studies, it has evaluated the potential of IMO with regard to the sow-piglet-axis, but the concrete mechanism needs to be further researched.
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Confined experiments are carried out to simulate the closed environment of space capsule on the ground. The Chinese Controlled Ecological Life Support System (CELSS) is designed including a closed-loop system supporting 4 healthy volunteers surviving for 180 days, and we aim to reveal the temporal characteristics of the oropharyngeal and nasal microbiota structure in crewmembers stayed 180 days in the CELSS, so as to accumulate the information about microbiota balance associated with respiratory health for estimating health risk in future spaceflight. We investigated the distribution of microorganisms and their dynamic characteristics in the nasal cavity and oropharynx of occupants with prolonged confinement. Based on the 16S rDNA v3–v4 regions using Illumina high-throughput sequencing technology, the oropharyngeal and nasal microbiota were monitored at eight time points during confinement. There were significant differences between oropharyngeal and nasal microbiota, and there were also individual differences among the same site of different volunteers. Analysis on the structure of the microbiota showed that, in the phylum taxon, the nasal bacteria mainly belonged to Actinobacteria, Firmicutes, Proteobacteria, Bacteroidetes, etc. In addition to the above phyla, in oropharyngeal bacteria Fusobacterial accounted for a relatively high proportion. In the genus taxon, the nasal and oropharyngeal bacteria were independent. Corynebacterium and Staphylococcus were dominant in nasal cavity, and Corynebacterium, Streptococcus, and Neisseria were dominant in oropharynx. With the extension of the confinement time, the abundance of Staphylococcus in the nasal cavity and Neisseria in the oropharynx increased, and the index Chao fluctuated greatly from 30 to 90 days after the volunteers entered the CELSS.

Conclusion: The structure and diversity of the nasal and oropharyngeal microbiota changed in the CELSS, and there was the phenomenon of migration between occupants, suggesting that the microbiota structure and health of the respiratory tract could be affected by living in a closed environment for a long time.

Keywords: controlled ecological life support system, microbial community, space flight, oropharynx, nasal cavity, microbiota


INTRODUCTION

In the human respiratory tract, there is a complex microbiota and microecological balance, and the disruption of the balance at specific sites may lead to the overgrowth of pathogens and the increased susceptibility to infection. Infection is generally associated with altered microbial diversity and microbiota structure and that had been reported in a variety of respiratory diseases, including upper respiratory tract infection accompanied by acute otitis media (AOM) (Chonmaitree et al., 2017), pharyngitis (González-Andrade et al., 2017), asthma (Katsoulis et al., 2019), and pneumonia (Morinaga et al., 2019). Nasal cavity and oropharynx locate the entrance of the upper respiratory tract, which serve as the physical barrier to the invasion of the pathogens and also important habitats colonized by a large number of conditional pathogen. Clinical pathogenic bacterium, such as Staphylococcus aureus, Streptococcus pneumoniae, Haemophilus influenzae, and Moraxella catarrhalis are generally colonized in the nasal cavity. Thus, it is also a main position of the viral infection (de Steenhuijsen Piters et al., 2015; Brugger et al., 2016; Bomar et al., 2018). The oropharynx is an important site for the colonization of pathogenic bacteria. Metagenomic sequencing has proved that the pharynx of a healthy adult is colonized by pathogenic bacteria such as Streptococcus, Haemophilus and Neisseria (Segata et al., 2012; Ver Heul et al., 2019). Normally, these pathogenic microorganisms live in the host as part of the microecosystem, occupying an ecological niche and even resisting the infection of other exogenous pathogenic bacteria. However, in a few cases, they cause respiratory diseases, which need to be triggered by various exogenous or endogenous stimuli (Bogaert et al., 2004). Dynamic surveillance of oropharyngeal and nasal microbiota structure may be crucial in predicting inflammatory lung disease and guiding medical treatment (Lee et al., 2019).

During space flight, the astronauts will have to live in the spacecraft for a long time. Factors like confined living environment, lifestyle changes, stress, and biological rhythm changes may have a significant impact on the physiological environment and the body's immune function. On the other hand, the changes of environmental stress factors, such as oxygen, pH, humidity, and nutrient, may cause the dynamic response of symbiotic bacteria. The uncontrollable increase of pathogenic bacteria in the bacterial community may lead to infection. The experience of the manned space flight of the United States and Russia has proved that with the extension of flight time, the accumulation of microorganisms in the cockpit became more and more serious, and the increase of pathogens in the living environment was more likely to cause infection and allergy and affect human health. Dynamic studies of microbes in confined spaces have shown that harmful bacteria accumulated in the environment with prolonged confined time and it weakened the immune system of humans exposed to stress and extreme environmental conditions during space flight, leading to increased susceptibility. In aerospace health events, upper respiratory symptoms (0.97 per flight year) and other (non-respiratory) infectious events are among the most prevalent, second only to rashes (1.12 per flight year) (Crucian et al., 2016a).

Detection and analysis of on-orbit microorganisms can provide a comprehensive understanding of the microbial composition and changes in pathogenic microorganisms on the space station, which is conducive to the prevention of infectious diseases (Ichijo et al., 2016; Blachowicz et al., 2017; Lang et al., 2017).

In this study, the CELSS was used to simulate space environment on the ground, and four crewmembers were confined for 180 days in the experiment. With Illumina 16S rDNA V3–V4 high-throughput sequencing technologies, the systemic research of human source bacteria microbiota was carried out, in order to research microbial characteristics of the upper respiratory tract of the crew living in a closed environment for a long time. The risk of suffering from respiratory disease for humans living in an airtight environment was assessed, and we aimed to provide reference basis for infection control on orbit.



MATERIALS AND METHODS


Volunteers

The crewmembers consisted of 3 males and 1 female (age 34.2 ± 6.6 years, weight 64.5 ± 6.1 kg, height 169.3 ± 5.1 cm) that were selected from 2,110 volunteers through qualification examination and physical and psychological examinations. In this study, infectious disease including chronic pharyngitis, asthma, and pneumonia would be causes for rejection. Crewmembers were adequately trained to perform the related test tasks before the experiment.

The research program was approved by the Ethical Committee of the ACC (China Astronaut Research and Training Center, Beijing, China) and complied with all the guidelines in the Declaration of Helsinki. Each volunteer was informed of the content and schedule of the study, and the informed consent form was signed. Participants can withdraw from the study at any time.



Research Design

The CELSS platform consists of six interconnected modules and eight compartments, including two crew pods, four greenhouses, a resource pod, and a recovery and purification system to treat waste (feces, urine, plant residues, wastewater, exhaust gas) and produce CO2 for plants, as well as a life support pod for storing and processing food. The crew cabin consists of a single bedroom, a working area, a medical monitoring area, a cafeteria, and a gym. The life support system is controlled by an automatic feedback network.

The four crewmembers follow a strict diet and working schedule. Meanwhile, they control water treatment units, plant culture, garbage disposal, life support, and air control systems, and they perform cleaning and maintenance tasks (Yuan et al., 2019). In addition, they actively engage in scientific experiments in which they are the subjects of many psychological and physical tests. The project described in this paper is one of these experiments, named “Confined Habitat and Microbial Ecology of Human Health” experiment, which aims to obtain detailed data on microbiota changes in human from confined environments. Nasal and oropharyngeal samples were taken from four crew members during the experiment which lasted 180 days. Monthly sampling was conducted on the same day or one day before the delivery so that all the samples could be treated within 48 h. After sampling, the samples were marked, sealed, and put into the cold storage device for inspection.



Sample Collection

The samples were collected during the 180-days experiment, which was conducted in the CELSS platform located in Space Science and Technology Institute (Shenzhen), Shenzhen, Guangdong Province, China. The four crewmembers were quarantined for 180 days swabs. Sterile swabs were used for sampling from oropharynx and nasal cavity eight times. The swabs (155C conventional swab, Copan, Italy; ethylene oxide sterilization) were held on the handle and gently inserted into the oropharynx or nasal cavity, gently rotated 3–5 times, and then were removed slowly. Put the extracted samples into the sample collection tubes, break the handles, seal them and store them in the −80°C refrigerator to complete the sampling. Samples were taken 7 days before the confined experiment and 15, 30, 60, 90, 120, 150, and 180 days during the confined experiment. On a manned space station, in order to ensure that samples could truly reflect the growth of human microorganisms, on-orbit microbial samples were generally collected 1–2 days before the separation of the spacecraft and the space station (Novikova et al., 2006). So, nasal and oropharyngeal samples were collected on the same day or one day before delivery. Delivery modules happened once a month, and the samples were delivered from the capsule on that day. After sampling, the samples were marked, sealed, and stored in the cold storage device. The time between sampling and detection should not exceed 48 h. Then, DNA was extracted from samples, and microbiota analysis was carried out by using the molecular biological and genomics method.



Illumina MiSeq Amplicon Sequencing
 
DNA Extraction

DNA was extracted with QIAGEN PowerSoil DNA Isolation Kit. DNA quality was determined by 1% agarose gel electrophoresis. The concentration of the extracted DNA was detected and adjusted. The DNA working solution was stored at 4°C, and the storage solution was stored at −20°C.



16S rRNA Gene Amplicons for Sequencing

PCR amplification was performed on the V3–V4 regions of the 16S rRNA gene of samples. The PCR reaction (30 μl) was in triplets, including 22.4 μl ultra-pure water and 6 μl Taq&Go™ Mastermix (Biomedmix, Heidelburg MP, Germany), a forward and reverse primer of 0.3 μl, respectively (10 μM), and a 1-μl extracted DNA template. Amplification was performed in 35 cycles on the PCR instrument, which was set as follows: 95°C 45 s, 55°C, 45 s, 72°C 90 s, including initial denaturation at 95°C for 5 min and final elongation at 72°C for 10 min. Gel recovery and purification: the target strip was recovered by cutting, and purified samples were obtained. Quantification of each sample: a Qubit fluorescence quantitative analyzer was used to quantify each sample. Illumina TruSeq DNA Sample Preparation Guide was used to construct DNA library. Illumina MiSeq PE300 was used for sequencing.




Sequencing Analysis

Sequence reads were analyzed with QIIME 1.9.1 (Caporaso et al., 2010) according to tutorials provided by the QIIME developers. After quality checking with Fastqc, the reads were assigned to each sample according to barcodes. Reads were merged to tags, and they are clustered into OTUs at 97% similarity. Based on OTUs and annotation results, composition difference analysis and microbial diversity were analyzed.



Statistical Analysis

The comparisons of the microbial diversity were performed using R software (version 3.6.3). The Kruskal–Wallis test was used to compare the mean values of different groups, and p < 0.05 was considered statistically significant. The vegan package of R software was used to make principal coordinate analysis and draw the PCoA analysis chart.




RESULTS

The 64 swab samples were collected from the oropharynx and nasal cavity of the four crew members during isolation in the CELSS at eight time points over a 180-days period. The implementation of the whole experiment conforms to the design of the experiment (Yuan et al., 2019). The schematic diagram of the research experiment design is shown in Figure 1. The outline of the CELSS and the living and working places of the volunteers are shown in Supplementary Figure 1.


[image: Figure 1]
FIGURE 1. Schematic diagram of research design. The sampling time point is shown at the top. The numbers represent the number of days before (L-) and during (C-) confinement, and−7 days represents the 7th day before the confinement experiment. The colored circles represent the time points that were used to collect the sample specified on the left side of the figure.



Microbial Diversity Analysis of Nasal and Oropharyngeal Samples Under Confined Conditions

A total of 1,050,859 sequence readings were obtained from the nasal sample, and the median number of reads in the nasal sample was 31,266. A total of 666,675 sequence readings were obtained from oropharyngeal samples, and the median number of reads in oropharyngeal samples was 18,830.

The overall structure of microbial community composition was characterized by principal coordinate analysis (PCoA) of diversity differences. The results showed that the largest factor affecting the differences between samples was the sampling site (Supplementary Figure 2A). The microbial composition in the nasal cavity and oropharynx was distinctly different at the taxon of phylum (Supplementary Figure 2B). The nasal bacteria mainly belonged to Actinobacteria, Firmicutes, Proteobacteria, and Bacteroidetes, while Fusobacterial occupied a relatively high proportion in oropharyngeal microbiota in addition to the above-mentioned phyla. The microbiota of the same site had an individual difference in relative numbers (Supplementary Figures 2D,E). The index Chao of the oropharyngeal microbial community was higher than the nasal cavity, and it fluctuated more wildly in the nasal microbial community, but there was no statistical difference (P = 0.63) (Supplementary Figure 2C).



Temporal Characteristics of Nasal and Oropharyngeal Microbiota Under Confined Conditions

QIIME 1.9.1 was used to generate the species abundance distribution diagram of multiple samples. According to the classification results, bacteria in the top six positions of richness detected in the nose samples mainly belong to Corynebacterium, Staphylococcus, Alloiococcus, Peptoniphilus, Propionibacterium, and Acinetobacter. Analysis results of nasal bacterial composition (Figure 2A, Supplementary Figure 3) showed that Corynebacterium and Staphylococcus were dominant, and with the extension of confined time, the relative abundance of Corynebacterium showed a downward trend (P = 0.083), and Staphylococcus and Alloiococcus increased (P = 0.48, P = 0.92).


[image: Figure 2]
FIGURE 2. Dynamic analysis of the changes in the structure of microbiota over time. (A) Temporal characteristic of nasal microbiota, (B) temporal characteristic of oropharyngeal microbiota, (C) changes of nasal microbial index Chao with time, and (D) changes of oropharyngeal microbial index Chao with time. The horizontal axis represents the time point. L7 represents 7 days before the confined experiment, and C15, C30, C60, C90, C120, C150, and C180, respectively represent 15, 30, 60, 90, 120, 150, and 180 days during the confined experiment. The vertical axis represents the relative abundance of the genera.


The analysis results of the oropharyngeal microbial composition showed that (Figure 2B, Supplementary Figure 3) the dominant bacteria in oropharyngeal samples belonged to Corynebacterium, Streptococcus, Neisseria, Rothia, Prevotella, Leptotrichia, Haemophilus, Capnocytophaga, etc. The evenness of oropharyngeal dominant bacteria was higher than that of nasal dominant bacteria. On the whole, Prevotella showed a decreasing trend (P = 0.18), Neisseria showed an increasing trend (P = 0.34), Capnocytophaga decreased at first and then increased, while Leptotrichia showed little change.

The index Chao showed no obvious trend (Figures 2C,D), but it fluctuated greatly over time, especially at the time points of C30, C60, and C90. The index was relatively stable at the beginning and end of confinement.

It is worth mentioning that at the time point of C60, Corynebacterium has increased in the nasal cavity and oropharynx synchronously, the index Chao reduced and Staphylococcus in the nasal cavity and Streptococcus in oropharynx reduced.



Dynamic Analysis of Individual Bacterial Community Structure During Confinement Time

There is some microbial specificity between individuals, so we analyzed the changes of individual bacterial community over time (Supplementary Figure 4). With the extension of the isolation time, as a whole, the nasal microbiota showed a decreasing trend of Corynebacterium (P = 0.083) and an increasing trend of Staphylococcus (P = 0.48), which was very obvious in volunteer 3 and 4. It should be noted that the abundance of Alloiococcus was higher and increased in the nasal cavity of volunteer 1, but it was rare in other volunteers. Acinetobacter was characterized abnormally high periodically in the nasal cavity of volunteer 4. Propionibacterium occupied a relatively low proportion in these dominant bacteria. Staphylococcus was very rarely in the nasal bacterial community of volunteers 2 and 4 before the confined experiment, while it was higher in the nasal bacterial community of volunteers 1 and 3. An interesting higher proportion of Staphylococcus was detected in the nasal bacterial community of all the volunteers during the confined experiment. The DNA extraction of nasal samples from volunteer 2 on day 180 and volunteer 4 on day 60 failed.

Neisseria in oropharyngiae (except occupant 1) showed an increased trend in the study (Supplementary Figure 5). An outbreak of Rossella happened 1–2 months after isolation and then returned to normal level. DNA was failed to be extracted from the oropharyngeal samples of volunteer 1 at day 60 and 90 and volunteer 4 at day 60.

With 97% similarity, the OTU number of each sample was obtained. The Venn diagram was used to show the number of common and unique OTU numbers of multiple samples, and the OTU overlap among samples was visually displayed to reflect the microbial crossover between samples. We selected two time points of pre-confinement (L7) and confinement time 180 days (C180) for the Venn diagram analysis. Since it was failed to extract the DNA of nasal sample C180 from Volunteer 2, we chosed the nasal sample of confinement time 150 days (C150) instead of C180 for analysis (Figure 3). The number of common and unique OTU numbers of oropharyngeal samples was consistent before and after confinement. The common OTU numbers of nasal samples increased after confinement, which indicated that the nasal microbiota had the dynamic characteristic of evolving in the same direction after confinement, and the reason may be that airtight environmental factors caused the change of microbiota, while some microorganisms in the nasal cavity spread through the air and transfered between individuals in an airtight space.


[image: Figure 3]
FIGURE 3. Venn diagram of oropharyngeal and nasal samples before and after confinement. Mouth L7 and Mouth C180 represent oropharyngeal samples taken 7 days before and 180 days after confinement, and Nostril L7 and Nostril C150 represent nasal samples taken 7 days before and 150 days after confinement, respectively. P1, P2, P3, and P4 are the numbers of four volunteers. Circles of different colors are used to represent different individual samples, and the numbers of overlapping areas represent the numbers of common OTUs among samples. The common OUT numbers increase after confinement in Nostril samples Nostril L7 and Nostril C150.




Distribution of Opportunistic Pathogens Before and After Confinement

Some genera of the dominant bacteria in the oropharyngeal and nasal microbial community contain pathogenic or opportunistic pathogens. According to the literature reports (Chonmaitree et al., 2017; González-Andrade et al., 2017; Katsoulis et al., 2019; Morinaga et al., 2019), several genera were selected from the dominant bacteria, which contained opportunistic pathogens. For example, Staphylococcus contains staphylococcus aureus, which produces enterotoxins that are harmful to health. Neisseria contains N. meningitidis which is a pathogenic bacterium of epidemic cerebrospinal meningitis, and it is mainly transmitted through the respiratory tract. S. pyogenes attached to Streptococcus can cause a variety of suppurative inflammation and hypersensitivity diseases, and S. pneumoniae can cause respiratory infections in human beings. The A. otitis attached to Alloiococcus is a pathogenic factor in adult secretome otitis media. P. acnes in Propionibacterium can cause skin inflammation and is the pathogen of acne.

To reveal the changes of the above opportunistic pathogens in the human body in an isolation environment, we tried to compare the difference of the genera containing pathogen bacteria before and after the isolation (Figure 4, Supplementary Table 2). It was worth mentioning that the sequencing sequence of the 16s rRNA gene V3–V4 area could not distinguish the species level; however, the genera containing potentially pathogenic bacteria that we had listed could reflect the increased risk of infection by opportunistic pathogens from the side. It was failed to extract DNA from the nasal sample of C180 of Volunteer 2, and C150 was used for alternative analysis. The figure showed obvious increase in Staphylococcus of the nasal cavity and in Neisseria of the oropharynx after confinement, suggesting an increased risk of infection.


[image: Figure 4]
FIGURE 4. Changes in the content of potential pathogenic bacteria before and after confinement. The bacterial distribution 7 days before confinement (L7) and 180 days after confinement (C180) in different individuals was statistically analyzed. The horizontal axis P1, P2, P3, and P4 represented volunteers, the vertical axis represented the content value of bacteria, and the oblique axis represents the names of the bacterial genera. Nostril L7 and Nostril C180 represented the nasal samples taken 7 days before and 180 days after confinement. It was failed to extract in which the DNA of 180 days' nasal sample of Volunteer 2 and it was replaced by 150 days' nasal sample of Volunteer 2. Mouth L7 and Mouth C180 represented oropharyngeal samples taken 7 days before and 180 days after confinement, respectively. Note that the scale values used on the vertical axis were different and need to be distinguished.





DISCUSSION

In space, the special environmental factors may change bacterial community structure in the human body of astronauts, and break the microbiota balance. Working on-orbit results in decreased immunity and increases the risk of pathogenic infections. These infections may occur in the respiratory tract, the digestive tract, urinary tract, and skin, affecting the individual health and subjective experience. At the same time, these could affect other individuals, even the whole crew, through the migration of bacteria. Therefore, the study of the human bacterial community structure in the confined environment is of great significance for the prevention of infectious diseases during long-term flight on-orbit in the future. In our study, the temporal characteristics of the oropharyngeal and nasal microbiota structure in crewmembers were researched, in order to provide reference for revealing possible effects of microbiota balance on respiratory health in a closed environment.

The culture method is the most commonly used method for studying microbes on the space station, and although there have been attempts to sequence them on-orbit, conditions on the space station have limited the use of sequencing technology on-orbit. Currently, on-orbit microbial samples are returned to the earth for high-throughput sequencing and analysis for microbiota studies on space station. However, due to the limitation of return time, dynamic analysis of microbiota cannot be carried out immediately, and long-term preservation and space transportation may lead to the risk of analysis error. Therefore, many scholars simulate the space environment on the ground to dynamically study the changes of environment and human microbiota. In order to monitor the microbial characteristics of the closed system on the ground in real time, the researchers designed different experiments and simulated buildings to conduct research. Russia conducted a confined Mars500 habitat, and simulated flight and landing on Mars, using high-throughput sequencing technology to study the dynamic changes of the intestinal microbiota structure over time in six volunteers (Schwendner et al., 2017). Then, in the expansion of the lunar/Mars habitat simulation test was carried out, high-throughput sequencing technology was used to survey bacterial community in the air, and the results showed that in closed habitats, bacterial structure of air had a close relationship with human existence (Mayer et al., 2016).

The CELSS system is an excellent platform to simulate the closed environment of the space capsule on the ground. The confined experiment of four people for 180 days provided an opportunity to dynamically track the changes of the crews' own microbiota and the microbiota of others living in close proximity for a long time. During the 180-days confinement simulation experiment, human respiratory tract microbial samples were collected at eight time points, and the microbiota were continuously observed over time. This is the first time to study the changes of respiratory microbiota over time through CELSS.

This study aimed to reveal the effect of long-term confinement on the composition and diversity of nasal and oropharyngeal microbiota. We found that nasal cavity and oropharynx were independent in terms of microbiota structure and diversity (Supplementary Figures 2A,B), and this independence did not disappear with the extension of confinement time, indicating that the physiological environment and microecological environment of the growth site of the microbiota were the most important influential factors on the microbiota. Studies had investigated the temporal stability and diversity of skin microbiota, regardless of the sampling interval, and despite the skin community's constant exposure to external factors, the stability of the microbiota still existed, while the nature and degree of this stability was highly individualized (Oh et al., 2014).

In terms of bacterial composition, the nasal bacteria mainly belong to Actinobacteria, Firmicutes, Proteobacteria, Bacteroidetes, etc. In addition to the abovementioned phyla, the Fusobacterial occupies a relatively high proportion in oropharyngeal bacteria. At the level of genus, the dominant bacteria of nasal cavity are Corynebacterium, Staphylococcus, Diaphylococcus, Propionibacterium, etc., while the dominant bacteria of oropharynx are Corynebacterium, Streptococcus, Neisseria, and Prevotella. Previous studies have shown that the main members of the microbial ecosystem in the nasal cavity are usually Actinobacteria (containing Corynebacterium and Propionibacterium) and Firmicutes (Streptococcus in children and Staphylococcus in adults), while the abundance of anaerobic bacteria in Bacteroidetes is low (Camarinha-Silva et al., 2014; Oh et al., 2014). At the generic level, Corynebacterium, Propionibacterium, and Staphylococcus are the most common genera in the nasal cavity (Zhou et al., 2014). Previous studies have shown that bacterial biodiversity and uniformity vary greatly in the upper respiratory tract; thus, the oropharynx and oral cavity have the highest biodiversity and uniformity (Charlson et al., 2010; Zhou et al., 2013). On the contrary, similar to other areas covered by human skin epithelium, the nasal cavity shows low biodiversity (Grice and Segre, 2011).

During 30–90 days of confinement, the structure of nasal and oropharyngeal microbiota changed (Figures 2A,B), and the index Chao of the microbiota fluctuated greatly (Figures 2C,D). The confinement environment disturbed the nasal and oropharyngeal microbiota, especially after 30 days of confinement. In addition, the oropharyngeal microbial diversity was higher than the nasal cavity, and the index Chao of nasal cavity fluctuated more, but there was no statistical difference (P = 0.63) (Supplementary Figure 2C). The results of behavioral monitoring and psychological state assessment in this project showed that after 1 month of detention, behavioral flow reflecting global activity decreased 1.5- to 2-fold. Psychological questionnaires revealed a decrease in hostility and negative emotions but an increase in emotional adaptation suggesting boredom and monotony (Biesbroek et al., 2014). Physiological and psychological changes in volunteers in the isolation environment may trigger a series of physiological stress changes, such as immunity and secretion of respiratory antibacterial substances, which may affect the respiratory microbiota. According to NASA's research data, the exchange or migration of pathogenic microorganisms between passenger groups occurred in flight missions over 18 days (Crucian et al., 2016a). This is another explanation for the change in the microbiota after 30 days of confinement.

Dynamic analysis of the microbiota structure over time found that Staphylococcus and Alloiococcus showed an upward trend, while Corynebacterium showed a downward trend (Figure 2A). Neisseria showed an upward trend in oropharyngeal microbiota, while Corynebacterium showed a large fluctuation (Figure 2B). Early nasopharyngeal microbial studies showed that high abundance ratios of Corynebacterium and Moraxella marked a more stable structure, and poor stability was characterized by high abundance of Streptococcus and acquired H. influenzae, and the microbiota characteristics were correlative with reported higher incidence of respiratory tract infections and asthma in the early stages of life (Stubbendieck et al., 2019). Microbial communities characterized by high abundance of Corynebacterium and lack of the presence of H. influenzae and S. pneumoniae, suggesting colonization resistance to these potential pathogens. In this study, the abundance of Corynebacterium was the highest, indicating that the structure of the bacterial community was stable. However, during the confined period, Corynebacterium showed a downward trend, while Staphylococcus showed an increasing trend, suggesting that confinement had an adverse effect on the structural stability of the nasal bacterial community.

Worth noting is that although Corynebacterium showed a trend of decrease in the nasal cavity, but at the C60 time point, there was a dramatic rise of Corynebacterium in nasal and oropharyngeal microbiota collaboratively (Figures 2A,B), together with much lower index Chao (Figures 2C,D), at the same time Staphylococcus in the nasal cavity and Streptococcus in oropharynx greatly reduced. Studies have shown that Corynebacterium competes for limited iron resources in the nasal cavity by producing the iron-chelating vector, which is related to the ability to inhibit Staphylococcus. At the same time, the lipase secreted by Corynebacterium can lyse the triacylglycerol in the nasal cavity and produce the free fatty acid which is resistant to microorganisms, thus inhibiting the growth of Streptococcus in vitro (Marik, 2001).

Oropharynx connects the mouth, nasopharynx, larynx, lower respiratory tract, and gastrointestinal tract and it is exposed to exogenous and endogenous microorganisms. Thus, the species pool contained in oropharyngeal microecology is usually large and a highly diverse of bacterial community can be observed in adults. The oropharynx is also the niche of potentially pathogenic bacteria that may cause local (pharyngitis) or diffuse (lung) diseases (Mermel, 2013). Neisseria contains N. meningitidis which is a pathogenic bacterium of epidemic cerebrospinal meningitis, and it is mainly transmitted through the respiratory tract. Rothia is a class of symbiotic bacteria that is widespread in the mouth. In this study, Neisseria in the oropharynx (except volunteer 1) showed an increasing trend. An outbreak of Rossella happened 1–2 months after confinement, then it returned to normal (Supplementary Figure 5). Disturbance of the microbiota may lead to increased risk of infection. The analysis suggests that it may be related to the inadaptability to the confined environment at the initial stage of experiment, the insufficient proficiency of each item, the tension of the volunteers, and the great physical and mental pressure.

We respectively analyzed the changes in the microbiota of four volunteers over time and compared them crosswise. Nasal Staphylococcus in volunteers 2 and 4 makes up only a very small percentage, while in volunteers 1 and 3 they makes up a bigger percentage before confined experiment. Nasal Staphylococcus accounted for a bigger percentage in all volunteers after 180 days confined experiment (Supplementary Figure 4). To explore this phenomenon, we used the Venn diagram to show the common and unique OTU numbers of samples before and after confinement, and there is a tendency of convergence in the nasal cavity (Figure 3), so we speculated that four volunteers had a long and close contact in a confined space, resulting in a microbial transfer between them. The microorganisms carried on the surface of the volunteers are in direct contact with the environment and can have an impact on the environment and then can be transferred. According to NASA's research data, the exchange or migration of pathogenic microorganisms between the crew takes place in a flight mission of more than 18 days (Crucian et al., 2016a). The understanding of the population status of the nasal cavity and oropharyngeal microorganisms is beneficial to the prediction and prevention of the occurrence of on-orbit infectious diseases. Studies have shown that the microbiota on the internal surface of the International Space Station is similar to the microbiota on the crew's skin. These data provide reference for future microbial monitoring work of the ISS and crew and the control of microbial contamination of manned spacecraft (Avila-Herrera et al., 2020).

To reveal the changes of pathogenic bacteria over time during confinement, considering our sequencing method could not accurately locate the level of species, so we chose genera for symbolic judgment (Figure 4). It could be seen that Staphylococcus in the nasal cavity and Neisseria in the oropharynx increases and spread with the extension of the confinement time. Venn diagrams also reflected a similar situation (Figure 3), and common OTU numbers of nasal samples increased after confinement. Nasal microbiota had the same direction of evolutionary dynamic characteristic, and the reason may be that closed environmental factors caused the change of bacterial community; some nasal microorganisms in airtight space spread through the air and transferred between individuals.

The results of the bacterial census of the International Space Station showed that Staphylococcus, Bacillus, and Corynebacterium were among the top three in the detection rate of environmental microbial samples from International Space Station (Venkateswaran et al., 2014). Staphylococcus are a bacteria of human origin, and it is also pathogen that induce infectious diseases. Staphylococcus aureus are a conditional pathogenic bacterium that NASA attaches great importance to, and crew need medical treatment whose naval S. aureus is resistant to drugs in preflight medical examination. The purpose is to reduce infectious diseases caused by migration and exchange of conditional pathogenic bacteria between susceptible people (individual difference) during long-term living closely (Ramakrishnan et al., 2013). A large number of studies have found that chronic nasosinusitis in the upper respiratory tract of patients is associated with higher abundance of Staphylococcus accompanied by decreased bacterial diversity (Feazel et al., 2012; Jervis Bardy and Psaltis, 2016; Muluk et al., 2018), and Staphylococcus is also positively correlated with other respiratory diseases (such as allergic rhinitis and asthma) (Voorhies et al., 2019). Although other factors experienced by ISS crew members may play a role in the development of upper respiratory symptoms, the increased relative abundance of Staphylococcus in the nasal bacterial community is consistent with these symptoms (Crucian et al., 2016; Paetzold et al., 2019).

The bacterial index Chao did not show an obvious trend (Figures 2C,D), but it fluctuated greatly over time, especially at the time points of C30, C60, and C90. The index Chao was relatively stable at the beginning of confinement and before confinement ended, showing a certain stability. Host state and complex interactions of the disturbance of environment may influence the local change of bacterial community, and some species could flow in some individuals and parts and influence the structure and function of the microbiota in the short term, while microbiota maintain certain stability in the long run. As with the study of skin microbiota, the most typical example is that the human use probiotics to improve skin health (Oh et al., 2016), but skin microbiota seem to have inherent stability (Crucian et al., 2016).

Two respiratory sites were detected in this study; in another article, we also discussed the changes of the skin microbiota (Bingmu et al., 2018). According to the on-orbit disease investigation and analysis, intestinal tract, urinary tract, and eye are also common sites of infectious disease, in addition to the respiratory disease, diarrhea, urinary tract infection with aeruginosa, and eye sty caused by S. aureus also happened on-orbit (Hurlbert et al., 2010; Hodkinson et al., 2017). These infectious diseases prompted us to analyze microbial microbiota of these parts and carry out astronaut individualized microbiota characteristic analysis, especially for long-term orbits. Some research directions such as real-time acquisition and detect microbial samples observe the change of environmental and the astronaut's microbiota, prevent infectious disease, also have important research value for future long-term orbit, and these works still need to continue to explore.



CONCLUSION

In this study, 16S rDNA Illumina Miseq high-throughput sequencing was used to analyze the effects of nasal and oropharyngeal microbiota from crewmembers' long-term confined in the CELSS. The results showed that the structure of the nasal and oropharyngeal microbiota varied greatly, the individual bacterial community structure and the diversity changed with time. Staphylococcus in the nasal cavity increased and showed the characteristics of inter-individual transfer, suggesting that the microbiota structure and health of the respiratory tract could be affected by living in a closed environment for a long time.

The imbalance of the respiratory microbial community and the increase of opportunistic pathogens may be the inducement of respiratory diseases, but it does not mean that the increase of opportunistic pathogens will cause diseases; in addition, it is closely related to individual immune function. In the future, we will continue to carry out relevant studies on opportunistic pathogens. In the following work, we will also use a higher-resolution sequencing method to locate the species level and conduct in-depth analysis on pathogenic bacteria that may cause respiratory diseases.
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The larva of Taeniidae species can infect a wide range of mammals, causing major public health and food safety hazards worldwide. The Qinghai-Tibet Plateau (QTP), a biodiversity hotspot, is home to many species of rodents, which act as the critical intermediate hosts of many Taeniidae species. In this study, we identified two new larvae of Taenia spp., named T. caixuepengi and T. tianguangfui, collected from the plateau pika (Ochotona curzoniae) and the Qinghai vole (Neodon fuscus), respectively, in QTP, and their mitochondrial genomes were sequenced and annotated. Phylogenetic trees based on the mitochondrial genome showed that T. caixuepengi has the closest genetic relationship with T. pisiformis, while T. tianguangfui was contained in a monophyletic group with T. crassiceps, T. twitchelli, and T. martis. Biogeographic scenarios analysis based on split time speculated that the speciation of T. caixuepengi (∼5.49 Mya) is due to host switching caused by the evolution of its intermediate host. Although the reason for T. tianguangfui (∼13.11 Mya) speciation is not clear, the analysis suggests that it should be infective to a variety of other rodents following the evolutionary divergence time of its intermediate host and the range of intermediate hosts of its genetically close species. This study confirms the species diversity of Taeniidae in the QTP, and speculates that the uplift of the QTP has not only a profound impact on the biodiversity of plants and animals, but also that of parasites.

Keywords: mtDNA, Qinghai-Tibet Plateau, phylogeny, divergence time, Taenia spp.


INTRODUCTION

The most recent molecular phylogenetic analysis has suggested that the family Taeniidae (Eucestoda: Cyclophyllidea) should be composed of four genera: Taenia, Echinococcus, Hydatigera, and Versteria (Nakao et al., 2013). Among them, Taenia and Echinococcus species pose a serious public health threat to humans and animals globally. Terrestrial mammals are crucial to the life cycle of taeniids. Most adult tapeworms parasitize the intestines of carnivores while the intermediate hosts harbor the larva stage that develops from ingested eggs, causing severe health effects (Jia et al., 2012; Nakao et al., 2013; Lymbery, 2017; Deplazes et al., 2019).

Before the new classification recommendation of Nakao et al. (2013), two genera (Taenia and Echinococcus) were generally accepted. Taenia was constituted by about 42 valid species and three subspecies based on morphology (Hoberg et al., 2000; Hoberg, 2006; Nakao et al., 2013). As for Echinococcus, a total of 16 species and 13 subspecies were described based on morphology, but most of these taxa were subsequently invalidated following widespread application of molecular genetic methods (Lymbery, 2017). It is difficult to distinguish taeniid species according to their morphological characteristics at different stages of their life cycle, even by specialists (Flisser et al., 2005; Mathis and Deplazes, 2006; Jia et al., 2012). Sometimes, morphological characteristics are substantially influenced by the different intermediate host origins (Lymbery, 1998).

Mitochondrial (mt) DNA sequence has been recognized among the most suitable molecular markers of molecular ecology, population genetics, evolutionary biology and biological differentiation due to its high mutation rate and maternal inheritance (Hebert and Gregory, 2005; Will et al., 2005; Hajibabaei et al., 2007; Jia et al., 2012). In the last two decades, comparative analyses of taeniid mtDNAs have been increasingly applied in phylogenetic studies, for inferring evolutionary relationship, new species identification, species reclassification, phylogeography, genetic diversity, and tracing of evolutionary origins of related and identical species (Xiao et al., 2005; Nakao et al., 2007; Nakao et al., 2013; Terefe et al., 2014; Kinkar et al., 2018). Among the taeniid family, mt genomes of 36 species and genotypes have been sequenced and are available on GenBank1, providing valuable data support for phylogenetic studies of Taeniidae.

The shrinkage and fragmentation of wildlife habitats due to human activities can lead to increased contact between humans or livestock and wildlife, which potentially increases the risk of transmission of natural focal disease (Suzán et al., 2008). Rodents, the largest (∼43% of all mammal species) and most widely distributed group of mammals, act as major vectors of human and domestic animal diseases (Singla et al., 2008; Wu et al., 2018). The Qinghai-Tibet Plateau (QTP), one of the biodiversity hotspots on earth, is habitat to a rich diversity of wild rodent species (Zhou and Ma, 2002), as well as many rodent-eating carnivores (Smith et al., 2019), creating the conditions for various taeniid species to complete their life cycles. The high altitude geographic isolation combined with the geological complexity of the QTP increases the opportunities for genetic variation and speciation, leading to the continuous discovery of new species of rodents and Taeniidae (Xiao et al., 2005; Dahal et al., 2017). However, few studies have involved the population structure and biodiversity of taeniid species in QTP, except for Echinococcus.

As endangered or protected carnivores are difficult to sample, we collected metacestode samples of rodents to investigate the biodiversity and distribution of taeniid species in QTP. In this study, two new mt genomes of the metacestode samples were firstly sequenced and annotated. Through the phylogenetic analysis of mt genomes with species in the four different genera of taeniids, the validity of these two new Taenia spp., named T. caixuepengi and T. tianguangfui larvae, were confirmed and their phylogenetic relationship and evolutionary origin were analyzed.



MATERIALS AND METHODS


Ethics Statement

All animals were handled in strict accordance with good animal practice according to the Animal Ethics Procedures and Guidelines of the People’s Republic of China, and the study was approved by the Animal Ethics Committee of Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Sciences (No. LVRIAEC2012-007).



Parasite Materials

Plateau pikas (Ochotona curzoniae) and Qinghai voles (Neodon fuscus) were trapped in Darlag county (33°43′N; 99°38′E; altitude at 4,068 m) and Jiuzhi county (33°19′N; 100°32′E; altitude at 3,832 m) of Qinghai province, the People’s Republic of China in July 2013. Following ethical approval, all trapped pikas and voles were dissected regarding the enterocoelia, chest and cranial cavities. Many banded cysticerci were collected in the enterocoelia of Plateau pika (Supplementary Figures S1A,B) and numerous lenticular cysticerci were collected in the enterocoelia and chest of Qinghai vole (Supplementary Figures S1C,D). Detailed sample collection data can be found in Supplementary Table S1. After detaching the lesions, the cysticerci were put into 75% (v/v) ethanol for molecular and morphological identification. Cysticerci from pikas and voles were photographed by Thermo ScientificTM Apreo S SEM, and their hooks were hand-drawn using Point 3D of Microsoft.



DNA Isolation, Amplification, and Sequencing

Cysticercus DNA was extracted using a commercial kit as instructed by the manufacturer (Blood and Tissue Kit, Qiagen, Germany). The mt genomes of Taenia spp., whose intermediate hosts include rodents, downloaded from GenBank (Supplementary Table S3) were aligned by using MEGA 7.0. Nine overlapping primers targeting the complete mt genome were designed using Oligo 6.0 at relatively conserve regions observed on alignment of the mt genome sequences. The primer sequences (Supplementary Table S2) were synthesized by Genewiz Biotech (Beijing, China). A standard 50 μl PCR protocol was used to amplify the mtDNA fragments. PCR products were purified directly from an agarose gel (1%) using an Axy PrepTM DNA Gel Extraction Kit (AXVGEN, United States) and then sent to the company Genewiz Biotech for sequencing.



Mitochondrial Genome Annotation

These two mtDNAs were assembled manually, and annotated preliminarily by Geseq2 with the reference of related species, T. pisiformis and T. crassiceps, identified by the cox1 gene alignment of Neighbor-Joining method in MEGA 7.0 (data not shown). Putative tRNA genes were identified using ARWEN3 (Laslett and Canbäck, 2008). The positions of their open reading frames and rRNA genes were also further checked and modified based on alignment with the mt genomes annotation of T. pisiformis and T. crassiceps, respectively. SnapGene (v3.2.1) was used to translate the amino acid sequence of the protein-coding genes with Echinoderm, Flatworm Mitochondrial genetic code and map the annular diagram of the mt genomes.



Phylogenetic Analyses

To determine the phylogenetic status of these two Taenia spp., the phylogenetic trees were constructed using Bayesian methods in MrBayes v3 with the tandem DNA sequences and amino acid sequences of 12 encoding genes in their mt genomes and other 32 taeniid mt genome sequences downloaded from GenBank, while the sequences of Schistosoma japonicum was used as outgroup (Supplementary Table S2). For the amino acid data set, the mixed model was applied (prset aamodelpr = mixed); two chains (temp = 0.2) were run for 3,000,000 generations and sampled every 1,000 generations (Rota-Stabelli et al., 2009). For the nucleotide data set, Modeltest 3.7 maxX (Posada and Crandall, 1998) was used to estimate a suitable model for nucleotide substitution; this was equivalent to GTR + I + G and settings were nst = 6, rates = invgamma, ngammacat = 4. Four chains (temp = 0.2) were run for 1,000,000 generations and sampled every 1,000 generations. The first 25% of trees were omitted as burn-in and the remaining trees were used to calculate Bayesian posterior probabilities. The best Bayesian tree was then compiled and processed by FigTree.v1.4.4.



Divergence Times Analysis

The phylogenetic trees were used as a reference for species selection in divergence times analysis. Echinococcus multilocularis and E. shiquicus were also selected because the parasitism of their larvae is also found in Plateau pika (O. curzoniae) (Wang et al., 2018), besides E. multilocularis is the sister species of E. shiquicus (Lymbery, 2017). Divergence times were calculated from the concatenated CDS alignment of the 12 mitochondrial protein-coding genes by BEAST2 (v2.6.2). The Strict Clock model was chosen to ignore the rate differences between the branches in the mode. The gamma category count was set to 4, and HKY substitution model was selected with the empirical setting from the frequencies in site model. Other settings, such as substitution rate and shape, in the site model were evaluated in the analysis. The calibrated Yule model was used as the tree prior. Time calibration was calibrated with the previously estimated date between T. saginata and T. asiatica (∼1.14 Mya) (Michelet and Dauga, 2012; Wang et al., 2016). Samples from the posterior were drawn every 1,000 steps over a total of 10,000,000 steps per MCMC run. Other options were run on their default values. The convergence of likelihood values was determined by Tracer (v1.7.1). Trees were annotated by TreeAnnotator (v2.1.2) using maximum clade credibility tree and median heights settings with 50% burn-in. The evolutionary divergence time of the intermediate host, Qinghai vole (N. fuscus), was also calculated with the concatenated CDS alignment of 13 mt protein-coding genes of the rodents, and the species involved were selected from our previous report (Li et al., 2019; Supplementary Table S3). The time calibration was based on the divergence time of Mus and Rattus (11–13 Mya) (Wang et al., 2020), and other parameters were the same as above.



RESULTS


General Features of the Mitochondrial Genome of Two Parasites

A total of 300 pika (125) and voles (175) were examined. Overall, 7.3% were infected with cysticerci (see Supplementary Table S1 for more details). Amplification and sequencing of a fragment of the cox1 gene using the conserved JB3 and JB4.5 primers (Bowles et al., 1992) confirmed their identity. From both study sites, cysticerci from pikas were the same new species, named T. caixuepengi larva, meanwhile, the cysticerci from voles were morphologically different from T. caixuepengi larva and were named T. tianguangfui larva. Their complete mt genomes were sequenced and spliced, and were 13,747 bp (GenBank ID: MT882036) and 13,522 bp (GenBank ID: MT882037) in length, respectively. Both contain 2 rRNA genes [the small (rrnS) and large (rrnL) subunits of rRNA], 12 protein-encoding genes (atp6, cytb, nad4L, cox1-3, and nad1-6) and 22 tRNA genes, but lack atp8 gene, which are typical of cestode mt genomes (Figure 1). The inferred gene boundaries and their lengths are shown in Table 1.


[image: image]

FIGURE 1. The diagram of complete mitochondrial genome of Taenia tianguangfui (A) and Taenia caixuepengi (B). The protein-encoding genes are depicted in plum, the tRNAs are depicted in green, the rRNAs are depicted in light green and the non-coding mitochondrial regions (NCRs including LNR and SNR) are depicted in gray. The inferred gene boundaries of them are shown in Table 1.



TABLE 1. Positions and gene lengths in the mitochondrial genomes of Taenia tianguangfui (Tt), T. caixuepengi (Tc).

[image: Table 1]In accordance with other mtDNAs of flatworms sequenced to date (Jia et al., 2010; Liu et al., 2011), the nucleotide compositions are mostly biased toward T, while least favored toward C. AT-richness of mtDNAs in T. caixuepengi and T. tianguangfui are 71.96% (45.00% T, 26.97% A, 19.17% G, 8.87% C) and 73.48% (46.35% T, 27.13% A, 18.61% G, 7.91% C), respectively.

Flatworms use an unusual mt code to exert protein translation (Nakao et al., 2000; Telford et al., 2000). GTG was used as an alternative initiation codon in cox3 and nad3 genes of T. caixuepengi and nad5 gene of T. tianguangfui. Furthermore, the codon ATT was inferred as a more unusual start codon of atp6 gene in T. caixuepengi. The termination codon was mostly TAA, and the ending codon TGA was deprecated (Table 1).



Morphological Description

By gross observation and measurement, T. caixuepengi larva was translucent and stripped, 33-36 mm long, and contains cystic fluid (Supplementary Figures S1A,B); T. tianguangfui larva on the other hand was opaque, bean-shaped and about 4–10 mm in length (Supplementary Figures S1C,D). Scanning electron microscope observation of their scoleces showed that T. caixuepengi larva had four suckers, 16 large hooks and 18 small hooks, the average length of which was about 250 and 100 μm, respectively (Figures 2A–C); T. tianguangfui larva also had four suction cups, and 31–33 large and small hooks of about 100 and 80 μm in length, respectively (Figures 2D–F).
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FIGURE 2. Scanning electron micrographs of scoleces and line drawing of hooks of Taenia tianguangfui larva (A–C) and Taenia caixuepengi larva (D–F).




Phylogenetic Relationships

Phylogenies inferred from both tandem amino acid sequences and DNA sequences of the 12 mt protein-encoding genes demonstrated T. caixuepengi in a monophyletic group with T. pisiformis and T. laticollis, with the closest genetic relative being T. pisiformis; T. tianguangfui was also found in a monophyletic group with T. crassiceps, T. twitchelli, and T. martis, and has a distant genetic relationship with T. caixuepengi (Figure 3).
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FIGURE 3. The phylogenetic relationship of Taenia tianguangfui and Taenia caixuepengi, with other 32 tapeworm species inferred from a Bayesian method based on the concatenated amino acid (A) and CDS alignments (B) of mitochondrial 12 protein-encoding genes. The species’ name corresponding to the GenBank ID is given in the Supplementary Table S2. The Echinococcus spp. are depicted in red, the Taenia spp. are depicted in blue, the Hydatigera spp. are depicted in yellow and the only one Versteria species, Versteria mustelae, is depicted in green. The Schistosoma japonicum depicted in black was chosen as outgroup.




Divergence Times Analyses

The divergence time analysis based on mitochondrial protein-coding genes suggested that T. saginata and T. asiatica should diverge at 1.10 Mya (0.80–1.41, 95% highest probability density) in the early Pleistocene period, which is consistent with the previous reports based on genomic genes (Michelet and Dauga, 2012; Wang et al., 2016); T. caixuepengi should diverge from T. pisiformis 5.49 Mya (3.87–7.19, 95% highest probability density) in the initial Pliocene period, which is close to the divergence time between E. shiquicus and E. multilocularis (4.12 Mya, 2.81–5.32, 95% highest probability density); T. tianguangfui on the other hand, originated 13.11 Mya (9.36–17.18, 95% highest probability density) in the middle Miocene period, which was earlier than the differentiation of its intermediate host, N. fuscus (4.98 Mya, 4.08–5.90, 95% highest probability density) (Figure 4 and Supplementary Figure S2).
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FIGURE 4. Divergence times construction for Taenia tianguangfui and Taenia caixuepengi based on the concatenated CDS alignments of mitochondrial 12 protein-encoding genes. The number at the node represents the divergence time between two lineages. The blue bar represents interval of 95% highest probability density, and the number in brackets represents the detailed time interval of 95% highest probability density of divergence time between two lineages. A time scale shows the extent of the Miocene, Pliocene and Pleistocene period.




DISCUSSION

The discovery of these two new parasites, T. caixuepengi and T. tianguangfui, highlights the species diversity of the family Taeniide, and further proved the true biodiversity characteristic of the QTP. Given the lack of human intervention and the rich diversity of wild host species, the present understanding of the species diversity within this family in QTP is apparently just a tip of the iceberg. This is not surprising, given the appreciable cryptic diversity so far uncovered within the taeniid family in Africa and northern latitudes (Lavikainen et al., 2011, 2013; Terefe et al., 2014).

Morphological features traditionally used to distinguish the cysticerci, including the number of hooks, the length of large hooks and small hooks (Loos-Frank, 2000), are insufficient in inferring evolutionary lineages. This is because homoplasy of morphological characters can represent a serious obstacle in taxonomic investigation (Scholz et al., 2020). Here the whole mt genomes of both species were sequenced, and clearly different from all available Taenia mt genome sequences, verifying the validity of their species status. Their mt genomes were similar as those of other sequenced tapeworms with respect to length, nucleotide bias, and their tRNA, rRNA and protein-encoding genes composition (Figure 1; Le et al., 2000; Nakao et al., 2003; Jeon et al., 2005; Jeon et al., 2007). Furthermore, the codon ATT was inferred as a more unusual start codon for the atp6 gene of T. caixuepengi (Table 1), which is a common start codon used by Caenorhabditis elegans and Ascaris suum (Okimoto et al., 1990).

T. caixuepengi larva is so far undetected in other animals, except plateau pika (O. curzoniae), meanwhile, no other cysticerci have been found in plateau pika hitherto. Lagomorph is the intermediate host of T. pisiformis and T. laticollis (Valdmann et al., 2004; Hallal-Calleros et al., 2016). Although similar in appearance and size to the vole, the plateau pika belongs to Lagomorpha (Smith et al., 2019). The close phylogenetic relatedness of these three Taenia species (Figure 3) is further highlighted by their high preference for lagomorphs as an intermediate host. Based on the divergence time and phylogeographic analyses, the extent pikas (genus Ochotona) originated on the QTP in the middle Miocene, ∼14 Mya (Wang et al., 2020). However, the rapid speciation of many Ochotona species, including O. curzoniae, occurred during the late Miocene and early Pliocene period (Wang et al., 2020), which almost coincided with the rapid uplift of the QTP (An et al., 2006; Li et al., 2007; Shi et al., 2015). Coincidentally, the evolutionary divergence time analysis in this study also suggests that both T. caixuepengi and E. shiquicus had evolved in the early Pliocene epoch, about 5.49 and 4.12 Mya, respectively (Figure 4). These almost synchronous events may not have happened by chance. Large-scale diversification of species is often provoked by abiotic factors, such as changes in the living environment and food supply (Benton, 2009). The uplift of the QTP from south to north provided climatic opportunities and food supply for the diversification of cold temperature-preferring pikas but led to the extinction of other warm temperature-preferring rodents (Wang et al., 2020).

For most free-living organisms, speciation is usually the result of genetic drift or adaptive differentiation between geographically separate populations (Turelli et al., 2001). For parasites, however, it has long been thought that sympatric speciation of parasites is common, mediated by ecological isolation caused by host switching within the same geographic region (de Meeûs et al., 1998; Paul, 2002; Huyse et al., 2005). Therefore, we speculate that T. pisiformis in the QTP (Li et al., 2013) may share a common ancestor with T. caixuepengi; the split of the pika population caused the ecological isolation between their ancestral populations, which further resulted in the lack of gene flow between them due to intermediate host switching, and the eventual formation of two different species. It can also be speculated that the differentiation pattern between E. shiquicus and E. multilocularis is similar as that of T. caixuepengi and T. pisiformis.

Our evolutionary divergence time analysis suggests that the speciation of T. tianguangfui occurred in the middle Miocene period (∼13.11 Mya) (Figure 4) when the QTP was undergoing a slow uplift period (An et al., 2006). The timing of the divergence of N. fuscus evolved from ∼4.98 Mya (Supplementary Figure S2), which also coincided with the rapid uplift of the QTP (An et al., 2006; Li et al., 2007; Shi et al., 2015). As the species spread in the QTP and Himalaya (Pradhan et al., 2019), the evolutionary origin of the Neodon spp., like the plateau pika, may well be due to changes in climate and food supply caused by the uplift of the QTP and Himalaya. The speciation of T. tianguangfui was earlier than that of its intermediate host, indicating that T. tianguangfui did not differentiate into a new Taenia species in order to adapt to the intermediate host, rather, it suggests that T. tianguangfui larva might not be limited to N. fuscus. Taenia crassiceps and T. martis have similar intermediate hosts range, infecting a variety of rodents, even humans and other primates (Deplazes et al., 2019). Given the close relationship between T. tianguangfui, T. crassiceps, and T. martis, it also cannot be excluded that T. tianguangfui may be infective to a variety of rodents other than N. fuscus, as well as humans and other primates. So far, a clear understanding of their evolutionary origin from these clues is elusive, thus, more data and investigation are needed to provide further insight.

Adult worms of the T. tianguangfui and T. caixuepengi have not yet been collected due to the difficulty in sampling endangered or protected carnivores. However, nucleic acid from feces of wolves, foxes and dogs found at the sampling sites were examined, so far, no positive feces samples for these two species have been found. Plateau pikas and voles are the primary food source for wild canids across the QTP. Tibetan foxes are the obligate predator of plateau pikas, as their remains (plateau pikas) are often encountered in 99% of their feces (Smith et al., 2019). Wild canids, especially the red fox and the Tibetan fox, may well be important definitive hosts for T. tianguangfui and T. caixuepengi.

Adult or larval samples of tapeworm are easily damaged in the process of collection, freeze-thaw and processing, and the morphological features are mostly unidentifiable (Lavikainen et al., 2013). While mt genome data alone may not fully answer the scientific questions surrounding their evolutionary origins, it is the most cost-effective and accurate method. Recently, although laborious and costly, there have been an increasing whole genome sequencing and analyses for many tapeworm species. This kind of investigation, not only is it important to provide insights into their host adaptation and switching, evolution mechanisms through gene groups amplification, hosts-parasites interaction, immune regulation and nutrition, it also provides urgently needed resources for the identification of drug target and diagnostic molecular markers (Wang et al., 2016; International Helminth and Genomes Consortium, 2019). In the future, a lot of genomic data will be needed to study this fascinating group.

In conclusion, the mitochondrial genome sequence data adequately confirm the validity of the two new Taenia species named T. caixuepengi and T. tianguangfui, we have previously reported. The phylogenetic trees and divergence times analyses suggest that T. caixuepengi evolve from its closest relative, T. pisiformis, in the initial Pliocene period (∼5.49 Mya), due to the intermediate host switching caused by the rapid uplift of the QTP; T. tianguangfui is probably parasitic in a wide variety of rodents, and share a common ancestor with T. crassiceps, T. twitchelli and T. martis, splitting in middle Miocene period (∼13.11 Mya).
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Supplementary Figure 1 | The larvae of Taenia caixuepengi and Taenia tianguangfui were found in Plateau pikas (Ochotona curzoniae) and Qinghai voles (Neodon fuscus), respectively. The banded larvae of T. caixuepengi in the plate (A) were picked out from the enterocoelia of Plateau pikas (B), and the granular larvae of T. tianguangfui in the plate (C) were picked out from the enterocoelia and chest of Qinghai voles (D). The blue arrow indicates the parasitic larvae.

Supplementary Figure 2 | Divergence times construction for Neodon fuscus based on the concatenated CDS alignments of mitochondrial 13 protein-encoding genes. The number at the node represents the divergence time between two lineages. The blue bar represents interval of 95% highest probability density, and the number in brackets represents the detailed time interval of 95% highest probability density of divergence time between two lineages. A time scale shows the extent of the Miocene, Pliocene and Pleistocene period.

Supplementary Table 1 | Detailed sample collection data.

Supplementary Table 2 | The primers for amplifying the complete mitochondrial genomes of cysticercus.

Supplementary Table 3 | GenBank accession numbers of mitochondrial genome sequences used for phylogenetic analyses and divergence times analyses in this study.
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Domestication is a key factor of genetic variation; however, the mechanism by which domestication alters gut microbiota is poorly understood. Here, to explore the variation in the structure, function, rapidly evolved genes (REGs), and enzyme profiles of cellulase and hemicellulose in fecal microbiota, we studied the fecal microbiota in wild, half-blood, and domestic yaks based on 16S rDNA sequencing, shotgun-metagenomic sequencing, and the measurement of short-chain-fatty-acids (SCFAs) concentration. Results indicated that wild and half-blood yaks harbored an increased abundance of the phylum Firmicutes and reduced abundance of the genus Akkermansia, which are both associated with efficient energy harvesting. The gut microbial diversity decreased in domestic yaks. The results of the shotgun-metagenomic sequencing showed that the wild yak harbored an increased abundance of microbial pathways that play crucial roles in digestion and growth of the host, whereas the domestic yak harbored an increased abundance of methane-metabolism-related pathways. Wild yaks had enriched amounts of REGs in energy and carbohydrate metabolism pathways, and possessed a significantly increased abundance of cellulases and endohemicellulases in the glycoside hydrolase family compared to domestic yaks. The concentrations of acetic, propionic, n-butyric, i-butyric, n-valeric, and i-valeric acid were highest in wild yaks. Our study displayed the domestic effect on the phenotype of composition, function in gut microbiota, and SCFAs associated with gut microbiota, which had a closely association with the growth performance of the livestock. These findings may enlighten the researchers to construct more links between economic characteristics and gut microbiota, and develop new commercial strains in livestock based on the biotechnology of gut microbiota.
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INTRODUCTION

Wildlife domestication is one of the most important events in the last 10,000 – 15,000 years of human history (Wendorf and Schild, 1998). Many types of wildlife, including insects, birds, and mammals, have been domesticated by humans to provide ample food and clothing, support large population sizes, and develop the expanse of civilization (Diamond, 2002; Boyazoglu et al., 2005). Artificial selection modifies not only the phenotypes of domestic animals, such as color, fur, body size, and personality, but also the genotypes, causing species divergence or the emergence of new species (Robison et al., 2006; Qiu et al., 2015; Pendleton et al., 2018). The gut microbiome, as the second genome of organisms, plays a crucial role in the growth and development of individuals (Grice and Segre, 2012; Shi et al., 2014). Recently, with developments in metagenome and hologenome sequencing, studies have reported the interdependence between the host and their symbionts, and that the microbial community aids the host in adapting to the challenges of varying environments (Mendoza et al., 2018). The gut microbiomes of mammals provide vital functions for their hosts, such as training the immune system throughout life, metabolism, and the biosynthesis of vitamins. This crucial relationship between mammals and their gut microbiota is the result of long-term coevolution (McFall-Ngai et al., 2013; Zeder, 2015; Alessandri et al., 2019). Although gut microbiota is a major research topic in microbial ecology, the effects of domestication on the gut microbiome of herbivorous mammals is still far from being fully understood (Metcalf et al., 2017). During wildlife domestication, gut microbes are influenced by diet (Mcknite et al., 2012), environment (Nicholson et al., 2012; Chevalier et al., 2015), and artificial breeding (Leamy et al., 2014). Anthropogenic forces may have reshaped the mammalian gut microbial composition and its subsequent metabolism, because natural habitats and host genetics are often greatly revised by such forces. However, the gut microbiota of domesticated species is also influenced by the current climate and vegetation (Chen C.Y. et al., 2018). Thus, it is difficult to distinguish the combined effects of genetics and ecological environments on the gut microbiota. Compared to readily digestible starch, fat and protein for most mammals, the cellulose and hemicellulose are indigestible substances (Gomez et al., 2015). Even in ruminants, it is difficult to digest completely in rumen for these indigestible substances (Lippke et al., 1986). As the auxiliary digestive organ of ruminants, the hindgut plays an important role in the utilization of indigestible substances, such as hemicellulose and pectin, which, largely, can reflect the influence of domestication on the utilization efficiency of food resources (Faichney, 1969; Hoover, 1978). Those individuals, who harbored strong capacity of digest indigestible substances in hindgut, may obtain more ecological advantages during utilization of food resources.

Yaks, a keystone species of the Qinghai Tibetan Plateau (QTP), are widely distributed on the QTP, numbering more than 14 million. They were domesticated by Tibetan people between 6,000 and 12,000 years ago (Guo et al., 2006; Wang et al., 2010). During the domestication of yaks, desirable traits, such as certain colors, fur types, and tameness, were chosen and strengthened by humans to breed appropriate yaks that satisfied anthropic needs for survival in the QTP (Qiu et al., 2015). Some studies reported that the phenotypic and behavioral characteristics of domestic yaks (Bos grunniens) are markedly different from those of their wild counter parts, wild yaks (Bos mutus), with changes in genetic variations and dwelling environments (Andersson and Georges, 2004; Rubin et al., 2010; Vigne, 2011; Larson and Burger, 2013). Geneticists have confirmed, that the host genes linked to specific phenotypes are advanced under selection, such as genes improving tameness, and a reduction in the copy number of sugar metabolism genes in the domestic yak (Qiu et al., 2015; Zhang X. et al., 2016). However, little is known about the gut microbiota under artificial selection.

The Qinghai Wild Yak Rescue Center was founded in 1,952, it is an organization that specializes in the rescue of wild yaks injured in the field, and in yak breeding by hybridization based on wild and domestic individuals, where wild yaks (Bos mutus), half-blood and domestic yaks (Bos grunniens) share the same environment. It provides ample opportunities to decouple the effects of host domestication.

To explore how host genetics reshaped the mammalian gut microbiota, we collected fecal samples from the Qinghai Wild Yak Rescue Center and analyzed the compositional and functional variations in fecal microbiota using 16S rDNA sequencing. Moreover, shotgun metagenomics based on the fecal samples from the three types of yaks were used to measure the variation in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, rapidly evolved genes (REGs), and enzyme profiles of cellulase and hemicellulase. The results were further confirmed by surveying the short-chain fatty acid (SCFA) concentration yielded by the fecal microbiota. We focused on the following questions: (1) whether host genetic variation of domesticated mammals caused by anthropogenic forces could dramatically reshape the fecal microbiomes; (2) how domestication changes crucial metabolic pathways in bacteria that may be linked to nutrition metabolism; and (3) whether modifications in host genetics results in distinct profiles of the glycoside hydrolase (GH) family of cellulose and hemicellulose enzymes in the fecal microbiota of domesticated mammals, compared to their wild conspecifics.

Here, we investigated the variations in microbial community structure and function of wild, domesticated, and half-blood yaks, exposed to the same environmental conditions. We also examined the changes in the REGs and enzyme profiles of GH caused by domestication. Our results may assist to better understand the evolutionary associations between the host and their gut microbiota in herbivorous mammals under artificial selection.



MATERIALS AND METHODS


Animal Material and Sample Information

We collected fresh feces from three types of yaks (domestic, half-blood, and wild) at the Datong Yak Breeding Farm in Qinghai Province (37°15′N, 101°22.8′E, and 2,980 m above sea level). More than 60 offspring of wild yaks that were injured by wolves (Canis lupus Linnaeus) or brown bears (Ursus arctos) were rescued by workers of the Datong Breeding Farm in Hoh Xil Region since the 1980s. Domestic yaks belonged to local individuals, and the half-blooded yaks are the F1 generation of male wild yaks and female domestic yaks (Jiang and Zhonglin, 2005).

The wild and half-blood yaks are raised on a small hillside of the farm, about 300 hectares, surrounded by a 2 m high iron fence to prevent them from escaping. We hid in the shelter, guided by local workers, and observed the excretion of feces of the target animals. After determining the identity of the wild or half-blood yak, we collected the samples within two hours. Samples of domestic yaks were taken within a 1 km radius of the breeding center. Under the guidance of farm workers, we followed the yaks, collected the samples, and stored them in liquid nitrogen.

Fresh fecal samples of 29 healthy adult yaks, including 10 wild yaks, 11 half-blood yaks, and eight domestic yaks were collected for 16S rDNA in September 2017. In addition, nine fecal samples were prepared for metagenome sequencing, each group contained three samples. All samples were immediately frozen in cryotubes in liquid nitrogen. Then, the samples were stored at −80°C for further analysis. In addition, we listed the nutrition composition of diet for yaks in Supplementary Table 1. We performed the animal experiments following the Administration of Laboratory Animals established by the Ministry of Science and Technology of the People’s Republic of China.



DNA Extraction and 16S rDNA Gene Amplification Sequencing

We carried out the extraction and amplification of 16S rRNA gene based on the previous study (Fu et al., 2020). The amplification was conducted targeting the V3 and V4 regions of 16S rRNA gene using the primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) (Claesson et al., 2010; Vilo and Dong, 2012). The quantification and purification of the polymerase chain reaction (PCR) products according to the previous study (Fu et al., 2020). To ensure that there was no contamination, a positive and negative control was used during PCR. Then, the sequencing libraries were prepared and measured following the method in previous study (Fu et al., 2020). Finally, the libraries were sequenced on the HiSeq 2,500 platform of Illumina (Illumina Inc., San Diego, CA, United States) to produce 250 bp paired-end reads.

We obtained the gut metagenomic DNA from nine fecal samples (three for each type of yak, respectively) according to the previous method (Fu et al., 2020). After that, we determined the DNA concentration using the proved method in other study (Fu et al., 2020).



Shotgun Metagenomic Sequencing

Qualifying DNA samples were randomly interrupted using a Covaris ultrasonic crusher and produced approximately 150 bp libraries (Bowers et al., 2015). The whole libraries were prepared using the steps of end repair with a 3′ A tail, ligation of adapters and purification (Bentley et al., 2008). After that, library quality was assessed and sequenced with 150 bp paired-end reads based on the previous methods (Tringe and Rubin, 2005; Fu et al., 2020). Finally, we obtained an average of 540 million metagenomic-jointed reads (12 Gb) per sample from the sequencing platform (Edgar, 2004).



OTU Clustering and Species Annotation

Raw forward-read sequences were analyzed using the quantitative insights into microbial ecology (QIIME) pipeline (Version 1.9.1) (Caporaso et al., 2010). Sequence analysis was performed with Uparse software (Uparse v7.0.10011) (Edgar, 2013), and preprocessed sequences were conducted at a 97% cut-off of nucleotide sequence similarity level. Taxonomic information was annotated to the OTUs based on the Greengenes 13_8 reference database2 (DeSantis et al., 2006). The sequences clustered into mitochondria and chloroplast were removed from the OTU table. The unclassified sequences at the Kindom level were discarded. A standard sequence number corresponding to the least sequences (89,510) of the samples was adopted to normalize the OTU abundance information.



Treatment of the Raw Metagenomic Data

We measured the quality of the raw data using the fastqc_v0.11.5, then filtered the low quality sequences using Trimmomatic v0.36 with the parameters of LEADING:20 TRAILING:20 SLIDINGWINDOW:3:15 MINLEN:140. After that, we measured the quality of sequences filtered by Trimmomatic v0.36 again using fastqc_v0.11.5 to ensure the quality of filtered sequences for the further analysis. Owing to the potential containment of host sequences in the metagenomic data, we searched against the host database using SoapAligner (soap2.21,3) based on the filtered data, and the parameters are as follows: identity ≥90%, −l 30, −v 7, −M 4, −m 200, and −x 400 (Law et al., 2013).



Glycoside Hydrolase Families Responsible for Cellulose and Hemicellulose Degradation

We predicted the open reading frames (ORFs) based on the trimmed metagenomic reads using the FragGeneScan v1.15 (Rho et al., 2010). Then, we searched against the complete, non-redundant sequences in the dbCAN database4 using the basic local alignment search tool (BLASTp) best hits with a cut-off E-value of 1e-5 based on the predicted ORFs (Yin et al., 2012), the ORFs for candidate proteins that have sequence homologous with GH families were extracted (Yin et al., 2012). Next, all the clean DNA reads corresponding to GH families were aligned against the bacterial genome database for species assignment5 using BLASTn. Lastly, a table with CAZy IDs and species assignments was made by running local perl scripts written by ourselves.



Gene Set Enrichment Analysis Based on the Metagenomic Data

Gene set Enrichment Analysis (GSEA) was performed to identify differential abundance of microbial gene pathways using the KEGG database. Microbial genes from all samples were represented as KOs, and a p-value was generated for each KO using either a gamma model or a mixture model (Schwimmer et al., 2019). The relative enrichment of KEGG pathways within KO rankings was calculated using the R piano package (Varemo et al., 2013). Positive and negative gene-level statistics belonging to a gene set were separated based on the direction of the normalized Wilcoxon signed-rank test statistic, and for each of the two subsets, the absolute sum was divided by the total number of genes in the set (Katoh and Standley, 2013). Significance was determined at p < 0.05 after FDR correction (Varemo et al., 2013; Schwimmer et al., 2019).



Calculation of One-to-One Orthologs and Identification of Rapidly Evolving Genes Based on the Ka/Ks in the Gut Microbiota

For any two types of yaks (a, b), the one-to-one orthologs in the gut microbiota were defined as homologous genes. Then, we conducted a two-way microbial protein alignment to identify the homologous genes using the BLAST software (E-value threshold was 1e-5) (Hulsen et al., 2006). Then, we carried out a microbial protein multiple sequence alignment using the software multiple alignment by fast Fourier transform (MAFFT) v7.402 with the default parameters (Katoh and Standley, 2013). The corresponding aligned DNA sequences were obtained using the pal2nal.pl script (version V4, 6). Subsequently, non-synonymous-to-synonymous substitution rate (Ka/Ks ratio) was calculated using the pairwise model in the software phylogenetic analysis by maximum likelihood (PAML) v8.0 (Yang, 2007; Katoh and Standley, 2013). Ka/Ks < 1 indicates purifying selection, whereas Ka/Ks > 1 is the signature of positive selection (Hurst, 2002). Based on this definition, those identified orthologs with Ka/Ks > 1 (FDR-corrected p < 0.05) were considered as REGs (domestic yak vs. wild yak: 18,216 REGs with 191,852 orthologs; domestic yak vs. half-blood yak: 18,831 REGs with 194,930 orthologs; half-blood yak vs. wild yak: 19,765 REGs with 202,590 orthologs). Based on the KEGG annotation of homologous microbial genes results, we identified the enriched KEGG of accelerating evolution genes using Fisher’s exact test in R. The formula was as follows: fisher.test {matrix [c (A, B, C, D), nc = 2], alternative = “two. Sided,” conf.level = 0.99, simulate. P-value = false, B = 10000}. In the formula, A represents the number of rapidly evolving genes in a specific pathway; B represents the number of non-rapidly evolving-genes in a specific pathway; C represents the number of all homologous genes in a specific pathway; D represents the number of homologous genes in a non-specific pathway. The statistical threshold of multiple testing using the FDR corrections was p < 0.05.



Determination of SCFAs Concentration

The short-chain fatty acids in yak feces were determined using propyl chloroformate (PCF) derivatization followed by gas chromatography-mass spectrometry (GC-MS) (Zheng et al., 2013). The experimental procedures, instrument and reagent used during the operation were based on the previous methods (Fan et al., 2020).



Bioinformatics and Statistical Analyses

The taxa with significant differences between different types of yaks were measured using a Kruskal-Wallis test followed by Dunn’s post hoc multiple-comparison test in GraphPad Prism v7.00. Alpha diversity (including Shannon-Wiener and Simpson) was calculated using Python scripts in QIIME (Version 1.9.1) in workflows Alpha_rarefaction.py (Shannon, 1948; Simpson, 1949; Chao, 1984; Chao and Lee, 1992; Lozupone et al., 2011; Parfrey et al., 2014), finally the alpha diversity was visualized in GraphPad Prism v7.00, and measured the differences using a Kruskal-Wallis test followed by Dunn’s post hoc multiple-comparison test. The beta diversities were tested using permutational analysis of variance (PERMANOVA) with 999 permutations in R 3.2.2, using the function adonis. The significant level in this study was determined according to the common standard (p > 0.05, no significance; p < 0.05, ∗; p < 0.01, ∗∗; p < 0.001, ∗∗∗). LEfSe was used to identify the different bacterial taxa among different groups using a common standard (LDA scores > 3, p < 0.05).

The read numbers of GH families associated with the cellulases and hemicellulases were visualized and measured the differences using the Welch t-test (p < 0.05) in GraphPad Prism v7.00. The SCFA results were analyzed using the Wilcoxon rank-sum test (p < 0.05).



Data Availability

The 16S rDNA as well as the whole-metagenome data in this study can be freely retrieved from the NCBI Sequence Read Archive with project accession Nos. PRJNA528194 and PRJNA529943, respectively.



RESULTS


Domestication Modified the Diversity and Community Structure of the Yak Fecal Microbiota

After sequences were subjected to quality filtering and assembly, 3,065,986 16S rRNA gene sequences were obtained. The composition of the fecal microbiota in yaks was dominated by the phyla Firmicutes, Bacteroidetes, Verrucomicrobia, Proteobacteria, and Actinobacteria (Supplementary Table 2). The results of alpha diversity showed that the Shannon-Wiener and Simpson indices were significantly higher in wild yaks than in domestic yaks (Shannon-Wiener: χ2 = 8.099, df = 2, p = 0.0149; Simpson: χ2 = 7.369, df = 2, p = 0.0141) (Figures 1A,B). However, there were no significant differences between the three types of yaks in both the Chao 1 index and observed species number (Chao 1: χ2 = 2.890, df = 2, p = 0.2358; Observed species number: χ2 = 4.411, df = 2, p = 0.1102) (Figures 1C,D).
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FIGURE 1. The alpha diversity of gut microbial communities in three types of yaks, asterisks indicate significance level between groups (p > 0.05, no significance; p < 0.05, *; p < 0.01, **; p < 0.001, ***). (A) The Chao 1 index (B) and observed species number. (C) The Shannon-Wiener, (D) and Simpson indices.




Characteristics of Fecal Microbial Composition in Different Types of Yaks

We used the principal-coordinate analysis (PCoA) based on the Bray-Curtis distance of the microbial community at the genus and phylum level to investigate the similarity of the gut microbial community structure for each individual between the three types of yak. We found that clear clustering of samples by host family (Figure 2A and Supplementary Figure 1A), and PERMANOVA, based on Bray-Curtis distance, revealed that significant differences among the three groups were observed at the genus and phylum level (genus: F2,26 = 4.3, R2 = 0.25, p = 0.002, permutations = 999; phylum: F2,26 = 6.3, R2 = 0.32, p = 0.001, permutations = 999) (Figure 2A and Supplementary Figure 1A). The distribution of individuals in the PCoA was mainly driven by dominant taxon at both genus and phylum level (Figure 2A and Supplementary Figure 1A). Akkermansia, family Pirellulaceae unclassified genus, family Victivallaceae unclassified genus, and family p-2534-18B5 unclassified genus were positively correlated and contributed significantly to the domestic group, while genus Oscillospira, family Ruminococcaceae unclassified genus were positively correlated and contributed significantly to the wild yaks. Furthermore, the heatmap of the relative abundance of the genera with the cluster of the groups shows that Akkermansia, family Pirellulaceae unclassified genus, family Victivallaceae unclassified genus, and family p-2534-18B5 unclassified genus, which were positively correlated to the domestic group, form a cluster in the hierarchical cluster; while genus Oscillospira, family Ruminococcaceae unclassified genus, which were positively correlated to wild yaks, form another cluster in the hierarchical cluster (Figure 2B). At the phylum level, the phylum Verrucomicrobia and Lentisphaerae were positively correlated and contributed significantly to the domestic yaks (Supplementary Figure 1A), and form a cluster in the hierarchical cluster of the heatmap (Supplementary Figure 1B); while the phylum Firmicutes was positively correlated and contributed significantly to the half-blood and wild yaks (Supplementary Figure 1A), and forms another cluster in the hierarchical cluster of the heatmap (Supplementary Figure 1B). Moreover, three types of yak shared 242 (68.9%) genera; the shared genus number between domestic and wild yak is 257 (73.2%), while the shared genus number between half-blood and wild yak is 290 (82.6%). At the phylum level, among 22 phyla, three types of yak share 19 phyla (86.4%), and the wild yaks have two unique phyla (9.1%), though two unique phyla (Thermi and SR1) are rare in the wild yaks (Supplementary Table 2). We further identified the significantly different genus based on the top 30 genera, as they spanned over 95% of the total microbial community. We found that genus Akkermansia, family Victivallaceae unclassified genus, family RFP12 unclassified genus, order YS2 unclassified family displayed significantly higher abundance in domestic yaks (Figure 2C and Supplementary Table 3), and the order Bacteroidales unclassified family, genus Oscillospira, family Lachnospiraceae unclassified genus, family RF16 unclassified genus, family Coriobacteriaceae unclassified genus, and genus Dorea displayed significantly higher abundance in wild yaks (Figure 2C and Supplementary Table 3). At the phylum level, the abundance of phylum Verrucomicrobia, Lentisphaerae, and Cyanobacteria are significantly higher in domestic yaks (Supplementary Figure 1C and Supplementary Table 3). The abundance of phylum Firmicutes, Actinobacteria, TM7, and Elusimicrobia are significantly higher in wild yaks (Supplementary Figure 1C and Supplementary Table 3).


[image: image]

FIGURE 2. Composition of fecal microbiota of the three types of yaks at the genus level, the letters “D,” “H,” and “W” represent domestic, half-blood, and wild yaks, respectively. (A) Bray-Curtis dissimilarity of gut microbial communities among the three types of yaks based on top 30 genera, ellipses with 95% confidence interval around the centroid of each group are displayed in PCoA, the genera which have significant correlation with the ordination in PCoA are displayed using the arrows (permutation test, p < 0.01), with the length of the arrow representing the goodness of fit statistic, squared correlation coefficient. (B) Heatmap of the top 30 genera based on the relative abundance of gut mcirobiota among the three types of yak, complete linkage clustering was used. (C) Relative abundance of the gut microbiota indicating the significantly discrepancies among the three types of yak at the genus level across 29 samples, asterisks indicate significance level between groups (p > 0.05, no significance; p < 0.05, *; p < 0.01, **; p < 0.001, ***).


To further illustrate the influence of domestication on the bacteria in yaks, we conducted a linear discriminant analysis (LDA) effect size (LEfSe) analysis based on the genus and phylum level for the different taxon with lineage classification (LDA scores > 3.0, p < 0.05) (Figures 3A–C and Supplementary Figures 2A,B). Domestic and wild yaks harbored the richest significantly different taxa (total: 48; wild > domestic: 24, domestic > wild: 24) (Figure 3A), domestic and half-blood yaks possessed a moderate number of significantly different taxa (total: 29; half-blood > domestic: 9, domestic > half-blood: 20) (Figure 3B). Prevotella was the only significantly different taxon between the half-blood and wild yaks (Figure 3C). At the phylum level, the Firmicutes, Actinobacteria, Elusimicrobia, and TM7 displayed a significantly higher abundance in wild yaks than in domestic yaks, and the Verrucomicrobia, Lentisphaerae, Cyanobacteria, Planctomycetes, and Tenericutes were significantly higher in domestic yaks than in wild yaks (LDA scores > 2.0, p < 0.05) (Supplementary Figure 2A). Moreover, the Firmicutes, TM7, and Spirochetes displayed significantly higher abundances in half-blood yaks than in domestic yaks, and the Verrucomicrobia, Lentisphaerae, and Cyanobacteria were significantly higher in domestic yaks than in half-blood yaks (LDA scores > 2.0, p < 0.05) (Supplementary Figure 2B). No significantly different taxon was identified between half-blood yaks and wild yaks (LDA scores > 2.0, p > 0.05).
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FIGURE 3. The linear discriminant analysis effect size (LEfSe) shows the significantly different taxa of the gut microbiota between the different groups at the genus level (LDA scores > 3.0, p < 0.05); the letters “D,” “H,” and “W” represent domestic, half-blood, and wild yaks, respectively. (A) The significantly different taxa between domestic and wild yaks. (B) The significantly different taxa between domestic and half-blood yaks. (C) The significantly different taxon between half-blood and wild yaks.




Gene Set Enrichment Analysis and REGs

Based on GSEA, 16 pathways were differentially abundant in one or more pairwise comparisons. The most striking differences were found in genes related to methane emission in domestic yaks (Table 1). GSEA also identified the insulin-signaling pathway, which contributed to the synthesis of glycogen, lipids, and proteins, as a highly enriched pathway with six upregulated KEGG orthologs (KOs) in the metagenome dataset from wild yaks (Table 1). Additionally, the mitogen-activated protein kinase (MAPK) signaling pathway associated with cell division was significantly enriched in wild yaks (Table 1).


TABLE 1. Metabolic pathways enriched in different types of yak.

[image: Table 1]Further, we obtained 191,852 one-to-one orthologs in the metagenomes of wild and domestic yaks, 194,930 for domestic and half-blood yaks, and 202,590 for wild and half-blood yaks. After FDR correction, 18,216 (9.5%), 18,831 (9.7%), and 19,765 (9.8%) REGs were detected, respectively (Table 2; p < 0.05, Fisher’s exact test).


TABLE 2. Functional categories with significant enrichment in rapidly evolved genes (REGs).

[image: Table 2]Enriched REGs among the wild, domestic, and half-blood yaks were significant in functional categories involved in energy, carbohydrate, and lipid metabolism, as well as glycan biosynthesis and metabolism (Table 2; p < 0.05, Fisher’s exact test). REGs of wild and domestic yaks were significantly involved in sulfur metabolism, pentose and glucuronate interconversions, sphingolipid metabolism, lipopolysaccharide biosynthesis, pantothenate and CoA biosynthesis, thiamine metabolism, and nicotinate and nicotinamide metabolism (Table 2; p < 0.05, Fisher’s exact test). Enriched REGs between half-blood and wild yaks were involved in lipopolysaccharide biosynthesis, folate biosynthesis, thiamine metabolism, and phenylalanine, tyrosine, and tryptophan biosynthesis (Table 2; p < 0.05, Fisher’s exact test).



Profile of Enzymes Associated With Cellulose and Hemicellulose Degradation

We identified the GH family, which contains cellulases and hemicellulases, based on shotgun metagenome sequencing data. The results revealed that the total reads of GH families, which were responsible for hemicellulose degradation, were significantly higher in wild and half-blood yaks than in domestic yaks (Welch t-test, p < 0.05) (Figure 4A), and the total reads of GH families, which were responsible for cellulose degradation, were almost significant between wild and half-blood yak (Welch t-test, p = 0.055) (Figure 4B). To further investigate the relative contribution of bacteria encoding cellulases and hemicellulases, we choose GH10, GH28, and GH53 which degraded hemicellulose, and GH5 which degraded cellulose, and found that replacement or absence often occurred in the bacterial producer of the same enzyme (GH) between wild and domestic yaks (Supplementary Table 4).
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FIGURE 4. (A,B) The total read number of the GH families encoding hemicellulases and cellulases across the three types of yaks, asterisks indicate significance level between groups (p > 0.05, no significance; p < 0.05, *; p < 0.01, **; p < 0.001, ***).




SCFA Concentrations

We surveyed six dominant SCFAs, and the results showed that half-blood and wild yaks had significantly higher concentrations of acetic acid, propionic acid, n-butyric acid, i-butyric acid, n-valeric acid, and i-valeric acid than domestic yaks (Wilcoxon Rank-Sum test, p < 0.05) (Figures 5 A–F).
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FIGURE 5. The SCFAs concentration of gut microbiota in the three types of yaks, asterisks indicate significance level between groups (p > 0.05, no significance; p < 0.05, *; p < 0.01, **; p < 0.001, ***). (A) Acetic acid, (B) propionic acid, (C) n-butyric acid, (D) i-butyric acid, (E) n-valeric acid, and (F) i-valeric acid.




DISCUSSION

Domestication provides people important and stable food sources by modifying the genetic characters of wild animals, yet its influence on the gut microbiome is still poorly understood (Diamond, 2002; Boyazoglu et al., 2005). Here, we assessed the gut microbial community by comparing the wild, hybrid and domestic types of yaks in the same environment. We measured the diversity, difference of the gut microbial structure, and also explored the differences of metagenomic functions and SCFAs among three types of yaks. Most lineal wild ancestors of current domestic animals have been extinct (Hassanin and Ropiquet, 2004). However, we collected the wild, hybrid and domestic types of yaks at the same time, as the domestication of yaks is still in the early stage, and wild population still exists on QTP, though the population is small compared to the historical period (Shi et al., 2016). Thus, three types of yaks provided a rare opportunity to explore the domestic effects on the gut microbiota for us. We will discuss the domestic effects on the gut microbial structure, metagenomic functions, and SCFAs by comparing the three types of yaks in the following sections.

Recently, many studies have indicated that domestication decreases the diversity of the gut microbial community in horses, fruit fly larvae, and Eastern African cichlid fish, because of the loss of some taxa (Larson and Burger, 2013; Baldo et al., 2015; Deutscher et al., 2018). In this study, domestic yaks had a lower Shannon-Wiener index (Figure 1A), consistent with above results (Larson and Burger, 2013; Deutscher et al., 2018; Alessandri et al., 2019). Higher diversity of the gut microbiota is closely associated with adaptation to a diverse diet and expanding the breadth of the dietary niche of mammalian herbivores, which benefits the fitness of the host (Kohl et al., 2014; Li et al., 2019). Thus, higher Shannon-Wiener index of gut microbial community in wild yaks may imply that the wild individuals have evolved a broad dietary niche adaption to survive the harsh environment in the field.

Recently, there has been increasing evidence that the composition of gut microbiota in domesticated animals is substantially different from that of related wild species, such as domestic and wild horses, geese, and silkworms (Larson and Burger, 2013; Gao et al., 2016; Metcalf et al., 2017; Chen B. et al., 2018). Li et al., 2017 found that wild musk deer possess a higher abundance of the phylum Firmicutes, and a lower abundance of the genus Akkermansia than captive individuals. Additionally, wild house mice harbored an increased abundance of Firmicutes and reduced abundance of Akkermansia (Kreisinger et al., 2014). These two taxa of gut microbiota are strongly associated with the efficient harvest of energy from the diet (Nicholson et al., 2012). Furthermore, the study of the core gut microbiome in obese and lean twins suggested that the phylum Actinobacteria yielded 75% of obesity-enriched genes, while Firmicutes yielded the other 25% (Turnbaugh et al., 2009), suggesting that Actinobacteria and Firmicutes were closely associated with growth and fat deposition. In this study, the wild and half-blood yaks harbored a significantly increased abundance of Firmicutes and Actinobacteria and a reduced abundance of Akkermansia (Supplementary Figure 1C and Figure 2C), similarly to wild musk deer and wild house mice (Kreisinger et al., 2014; Li et al., 2017). These results may imply that an efficiency microbial biomarker for food resources utilization in wild yaks than in domestic yaks.

Methane metabolism enriched in domestic yak rather than wild and half-blood yak might imply that domestic yaks had a higher methane emission level, and further cause energy loss (Table 1). In fact, low-altitude ruminants, such as cattle and ordinary sheep, which experienced longer and stronger domestication than yak, possessed an increased methane emission phenotype in comparison to related high-altitude ruminants (yak and Tibetan sheep) (Zhang Z. et al., 2016). Additionally, the insulin-signaling pathway enriched in wild yaks might be a biomarker of assimilation (Table 1), as and may benefit growth by contributing to the repression of catabolism.

Adaptive divergence in the gene sequence may also contribute to the phenotypes of low-methane-yielding and high-SCFA organisms (Zhang Z. et al., 2016). The results showed the REGs of wild yaks were enriched in energy and carbohydrate metabolism pathways compared to domestic yaks, indicating that wild yaks potentially possessed the typical high-SCFA phenotype. The lower content of SCFAs in domestic yaks may further reflect changes in host biology compared to the wild yaks (Figures 5A–F). Conversely, the enrichment of REGs in domestic yaks showed that the pathways were associated with the methane emission pathway (Tables 1, 2). These results illustrated that artificial selection may cause rapid gene evolution of the gut microbiome and weaken the feed efficiency in domestic yaks.

Metagenomic sequencing further confirmed that the wild and half-blood yaks harbored more reads for endohemicellulases in GH families (Figure 4A). These findings implied that wild yaks might harbor a stronger capacity for fiber digestion, which might potentially promote the ability of the host to acquire more calories from the diet. Similar results show that wild individuals harbor an increased abundance of cellulose- or hemicellulose-degrading bacteria in wild house mice (Kreisinger et al., 2014). Furthermore, the wild saiga has a higher digestibility than the related domestic species in the same territory (Abaturov et al., 2003), and wild asses achieve higher digestibility than domesticated asses (Hummel et al., 2017). These common features occurring in different, unrelated, domesticated animals suggest that domestication provides animals with plentiful food but may reduce their fermentation efficiency by reshaping the fecal microbiota, especially with regards to the efficiency of cellulose and hemicellulose degradation.

Generally, the fecal microbiota has higher diversity than the rumen microbiota (Meale et al., 2016), which may be due to the fact that the hindgut has to decompose the recalcitrant substances, as the digestible starch, fat, and protein have been almost digested in rumen. The residual substances were often recalcitrant to degrade for the rumen microbiota. Thus, the hindgut has to develop a more complex microbial structure to cope with the recalcitrant substances, for instance, higher microbial diversity, higher Firmicutes, lower Bacteroidetes, while the rumen microbiota has a lower diversity, predominant Bacteroidetes and lower Firmicutes (Meale et al., 2016; Andrade et al., 2020). Higher Firmicutes was often associated with degradation cellulose and hemicellulose and higher SCFAs content (Mao et al., 2012). Higher Firmicutes/Bacteroidetes was often considered as a biomarker of efficient energy extraction from diet (Turnbaugh et al., 2008). Thus, hindgut microbiota may focus on the degradation of recalcitrant substances compared to rumen microbiota.

Generally, the concentration of SCFAs was positively correlated with their gut microbial diversity and activity of fiber degradation (Li et al., 2018), represented a high energy harvest in plateau pikas and yaks (Zhang Z. et al., 2016; Li et al., 2018). The SCFAs verified the microbial activity in bears (Schwab et al., 2009). Yaks had a higher SCFAs content compared to cattle, which represented more effective metabolic pathways for hydrogen consumption and lower methane emission (Huang et al., 2012, 2016; Zhang Z. et al., 2016). In our study, the concentrations of six types of SCFAs (acetic, propionic, n-butyric, i-butyric, n-valeric, and i-valeric acid) were highest in wild yaks and lowest in domestic yaks (Figures 5A–F). Likewise, wild yaks have the largest body size, and domestic yaks have the smallest body size (Supplementary Tables 5–7). These scenes indicated that domestication might cause potential negative effects to the producing of SCFAs via dietary fermentation in yaks. The concentration of SCFAs corresponds to the reads of the GH family, which is responsible for encoding cellulases and endohemicellulases, and corresponds well with a previous report indicating that cellulolytic activity is positively correlated with the SCFA concentrations (Li et al., 2018). Therefore, the SCFA concentrations may further confirme that the cellulolytic activity in wild yaks was higher than that in domestic yaks, and that domestication weakened the digestive capacity in yaks.

The connections between the gut microbiome and SCFAs were consistent with the previous studies. For instance, the Prevotella spp. and Ruminococcus spp., which produce acetic acid from pyruvate via acetyl-CoA (Louis et al., 2014), were higher in wild yaks (Figure 3A,C). Correspondingly, the concentration of acetic acid was higher in wild yaks (Figure 5A). Likewise, the synchronization was also observed between propionic acid and the gut microbial producer. Coprococcus spp., which produce propionic acid and butyric acid (Louis et al., 2014), were higher in wild yaks (Figure 3A).

The domestication of animals is a long-term event; people preferred animals with less aggressiveness and more tameness rather than large-body in the early stage of domestication, as large-body individuals may hurt the people, especially in the domestication of large animals (Diamond, 2002; Jensen, 2014), this scene was also observed in yaks (Qiu et al., 2015). Modern genetic methods have been used to breed efficient and economical commercial lines of domesticated species only in recent years, while many local species have been domesticated by people living in less developed area (Zeder, 2015), including yaks (Qiu et al., 2015). The domestic yak is still in the early phase of domestication, without the experience of modern genetic breeding methods (Qiu et al., 2015). These locally domesticated animals in less developed area often exhibit bad growth performance with small body size compared to modern commercial lines, for example Landrace sows have a stronger capacity for fiber degradation and produce more SCFAs in the gut than Meishan and Jinhua sows (two local pigs in China) (Li et al., 2009; Ai et al., 2013).

The gut microbiota of hybrid offspring is different from their parents, as both the male and female parents gene expression in the hybrid offspring (Zhipeng et al., 2016). In this study, we collected three types of fecal samples in the same environment to exclude the influence of environment. Here, hybrids were considered as intermediaries to explore the influence of domestication. In composition, diversity, functional pathway, network, enzyme system and SCFAs, the hybrids showed an intermediate type, implied that they may be influenced by both male parent and female parent, meanwhile it implied that stable characters have been fixed during domestication. Hybridization may partly recover the composition and function of gut microbiota and promote the energy harvest capacity of the host (Benis et al., 2015; Zhipeng et al., 2016). These results corresponded well with previous studies that indicated the gut microbiota experienced vertical transmission with host genetics during the process of hybridization and was affected by the heritable character of parents (Wang et al., 2015; Zhipeng et al., 2016).



CONCLUSION

In summary, our study provides novel insights into the effects of domestication and hybridization on the fecal microbiota, may further enlighten other researchers to investigate the role of fecal microbiota in livestock growth and development, and may provide a promising way to improve the growth performance of livestock by revising the fecal microbiota.
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Supplementary Figure 1 | Composition of the fecal microbiota of the three types of yaks at the phylum level, the letters “D,” “H,” and “W” represent domestic, half-blood, and wild yaks, respectively. (A) Bray-Curtis dissimilarity of gut microbial communities among the three types of yaks at phylum level, Ellipses with 95% confidence interval around the centroid of each group are displayed in PCoA, the phyla which have significant correlation with the ordination in PCoA are displayed using the arrows (permutation test, p < 0.01), with the length of the arrow representing the goodness of fit statistic, squared correlation coefficient. (B) Heatmap of phylum based on the relative abundance of gut microbiota among the three types of yak, and complete linkage clustering was used. (C) Relative abundance of the gut microbiota indicating the significantly discrepancies among the three types of yak at the phylum level across 29 samples.

Supplementary Figure 2 | The linear discriminant analysis effect size (LEfSe) shows the significantly different taxa of the gut microbiota between the different groups at phylum level (LDA scores > 2.0, p < 0.05); each line of the heatmap corresponds to the significantly different taxonomic result of each line in LEfSe on the left; the letters “D”, “H” and “W” represent domestic, half-blood, and wild yaks, respectively.

Supplementary Table 1 | Nutrition composition of diet in Datong Breeding Farm (Zhang et al., 2014; Zhou et al., 2015).

Supplementary Table 2 | Average relative abundance of gut microbiota across the three types of yaks at the phylum level.

Supplementary Table 3 | Statistical differences of phyla and top 30 genera among three types of yaks.

Supplementary Table 4 | The proportion of bacteria encoding the GH families (GH10, GH28, GH53, and GH5) across the three types of yaks.

Supplementary Table 5 | Measurements of the Kunlun type of wild yak (Jiye et al., 2005).

Supplementary Table 6 | Variation in body weight with season and group (Hu, 2001). G1 (May 2000), G2 (October 2000), and G3 (April 2000). WY (wild yak), TZ (domestic yak living in Tianzhu, Gansu Province), and DT (Daton g yak, F1 generation of wild yak × domestic yak).

Supplementary Table 7 | Live weight and linear body measurements of domesticated and crossbred yaks at 6 and 18 months of age (Jialin et al., 1998).
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Dietary intervention is effective in human health promotion through modulation of gut microbiota. Diet can cause single-nucleotide polymorphisms (SNPs) to occur in the gut microbiota, and some of these variations may lead to functional changes in human health. In this study, we performed a systematic SNP analysis based on metagenomic data collected from children with Prader–Willi syndrome (PWS, n = 17) and simple obese (SO) children (n = 19), who had better healthy conditions after receiving high-fiber diet intervention. We found that the intervention increased the SNP proportions of Faecalibacterium, Bifidobacterium, and Clostridium and decreased those of Bacteroides in all children. Besides, the PWS children had Collinsella increased and Ruminococcus decreased, whereas the SO had Blautia and Escherichia decreased. There were much more BiasSNPs in PWS than in SO (4,465 vs 303), and only 81 of them appeared in both groups, of which 78 were from Faecalibacterium prausnitzii, and 51 were nonsynonymous mutations. These nonsynonymous variations were mainly related to pathways of environmental adaptation and nutrition metabolism, particularly to carbohydrate and nucleotide metabolism. In addition, dominant strains carrying BiasSNPs in all children shifted from F. prausnitzii AF32-8AC and F. prausnitzii 942/30-2 to F. prausnitzii SSTS Bg7063 and F. prausnitzii JG BgPS064 after the dietary intervention. Furthermore, although the abundance of Bifidobacterium increased significantly by the intervention and became dominant strains responsible for nutrition metabolism, they had less BiasSNPs between the pre- and post-intervention group in comparison with Faecalibacterium. The finding of F. prausnitzii as important functional strains influenced by the intervention highlights the superiority of applying SNP analysis in studies of gut microbiota. This study provided evidence and support for the effect of dietary intervention on gut microbial SNPs, and gave some enlightenments for disease treatment.
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INTRODUCTION

Single-nucleotide polymorphism (SNP) is the most common genetic variation in DNA sequence in order to better adapt to the external environment in the evolutionary process (Haraksingh and Snyder, 2013). SNPs in the coding region can be classified as nonsynonymous mutation and synonymous mutation. Nonsynonymous mutation changes the sequence of amino acids and then affects the genetic function, while the synonymous mutation does not affect the genetic function (Tennessen, 2008). There are huge amounts of microorganisms living in the human intestinal tract, and the diet is one of the most important factors shaping the structure and function of the gut microbiota (Goldsmith and Sartor, 2014; Shen, 2017). Environmental pressure caused by the change in the diet not only alter the structure of the gut microbiota but also led to genetic variations in the microbes (Truong et al., 2017). These variations can lead to different functions in strains, which, in turn, affect the health of the host.

Considering the taxonomic diversity of bacteria and the genetic variations in response to constant environmental change (Hofreiter et al., 2015), the analyses based on the abundance and composition of the gut microbiota are not enough to reflect changes in gene function or microbial transfer, which might not only omit some correlations but also infer wrong conclusions from this rough quantitative level. For instance, researchers had studied the gut metagenomes of 98 mothers and their infants over 1 year, used rare SNPs to reveal vertical transmission of strains, and found that the colonization with strains of infants mainly derived from the environment but not from their mothers, although the gut microbial composition of infants converged toward that of their mothers over time (Nayfach et al., 2016). This pattern might be missed in the analysis with the gut microbial composition, and it was mistakenly assumed that vertical bacterial transmission of infants from their mother was increased during the first year after birth.

Single-nucleotide polymorphisms, which refer to single-nucleotide variations in genes, are more able to reveal the differences between strains and between genes. The continuous expansion of gut metagenomic sample dataset and an increasing number of the bacterial reference genome have facilitated the studies of gut microbial SNPs. The flexible application of gut microbial SNPs can solve the complex problems that other analysis at species level cannot solve, obtain more accurate results at the strain- or gene-level, and provide new clues for the precision diagnosis and treatment of diseases (Galloway-Peña et al., 2012; Leonard et al., 2016; Zou et al., 2020). Patient-specific SNPs were found in the gut microbiota of both type 2 diabetes mellitus (T2D) and tuberculosis patients, which could separate the patients from the healthy individuals. The gene carrying T2D-specific SNPs encodes the alpha glucoside enzyme, which is a kind of important T2D drug target, and the researchers believed that these SNPs could be used as drug targets for the treatment of T2D (Chen et al., 2017). The tuberculosis-specific SNP genes were mainly involved in carbohydrate metabolism prevalently from Bacteroides vulgatus, suggesting that there were altered carbohydrate preference and different carbohydrate metabolism patterns in the gut of tuberculosis patients, and providing reference for the diagnosis and treatment of tuberculosis (Hu et al., 2019). Other researchers conducted gut microbial SNP studies on antibiotic resistance genes of individuals from different countries and found that the population-specific SNPs on antibiotic resistance genes were not related to the country, but might be attributed to the altered microbiota by differences in population structure or different antibiotic usage (Hu et al., 2013).

Many studies have proved the close relationship between the gut microbiota and obesity, but in-depth researches on the strain- or gene-level still need to be conducted (Turnbaugh et al., 2006; Flint, 2011; Baothman et al., 2016). Our previous study demonstrated that a high-fiber dietary intervention significantly improved the physiological conditions of the genetic (Prader–Willi syndrome, PWS) and simple obese (SO) children, and this promotion was found to be relevant to the change in the gut microbiota (Zhang et al., 2015). In order to better understand the underlying mechanism for this effective treatment, we performed a systemic SNP analysis based on high-throughput metagenomic sequencing data obtained from two longitudinal cohorts, children with PWS or SO. We first identified SNPs in each cohort affected by the intervention and screened out genes with significant change in SNP density. The species that carried these genes were then sourced and linked with relevant metabolic pathways. After that, we focused on BiasSNPs that occurred in both cohorts, particularly on those nonsynonymous mutations. Functional pathways and dominant strains with BiasSNPs influenced by the intervention were investigated further. Finally, PWS and SO-specific BiasSNP-affected strains and metabolic pathways were individually analyzed.



MATERIALS AND METHODS


Data Collection

The dietary intervention trial was approved by the Ethics Committee of the School of Life Sciences and Biotechnology, Shanghai Jiao Tong University, with No. 2012-016 and registered at the Chinese Clinical Trial Registry with No. ChiCTR-ONC-12002646. Written informed consent was obtained from the guardian of the obese children. The trial was performed as described in the previous study (Zhang et al., 2015). Briefly, 17 PWS and 19 SO children completed the dietary intervention in the hospital for 90 and 30 days, respectively. The diet used in the clinical trial for intervention mainly included whole grains, traditional Chinese medicinal foods, and prebiotics (WTP), incorporated certain amount of vegetables, fruits, and nuts (Xiao et al., 2014).

The fecal samples and physiological indexes of all obese children were collected at predefined time points (PWS: on intervention days 0, 30, 60, and 90; SO: days 0 and 30) (Zhang et al., 2015). Metagenomic sequencing of the extracted and purified DNA was performed on Illumina Hiseq 2000 platform at Shanghai Biotechnology Co., Ltd. All potential biologically hazardous materials in this study were properly handled according to Chinese biosafety laws and regulations. The raw metagenome sequencing data was accessed at the NCBI SRA (Sequence Read Archive) database with accession number SRP045211 (Zhang et al., 2015).



Detection of Single-Nucleotide Polymorphisms

The data pre-processing was done as described in our previous study (Zhang et al., 2015). Briefly, the original sequencing data was quality controlled by FlexBar and Prinseq (Schmieder and Edwards, 2011; Dodt et al., 2012), and then aligned to the human genome reference (Homo sapiens, UCSC hg19) using Bowtie2 to remove the reads from human (Langmead and Salzberg, 2012). Each sample had 84.6 ± 21.2 million (mean ± SD) high-quality reads on average. Then BWA (Li and Durbin, 2009) was used to align the high-quality reads to the integrated gene catalog (IGC), which contained approximately 11 million high-quality human gut microbial reference genes (Li et al., 2014; Xie et al., 2016). Afterward, the SAMTools was used to detect, filter, sort, and merge SNPs (Li et al., 2009; Li, 2011).

To ensure the reliability of the detected SNPs, only SNPs with at least five supported sequencing reads were kept, and those with less than 60% coverage in a group were furtherly removed to achieve more representative SNPs. The downstream analyses were all performed with the SNPs resulting from this procedure.



Calculation of Single-Nucleotide Polymorphisms Density

Single-nucleotide polymorphism density reflected the number of SNPs per kilobase in a gene per million sequencing paired-end reads. For any sample S, the SNP density Di of gene i was calculated as follows:

[image: image]

where ni is the number of SNPs in gene i, Ts is the sequencing amount of sample S, and Li is the length of the gene i per kilobase in sequence.



Detection of BiasSNP

Detection of BiasSNP was performed through comparison of an SNP in a nucleotide base between two groups. A BiasSNP was the differential SNP that dominated between two groups (Supplementary Figure 1). Nonsynonymous BiasSNP, whose mutation in a gene caused the encoded amino acid to be changed, was furtherly identified by in-house Perl script.



Statistical Analysis

In this study, the significance of the difference was judged with Wilcoxon paired test for a cohort between before and after the dietary intervention or with Wilcoxon unpaired test for two cohorts in R software (version 3.5.3). The significance of the difference among multiple groups was tested with permutational multivariate analysis of variance (perMANOVA) in the “vegan” library of the R software. The phylogenetic and clustering trees based on BiasSNPs were constructed using the maximum likelihood model GTRGAMMA and 1,000 bootstrap replicates in RAxML (Stamatakis, 2014). Additionally, the R package “clusterProfiler” (version 3.8.1) was used to perform enrichment analysis of the SNP genes (Yu et al., 2012).



Data Visualization

Data visualization was mainly realized in the R software, “ggalluvial” (version 0.11.3), which was used to illustrate the alluvial diagram between strain and metabolic pathway, while dotplot, boxplot, and pieplot were displayed by means of “ggplot2” (version 3.2.0). In addition, the network charts were drawn using the Cytoscape software (version 3.7.2) (Shannon et al., 2003), and the optimization of the tree diagram was accomplished with the aid of the online tool EvolView1.



RESULTS


The Overall Effect of High-Fiber Dietary Intervention on Gut Microbial Single-Nucleotide Polymorphisms in Obese Children

A total of 218,343 SNPs were detected in the gut microbiota of the 36 obese children. These SNPs were concentrated in 40,515 genes, and these genes could be sourced from 57 genera and 150 species. The high-fiber dietary intervention lessened the overall SNP numbers on the 30th intervention day; the SNPs in PWS children decreased to 85,769 from 109,139, while in SO children, they decreased to 36,247 from 80,773. Before the intervention, all children had the dominant SNPs at genus level, which were from Faecalibacterium, Ruminococcus, and Bacteroides. In addition, the SO children had SNPs from Escherichia with relatively higher proportion (33.76%). The intervention increased the SNP proportions of Faecalibacterium, Bifidobacterium, and Clostridium and decreased those of Bacteroides in all children. Meanwhile, the PWS children had Collinsella increased and Ruminococcus decreased, whereas the SO had Blautia and Escherichia decreased (Figure 1A).
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FIGURE 1. High-fiber dietary intervention altered gut microbial single-nucleotide polymorphism (SNP) pattern in both Prader–Willi syndrome (PWS) (n = 17) and simple obese (SO) (n = 19) children. (A) The composition of SNPs at the genus level among different interventional time points. PWS on day 0 (PS00), 30 (PS30), 60 (PS60), and 90 (PS90); SO on day 0 (SO00) and day 30 (SO30). (B) PCA plot based on the SNP density of gut microbiota.




The Altered Single-Nucleotide Polymorphism Density Structure in Prader–Willi Syndrome and Simple Obese Children

In our previous study, the PWS group had worse health conditions such as higher inflammation level than the SO group before the intervention. However, we did not detect significant difference between the two groups in gut microbial structure (Zhang et al., 2015). Interestingly, with the SNP density structure, a significant separation between the two groups before the intervention was observed (Figure 1B, PerMANOVA test, P < 0.001). The SNP density structure was altered significantly by the dietary intervention in both groups (Figure 1B, PerMANOVA test, P < 0.001). According to the changes that occurred in the PWS group, the structure alteration might occur mainly in the earlier stage of the intervention, as the shift on the 60th and 90th days was less that on the 30th day.

After 30 days of dietary intervention, the PWS children had 26,174 genes significantly changed in SNP density (Wilcoxon test, adjusted P < 0.05), and most of them (20,279) had fold changes lager than 8. Among these genes, 13,450 had higher SNP density before the intervention, which were distributed in 102 species and mainly concentrated in Faecalibacterium prausnitzii (20.27%), Bacteroides stercoris (15.63%), and Bacteroides dorei (12.49%). These genes were enriched in metabolic pathways for amino acid biosynthetic (ko01230), carbon metabolism (ko01200), two-component system (ko02020), and starch and sucrose metabolism (ko00500) (Figure 2A). After the intervention, 6,847 genes had higher SNP density. These genes were concentrated in 59 strains, mainly including butyrate-producing bacterium (24.65%), Bifidobacterium catenulatum (17.95%), and Bifidobacterium longum (10.60%). The corresponding metabolic pathways contained biosynthesis of amino acids (ko01230), carbon metabolism (ko01200), and starch and sucrose metabolism (ko00500) (Figure 2B). Notably, although the enriched metabolic pathways remain constant, their contributing strains changed after the intervention. For instance, the biosynthesis of amino acids (ko01230) was mainly from F. prausnitzii before the intervention, while the contributing strains of this function were replaced by butyrate-producing bacterium, B. catenulatum, and B. longum after the intervention.
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FIGURE 2. Species and metabolic pathways corresponding to the genes with differential SNP density between before and after intervention in obese children. (A) The corresponding species and metabolic pathways of the genes with high SNP density in PWS before the intervention. (B) The corresponding species and metabolic pathways of the genes with high SNP density in PWS after the intervention. (C) The corresponding species and metabolic pathways of the genes with high SNP density in SO before the intervention. (D) The corresponding species and metabolic pathways of the genes with high SNP density in SO after the intervention.


The SO children had 17,427 genes significantly changed in SNP density (adjusted P < 0.05). The number of genes with fold change greater than 8 was 13,927. Among them, 10,409 genes with higher SNP density existed in the pre-intervention group, which were derived from 112 strains and mainly in Escherichia coli (37.53%), F. prausnitzii (16.88%), and Ruminococcus sp. 5_1_39BFAA (11.84%). Though the distribution of these strains in SO were different from that in PWS, these SNP density differential genes they carried also focused on biosynthesis of amino acids (ko01230), carbon metabolism (ko01200), and two-component system (ko02020) (Figure 2C), while 3,518 genes with higher SNP density were detected in the post-intervention group, which were derived from 26 strains and mainly in B. catenulatum (52.84%), B. longum (15.98%), and Bifidobacterium breve (10.83%). These genes focused on biosynthesis of amino acids (ko01230), carbon metabolism (ko01200), and amino sugar and nucleoside sugar metabolism (ko00520) (Figure 2D). Similar to the PWS, the intervention also changed the relationships between the strains and the metabolic pathways. However, unlike in PWS, E. coli followed by F. prausnitzii were the main contributors in SO to the biosynthesis of amino acids before the intervention, while contributions from these two strains might be neglected, and B. catenulatum took dominant responsibilities after the dietary intervention.



Common BiasSNPs Before and After Intervention in Prader–Willi Syndrome and Simple Obese Children

With the interest in the differences of SNP between the groups in sequence, we furtherly screened BiasSNPs whose variation were dominant in one group/one time point among more than 60% of the individuals. Comparing with the SNPs before and after 30 days of intervention, the detected BiasSNPs in PWS was 4,465, larger than 303 in SO. The PWS and SO had only 81 BiasSNPs in common distributed in 69 genes. Source track indicated that 78 common BiasSNPs were from F. prausnitzii, and the remaining three were from Streptococcus thermophilus, suggesting that F. prausnitzii was the most affected under the intervention.

In order to identify the source of these BiasSNPs at genome level, 103 genomes of F. prausnitzii were downloaded from the GenBank database, and the nucleotide sites corresponding to common BiasSNPs were abstracted. Only nine out of the 103 F. prausnitzii strains had more than 70% coverage of BiasSNPs. Then, we constructed a phylogenetic tree of these nine F. prausnitzii and the corresponding strains from the pre- and post-intervention groups based on these 78 BiasSNPs. It was observed that F. prausnitzii AF32-8AC was closest to the pre-intervention group, followed by F. prausnitzii 942/30-2, F. prausnitzii APC942/18-1, and F. prausnitzii MGYG-HGUT-02545 in the phylogenetic tree (Figure 3A), while the closest to the post-intervention group was F. prausnitzii SSTS Bg7063, followed by F. prausnitzii JG BgPS064 and F. prausnitzii NZ FPSSTS7063 SV a2 mod. This suggested that the dominant strains of F. prausnitzii were converted from F. prausnitzii AF32-8AC and F. prausnitzii 942/30-2 to F. prausnitzii SSTS Bg7063 and F. prausnitzii JG BgPS064 after the dietary intervention.
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FIGURE 3. Strains and metabolic pathways corresponding to common BiasSNPs. (A) Phylogenetic relationship of nine Faecalibacterium prausnitzii and the corresponding strains of pre- and post-intervention groups based on the common BiasSNPs. (B) Metabolic pathways related to nutrition metabolism. (C) Metabolic pathways associated with environmental adaptation. (D) Metabolic pathways associated with the gene fadD. (E) Genes encoding transporters.


Of the 81 common BiasSNPs, 53 were nonsynonymous mutations in which 51 were in F. prausnitzii and the remaining two were in S. thermophilus. These 53 nonsynonymous BiasSNPs existed in 49 genes, whose detailed information are listed in Table 1. The enriched KEGG metabolic pathways based on these 49 genes showed that these SNPs were mainly related to nutrition metabolism and environmental adaptation functions (Figures 3B,C). In detail, pathways related to nutrition metabolism included carbohydrate metabolism (ko00720), nucleotide metabolism (ko09104), amino acid metabolism (ko09105), lipid metabolism (ko09103), and metabolism of terpenoids and polyketides (ko09109). Particularly, there were more genes related to carbohydrate and nucleotide metabolism (Figure 3B). Pathways associated with environmental information processing included membrane transport (ko09131), environmental adaptation (ko09159), and signal transduction (ko09132), which were mainly linked with ABC transporters (ko02010), thermogenesis (ko04714), and two-component system (ko02020), respectively (Figure 3C).


TABLE 1. Information of 49 genes with nonsynonymous BiasSNP.

[image: Table 1]Notably, some genes, such as pyk and fadD, were involved in multiple metabolic pathways (Figures 3B,D), suggesting their important roles in the entire metabolic network. The gene pyk encodes pyruvate kinase (Gubler et al., 1994), mainly taking part in glycolysis/gluconeogenesis (ko00010), purine metabolism (ko00230), and pyruvate metabolism (ko00620). The gene fadD encodes long-chain acyl-CoA synthetase that can use long-chain fatty acids as carbon source and energy (Pech-Canul et al., 2020), and is mainly involved in fatty acid biosynthesis and degradation (ko00061 and ko00071), ferroptosis (ko04216), lipid biosynthesis proteins (ko01004), quorum sensing (ko02024), thermogenesis (ko04714), etc.

There were several gene-encoding transporters in enrichment pathways (Figure 3E). These transporters include a variety of proteins that are involved in signal transduction and various intracellular processes, such as cell proliferation and differentiation. In this study, the genes with common BiasSNPs encode a variety of transport system permease proteins, such as spermidine/putrescine transport system permease protein (potB encoding), phosphate transport system permease protein (pstA encoding), polar amino acid transport system permease protein (ABC.PA.P encoding), iron complex transport system permease protein (ABC.FEV.P encoding), zinc transport system permease protein (znuB encoding), etc. Besides, they also encode basic membrane protein A (bmpA encoding), multidrug resistance protein (dinF encoding), and anaerobic dimethyl sulfoxide reductase subunit B (dmsB encoding). These results indicated that these genes with nonsynonymous SNPs were closely related to the transporters under the dietary intervention.



Prader–Willi Syndrome-Specific BiasSNPs Affected by High-Fiber Dietary Intervention

PWS-specific BiasSNPs (4,384) were detected between the pre- and post-intervention groups, which were distributed in 2,039 genes and sourced from 34 strains. The distribution at strain level indicated that most of the BiasSNPs were derived from F. prausnitzii (82.0%) (Figure 4A).
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FIGURE 4. Species composition and enrichment metabolic pathways carrying the BiasSNPs in PWS children. (A) Composition of species with BiasSNP in PWS children. Colors represent different species. (B) The relationship between the metabolic pathways of BiasSNP in PWS children. The line indicates that the metabolic pathways share the same gene, the dot represents the pathway, the size of the dot represents the number of genes with BiasSNP in the pathway, and the color represents the class of pathway.


A network of the KEGG metabolic pathways, with the nonsynonymous BiasSNPs uniquely occurring in the PWS children, was constructed. This network showed that these BiasSNPs were mainly relevant to nutrition metabolism and environmental adaptation (Figure 4B). There were more BiasSNPs in PWS than in SO, and the metabolic functions of these PWS-specific BiasSNPs were similar to that of the common BiasSNPs, indicating that the gut microbial SNPs were more susceptible by dietary intervention in PWS. Nutrition metabolism mainly included carbohydrate metabolism, amino acid metabolism, metabolism of cofactors and vitamins, nucleotide metabolism, and lipid metabolism. Pathways of environmental adaptation mainly covered cellular community, membrane transport, and folding, sorting, and degradation. Genes (242) with nonsynonymous BiasSNPs in the pathway network of PWS children are listed in Supplementary Table 1.



Simple Obese-Specific BiasSNPs Affected by High-Fiber Dietary Intervention

There were 222 SO-specific BiasSNPs between before and after dietary intervention, far fewer than those in PWS. These BiasSNPs were distributed in 196 genes and sourced from 17 strains, also mainly from F. prausnitzii (74.8%) (Figure 5A). Among them, 104 BiasSNPs were nonsynonymous. The network of enriched KEGG metabolic pathways constructed with the genes carrying nonsynonymous BiasSNPs showed that these BiasSNPs were mainly related to nutrition metabolism, DNA replication and repair, and translation (Figure 5B). The nutrition metabolism included carbohydrate metabolism, amino acid metabolism, metabolism of cofactors and vitamins, and nucleotide metabolism. The SNPs related to DNA replication and repair may furtherly influence the genetic variation, including base excision repair, homologous recombination, mismatch repair, and nucleotide excision repair. In addition, a number of nonsynonymous BiasSNP existed in translation-related metabolic pathways, such as aminoacyl-tRNA biosynthesis and ribosome. Twenty-six genes with nonsynonymous BiasSNPs in the pathway network of SO children are presented in Supplementary Table 2.
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FIGURE 5. Species composition and enrichment metabolic pathways carrying the BiasSNPs in SO children. (A) Composition of species with BiasSNP in PWS children. Colors represent different species. (B) The relationship between the metabolic pathways of BiasSNP in PWS children. The line indicates that the metabolic pathways share the same gene, the dot represents the pathway, the size of the dot represents the number of genes with BiasSNP in the pathway, and the color represents the class of pathway.




DISCUSSION

Our previous study performed a dietary intervention trial on obese children with PWS and SO, and found that the high-fiber diet had improved significantly the physiological indexes of all the obese children and changed the composition and structure of the gut microbiota (Zhang et al., 2015). This study focused on the gut microbial SNP variations that occurred in genes, trying to figure out important genes and functional strains influenced by the intervention.

We found that the remarkable changes in gut microbial SNPs caused by the intervention were related to nutrition metabolism, including carbohydrate metabolism (e.g., gluconeogenesis and pyruvate metabolism), amino acid metabolism, and lipid metabolism in all obese children. This result was not surprising because the SNPs existed densely in strains to adapt to environmental changes. Compared with the normal diet, the WTP diet provides large quantities of whole-grain mix that is rich in starch, soluble and insoluble dietary fiber, protein, and amino acids, but contains a small amount of fat (Xiao et al., 2014). When this excess and/or indigestible nutrition reached the colon, they brought environmental pressures to the microbiota that stayed there. This pressure could facilitate the utilization of indigestible nutrition by causing microbial SNPs and, thus, affecting the functions of the related genes (such as pyk, coding the pyruvate kinase). As a result, the metabolic efficiencies of indigestible nutrition substrates would be enhanced to adapt to the shifted environment better. Conversely, as the WTP diet is low in fat, the lower lipid substrate level in the intestinal environment might lead to SNPs in lipid metabolism-relevant genes (such as fadD, coding long-chain acyl-CoA synthetase) and, thus, would furtherly reduce the efficiencies of lipid nutrition substrates.

Meanwhile, SNPs also emerged in some pathways related to the adaptability to environmental changes and the virulence of bacteria, such as the two-component system, transport system, secretion system, and drug tolerance. The two-component system is a signal transduction system widely existing in bacteria, which plays an important role in responding to the constantly changing environment by means of protein phosphorylation (Wang et al., 2002; Zuniga et al., 2011). ABC transport system utilizes the energy released by ATP hydrolysis to transport various substrates across membranes, including amino acid, sugar, lipid, polypeptide, alcohol, metal, drug, etc. (Koster, 2001; Hollenstein et al., 2007). Additionally, the ABC transport system is also involved in some other biological processes, such as RNA translation and DNA repair (Licht and Schneider, 2011). HlyD, a member of the membrane fusion proteins (MFP), links the inner and outer membranes in some way by spanning the periplasm and is necessary for the secretion of repeats in toxin (RTX) hemolytic toxins (Pimenta et al., 1999; Pimenta et al., 2005). RTX is a kind of high-molecular weight protein, heat-resistant, calcium-dependent toxin, secreted by a large class of Gram-negative pathogens, which can lysis various creatural target cells (Lally et al., 1999). Dietary changes brought drastic variations to the intestinal environment and intense evolutionary pressure on the gut microbiota in obese children. Though further validation is needed, our results implied that, in response to this environmental pressure, some gut microbial SNPs that occurred might affect the efficiency and function of metabolic pathways related to environmental adaptation, and might be relevant to the health promotion of the obese children.

Previous studies had observed that Bifidobacterium was the selectively promoted genera under the WTP intervention due to their outperforming ability to utilize carbohydrates (Xiao et al., 2014; Zhang et al., 2015; Zhao et al., 2018). Indeed, Bifidobacterium became dominant strains responsible for nutrition metabolism after the intervention in both PWS and SO children based on SNP density analysis. Bifidobacterium has been demonstrated to have various probiotic effects on the health of the host, involving protection of the intestinal barrier, modulation of the immune response, and effects of antimicrobial, anti-inflammatory, and anti-obesity (Marteau et al., 2001; Heuvelin et al., 2009; Turroni et al., 2014). However, when we turned to BiasSNP analysis, unexpectedly, it was Faecalibacterium, instead of Bifidobacterium, that had the most nonsynonymous SNPs, suggesting that the intervention mainly affected the functional mutations of Faecalibacterium, especially F. prausnitzii. F. prausnitzii can reduce the synthesis of colonic pro-inflammatory cytokines, induce the secretion of anti-inflammatory cytokines, and inhibit the activation of NF-κB and the production of IL-8 (Sokol et al., 2008; Miquel et al., 2015), and produce butyrate to make protective and anti-inflammatory effects (Ohira et al., 2017). In addition, the track to strains carrying BiasSNPs showed that the dominant strains, F. prausnitzii AF32-8AC and F. prausnitzii 942/30-2, converted to F. prausnitzii SSTS Bg7063 and F. prausnitzii JG BgPS064 after the dietary intervention, indicating that dietary intervention probably changed the dominant strains of F. prausnitzii by changing the intestinal environment. If the study only focuses on the composition or abundance of the gut microbiota as the mainstream used, the important information about F. prausnitzii would be neglected. A previous study of 31 F. prausnitzii genomes reported that the functional differences among these strains were mainly concentrated in the metabolism of carbohydrates and amino acids (Fitzgerald et al., 2018). However, we found that the functional differences of F. prausnitzii were not only on nutrition metabolism but also in response to environmental changes, such as signal transduction and membrane transport. This additional finding suggested that SNP analysis on gut microbiota could provide more details about the functions and characteristics at the strain level.

Some differences in the gut microbial SNP existed between PWS and SO children in response to the intervention. There were more BiasSNPs between before and after intervention in PWS children than in SO, suggesting that the influence of high-fiber diet on the gut microbial SNP may be greater in PWS than in SO. PWS-specific BiasSNPs were mainly related to nutrition metabolism, protein transport, and environmental adaptation. The phosphotransferase system (PTS) in bacteria can transport carbohydrates into cells by phosphorylation (Deutscher et al., 2007), and also perceive available carbohydrates and intracellular energy, regulate the decomposition of metabolites, and ensure the optimal utilization efficiency of carbohydrates in a complex environment (Lengeler, 1996; Kotrba et al., 2001). N-acetylgalactosamine-specific PTS, which correlated with the nonsynonymous BiasSNPs in PWS, is a common amino-sugar transport system in the gut microbiota, which can regulate and transport acetyl galactosamine (Brinkkotter et al., 2000; Ezquerro-Saenz et al., 2006). Additionally, PWS-specific BiasSNPs were also concentrated in two kinds of proteins translocation systems, general secretory (Sec) pathway and twin-arginine translocation (Tat) system. The Sec pathway is a common and universal protein translocation system, which could integrate synthetic proteins into bacterial cell membranes (Zhou et al., 2014; Tsirigotaki et al., 2017), while the Tat system can transport folded proteins efficiently across the cytoplasmic membranes (Palmer et al., 2010). Moreover, PWS-specific BiasSNPs were also related to spore formation, which is wrapped by a layer of complex macromolecular protein shell under special conditions to resist the hydrolysis of enzyme and protect the active molecules (Setlow, 2003; Kim et al., 2006). These differences in gut microbial SNPs between PWS and SO could not be discovered if only composition information was used, which emphasized the importance of SNP analysis again.

In this work, the identified non-synonymous SNPs were dominantly carried by F. prausnitzii strains. Though F. prausnitzii were well known for their biodiversity, we could not find functional reports about these SNPs. Future efforts are needed to verify/discern the specific effects of these SNPs on the encoded protein activity, their role on metabolism under high-fiber dietary intervention, and their potential beneficial or detrimental influences on host health. The verification/discernment could be done through combining molecular simulation or experimental design.



CONCLUSION

Our results demonstrated that the high-fiber dietary intervention altered the gut microbial SNP patterns in obese children, and intervened the efficiency and function of metabolic pathways in nutrition metabolism and environmental adaptation. F. prausnitzii had been screened out as the dominant strains by changing multiple functional SNPs under the intervention, which had the potential to improve obesity and could be used as a probiotic supplementary in the prevention and treatment of obesity. This bioinformatics study provided evidence for the influence of dietary intervention on gut microbial SNPs, highlighted the importance of SNP analysis on searching differential genes and functional strains from complexed microbial ecosystem, and gave some enlightenment for obesity or other disease treatment.
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Maternal antibiotic treatment (MAT) during prenatal and intrapartum periods alters the bacterial composition and diversity of the intestinal microbiota of the offspring. The effect of MAT during pregnancy on the intestinal microbiota and its relationship with intestinal development remain unknown. This study investigated the effects of MAT during pregnancy on intestinal microbiota, injury and inflammation, vascularization, cellular proliferation, and the intestinal barrier in neonatal mice. At timed intervals, we fed pregnant C57BL/6N mice sterile drinking water containing antibiotics (ampicillin, gentamicin, and vancomycin; all 1 mg/ml) from gestational day 15 to delivery. The control dams were fed sterile drinking water. Antibiotic administration was halted immediately after birth. On postnatal day 7, the intestinal microbiota was sampled from the lower gastrointestinal tract and the ileum was harvested for histology, Western blot, and cytokines analyses. MAT significantly reduced the relative abundance of Bacteroidetes and Firmicutes and significantly increased the relative abundance of Proteobacteria in the intestine compared with their abundances in the control group. MAT also significantly increased intestinal injury score and cytokine levels, reduced the number of intestinal goblet cells and proliferating cell nuclear antigen-positive cells, and reduced the expressions of vascular endothelial growth factor and tight junction proteins. Therefore, we proposed that maternal antibiotic exposure during pregnancy disrupts the intestinal microbiota and intestinal development in neonatal mice.

Keywords: microbiota, intestine, tight junction, proliferating cell nuclear antigen, vascular endothelial growth factor


INTRODUCTION

Approximately 25% of women receive a course of antibiotics during pregnancy, and antibiotics account for 80% of medications used by pregnant women (Broe et al., 2014). They receive antibiotics to treat various conditions, such as bacterial vaginosis, urinary tract infections, and upper respiratory tract infections (Bookstaver et al., 2015). Although antibiotics are necessary for treating infections during pregnancy, they have short- and long-term effects. Maternal antibiotic exposure during pregnancy has been reported to be associated with lower rates of necrotizing enterocolitis and death in preterm infants and higher risks of asthma, atopic dermatitis, and hospitalization for infections in children (Blaser and Bello, 2014; Loewen et al., 2018; Miller et al., 2018; Reed et al., 2018; Alhasan et al., 2020).

The microbiota regulates inflammatory, infectious, and metabolic diseases and also causes, prevents, and sustains human diseases (Belkaid and Hand, 2014; Palm et al., 2015). Evidence suggests that host–microbe interactions may extend beyond the local environment to peripheral tissues (Marsland et al., 2015). Preclinical and human studies have demonstrated that maternal antibiotic administration during prenatal and intrapartum periods alters the bacterial composition and diversity of the offspring’s intestinal microbiota (Gonzalez-Perez et al., 2016; Yoshimoto et al., 2018; Dierikx et al., 2020; Zimmermann and Curtis, 2020). Microbiota profiles play a crucial role in intestinal barrier function and intestinal maturation in germ-free mice and human infants (Reinhardt et al., 2012; Sommer and Bäckhed, 2013; Kelly et al., 2015; Selma-Royo et al., 2020). However, the effects of maternal antibiotic treatment (MAT) during pregnancy on intestinal development and the relationship among MAT, the intestinal microbiota, and intestinal injury in neonates remain unknown. This study investigates the effects of MAT during pregnancy on intestinal microbiota and intestinal development in neonatal mice.



MATERIALS AND METHODS


Animals and Experimental Protocol

Our study was approved by the Institutional Animal Care and Use Committee of Taipei Medical University (license number LAC-2019-0290) and according to an Association for Assessment and Accreditation of Laboratory Animal Care approved protocol. Six time-dated pregnant C57BL/6N mice were housed in individual metal cages with hardwood chip bedding on a 12-h light–dark cycle and free access to laboratory food of a standard chow diet (Rodent Laboratory Chow no. 5001, Ralston Purina Company, St. Louis, MO, United States) and water. The facility temperature was maintained at 20–23°C, and the relative humidity was between 36 and 57%; at the same time, minimal environmental stress and basic environmental enrichment were carried out in strict accordance with the recommendations with our institutional guidelines. The mice were allowed to deliver vaginally at term. At timed intervals, two mice in the MAT group were fed sterile drinking water containing antibiotics (ampicillin, gentamicin, and vancomycin; 1 mg/ml) often prescribed to pregnant women and human newborns, starting from gestational day 15 to delivery (Gray et al., 2017). Two control and two antibiotic-treated dams gave birth to 9 and 14 pups. The diet of the mothers was continued throughout the nursing time until the analysis of the offspring. Each mother was housed with her offspring in a single cage, and all neonates (both male and female) were breastfed throughout the study. The control dams were fed sterile drinking water. Antibiotic administration was halted immediately after birth. The current study was designed and reported in adherence to the ARRIVE Essential 10: Compliance Questionnaire.



Mouse Tissue Collection

The animals were euthanized with an overdose of isoflurane on postnatal day 7. The abdomen was opened through a midline incision, 2 cm of the lower intestine from the anus to the colon was harvested, and the microbiota was sampled using a culture-independent approach (community sequencing of the 16S rRNA gene using the Illumina MiSeq). The instruments were rinsed with ethanol and flamed before each harvest, and the tissues were excised, placed in tubes containing 1 ml of sterile water, and homogenized mechanically using the Tissue-Tearor (BioSpec Products, Bartlesville, OK, United States). The tissue homogenizer was cleaned and rinsed with ethanol and water after each sample was obtained. Water control samples from homogenization that had been exposed to clean instruments were sequenced as procedural controls. The last 2 cm of the terminal ileum was excised, fixed with formalin, and embedded in paraffin for histological evaluation. A part of the ileum was flushed with saline to remove residual fecal matter and immediately fresh-frozen in liquid nitrogen for protein isolation.



16S rDNA Gene Sequencing and Next-Generation Sequencing Analysis

The protocol followed in this study for 16S rDNA analysis is described by Yang et al. (2020). In brief, 16S rDNA was purified from fecal samples with a QIAamp Fast DNA Stool Mini Kit (QIAGEN, Germany) and from lung tissues with a QIAamp DNA Microbiome Kit (QIAGEN, Germany). 16S rRNA gene amplification and library construction were performed according to the protocols provided by Illumina.1 V3-V4 region of bacterial 16S rRNA genes was amplified with the universal bacterial primers 341F (5'-CCTACGGGNGGCWGCAG-3') and 805R (5'-GACTACHVGG GTATCTAATCC-3') containing Illumina overhang adapter sequences in the forward (5'-TCGTCGGC AGCGTCAGATGTG TATAAGAGACAG-3') and reverse (5'-GTCTCGTGGGCT CGG AGAT GTGTATAAGAG ACAG-3') primers using a limited cycle PCR. Illumina sequencing adapters and dual-index barcodes were added to the amplicon target using a Nextera XT Index kit. Quantification and quality of the libraries were checked using a QSep100 Analyzer (BiOptic Inc., Taiwan). Finally, the libraries were normalized and pooled in an equimolar ratio and sequenced with an Illumina MiSeq sequencer. The code of the 16S analysis was supported by Dr. IH Lin, and the information could be found at the Web site https://github.com/ycl6/16S-rDNA-V3-V4. The gene-specific sequences used in this protocol target the 16S V3 and V4 regions and were removed from the demultiplexed, paired reads using Cutadapt (v 1.12). The filtered reads were processed in the R environment (v 3.6.1) using R package DADA2 (v 1.14.1) following the procedure described by Callahan et al. (2016). Briefly, the forward and reversed reads were filtered and trimmed based on the read quality score and read length. Dereplication was then performed to merge identical reads; then, reads were subjected to the denoise DADA2 algorithm which alternate between error-rate estimation and sample composition inference until they converge on a jointly consistent solution. Finally, the paired reads were merged that required a minimal of 20 bp overlap and chimeras were subsequently removed. Taxonomy assignment was performed using the SILVA database (v 138) as a reference, with minimum bootstrap confidence of 80. Multiple sequence alignment of the SVs was performed using DECIPHER (v 2.14.0), and a phylogenetic tree was constructed from the alignment using phangorn, v 2.5.5 (Schliep, 2011; Quast et al., 2013). The count table, taxonomy assignment results, and phylogenetic tree were consolidated into a phyloseq object, community analysis, and Bray–Curtis distances were performed using phyloseq (v 1.30.0; McMurdie and Holmes, 2013). The alpha diversity indices were calculated using the estimate_richness function of the phyloseq package. The adonis and betadisper functions from the vegan package (v 2.5.6) were used for statistical analysis of the dissimilarity of composition between groups and homogeneity of dispersion, respectively. The enrichment analysis between groups was analysed using the linear discriminant analysis (LDA) effect size (LEfSe) method with Wilcoxon-Mann-Whitney test (at α = 0.05) and logarithmic LDA score more than 2 (Segata et al., 2011). Sequence reads were input into the European Nucleotide Archive under the accession number PRJEB43913.



Histology

The ileum was separated into 5-μm sections, stained with hematoxylin and eosin, and examined through light microscopy for evaluation of intestinal morphology. The intestinal mucosal injury was scored on a scale of 0–5, where 0 = normal mucosal villi, 1 = subepithelial space at the villus tips and frequent capillary congestion, 2 = extension of the subepithelial space with the moderate lifting of the epithelial layer from the lamina propria, 3 = massive epithelial lifting down the sides of the villi with occasionally denuded villi tips, 4 = denuded villi with dilation of the lamina propria and capillaries, and 5 = disintegration of the lamina propria, hemorrhage, and ulceration (Chiu et al., 1970). The sections for goblet cell quantification were stained with Alcian blue staining, and the number of goblet cells per 100 epithelial cells was counted (Elgin et al., 2019).



Immunohistochemistry

After routine deparaffinization, the slides were immersed in a 0.01 mol/L sodium citrate buffer (pH 6.0) for heat-induced epitope retrieval. To block endogenous peroxidase activity and nonspecific antibody binding, the sections were preincubated for 1 h at room temperature in 0.1 mol/L phosphate-buffered saline containing 10% normal goat serum and 0.3% H2O2. All sections were incubated with the following primary antibodies for 20 h at 4°C: mouse monoclonal antioccludin, rat monoclonal anti-ZO-1 (both antioccludin and anti-ZO-1 were 1:20 diluted; Santa Cruz Biotechnology Inc., CA, United States), rabbit monoclonal anti-proliferating cell nuclear antigen (anti-PCNA; 1:100; Abcam, Cambridge, MA, United States), mouse monoclonal anti-vascular endothelial growth factor (anti-VEGF) and anti-CD68, and rat monoclonal anti-CD45R (all three antibodies were diluted at a 1:50 ratio; Santa Cruz Biotechnology). The sections were then treated for 1 h at 37°C with biotinylated goat anti-mouse IgG, goat anti-rat IgG, or goat anti-rabbit IgG (1:200; Jackson ImmunoResearch Laboratories Inc., PA, United States) before undergoing a reaction with reagents from an avidin–biotin complex kit (Vector, CA, United States). A diaminobenzidine substrate kit (Vector, CA, United States) was used to visualize the brown reaction products in accordance with the manufacturer’s instructions. All immunostained sections were viewed and photographed using an Olympus BX43 microscope. The quantification method for PCNA-positive cells and CD45- and CD68-positive stained cells was modified from Şensoy and Öznurlu (2019), the cells were counted in a total of 100 crypt cells, and the results were recorded as the percentage (%) of positive cells.



Intestinal Cytokine Levels

Intestinal tissues were homogenized in 1 ml of ice-cold lysis buffer containing 1% Nonidet P-40, 0.1% sodium dodecyl sulfate, 0.01 m deoxycholic acid, and a complete protease cocktail inhibitor. Cell extracts were centrifuged, and the levels of interleukin (IL)-1β and IL-6 in supernatants were measured with an enzyme-linked immunosorbent assay kit (Cloud-Clone Corp., Houston, TX, United States).



Statistical Analysis

All data are presented as the mean ± SD. A test for normality of variances was conducted using the Shapiro–Wilk test. Normally distributed data were analyzed using Student’s t-test. Non-normally distributed data were analyzed using the Mann–Whitney U test. The Kaplan–Meier method was used to determine the survival rate, and a log-rank test was used to compare groups. Differences were considered statistically significant at p < 0.05.




RESULTS


Total Intestinal Commensal Bacteria at Birth, and Survival Rate and Body Weight on Postnatal Day 7

Maternal antibiotic treatment significantly reduced the number of commensal bacteria in newborn mice compared with control newborns (p < 0.05; Figure 1A). Three control and three antibiotic-treated dams gave birth to 16 and 19 pups, respectively. At birth, seven mice from the control group and five mice from the MAT group were killed and their lower intestinal tract was used to determine the total bacterial load, which was quantified using qPCR with universal bacterial primers (forward: 5'-AAACTCAAAKGAATTGACGG-3'; reverse: 5'-CTCACRRCACGAGCTGA-3'). The rest nine mice born to the control dams survived (Figure 1B). Three mice and one mouse born to the antibiotic-treated dams died, on postnatal days 5 and 6, respectively. The mice born to control and antibiotic-treated dams had comparable survival rates. The mice born to the antibiotic-treated dams had significantly lower body weights at birth and on postnatal day 7 than did the mice born to the control dams (p < 0.001; Figures 1C,D).
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FIGURE 1. Effects of MAT on (A) total intestinal commensal bacteria at birth, (B) survival rate, (C) body weight at birth, and (D) body weight on postnatal day 7. MAT significantly reduced the number of commensal bacteria in newborn mice compared with that in the control newborns. The survival rates were comparable between the mice born to control and antibiotic-treated dams. The mice born to the antibiotic-treated dams exhibited significantly lower body weights at birth and on postnatal day 7 than that of the mice born to the control dams. *p < 0.05; ***p < 0.001. MAT, maternal antibiotic treatment.




MAT Altered the Intestinal Microbiota Composition

We analyzed the taxonomic community structure of the intestinal microbiome on postnatal day 7 to determine its response to MAT (Figure 2A). At the phylum level, the intestinal microbiome in the control and MAT groups contained four major bacterial phyla (%): Actinobacteria (2.5 ± 3.1 and 1.3 ± 1.3, respectively), Bacteroidetes (37.3 ± 8.2 and 29.2 ± 8.3, respectively), Firmicutes (45.9 ± 4.7 and 39.2 ± 3.0, respectively), and Proteobacteria (11.8 ± 7.5 and 27.8 ± 10.8, respectively). The first three phyla accounted for >95% of the sequences in the two groups. MAT significantly reduced the relative abundance of Bacteroidetes (p < 0.05) and Firmicutes (p < 0.01) and significantly increased the relative abundance of Proteobacteria (p < 0.01) in the intestine compared with the control group. Although the intestine microbiota composition was distinct between the control and MAT groups, MAT group exhibited lower Shannon diversity and Simpson diversity and the differences were not statistically significant (p = 0.079 and p = 0.11, respectively; Figure 2B). Nonmetric multidimensional scaling revealed that the intestinal microbiome in the control group was significantly different from that in the MAT group (p < 0.000999; Figure 2C). To identify microbial taxa affected by MAT, linear discriminant analysis effect size (LEfSe) analysis was performed, which revealed significant differences in relative bacterial abundance at the family level (Figure 2D).
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FIGURE 2. Effects of MAT on (A) bacterial composition at the phylum level, (B) α diversity, (C) NMDS, and (D) histogram of the linear discriminant analysis scores of bacterial at the family level of the intestinal microbiota in 7-day-old mice. MAT altered the bacterial composition and diversity of the intestinal microbiota in 7-day-old offspring. MAT significantly reduced the relative abundances of Bacteroidetes and Firmicutes and significantly increased the relative abundance of Proteobacteria in the intestine compared with the abundances in the control group. No significant differences in Shannon diversity or Simpson diversity were observed between the control and MAT groups. NMDS revealed that the intestinal microbiome in the control group was significantly different from that in the MAT group. Bacterial taxa significantly differed across the control and MAT groups identified by LEfSe using the default parameters. *p < 0.05; **p < 0.01. NMDS, nonmetric multidimensional scaling; and MAT, maternal antibiotic treatment.




MAT Induced the Intestinal Injury and Reduced Tight Junction Protein Expression

Representative immunohistochemistry and Western blotting results for occludin and ZO-1 are presented in Figure 3. The mice born to the control dams exhibited a normal intestinal wall configuration, a well-defined striated border at the luminal surface, and prominent goblet cells in the epithelium (Figure 3A). Those born to antibiotic-treated dams exhibited fewer goblet cells in the epithelium, dilated capillaries and lacteal ducts in the lamina propria of the villi, separated lamina propria in the basal portion of the mucosa from the submucosa, and a significantly (5.5-fold) higher intestinal injury score compared with the mice born to the control dams (p < 0.05; Figure 3B). The immunoreactivity of ZO-1 and occludin was observed on the cell membrane between adjacent intestinal epithelial cells (Figure 3A). We observed an intact construct of ZO-1 and occludin staining in the mice born to the control dams. The mice born to the antibiotic-treated dams exhibited disrupted ZO-1 and occludin immunohistochemistry between adjacent enterocytes and significantly (0.4-fold) lower ZO-1 and occludin protein expression levels compared with the mice born to the control dams (p < 0.05, Figure 3B).
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FIGURE 3. Effects of MAT on (A) immunohistochemistry of the ileum and (B) intestinal injury score and Western blotting of tight junction proteins in 7-day-old mice. Compared with the mice born to the control dams, the mice born to the antibiotic-treated dams exhibited fewer goblet cells (asterisk) in the epithelium and a significantly higher intestinal injury score; they also exhibited dilated capillaries and lacteal ducts in the lamina propria of the villi (black arrow) and separated lamina propria in the basal portion of the mucosa from the submucosa (white arrow). Mice born to the control dams exhibited intact construct of ZO-1 and occludin staining (white arrow). Those born to the antibiotic-treated dams exhibited disrupted ZO-1 and occludin immunohistochemistry between adjacent enterocytes and significantly lower ZO-1 and occludin protein expression levels than the mice born to the control dams (n = 9). *p < 0.05. MAT, maternal antibiotic treatment.




MAT Reduced the Numbers of Intestinal Goblet Cells and PCNA-Positive Cells and VEGF Protein Expression

We quantified the goblet cells and PCNA-positive cells to assess the components of innate immunity and proliferation in the intestine, respectively (Figure 4A). The immunoreactivity for PCNA was localized to the nucleus and was observed along the epithelium of the intestinal mucosa and in the basal area of the intestinal crypts. Dark brown VEGF-positive staining was localized at the apical cytoplasm of the epithelial cells in both groups; only mice born to the control dams displayed positive results for the immunostaining of VEGF on the endothelial cells of blood vessels in the lamina propria. The mice born to the control dams exhibited more prominent immunoreactivity for PCNA and VEGF staining. Those born to the antibiotic-treated dams had significantly (0.7-fold, p < 0.001) fewer mucus-positive goblet cells and PCNA-positive cells and significantly (0.66-fold, p < 0.01) lower VEGF protein expression than did the mice born to the control dams (Figure 4B).

[image: Figure 4]

FIGURE 4. Effects of MAT on (A) immunohistochemistry results and (B) results of quantitative analysis of goblet cells and PCNA-positive cells and Western blotting of VEGF in 7-day-old mice. The immunoreactivity for PCNA (white arrow) was localized to the nucleus and appeared along the epithelium of the intestinal mucosa and in the basal area of the intestinal crypts. Dark brown VEGF-positive staining (white arrow) was localized at the apical cytoplasm of the epithelial cells in both groups, and the VEGF-positive endothelial cells (black arrow) of blood vessels were observed in the lamina propria of the control group. The mice born to the control dams demonstrated more prominent immunoreactivity for PCNA and VEGF staining. The mice born to the antibiotic-treated dams exhibited significantly fewer mucus-positive goblet cells (blue stained) and PCNA-positive cells and significantly lower VEGF protein expression than did the mice born to the control dams (n = 9). **p < 0.01; ***p < 0.001. MAT, maternal antibiotic treatment; PCNA, proliferating cell nuclear antigen; and VEGF, vascular endothelial growth factor.




MAT Increased the Numbers of Intestinal CD45- and CD68-Positive Cells and Cytokines

CD45 and CD68 immunoreactivity was observed on the cytoplasm and the cell membrane of the small lymphocytes (Figure 5A). The CD45- and CD68-positive cells were scattered over the lamina propria of the villi and between the epithelial cells of the intestinal mucosa. The mice born to the antibiotic-treated dams exhibited a significantly (1.35-fold, p < 0.05) higher percentage of CD45- and CD68-positive cells and (1.32-fold and 1.57-fold, respectively, p < 0.001) higher IL-1β and IL-6 expression levels than those born to the control dams (Figures 5B,C).
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FIGURE 5. Effects of MAT on (A) immunohistochemistry results, (B) results of quantitative analysis of CD45 and CD68 cells, and (C) cytokines in 7-day-old mice. CD45 and CD68 immunoreactivity was observed on the cytoplasm and cell membrane of the small lymphocytes. The CD45- and CD68-positive cells (white arrow) were scattered over the lamina propria and between the epithelial cells of the intestinal mucosa. The mice born to antibiotic-treated dams exhibited significantly higher percentages of CD45- and CD68-positive cells and higher IL-1β and IL-6 expression levels than did those born to control dams. *p < 0.05; ***p < 0.001. MAT, maternal antibiotic treatment.





DISCUSSION

Our in vivo model demonstrated that MAT during pregnancy suppressed the intestinal microbiota and reduced the body weight of offspring at birth. Maternal antibiotic exposure altered the bacterial composition of intestinal microbiota, induced intestinal injury and inflammation, inhibited vascularization and cellular proliferation, and disrupted the intestinal barrier in neonatal mice. These findings suggest that the administration of antibiotics to women during pregnancy and the subsequent alterations to intestinal microbiota and intestinal development can cause short-term adverse effects.

Rat pups born to dams treated with perinatal antibiotics (amoxicillin or vancomycin) from day 8 prior to delivery to postnatal week 4 gained less weight than did pups born to control dams (Tulstrup et al., 2018). However, the effects of maternal antibiotic exposure during pregnancy on postnatal body weights are unknown. In this study, mice exposed to prenatal maternal antibiotics (ampicillin, gentamicin, and vancomycin) from gestational day 15 to delivery exhibited significantly lower body weights on postnatal day 7 than did mice exposed to sterile drinking water. This effect was not dependent on litter size but was associated with a reduced number of commensal bacteria in newborn mice born to antibiotic-treated dams. These results suggest that maternal antibiotic exposure during pregnancy alters body growth in the postnatal period, indicating that in utero antibiotic exposure alters organogenesis (Vidal et al., 2013). We demonstrated that MAT exposure increases mice mortality, although the survival rates were comparable between the mice born to the control dams and those born to the antibiotic-treated dams.

In this study, we found that MAT during pregnancy suppressed the development of the intestinal microbiota and disrupted intestinal development, as demonstrated by decreased numbers of goblet cells and PCNA-positive cells and decreased VEGF and tight junction protein expression. These results support the previous findings that the intestinal microbiota is crucial for intestinal development through the promotion of mucus production, cellular proliferation, vascularization, and preservation of epithelial junctions in germ-free mice and human infants (Reinhardt et al., 2012; Sommer and Bäckhed, 2013; Kelly et al., 2015; Selma-Royo et al., 2020). These findings suggest that antibiotics administration during pregnancy should be cautious and the manipulation of the intestinal microbiota might potentially prevent intestinal injury and promote intestinal development in antibiotic-exposed infants.

We demonstrated that MAT during pregnancy increases intestinal cytokine (IL-1β and IL-6) levels in neonatal mice. We also quantified intestinal lymphocyte populations of CD45- and CD68-positive stained cells and demonstrated that MAT during pregnancy increases the numbers of these cells. The results suggest that CD45 and CD68 cells produce cytokines, which is compatible with the finding that type 3 innate lymphoid cells in the neonatal intestine produce the cytokines IL-17 and IL-22 (Niu et al., 2020).

In this study, we used a combination of ampicillin, gentamicin, and vancomycin because they are the most commonly prescribed antibiotics during pregnancy (Mylonas, 2011). We demonstrated that MAT during pregnancy altered the intestinal bacterial composition, induced intestinal injury and inflammation, and disrupted the intestinal development in neonatal mice. These findings suggest that antibiotics should only be applied to pregnant women if antibiotics are really needed. Further studies are needed to evaluate the effect of each antibiotic on intestinal microbiota and development in the offspring.

Our study has several limitations. First, we did not evaluate the maternal intestinal microbiota at the end of antibiotic treatment. Studies have demonstrated that maternal antibiotic exposure during pregnancy disturbs the maternal and fetal intestinal microbiota and affects the health of the offspring (Calatayud et al., 2019; Younge et al., 2019). However, the effects of antibiotics on intestine development in pregnant mice were largely unknown. Second, we did not evaluate the effects of MAT during pregnancy on intestinal permeability in the offspring, though studies have demonstrated that MAT increases colonic permeability on postnatal day 14 in swine offspring and that a disrupted intestinal barrier is associated with impaired intestinal function in hyperoxia-exposed newborn rats (Arnal et al., 2015; Chou and Chen, 2017). Third, maternal antibiotic administration was halted immediately after birth and we measured the intestinal microbiota and intestinal development on postnatal day 7. We did not investigate the effects of MAT during pregnancy through immediate postnatal period in the offspring mice. These might explain the differences in bacterial composition, and tight junction protein expression between the control and MAT groups was not large. Fourth, we did not measure immunological parameters to elucidate the mechanisms underlying impaired intestinal development.



CONCLUSION

In conclusion, this study demonstrated that MAT during pregnancy alters the intestinal microbiota, increases intestinal injury and inflammation, inhibits intestinal cellular proliferation and vascularization, and disrupts the intestinal barrier in neonatal mice. Research on intestinal development after prenatal antibiotic exposure in neonatal mice will increase our understanding of intestinal barrier function and provide strategies for the prevention of long-term adverse effects of MAT during pregnancy. Avoiding antibiotics during pregnancy and the manipulation of intestinal microbiota has the potential to prevent and treat the intestinal injury in infants exposed to prenatal antibiotics. Further studies are required to explore the mechanisms that connect MAT during pregnancy with impaired intestinal development in neonates.
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Hematological features are one of the best-known aspects of high-altitude adaptation in Tibetans. However, it is still unclear whether the intestinal microbiota is associated with the hematology profile. In this study, routine blood tests and 16S rRNA gene sequencing were used to investigate the differences in the intestinal microbiota and hematological parameters of native Tibetan herders and Han immigrants sampled at 3,900 m. The blood test results suggested that the platelet counts (PLTs) were significantly higher in native Tibetans than the Han immigrants. The feces of the native Tibetans had significantly greater microbial diversity (more different species: Simpson’s and Shannon’s indices) than that of the Han immigrants. The native Tibetans also had a different fecal microbial community structure than the Han immigrants. A Bray–Curtis distance-based redundancy analysis and envfit function test showed that body mass index (BMI) and PLT were significant explanatory variables that correlated with the fecal microbial community structure in native Tibetans. Spearman’s correlation analysis showed that Megamonas correlated positively with BMI, whereas Bifidobacterium correlated negatively with BMI. Alistipes and Parabacteroides correlated positively with the PLT. Succinivibrio correlated positively with SpO2. Intestinibacter correlated negatively with the red blood cell count, hemoglobin, and hematocrit (HCT). Romboutsia correlated negatively with HCT, whereas Phascolarctobacterium correlated positively with HCT. A functional analysis showed that the functional capacity of the gut microbial community in the native Tibetans was significantly related to carbohydrate metabolism. These findings suggest that the hematological profile is associated with the fecal microbial community, which may influence the high-altitude adaptation/acclimatization of Tibetans.

Keywords: fecal microbiota, high-altitude adaptation, Tibetan, Han immigrant, hematological profile


INTRODUCTION

The Tibetan Plateau is both the largest and highest plateau in the world, with a mean elevation of 4,500 m (Zhao et al., 2019), and is therefore considered as the “roof of the world.” It has special environmental conditions, such as low atmospheric pressure, low temperature, low relative humidity, and high solar radiation (Zhao et al., 2018). On the Tibetan Plateau, the main indigenous population is the Tibetans, whereas the Han population constitutes the majority of the immigrant population. Han individuals and other unacclimatized or susceptible people who ascend to altitudes >2,500 m can experience physiological responses during rapid ascent that may be life-threatening (Roach et al., 2018). Increased red blood cell (RBC) counts, packed cell volumes, or high hemoglobin concentrations are frequently observed in physiological responses to high altitude. Patients with chronic mountain sickness are characterized by excessive erythrocytosis (Moore et al., 2010). Hypoxia also alters the proteome of platelets, favoring a prothrombotic phenotype, increasing platelet reactivity, which increases the risk of thrombotic diseases in chronically hypoxic individuals (Rocke et al., 2018). However, Tibetans have been living at high altitudes for thousands of years (Meyer et al., 2017), have established perfectly adapted mechanisms for high-altitude living, and display a suite of adaptive physiological traits: increased resting ventilation, reduced arterial oxygen content, blunted hypoxic ventilation response and pulmonary vasoconstriction response, and a reduced incidence of low birth weight (Jianguo et al., 2002; Beall, 2006, 2007; Tianyi and Kayser, 2006). Lowland individuals (Han) can acclimatize to altitude to mitigate the effects of high-altitude exposure, and during this acclimatization, most changes occur over a period of days up to a few weeks (Muza et al., 2010; West et al., 2012; Qian-Qian et al., 2013). This process does not restore the individual’s performance to that at sea level, nor to one that is completely the same as that of the native population (Yang et al., 2018). Although many genome-wide association studies have identified differences in several genes, such as endothelial PAS domain containing protein 1 (EPAS1) and egl-9 family hypoxia inducible factor (EGLN1), which are responsible for the genetic adaptation of native highlanders (Simonson et al., 2010; Lorenzo et al., 2014; Arciero et al., 2018; Storz, 2021), limited information is available on the association between the intestinal microbiome, or “second genome” (Grice and Segre, 2012), and the hematology of these natives. Trillions of microorganisms inhabit the human body, strongly colonizing the gastrointestinal tract and outnumbering our own cells (Sohail et al., 2019). Most microbes reside in the gastrointestinal tract, have coevolved with their hosts, and have profound effects on human physiology and nutrition (Turnbaugh et al., 2006; Tremaroli and Bäckhed, 2012).

Short or chronic exposure of humans or animals to hypoxia (the most typical characteristic of high altitude) can affect the composition of the intestinal microbiota (Brigitta et al., 2005; Atanu et al., 2013; Lucking et al., 2018; Zhang et al., 2019). It appears that some indigenous high-altitude humans and animals tend to carry several common genes and some common intestinal microbes that may be related to their adaptation to altitude (Ge et al., 2013; Kang et al., 2016; Li et al., 2016, 2018; Zhang et al., 2016a,b; Lan et al., 2017; Arciero et al., 2018; Bai et al., 2018). These findings suggest that the host genome and the intestinal microbiome have coevolved under the selection pressure exerted by high altitude.

Among the majority populations on the Tibetan Plateau, the native Tibetan and Han immigrants living at same high altitude display significant differences in compositions of their intestinal microbiota (Kang et al., 2016). This is also true of members of the same ethnic group living at different altitudes (Lan et al., 2017). Diet, body mass index (BMI), lifestyle, and age also influence the community composition and structure of the intestinal microbial in native Tibetans and Han immigrants (Li and Zhao, 2015; Lan et al., 2017; Li et al., 2018).

Recent studies have indicated that the intestinal microbiota not only regulates mucosal immunity but also contributes to hematopoiesis. The gut microbiota sustains hematopoiesis. Hematopoietic changes are associated with a significant contraction of the fecal microbiome and are partially rescued by the transfer of fecal microbiota. Platelet counts (PLTs) are consistently and significantly increased in antibiotic-treated mice compared with those in control mice (Josefsdottir et al., 2017; Staffas et al., 2018; Han et al., 2021). Metabolites from the intestinal microbiota, such as short-chain fatty acids (SCFAs), contribute to the production of hematopoietic precursors in specific-pathogen-free (SPF) mice (Trompette et al., 2014). Some of the best-known aspects of high-altitude acclimatization and adaptation involve the hematological system, such as the changes in RBC numbers per unit volume, the hemoglobin (Hb) concentration, and the PLT or activation (West et al., 2012; Shang et al., 2019). However, the association between the intestinal microbiota and the hematological parameters of natives and immigrants living at high altitudes is still unclear. This prompted us to investigate the composition and diversity of the intestinal microbiota in native Tibetans and Han immigrants, and the potential relationship between their intestinal microbial profiles and host hematological parameters during exposure to high altitude.



MATERIALS AND METHODS


Ethics Statement

All the experiments were approved by and performed in accordance with the guidelines and regulations of the Ethics Committee of Qinghai University, Xining, China. Written informed consent was obtained from all the participants and submitted to the Ethics Committee.



Subjects

The native Tibetan herders (n = 26) were living at an altitude of 3,900 m in Da Ri county (33°45'3.83 N, 99°39' E), Guoluo Tibetan Autonomous Prefecture, Qinghai–Tibet Plateau. The Chinese Han immigrants (n = 5) had migrated to Da Ri earlier than a year ago. All the enrolled subjects were healthy, with no history of gastrointestinal disease, liver disease, hypertension, or diabetes, as demonstrated by their medical histories and physical examinations.



Blood Sample Collection and Analysis

Venous blood samples (2 ml) were collected with venipuncture into an EDTA-K2 anticoagulant Vacutainer tubes and then analyzed with BM-2300 fully automated blood cell analyzer (Mindray, Shenzhen, China) within 30 min of the blood drawing.



Fecal Sample Collection

Approximately 5 g of fresh feces was collected from each participant and placed in two sterile 5-ml tubes, which were immediately transferred to liquid nitrogen and then stored at −80°C.



Fecal Microbiome Analysis


DNA Extraction

The total genomic DNA from each fecal sample was extracted with the PowerFecal™ DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA, United States), according to the manufacturer’s instructions. The DNA purity was assessed on 1% agarose gels. The DNA purity and concentration were also calculated with an optical density (OD) analysis at wavelengths of 260 and 280 nm, as the OD260/OD280 ratio, with a NanoPhotometer® spectrophotometer (Implen, Munich, Germany). The DNA concentrations were measured with the Qubit® dsDNA Assay Kit in a Qubit® 2.0 Fluorometer (Life Technologies, Camarillo, CA, United States).



16S rRNA Gene Sequencing and Data Analysis

16S rRNA gene sequencing was performed by Novogene Bioinformatics Technology Co., Ltd., China. Briefly, the DNA samples were diluted to 1 ng/μl in sterile water and then PCR amplified with the 515F/806R primer set (515F: 5'-GTGCCAGCMGCCGCGGTAA-3', 806R: 5'-XXXXXXGGACTACHVGGGTATCTAAT-3'), which targets the V4 region of the bacterial 16S rRNA. The reverse primer contained a 6-bp error-correcting barcode unique to each sample. All PCRs were performed with Phusion® High-Fidelity PCR Master Mix (New England Biolabs [Beijing] Ltd., Beijing, China). The PCR products were mixed with the same volume of 1 × loading buffer (containing SYB Green dye) and separated electrophoretically on 2% agarose gels for confirmation. Samples with bright major bands of 400–450 bp were isolated for further analysis. All the PCR products were purified with the GeneJET Gel Extraction Kit (Thermo Scientific, Waltham MA, United States). Sequencing libraries were generated with the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, San Diego, CA, United States), according to the protocol described by the manufacturer, and index codes were added. After the quality of the libraries was assessed, they were sequenced on the Illumina HiSeq 2500 platform (Illumina), and 250-bp paired-end reads were generated.




Data Analysis

Student’s t-test was used to test the significance of differences in age, gender, height, weight, BMI, oxyhemoglobin saturation measured with a pulse oximeter (SpO2), RBCs, Hb, hematocrit (HCT), and PLT between the native Tibetans and Han immigrants.

After 16S rRNA gene sequencing, the paired-end reads were merged with FLASH (Magoč and Salzberg, 2011). The raw tags were quality filtered under specific filtering conditions to obtain high-quality clean tags (Bokulich et al., 2013), according to the QIIME quality-controlled process (Caporaso et al., 2010). The tags were then compared with the reference database (Genomes OnLine Database, GOLD)1 using the UCHIME algorithm (Edgar et al., 2011), to detect chimeric sequences, which were then removed (Haas et al., 2011). Uparse (Edgar, 2013) was used to identify the operational taxonomic units (OTUs) by constructing an OTU table. Sequences with ≥97% similarity were assigned to the same OTU. Representative sequences for each OTU were screened for further annotation. The Green Gene Database (Desantis et al., 2006) was used with the RDP Classifier algorithm (Wang et al., 2007) to annotate each representative sequence with taxonomic information. Multiple sequence alignments were constructed with MUSCLE (Edgar, 2004). The numbers of common and unique OTUs were presented in Venn diagrams using BioVenn.2 Student’s t-test was used to test the significance of differences in the relative abundances of Firmicutes and Bacteroidetes. The Mann–Whitney U test was used to test the significance of differences in unclassified Prevotellaceae, Bacteroides, Faecalibacterium, and the Firmicutes/Bacteroidetes (F/B) ratio between the groups. The Mann–Whitney U test was used to test the significance of differences in Ace, Chao 1, Simpson’s index, and Shannon’s index between groups. The differences in the overall community compositions and structures of both groups were visualized with the nonmetric multidimensional scaling (NMDS) ordination plots of Jaccard and with Bray–Curtis distance matrices. A MetaStats analysis was used to identify bacterial taxa differentially represented in the groups at the genus or higher taxonomic levels, and values of p were corrected with the Benjamini–Hochberg false discovery rate method to determine the values of q (White et al., 2009). The linear discriminant analysis (LDA) effect size (LEfSe), which takes into account both statistical significance and biological relevance, was used to search for taxa whose relative abundances differed significantly between the groups, with a default LDA of four (Segata et al., 2011). A Bray–Curtis distance-based redundancy analysis (dbRDA; Clarke and Ainsworth, 1993) and the variance inflation factor (Sheik et al., 2012) function in the “vegan” package of R were used to evaluate the linkages between the fecal microbiota and environmental attributes. The influences of environmental factors on the distributions of genera were calculated with the “envfit” function, which uses multivariate ANOVA for categorical variables and linear correlations for continuous variables. Correlations between age, BMI, SpO2, RBC, Hb, HCT, PLT, and the bacterial communities were assessed with Spearman’s correlation analysis (Segata et al., 2011) using the “pheatmap” package in R.

The functional profiles of the microbial communities were predicted with Tax4Fun (AβHauer et al., 2015) with the nearest-neighbor method, based on the minimum 16S rRNA sequence similarity. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database prokaryotic whole-genome 16S rRNA gene sequence was extracted and aligned with the SILVA SSU Ref NR database using the BLASTN algorithm to establish a correlation matrix. The prokaryotic whole-genome functional information from the KEGG database, annotated by UProC and PAUDA, was mapped to do the SILVA database function annotation. The sequenced samples were clustered out of the OTU using the SILVA database sequence as the reference sequence to obtain functional annotation information.




RESULTS


Sample Characteristics

In this study, we compared the age, sex, height, weight, BMI, and hematological parameters of native Tibetans and the Han immigrants. The native Tibetans had significantly higher PLT than the Han immigrants (p < 0.05; Table 1), whereas age, sex, height, weight, BMI, SpO2, RBC, Hb, and HCT did not differ significantly between the two groups (p > 0.05; Table 1). The main food of the native Tibetans was roasted barley flour, buttered tea, cheese, and meat, whereas the daily staples of the Han immigrants were noodles, rice, and vegetables.



TABLE 1. Characteristic of the native Tibetans and Han immigrants in Da Ri.
[image: Table1]



HiSeq Sequencing

The fecal microbiotal compositions were determined by sequencing the 16S rRNA gene in 31 samples from the two groups with the HiSeq platform. A total of 2,674,262 raw reads were obtained. After the low-quality sequences, chimeric sequences, and those that were not classified as bacteria were removed, 2,392,645 sequences remained, with an average number of 77,182 sequences per sample (range 46,224–2,392,645) and an average read length of 253 bp. A clustering analysis assigned the microbial sequences from the samples that shared 97% similarity to the same OTUs. In total, 2,205 OTUs were identified. Rarefaction curves showed that a plateau level was reached in all samples (Supplementary Figure S1), indicating that our sequencing depth was sufficient, and that those additional sequences may identify some rare bacterial species.



Taxonomic Analysis

Of the total OTUs, 970 (43.9%) were common to the native Tibetans and Han immigrants, whereas 961 OTUs (43.5%) were unique to the native Tibetans, and 274 OTUs (12.4%) were unique to the Han immigrants. The fecal microbiota compositions of each group at phylum and genus levels are shown in Figure 1. The fecal microbiotas of the native Tibetans and Han immigrants were dominated by the following phyla: Firmicutes (49.5 and 60.2%, respectively), Bacteroidetes (32.8 and 29.3%, respectively), Proteobacteria (11.3 and 4.3%, respectively), and Actinobacteria (5.7 and 4.9%, respectively). Other rare phyla (mean relative abundance <1%) included Verrucomicrobia, Tenericutes, Melainabacteria, Euryarchaeota, and Planctomycetes. We found no significant differences in the relative abundances of Firmicutes and Bacteroidetes, or in the F/B ratios (Ruth et al., 2005) of the native Tibetans and Han immigrants (p > 0.05; Supplementary Table S1). At the genus level, 449 genera were detected. The four core taxa of the fecal bacteria in the native Tibetans were unclassified Prevotellaceae (13.69%), Bacteroides (8.30%), Faecalibacterium (6.62%), and Blautia (5.31%). The four core taxa of fecal bacteria in the Han immigrants were Bacteroides (21.79%), Faecalibacterium (9.96%), unclassified Prevotellaceae (8.85%), and Veillonella (6.91%). The relative abundance of unclassified Prevotellaceae was higher in the native Tibetans than in the Han immigrants, whereas the abundance of Bacteroides was higher in the Han immigrants than in the native Tibetans, but the differences were not statistically significant (p > 0.05; Supplementary Table S2).
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FIGURE 1. Community composition of fecal microbiota in native Tibetans and Han immigrants. In the stacked bar chart, each bar represents the average relative abundance of each bacterial taxon. The taxa with high relative abundances at the phylum (top 10, A) and genus levels (top 30, B) are shown.




α-Diversity Analysis

Four α-diversity measures were calculated: Simpson’s index, Shannon’s index, the abundance-based coverage estimator (Ace) index, and Chao 1. We found no significant differences in community richness (Ace and Chao 1) between the native Tibetans and the Han immigrants (p > 0.05; Table 1), but the native Tibetan feces had significantly greater microbial diversity (more different species, Simpson’s and Shannon’s indices) than that of the Han immigrants (p < 0.05; Table 2).



TABLE 2. Fecal microbial diversity and richness in the native Tibetans and Han immigrants.
[image: Table2]



β-Diversity Analysis

The relationship between the community structures of the microbiota of the native Tibetans and Han immigrants was examined with NMDS ordination plots, which revealed clear differences in the community compositions and structures of the two groups (Figure 2).

[image: Figure 2]

FIGURE 2. Nonmetric multidimensional scaling (NMDS) showed distinct fecal bacterial communities in the native Tibetans and Han immigrants. Each symbol represents the fecal microbiota of one sample. NMDS plots were derived from the Bray–Curtis distances between the groups.




Differences in Fecal Microbiota of Native Tibetans and Han Immigrants

Of the total OTUs, 961 OTUs (43.5%) were unique to the native Tibetans, and 274 OTUs (12.4%) were unique to the Han immigrants.

A MetaStats analysis of the most-abundant taxa was used to identify the bacterial taxa that differed significantly between the two groups. Figure 3A shows that six bacterial taxa were significantly more abundant (p < 0.05) in the fecal microbial of the native Tibetans (Holdemanella, Subdoligranulum, Alistipes, Dorea, Collinsella, and Roseburia) than in that of the Han immigrants. An LEfSe analysis was also conducted to detect the bacterial taxa that differed significantly between the groups. Roseburia was significantly more abundant in the fecal microbiota of the native Tibetans than in that of the Han immigrants (Figure 3B).

[image: Figure 3]

FIGURE 3. Bacterial taxa that differed significantly between native Tibetans and Han immigrants were identified with: (A) a MetaStats analysis, in which the abundances of the 35 most significantly different taxa in the two groups are shown in a heatmap, p < 0.05, q < 0.05; (B) a linear discriminant analysis (LDA) effect size (LEfSe), using the default parameters. A histogram of the LDA scores computed for the bacterial taxa that differed in abundances in the two groups is shown.




Correlations Between Fecal Microbiota and Age, BMI, SpO2, RBC, Hb, HCT, and PLT

A Spearman’s correlation matrix was generated to examine the correlations between age, BMI, SpO2, RBC, Hb, HCT, PLT, and the bacterial genera. As shown in Figure 4, significant associations were identified between the fecal microbiota and age, BMI, SpO2, RBC, Hb, HCT, and PLT. A correlation analysis revealed that genus unclassified Prevotellaceae correlated positively with BMI (r = 0.42, p < 0.05); Megamonas correlated positively with BMI (r = 0.42, p < 0.05); Bifidobacterium correlated negatively with BMI (r = −0.41, p < 0.05); Alistipes correlated positively with PLT (r = 0.52, p < 0.01); Parabacteroides correlated positively with PLT (r = 0.36, p < 0.05); Bacteroides correlated positively with age (r = 0.36, p < 0.05); Lactobacillus correlated positively with age (r = 0.42, p < 0.05); unclassified Ruminococcaceae correlated negatively with age (r = −0.41, p < 0.05) and positively with SpO2 (r = 0.44, p < 0.05); Succinivibrio correlated positively with SpO2 (r = 0.43, p < 0.05); unidentified Clostridiales correlated negatively with RBC (r = −0.42, p < 0.05); Intestinibacter correlated negatively with RBC (r = −0.56, p < 0.01), Hb (r = −0.48, p < 0.01), and HCT (r = −0.31, p < 0.05); Romboutsia correlated negatively with HCT (r = −0.36, p < 0.05); Phascolarctobacterium correlated positively with HCT (r = 0.40, p < 0.05); and Roseburia correlated positively with BMI (r = 0.33, p = 0.06), RBC (r = 0.33, p = 0.06), Hb (r = 0.31, p = 0.08), HCT (r = 0.31, p = 0.08), and PLT (r = 0.34, p = 0.05).

[image: Figure 4]

FIGURE 4. Spearman’s association analysis of bacterial genera and age, BMI, SpO2, RBC, Hb, HCT, and PLT. r indicates Spearman’s correlation coefficient. Cells are colored based on the value of r between significantly altered genera and age, body mass index (BMI), oxyhemoglobin saturation measured with a pulse oximeter (SpO2), red blood cells (RBC), hemoglobin (Hb), hematokrit (HCT), and platelet count (PLT). Red represents a significantly positive correlation, blue represents a significant negative correlation, and white represents no significant correlation. *p < 0.05; **p < 0.01.


To determine whether BMI or other variables had an additional effect on the fecal microbial community structure, we performed a Bray–Curtis dbRDA. Age, BMI, SpO2, RBC, Hb, HCT, and PLT were associated with the microbial community structure (Figure 5). Furthermore, an envfit function test showed that BMI and PLT were significant explanatory variables (Table 3).
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FIGURE 5. Bray–Curtis distance-based redundancy analysis (dbRDA) of the fecal microbiota and explanatory variables in native Tibetans and Han immigrants.




TABLE 3. dbRDA envfit analysis of the correlation between fecal microbiota and explanatory variables in native Tibetans and Han immigrants.
[image: Table3]



Functional Profiles of Fecal Microbiota in Native Tibetans and Han Immigrants

To further investigate the functional capacities of the fecal microbial communities in the native Tibetans and Han immigrants, Tax4Fun was used to examine the functional profiles of the fecal microbiota in the two groups. Figure 6 shows the 35 most-abundant pathways at the third level of KEGG pathways. Of these 35 pathways, 27 were more abundant in the fecal microbial community of the native Tibetans than in that of the Han immigrants. The functional capacities of the intestinal microbial communities in the native Tibetans were enriched in metabolism (pyruvate metabolism; butanoate metabolism; alanine, aspartate, and glutamate metabolism; glycolysis and gluconeogenesis; starch and sucrose metabolism; amino sugar and nucleotide sugar metabolism; glycine, serine, and threonine metabolism; purine and pyrimidine metabolism; and carbon fixation pathways in prokaryotes) and genetic information processing (ribosome biogenesis; DNA repair and recombination proteins; homologous recombination; mismatch repair; chaperones and folding catalysts; chromosome and associated proteins; and DNA replication proteins). Eight pathways (transporters; cysteine and methionine metabolism; ABC transporters; transfer RNA biogenesis; quorum sensing; amino acid related enzymes; secretion system; and aminoacyl tRNA biosynthesis) were enriched in the fecal microbial community of the Han immigrants.
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FIGURE 6. Functional profiles of the fecal microbial communities in native Tibetans and Han immigrants. The 35 most-abundant pathways at the third level of KEGG pathways are shown in a heatmap.





DISCUSSION

In this study, we focused on the composition, structure, and diversity of the gut microbiota in two ethnic groups (Tibetan and Chinese Han), living at high altitude (Qinghai), and their correlations with some explanatory factors, especially hematological parameters.

Previous studies have shown that altitude and ethnicity affect the intestinal bacterial profiles of Tibetans (Kang et al., 2016; Lan et al., 2017). Diet, BMI, lifestyle, and age also influence the composition and structure of the Tibetans’ intestinal microbial communities (Li and Zhao, 2015; Lan et al., 2017; Li et al., 2018). However, few studies have examined the association between intestinal microbial profiles and hematological parameters. Our results show that age, BMI, SpO2, RBC, Hb, HCT, and PLT correlated with the intestinal microbial community structure, and that BMI and PLT were significant explanatory variables. The genus Megamonas correlated positively with BMI, whereas Bifidobacterium was negatively associated with BMI. The microbiota of obese subjects contain increased numbers of Megamonas (Chiu et al., 2014) and reduced numbers of Bifidobacterium (Million et al., 2012). In this study, Alistipes and Parabacteroides correlated positively with PLT. Parabacteroides species modulate the host metabolism by the produce of succinate and secondary bile acids (Wang et al., 2019). Bile acid receptors and platelet-activating factor receptors are numbers of the G-protein-coupled receptors family, which are activated by lipid-derived endogenous ligands (Cooper et al., 2017). Cholesterol, cholic acid, ursodeoxycholic acid, deoxycholic acid, and tauroursodeoxycholic acid affect platelet activation through adenosine diphosphate (ADP; Baele et al., 1980; McGregor et al., 1980; Tan et al., 2012). The platelets of highlanders are hyperactive, and the platelet transcriptome and proteome are markedly altered under chronic exposure to high altitudes, together with increased circulating ADP (Shang et al., 2019). Succinivibrio, which correlated positively with SpO2, ferments carbohydrates and generates succinate, acetate, formate, and lactate (Bryant, 2015). Intestinibacter was negatively associated with RBC, Hb, and HCT and is reportedly associated with resistance to oxidative stress (Forslund et al., 2015). Romboutsia was negatively associated with HCT, whereas Phascolarctobacterium correlated positively with HCT. Romboutsia currently includes three species, and R. timonensis has only been isolated from the right colon of a human with a severe anemia. Phascolarctobacterium is a producer of SCFAs, including acetate and propionate. The gut microbiota sustains hematopoiesis (Chen et al., 2020). The harvesting of nutrients from the diet is a well-recognized feature of the symbiotic relationship between the microbiota and its host throughout evolution (Baeckhed et al., 2005). A previous study reported that energy harvested from the diet is a critical mechanism by which the gut microbiota contributes to hematopoiesis after bone-marrow transplantation (Staffas et al., 2018) and hematopoietic stem cell transplantation (Staffas and Brink, 2019).

Altitude may exert an important effect on the human energy balance, and the energy demands of highlanders are high (Kayser and Verges, 2013). High F/B ratios and a high proportion of Firmicutes have been shown to be associated with the highly efficient extraction of energy from food (Turnbaugh et al., 2008). Our results show that there were no differences in the high relative abundances of Firmicutes and Bacteroidetes or in the F/B ratios of the Tibetans and Chinese Han living in the same high-altitude area. Similar results were reported by Li and Zhao (2015), who found that the F/B ratio was higher, Firmicutes was significantly more abundant, and Bacteroidetes was significantly less abundant in the intestinal microbiota of Tibetans and Han immigrants living at high altitudes than in Han subjects living at low altitudes. Interestingly, obese people show similar changes in Firmicutes and Bacteroidetes to those of highlanders with a “normal” BMI according to accepted standards (Tan, 2004; Ley et al., 2006).

In this study, we observed that the genera Subdoligranulum, Roseburia, Alistipes, Holdemanella, Collinsella, and Dorea were significantly more abundant in the fecal bacteria of the native Tibetans than in those of the Han immigrants. Subdoligranulum and Roseburia produce butyrate from complex carbohydrates and plant polysaccharides (Duncan et al., 2002; Holmstrøm et al., 2004), and butyrate is a major SCFA product from an intestinal source, providing at least 60–70% of the energy requirements of colonocytes (Hamer et al., 2008). SCFAs act not only as energy sources for the colonic epithelium but also as systemic nutrients. SCFA levels can directly affect the substrate and energy metabolism in the peripheral tissues, such as adipose tissues, skeletal muscle, and liver (Canfora et al., 2015). SCFA producers are also responsible for regulating the protection of cells from oxidative stress (Ticinesi et al., 2018). Notably, SCFAs have been shown to contribute to the production of hematopoietic precursors in SPF mice (Trompette et al., 2014). A high-fat diet was associated with an increased abundance of Alistipes relative to that associated with a lower-fat diet in healthy young adults in a 6-month randomized, controlled feeding trial (Wan et al., 2019). Alistipes is also more abundant in patients with type 2 diabetes (Qin et al., 2012). Tibetans frequently consume high-fat foods, such as buttered tea, cheese, and meat. However, in our study, the Tibetans had normal BMIs and no diabetes. Holdemanella biformis is associated with cholesterol, low-density lipoprotein–cholesterol (LDL-C), and free fatty acids (Brahe et al., 2015). The elevated lipid concentration in Tibetans might be attributable to increased lipid synthesis (Ge et al., 2012). Collinsella can alter the intestinal absorption of cholesterol, reducing glycogenesis in the liver and increasing triglyceride synthesis, and the abundance of Collinsella correlates positively with circulating insulin (Gomez-Arango et al., 2018). Therefore, it is possible that having more Subdoligranulum, Roseburia, Alistipes, Holdemanella, and Collinsella in the intestine is beneficial for energy capture. The functional capacity of the intestinal microbial communities in the native Tibetans showed that metabolism, especially carbohydrate metabolism (pyruvate metabolism; butanoate metabolism; alanine, aspartate, and glutamate metabolism; glycolysis and gluconeogenesis; starch and sucrose metabolism; and amino sugar and nucleotide sugar metabolism), is one of the most frequent functional classes annotated at the third level of the KEGG pathways. The metabolisms of pyruvate, butanoate, starch, and sucrose are important in the fermenting of nonabsorbed carbohydrates to SCFAs. Carbohydrate metabolism, rather than lipid metabolism, is increased in the Tibetans (Ge et al., 2012). Like Tibetans, Sherpas are also from the Himalayan region and use the oxidation of carbohydrates over the oxidation of intramyocellular lipids and lipid substrates for their energy needs (Holden et al., 1995; Murray, 2009; Gilbertkawai et al., 2014). Interestingly, Sherpa and Aymara, who are also from high altitudes, have different gut microbiota compositions and potential functions. For example, Treponema, Butyrivibrio, and RFN20 characterize the gut microbiota of Sherpa and Aymara, and metabolic functions, such as the synthesis and degradation of ketone bodies, vitamin B6 metabolism, the degradation of caprolactam, and the biosynthesis of the terpenoid backbone and unsaturated fatty acids, are elevated in those two populations (Quagliariello et al., 2019). Genetic, geographic, dietary structural, and cultural differences in the hosts may contribute to the diverse gut microbiota of the different high-altitude populations, supplying suitable strategies for each population to cope with its extreme environment.

We also found that the feces of native Tibetans contain significantly greater bacterial diversity than those of the Han immigrants, whereas there was no significant difference in the microbial community richness in the two groups. Increased diversity and redundancy within a microbial community enhance the stability of the ecosystem, including its resistance to acute toxic effects and its general resilience (Konopka, 2009). As the altitude increases, Tibetans display greater intestinal microbial diversity and richness than Tibetans living at lower altitudes (Lan et al., 2017). However, Han individuals living at high altitudes show a reduction in their total intestinal bacteria compared with those of Han individuals living at lower altitudes (Lan et al., 2017). These findings suggest that the more primitive lifestyle of the Tibetans may be associated with the high microbial diversity and richness observed at higher altitudes than is observed at lower altitudes. Urbanization is also related to a loss of intestinal microbial diversity in humans (Winglee et al., 2017), and the urbanization of Tibetan herdsmen has affected the β-diversity of their microbiota community (Li et al., 2018). The functional redundancy of the microbial community could decrease in Han people who migrate to higher altitudes, thus weakening the stability of the ecosystem.

The study subjects were carefully selected, so that the indigenous Tibetans had been living in Da Ri for generations, and the Han individuals had been living in the same region for more than 1 year. And the Han individuals who enrolled were without travel between Da Ri and low altitudes during their residence. It is the major reason that this study had a limited number of samples in the Han immigrants group. Although this preliminary study was performed on a limited sample size, it extends the series of recent studies of the association between the gut microbiota and high-altitude adaptation/acclimatization, and provides valuable information on the fecal microbial communities and hematological profiles in highlanders. Importantly, future studies must be based on larger sample sizes and confirm the interaction between the gut microbiota and hematopoiesis in high-altitude populations.



CONCLUSION

Our findings on the compositions and diversity of the fecal microbiota in native Tibetans and Han immigrants living at high altitude indicate that the taxa associated with energy metabolism (such as SCFAs production) were more enriched in the fecal microbiota of the natives Tibetan than that of the Han immigrants. Correspondingly, functional annotations related to carbohydrate metabolism (such as SCFAs-related pathways) were also enriched in the fecal microbiota of the native Tibetans relative to those in the Han immigrants. These bacteria probably allow Tibetans to obtain more energy from food to meet their energy demands at high altitude. BMI, age, SpO2, RBC, Hb, HCT, and PLT correlated with the intestinal microbial community structure in the highlanders. Some taxa (such as Alistipes or Parabacteroides) showed positive or negative associations with BMI and the hematological parameters. Our study provides valuable insights into the possible relationships between the fecal microbial communities and hematological profiles in Tibetans. The mechanisms underlying the effects of the intestinal microbiota on the hematological parameters in highlanders require further large-scale studies. The range of microbial products that signal to the host to influence normal hematopoiesis and the microbial species from which they derive is yet to be clarified.
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Nosocomial pneumonia is one of the most frequent infections in critical patients. It is primarily associated with mechanical ventilation leading to severe illness, high mortality, and prolonged hospitalization. The risk of mortality has increased over time due to the rise in multidrug-resistant (MDR) bacterial infections, which represent a global public health threat. Respiratory tract microbiome (RTM) research is growing, and recent studies suggest that a healthy RTM positively stimulates the immune system and, like the gut microbiome, can protect against pathogen infection through colonization resistance (CR). Physiological conditions of critical patients and interventions as antibiotics administration and mechanical ventilation dramatically alter the RTM, leading to dysbiosis. The dysbiosis of the RTM of ICU patients favors the colonization by opportunistic and resistant pathogens that can be part of the microbiota or acquired from the hospital environments (biotic or built ones). Despite recent evidence demonstrating the significance of RTM in nosocomial infections, most of the host-RTM interactions remain unknown. In this context, we present our perspective regarding research in RTM altered ecology in the clinical environment, particularly as a risk for acquisition of nosocomial pneumonia. We also reflect on the gaps in the field and suggest future research directions. Moreover, expected microbiome-based interventions together with the tools to study the RTM highlighting the “omics” approaches are discussed.
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INTRODUCTION

The respiratory tract is an organ system that goes from the nostrils to the lung alveoli. It is divided into the suprathoracic (upper) respiratory tract (URT) and the intrathoracic (lower) respiratory tract (LRT) with a surface of roughly 100 square meters (Ross and Pawlina, 2016). Through the years, several studies have revealed the existence of a resident microbial ecosystem inhabiting airway surfaces: the respiratory tract microbiome (RTM) (Man et al., 2017), is particularly dense in the URT. As the gastrointestinal microbiome (GIM), the RTM constitutes a continuous ecosystem with a longitudinal and transversal gradient of microbial diversity from the nasal and oral cavities to the alveoli (Bassis et al., 2015). However, RTM and GIM differ in biomass, diversity and taxonomic composition. In healthy individuals, the complexity and biomass of the GIM increase from the stomach to the colon, reaching up to 1010-1012 CFUs/mL (Martinez-Guryn et al., 2019). In the RTM, the oropharynx has a high bacterial density (107-108 CFU/ml), but when moving from the mouth to the lungs, there is a progressive decrease, reaching 104-105 bacterial cells per mL of alveolar intraluminal fluid (Schneeberger et al., 2019). The RTM composition is influenced by the local microbiological growth conditions determined by the nutrient availability, the micro-geography, and the physicochemical conditions such as the mucociliary escalator, oxygen tension, blood flow, pH, temperature, human immune system interactions, and environmental factors (Dickson et al., 2014). The primary source of microorganisms of the RTM is the oropharynx, eventually migrating to the LRT by microaspiration and mucosal dispersion (Bassis et al., 2015; Venkataraman et al., 2015; Dickson et al., 2017). A current model of the ecology of the RTM is known as the “adapted island model of the lung” (Dickson et al., 2014), and it resembles a biogeographical process, which is derived from the equilibrium model proposed by MacArthur and Wilson (1963) of island biogeography (MacArthur and Wilson, 1963). The “adapted model” indicates that the microbial richness in the RTM is based on the balance of immigration (mucosal extension, micro-aspiration) and elimination (ciliary clearance, cough, antimicrobial immunity mechanisms) of species to the lung from the URT. Basically, the RTM structure depends on the rates of stochastic migration, growth, extinction, and epidemic propagation of members of the microbial community, processes that are influenced by anatomical, physiological and clinical factors (Dickson et al., 2014, 2015). This model would help to explain the gradient of microbial diversity, biomass, and complexity decreasing from the oral cavity to the lung. Dickson and colleagues stated that, in health, the lung microbiome is more influenced by microbial immigration and elimination than by local growing conditions. However, local growth conditions are more critical during advanced clinical diseases. This microbiome-based ecological model provides a theoretical framework for pathogen infection, more accurate than the traditional view of pneumonia based on the rapid growth of an invader to a sterile lung.

The bacterial composition of the healthy RTM mainly comprises Firmicutes, Bacteroidetes, and Proteobacteria, which are three of the four predominant phyla in all human site-specific microbiomes. The most abundant genera are Streptococcus, Prevotella, or Veillonella, which also predominate in the oral microbiome (Araghi, 2020). Only a few studies have characterized other RTM members as fungi, archaea, or viruses (Marsland and Gollwitzer, 2014; Man et al., 2017). With the possible exception of Saccharomycetes (as the genus Candida) in the oropharynx, it is difficult to ascertain if at lower (sub-tracheal) levels there is a normal established “respiratory mycobiome,” if the fungi found in the RTM correspond to inhaled environmental fungi, or if a subset of them is less prone to physiological clearance. The healthy respiratory mycobiome is enriched in environmental fungi from the phyla Ascomycota and Basidiomycota, the most common also in the GIT (Tipton et al., 2017). Many fungi correspond to Eremothecium, Systenostrema, Cladosporium genera, and Davidiellaceae family that, together with Saccharomycetes, are also the most common taxa in the GIT. The LRT's virome remains largely unexplored, especially in healthy people. Nonetheless, similar to the gut virome, eukaryotic viruses and many bacteriophages have been described in different studies (Marsland and Gollwitzer, 2014; Mitchell et al., 2016). Some studies point to a function of the respiratory virome in priming and modulating host immune response, as well as the control of other microbial species within the lungs (Mitchell et al., 2016). The factors shaping the virome diversity remain unknown, although the its composition in the respiratory tract appears to be determined by the host health and the presence of specific resident bacterial populations in the bronchi, as it has been suggested in cystic fibrosis (Willner et al., 2009, 2012). A metagenomic study of the virome after lung transplantation based on allograft bronchoalveolar lavage (BAL) samples showed that the respiratory tracts of lung transplant recipients were enriched in complex populations of anelloviruses (Young et al., 2015). Viral loads have also been correlated with bacterial dysbiosis which influences transplant outcomes and suggests that viral-bacterial interactions are critical for microbiome-immune system equilibrium and, thus, to its physiology. Moreover, the high abundance of bacteriophages in the RTM deserves in-depth research to determine if they play similar roles as those observed in the GIM, namely, controlling microbial homeostasis (blooms, microbial composition, diversity, metabolism, and facilitating horizontal gene transfer (HGT) (Maurice, 2019; Sutton and Hill, 2019). Methanogenic archaea have been detected in the nasal, GIT, skin, and lung microbiomes, and the phylum Woesearchaeota is apparently associated with the lungs (Koskinen et al., 2017). However, besides a few descriptive studies, the function of the non-bacterial fraction of the RTM deserves to be further analyzed.

The RTM ecology is an emerging research area gaining attention since several studies showed the beneficial role of microbial inhabitants in the stimulation of the immune system and the protection against pathogen (colonization resistance, CR), as it has been extensively documented for the intestinal microbiome (examples reported by Thibeault et al., 2021). The microbiome homeostasis can be transiently disturbed, for instance, by antibiotic usage, application of medical equipment (intubation, ventilators), transient abnormal events (aspiration), or particular diseases (viral diseases might reduce the effectiveness of the bronchial clearance escalator) allowing some pathogens to overgrow and boosting the colonization and, ultimately to cause infection at LRT. Most of the studies related to the RTM have been focused on particular chronic respiratory diseases, such as microbial populations colonizing the lung in cystic fibrosis (reviewed in O'Toole, 2018; Françoise and Héry-Arnaud, 2020). In this disease, the respiratory tract hyper viscosity promotes polymicrobial proliferation and dysbiosis along the respiratory tract (Françoise and Héry-Arnaud, 2020). The most frequent bacteria associated with cystic fibrosis chronic colonization are Pseudomonas aeruginosa, Staphylococcus aureus, Stenothrophomonas maltophilia, Burkholderia, and Pandoraea, which frequent co-colonize. However, oral-cavity-related microorganisms are also present as Actinomyces, Fusobacterium, Gemella, Granulicatella, Neisseria, Porphyromonas, Prevotella, Rothia, Streptococcus, Haemophilus, or Veillonella. Interestingly, predator bacteria in the RTM-LRT as Bdellovibrio and Vampirovibrio, and bacterial parasites of the phylum Parcubacteria can be found in cystic fibrosis patients (Caballero et al., 2017), This last work suggests a possible role of predator bacteria from the RTM in controlling chronic colonization by pathogens in early colonization stages of cystic fibrosis, highlighting the involvement of the RTM bacterial fraction in fighting pathogenic bacterial populations.

Here, we present our perspective regarding research in altered RTM ecology in the clinical environment, increasing the probability for acquiring nosocomial pneumonia in high-risk hospital areas as ICUs, and discuss recent advances on the topic. We also discuss the gaps in the field, the future of microbiome-based interventions to prevent and treat nosocomial pneumonia, and the contribution of “omics” approaches to understanding the role of the RTM dynamics in the onset of respiratory infections.



THE RESPIRATORY MICROBIOME ECOLOGY IN NOSOCOMIAL PNEUMONIA

Acute LRT infections, pneumonia or exacerbations of chronic bronchitis, are the leading cause of mortality and morbidity worldwide (Troeger et al., 2018). In the elderly, the progression of pneumonia happens fast, with poor prognosis, primarily associated with hospitalization, and high mortality rate frequently in ICUs (Henig and Kaye, 2017). Nosocomial pneumonia, a lung alveoli infection that mostly bacteria, but also viruses, or fungi can cause comprises hospital-acquired and ventilator-associated pneumonia and is of significant public health concern since it is frequently caused by multidrug-resistant (MDR) pathogens acquired within the hospital environment (Denys and Relich, 2014). Ventilator-associated pneumonia is the first cause of nosocomial infection in mechanically ventilated patients and the second most common one at intensive care units (ICU), with long-term infections often caused by MDR bacteria (Kalanuria et al., 2014). This scenario has worsened during the COVID-19 pandemic due to the dramatic increase in SARS-CoV-2 secondary infections and the over-use of antibiotics, leading to a remarkable increase of MDR infections and antibiotic resistance gene (ARGs) transmission (Feldman and Anderson, 2021; Langford et al., 2021; Soriano et al., 2021). The microbiome's contribution to innate and adaptive immune responses suggests that a healthy microbiome may be a factor contributing to a lower case fatality ratio from COVID-19 (Khatiwada and Subedi, 2020; Janda et al., 2021). On the other hand, microbiome dysbiosis could be associated with poor immune response and worse disease outcomes (Stavropoulou et al., 2021). The field is new and available studies regarding the COVID-19 microbiome have reported contradictory results (Yamamoto et al., 2021). One of the factors leading to contradictions seems to be confounders such as mechanical ventilation in ICU patients, altering the RTM community structure, including the abundance of oral taxa previously associated with COVID-19 (Lloréns-Rico et al., 2021). Studies sampling the infected lungs directly through bronchoscopy have proven to be the most accurate so far for identifying microbiological and immunologic alveolar signatures associated with SARS-CoV-2 infection (Dickson, 2021). A work based on 142 patients who underwent bronchoscopy showed that clinical outcomes could be partly explained by alveolar viral abundance, and colonization by URT microbiome-derived bacteria (Mycoplasma salivarium), and poor adaptive immune response (Sulaiman et al., 2021).

An ecological model of pneumonia proposes that the RTM equilibrium is displaced toward a state of dysbiosis characterized by low microbial diversity, high microbial burden, and host inflammatory response (Dickson et al., 2014). Whether dysbiosis is the cause or the effect of the pneumonic disease remains obscure. In fact, the role and dynamics of the RTM microbiome in critical patients have been scarcely investigated, and therefore microbiome-directed interventions have not been included in clinical guidelines. Certainly, RTM disruption can be influenced by physiological circumstances altering the local ecology (Dickson et al., 2016), including: (1) inflammation, alteration of metabolites profile, and weakened local defense mechanisms by infections (i.e., virus), favoring bacterial stochastic migration and growth (Madhi and Klugman, 2004; Gu et al., 2019); (2) abnormal chemical composition of the bronchi, as in cystic fibrosis (Goldman et al., 1997); (3) anatomical abnormalities and other conditions leading to obstruction, as in bronchiectasis, cystic fibrosis, chronic obstructive lung disease, pulmonary edema (which can be secondary to sepsis), or lung cancer (Hogg et al., 1970; Peteranderl et al., 2017; Vengoechea et al., 2019); (4) external harmful conditions, as long-term exposure to cold, leading to mucosal vasoconstriction in the respiratory tract mucosa and suppression of immune responses, or allergenic drivers for asthma (Depner et al., 2017); (5) increased bacterial migration (i.e., thorough aspiration of gastric fluids, altered oral microbiome, intubation, unconsciousness, supine position), and decreased elimination process (unconsciousness, intubation, sedatives, head raised, impaired mucociliary clearance) (Dickson, 2016); (6) underlying diseases and medical interventions (i.e., therapeutical immunosuppression, intubation, mechanical ventilation, or long-term antibiotic therapy) favoring colonization of opportunistic pathogens.

Nosocomial pneumonia can be endogenous, caused by opportunistic pathogens as Streptococcus pneumoniae or Haemophilus influenzae, which are part of the healthy human RTM. This pneumonia generally appears soon after admission. However, late-onsent cases of pneumonia development frequently involve hospital-acquired MDR pathogens, including P. aeruginosa, Enterobacteriaceae producing extended-spectrum-beta-lactamases (ESBL), and/or carbapenemases, and methicillin-resistant Staphylococcus aureus (MRSA), which are often selected and spread in the ICU environment (Denys and Relich, 2014). The pathogen-centric view of infectious diseases has recently moved toward an ecological perspective based on host-pathogen-microbiome-environment interactions (Wu and Segal, 2018). In this context, nosocomial pneumonia represents a complex scenario where several factors may play a role in the onset and the outcome of the infection (Figure 1).
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FIGURE 1. Summary of factors involved in nosocomial pneumonia dynamics in critical patients. Pneumonia evolution and outcome are influenced by host interplay with the respiratory microbiome determined by the microenvironment, microbial interactions, and host physiology. The gut microbiome contributes to pneumonia responses via the gut-lung axis (gut microbiome changes alter systemic and lung physiology). Environmental conditions and clinical factors, as mechanical ventilation, or antibiotics, also play a significant role in disease, altering the microbiome ecology and the pathogen(s) population dynamics.




EFFECT OF ANTIBIOTICS AND OTHER MEDICAL INTERVENTIONS IN THE RTM OF CRITICAL PATIENTS

The intense use of broad-spectrum antibiotics in the ICU favors the selection of resistant bacteria (i.e., P. aeruginosa, MRSA, multi-resistant Enterobacterales) or paranasal viruses established in the oral-nasopharyngeal cavity, which can colonize and eventually cause respiratory infections (Bert and Lambert-Zechovsky, 1996; Volakli et al., 2010). In this respect, RTM contribution to pneumonia development and severity, or the eventual implication in the transmission of antimicrobial resistance (AMR) remains poorly analyzed. As well as systemic alteration through depletion of the GIT microbiome, antibiotic usage locally affects the RTM during respiratory infections, especially in ventilated-associated pneumonia (Fernández-Barat et al., 2020). The administration of antimicrobial drugs transiently disrupts the RTM homeostasis and thus, impair CR capacity (Fernández-Barat et al., 2020; Pettigrew et al., 2020). It results in local selection and overgrowth of resistant pathogenic and opportunistic species, increasing the chances of co-infections. However, the effects of doses, the length of therapy, the route of administration, and the spectrum of the antibiotics in the ecology of RTM have not been fully characterized, especially considering that classic antibiotic therapy of respiratory tract infections is directed to pathogen eradication (Dagan et al., 2001; Ball et al., 2002). Further research on the influence of common antibiotics used in ICU medicine on RTM composition and resistome is necessary to implement more efficient interventions.

Moreover, the ARG reservoirs and transmission mechanisms in the human respiratory microbiome remain poorly characterized, particularly in ICU patients (Kim and Cha, 2021). An interesting study based on metatranscriptomics and 16S rRNA-gene sequencing revealed that response to influenza infection could indirectly affect the expression of ARGs in the respiratory tract by impacting the microbiome diversity and overall the microbial gene transcription (Zhang et al., 2020). In this connection, S. pneumoniae, a common respiratory pathogen, can kill closely related bacteria (a phenomenon known as fratricide) by competence-activated killing factors (bacteriocins). The killing leads to HGT by acquiring exogenous DNA from the dead cells, including ARGs (Veening and Blokesch, 2017). Another exciting example related to ARGs acquisition is the case of Acinetobacter species which are MDR pathogens causing respiratory infections. Cooper and colleagues showed a predator-prey dynamics where Acinetobacter baylyi using its type VI Secretion System (T6SS), lyses and acquires genes through HGT from neighboring Escherichia coli cells, including ARGs (Cooper et al., 2017). Similar to species as A. baylyi or Vibrio cholerae a T6SS-dependent killing of neighboring bacterial cells promoting the uptake of foreign DNA could lead to antibiotic resistance or virulence in other bacteria associated with respiratory infections as Pseudomonas or Ralstonia (Ringel et al., 2017). These strategies contribute to the fitness of the stronger competitor or the predator bacteria by acquiring beneficial adaptive traits, including the uptake of plasmids and ARGs.

Among medical ICU interventions, ventilation is one of the main factors shaping the composition of the respiratory microbiome. The significant variability between the few available mechanically-ventilated patient-based studies is a challenge for establishing conclusions (Fromentin et al., 2021). As expected, the microbiome in ICU ventilated patients is more disturbed than in non-ventilated individuals as it reflects the decrease of the alpha-diversity with the duration of mechanic ventilation and the frequent overgrowth of one or a few species (Kelly et al., 2016; Zakharkina et al., 2017). Besides differences in the alpha diversity, the RTM in mechanically ventilated patients shows differences in the composition and the abundance of microbial entities when compared to controls (Emonet et al., 2019). Emonet and colleagues identified early markers associated with the development of ventilator-associated pneumonia (Emonet et al., 2019). Dickson et al. performed a prospective, observational cohort study in critically ill patients with mechanical ventilation. The authors found that bacterial burden and composition of the RTM predict the ICU-patient outcome (Dickson et al., 2020). More studies of this nature would significantly improve the prevention and diagnosis of ventilator-associated pneumonia by identifying the risk, severity, and evolution of RTM markers. The diagnosis, prognosis, and therapies should consider all these factors to adopt a precise medical approach to manage respiratory infections.



GUT-LUNG AXIS IN RESPIRATORY INFECTIONS

The microbial gut-lung axis (cross-talk between the intestinal and the respiratory microbiotas) seems to work through systemic dissemination of beneficial anti-inflammatory and antimicrobial metabolites, such as short-chain fatty acids (SCFAs) or by the stochastic propagation of bacteria (Dumas et al., 2018). Mice studies have proved that the GIM is protective against respiratory infection through pulmonary immune system stimulation (Budden et al., 2017). Gut microbiome perturbations are linked with altered immune responses and homeostasis in the airways (Dang and Marsland, 2019). Note that gut microbiota dysbiosis generally results in the overgrowth of subpopulations of Proteobacteria (e.g., some genus/families of Gammaproteobacteria) present as minority populations in the gut, which frequently colonize the upper intestine, thus increasing the chances of reaching the respiratory tract. This often occurs under antibiotic therapy and underlying patient conditions such as obesity and under-nutrition. In cystic fibrosis, changes in the dominance of certain species in the GIM are followed by an increase of the same species in the respiratory tract (Madan et al., 2012).

The gut-lung axis might become harmful in circumstances of famine and during critical illness. In the ICU, the customary use of anti-acid therapy (facilitating stomach-esophageal-mouth-tracheal colonization) might contribute to gut-respiratory transmission. The abdominal cavity (peritoneum) and the thoracic cavity (pleura) are neighbor spaces separated by a dynamic and not totally hermetic membrane (diaphragm), and then pneumonia is frequently associated with peritonitis (Muniz et al., 2015). Recently, patients with COVID-19, besides the evident pulmonary infection, have been reported to present gastrointestinal symptoms, pointing to the gut-lung axis as a strategy to prevent and treat the disease (He et al., 2020). The basis and mechanisms of the gut-lung axis in respiratory infections needs to be addressed by combining animal model and clinical analyses. Longitudinal sampling of the gut and the RTM from ICU patients would provide much knowledge on directionality and connection among both systems. Also, whole-genome comparisons of species present in the GIM and RTM could cast some light on connectivity of both ecological spaces.



“THE BLACK HOLE” OF THE RTM IN HEALTH AND DISEASE

The RTM field is in its infancy, and the role of the RTM for host physiology in health and disease is far from being understood. More than knowledge gaps or pieces of information, there is a “black hole” regarding the ecology of the RTM and the consequences derived from its disturbances. One of the main gaps in the field is the poor knowledge of the healthy RTM baseline data, especially regarding the LRT. The area involved in the nutrients acquisition, which is the primary function of the gastrointestinal tract, has evolved (acidity, bile, peristalsis) to contain a minimum microbial load. Similarly, the area involved in oxygen acquisition by the respiratory tract has evolved to be very poorly colonized (mucociliary escalator, cough reflex). Whether a normal indigenous RTM in the LRT persists over time or is constant community immigration from the URT is a matter of debate and challenge. Until the development of high-throughput sequencing approaches, the LRT colonizers in the absence of infection have been disregarded. This fact was primarily due to the failure to grow lung microbes in routine microbiological cultures (Bos and Kalil, 2019). Moreover, collecting clinical samples suitable for describing the LRT microbiome, such as tracheal aspirates or BALs, is an invasive procedure that makes it quite challenging for performance on non-hospitalized healthy individuals and does not prevent oropharyngeal contamination.

Like any microbial ecosystem, the RTM functions through microbial interactions taking place in the tract niches with a strong influence on the host through the immune system, and the environment, especially in a body part in constant air exchange. Most of the ecological processes that may occur in this microbiome, including diversity dynamics, stability, resistance, resilience, or microbial interactions (i.e., cooperation, competition, amensalism) are poorly understood. Furthermore, the identification of “keystone” microorganisms (those with a substantial impact on the performance of ecosystems that, when affected, have a significant effect on the whole arrangement as key-nodes in a network) and their microbial interactions (network's edges), generally involving mechanisms such as metabolite exchange, metabolite conversion, signaling, or genetic exchange, remain largely unknown. Identifying the RTM composition, the microbial interactions, and the mechanisms involved in CR are becoming relevant to define a “healthy microbiome” along the respiratory tract and to understand the impact of clinical and environmental factors that lead to dysbiosis. The development of accurate, personalized microbiome-based treatments would significantly remodel the management of patients with respiratory diseases.

The detection of microbial eukaryotes (fungi and protozoa), archaea, and viruses have been neglected in RTM research. However, through the application of “omics,” the RTM composition of non-bacterial microorganisms is starting to be described (Koskinen et al., 2017; Xu et al., 2017; Pérez-Cobas et al., 2020a). The mycobiome and virome should be considered a high priority due to the contribution of viruses and fungi in the development of respiratory infections (Wu and Segal, 2018). In pneumonia and other infectious diseases, intra- (bacteria-bacteria, fungi-fungi) and inter-kingdom interactions (bacteria-fungi, bacteria-viruses) seem to influence the severity of the infections and might have a role in host-microbiome equilibrium restoration after disease remission (Molyneaux et al., 2013; Pérez-Cobas et al., 2020a). Since the microbial ecosystem works as a network of connections, it is wise to consider bacteria and their interactions with other kingdoms to treat infections. On the one hand, that would indirectly allow targeting infections through their co-dependent partners disrupting the whole dysbiotic consortium. On the other hand, knowing the network of beneficial partners would also make it possible to stimulate a set of microorganisms that might contribute to accelerating health recovery through microbiome restoration.



MICROBIOME-BASED INTERVENTIONS TO TREAT NOSOCOMIAL RESPIRATORY INFECTIONS

As previously stated, hospitalized patients are generally under antibiotic therapy, especially critical ones in the ICUs with mechanical ventilation, long-term stays, and immunosuppression. Thibeault et al. recommend a personalized and rational use of antibiotics, the monitorization of the treatment, and frequent and continuous reevaluation of the therapeutic regimen as a strategy to overcome the effect of antimicrobials on the microbiota (Thibeault et al., 2021). A good choice of pathogen-focused antibiotics should effectively kill the pathogen while causing minimized damage to the microbiota. Research on the effect of the clinical most used antibiotic combinations in the RTM would improve the antibiotics therapy choices in ICU patients.

Probiotics (administered living bacteria beneficial for health) have been applied to restore the gut microbiome in several conditions associated with antibiotics treatments, although studies of its efficacy have yielded heterogeneous but moderately positive effects (Hempel et al., 2012; Goldenberg et al., 2018). They can be administered combined with prebiotics (diet components that positively stimulate the microbiome leading to benefit for host physiology), the combination being called synbiotics. Preliminary studies suggest a positive effect of probiotics and synbiotics and high safety in nosocomial and ventilator-associated pneumonia patients. These studies correspond to different and heterogeneous clinical trials and, thus, are not conclusive (Liu et al., 2012; van Ruissen et al., 2019; Batra et al., 2020) which makes it necessary to increase the efforts in this area. Targeting the respiratory microbiome directly through the airways (i.e., inhalation) would be helpful to progress in the prevention and therapy of nosocomial pneumonia.

Fecal microbiota transplantation (FMT) is a promising approach that has been successfully applied to restore the microbiome of patients under recurrent Clostridium difficile (Juul et al., 2018). Some clinical studies on C. difficile showed that FMT, along side the microbiome equilibrium recovery, reduces intestinal colonization by MDR bacteria (Millan et al., 2016; Saha et al., 2019; Ghani et al., 2020). Also, mouse model studies showed that intestinal and URT microbiome restoration could re-establish the pulmonary immune defenses against bacterial and viral infections through mechanisms as enhancing primary alveolar macrophage function (Schuijt et al., 2016; Brown et al., 2017; Sencio et al., 2021). The set-up and application of this methodology to target the respiratory microbiome could significantly improve patient response to treatments and impede AMR transmission. FMT could restore the protection capacity against nosocomial infections by MDR bacteria, a current major problem in the ICU environment. Besides probiotics and FMT the possibility of a cocktail of known species involved in CR against pathogens, immune system homeostasis, and respiratory microbiome ecology restoration (keystone species) would represent a milestone in targeted microbiome interventions.

As the FMT stimulation of the intestine activates the immune lung responses, another way to cure respiratory infections via the gut-lung axis is by stimulation of the production of gut microbe-derived metabolites, such as the SCFAs or polyamines that have positive systemic effects (Rooks and Garrett, 2016). Various studies have shown that SCFAs are known to stimulate the immune system protecting against viral and secondary bacterial respiratory infections (reviewed in Sencio et al., 2021). Animal and clinical studies using supplementation with these metabolites or stimulation of the growth of producers could contribute to preventing and better fighting against respiratory infections.

Although still in a very early stage, the bacteriophage-based therapies seem very promising to fight pneumonia caused by MDR bacteria (Wunderink, 2019). A recent report showed high levels of bacterial clearance after the administration of an intravenous and aerosol four-phage cocktail to a patient with in a multilobe cavitary resistant Pseudomonas infection (Maddocks et al., 2019). Another study shows how an intravenous cocktail of four bacteriophages was as effective as teicoplanin in improving survival and decreasing bacterial load in a mouse model of pneumonia by MRSA (Prazak et al., 2019). Another approach is a vaccination to reduce the antimicrobial resistance burden by targeting bacterial pathogens that can be resistant. When focused on lung pathogens, vaccination against S. pneumoniae and H. influenzae to reduce high mortality bacterial complications like pneumonia or sepsis lead to a reduction in antibiotic-resistant lineages (Ginsburg and Klugman, 2017). Bacteriophage-based pathogen elimination and vaccination act against specific agents and are partially effective when co-infections are in a dysbiotic microbiome environment. A disturbed microbiome is ineffective in stimulating specific immune system pathways involved in protections against infections.

The restoration of the immune system capacity through local stimuli is a novel prophylactic strategy that has been successfully tested in mice. Specifically, direct applications of IgA, IL-22, or antibodies that block IL-10 help protect microbiota-depleted mice from bacterial pneumonia (reviewed in Thibeault et al., 2021). Robak and colleagues showed that depletion of microbiota by antibiotics inhibited TLR-dependent production of a proliferation-inducing ligand (APRIL), leading to a deficiency in a secondary IgA in mice and human ICU patient's lungs (Robak et al., 2018). Furthermore, since the IgA contributes to defense against P. aeruginosa, the authors also demonstrated that after transnasal direct application in antibiotic-treated mice, P. aeruginosa-binding IgA provided resistance to infection. Further research combining targeted approaches as bacteriophage therapy or vaccination with restore-based ones as probiotics or prebiotics is promising.



FUTURE DIRECTIONS: NEXT STEPS IN THE RTM RESEARCH

The “omics” have transformed research in clinical microbiology and infectious diseases, contributing to understand microbiome ecology in health and disease (Relman, 2011). The RTM is generally approached from samples such as sputum, tracheal aspirates, or BALs that generally present low biomass, high host contamination, frequent manipulation-derived contaminations, making marker genes sequencing a suitable option (Perez-Cobas and Buchrieser, 2019). So far, the most applied culture-independent methodology to analyze microbial communities' diversity and composition is marker gene sequencing such as 16S rRNA for archaea and bacteria and internal transcribed spacer (ITS) for fungi (Fromentin et al., 2021). Marker genes derived data provided a vision on the relative abundance of the taxa; however, the absolute abundance values are often not estimated. Therefore, the marker genes approach combined with quantification methods of the selected fractions such as qPCR, spikes, or droplet-digital PCR will be relevant to have a more accurate picture of the microbiome evolution during disease, considering not only the relative abundance but the biomass dynamics (Dickson et al., 2020; Pérez-Cobas et al., 2020a).

On the other hand, the omics field is evolving toward the shotgun metagenomic sequencing, which allows characterizing whole metagenomes, reaching a strain level of resolution, and exploring the diversity of non-bacterial diversity such as eukaryotes and viruses (Pérez-Cobas et al., 2020b). However, the low microbial biomass and the enrichment in human cells of respiratory samples complicate the application of metagenomics approaches. Recent-developed protocols deplete human and extracellular DNA from low-biomass abundance samples, yield optimized microbiome profiles, and allow quantifying live microbial load (Marotz et al., 2018, 2021; Nelson et al., 2019). Respiratory clinical samples enriched in microbial cells will enable the application of other omics more focused on understanding the RTM's metabolic, enzymatic, and functional capacities, including meta-metabolomics, metaproteomics, or metatranscriptomics. As previously stated, AMR is a major problem to treat critical patients with pneumonia, and the contribution of the RTM to the acquisition, development, or maintenance of AMR is practically unknown. Besides shotgun metagenomics, future studies should include specific characterization of the resistome and mobilome based on novel targeted-metagenomics (Lanza et al., 2018). More investigation focusing on bacteriophages that are frequent carriers of resistances is needed to fully understand ARGs dynamics and transmission. For instance, a method set-up for skin and wound swabs allows several hundred-fold enrichment of viral DNA, improving viromics performance (Verbanic et al., 2019).

Culture-independent approaches will contribute to obtain the RTM whole picture of diversity, composition, metabolism, expression, ARGs, shedding light on its ecology and physiological role. Together with clinical and environmental variables, this biological information would allow identifying biomarkers of illness prognosis and severity, leading to significant improvement of diagnostic tools, and personalized therapeutic regimens. To complement and test omic-derived data, culturomics, in vitro studies, animal models, and longitudinal human clinical studies are necessary to understand the lung microbiome's ecology in infectious diseases and further develop microbiome-based therapies.
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Common Non-treated group (n = 50) MHT group (n = 50) P-values
symptoms

Asymptomatic Mild Moderate Severe Extremely Mean +SD Asymptomatic Mild Moderate Severe Extremely Mean + SD

severe (Mean) severe (Mean)

Vulvovaginal 2.32+0.36 (2 1.06 £0.18 (1) <0.01
symptom
Dryness 30.00% 36.00% 20.00% 10.00%  4.00% 1.22 +£0.16 (1) 58.00% 26.00% 16.00% 0.00% 0.00% 0.58 £0.11 (0) <0.005
ltching 62.00% 20.00% 6.00% 12.00%  0.00% 0.68 +0.15 (0) 68.00% 22.00% 10.00% 0.00% 0.00% 0.42+0.10(0) 0.366
Burning 78.00% 10.00% 4.00%  8.00% 0.00% 0.42 £0.13(0) 96.00% 2.00% 2.00% 0.00% 0.00% 0.06 £0.04 (0) <0.01
Urological 0.94 £0.19 (0) 0.52 £0.16 (0) 0.051
symptom
Frequent, 70.00% 18.00% 10.00% 2.00% 0.00% 0.44 £0.11(0) 84.00% 14.00% 2.00% 0.00% 0.00% 0.18 £0.06 (0) 0.072
urgent, and
painful urination
Recurrent urinary 90.00% 2.00% 8.00% 0.00% 0.00% 0.18 £ 0.08 (0) 96.00% 0.00%  4.00% 0.00% 0.00% 0.08 £0.06 (0) 0.436
tract infection
Incontinence 74.00% 20.00% 6.00% 0.00% 0.00% 0.32 +£0.08 (0) 84.00% 10.00% 2.00% 4.00% 0.00% 0.26 £0.10(0) 0.305
Sexual symptom 2.58 £0.17 (3) 1.62 £0.20 (1) < 0.005
Decreased libido 8.00% 8.00% 32.00% 22.00% 30.00% 2.58+0.17 (3) 77.80% 24.00% 20.00% 14.00% 14.00% 1.62+0.20(1) <0.005
GSM 5.84 £0.49 (5) 3.20 +0.41 (2.5) < 0.005

P-value in bold indicates statistical difference is significant.
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Alpha diversity indices Non-treated group (n = 50) MHT group (n = 50) P-values

Median Qi Q3 Median Qi Q3
Shannon 0.99 0.59 1.46 0.02 0.01 0.52 < 0.005
Simpson 0.48 0.30 0.70 1.00 0.70 1.00 < 0.005
Ace 51.53 24.43 111.52 30.58 12.54 63.07 < 0.005
Chao 35:18 21.75 107.00 22.10 10.75 30.44 < 0.005
Coverage 1.00 1.00 1.00 1.00 1.00 1.00 0.109

P-values were obtained from Mann-Whitney U-test. Bold value means there exists significant statistical difference.
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Native Tibetan  Immigrant Han  Value of p

N 26 5

Age (years) 42.73 £ 18.09 482 £1.30 0511
Sex (male/female) 19/7 an 1.000
Height (om) 162964867 165404723 0.561
Weight (k) 6257+11.85  58.80+9.60 0.509
BMI 1912295 1776 +2.89 0.359
SpO; (%) 83.54 + 6.56 86.00 + 1.87 0.418
RBC (10°12/L) 565 0.86 5.17 £ 081 0.263
Ho (/1) 16246+ 2661  156.40 +22.76 0638
HCT (%) 58601245  56.86+829 0.768
PLT (10°9/) 2573446102  189.40+57.22 0.029

Values are means = SD. Data were analyzed with the Student's t-test to compare the
variables between the groups. BMI, body mass index; SpO, oxyhemoglobin saturation
measured with a pulse oximeter; REC, red blood celis; Hb, hemogiobin; HCT,
hematocrit: and PLT, platelet count.
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Values are means + SD. Differences between the groups were analyzed with the Man-
Whitney U test.
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Enriched in Pathway KEGG ID KOs in KOs detected GSEA statistic p-value g-value KOs up in KOs down in

pathway in study rank rank
Domestic yak Photosynthesis ko00195 63 21 0.743778489 0.00140056 0.058292697 19 2
Ribosome biogenesis in eukaryotes ko03008 82 20 0.701824916 0.002808989 0.058292697 15 5
Methane metabolism ko00680 167 118 0.555595404 0.001116071 0.058292697 104 14
Microbial metabolism in diverse environments ko01120 1057 465 0.322232731 0.006085193 0.083271058 366 g9
Half-blood yak  Lipopolysaccharide biosynthesis ko00540 40 35 0.540141042 0.001766784  0.022438541 29 6
Bacterial secretion system ko03070 74 B2 0.5637770079 0.001785714 0.022438541 41 il
Wild yak Autophagy-animal ko04140 100 11 0.811226568 0.005780347  0.073048687 5 6
Tuberculosis ko05152 131 10 0.769289429 0.005617978  0.073048687 5 5
Autophagy-yeast ko04138 7 16 0.757671878 0.007575758  0.073048687 9 7
Insulin signaling pathway ko04910 86 12 0.737158547 0.006289308 0.073048687 6 6
Phagosome ko04145 95 10 0.670552842 0.011235955  0.073048687 6 4
Endocytosis ko04144 178 11 0.668547332 0.005780347  0.073048687 6 5
Spliceosome ko03040 122 10 0.616286826 0.011235955  0.073048687 6 4
Glucagon signaling pathway ko04922 55 11 0.60784035 0.005780347 0.073048687 3 8
Epstein-Barr virus infection ko05169 164 17 0.592686653 0.007633588  0.073048687 9 8
MAPK signaling pathway-yeast ko04011 a0 14 0.547305429 0.006802721 0.073048687 6 8

Metabolic pathways enriched in different types of yaks, gene set enrichment analysis (GSEA) results. Through the comparison among domestic, half-blood and wild yak, the metabolic pathways enriched in different
types of yak were revealed.
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Genus Abundance Abundance

proportion in proportion in MHT
non-treated group group

Mean Max Min Mean Max Min
Lactobacillus 29.1% 100.0% 0.0% 83.1% 100.0% 0.0%
Gardnerella 22.7% 99.9% 0.0% 6.4% 55.5% 0.0%
Prevotella 74% 63.5% 0.0% 1.7% 31.4% 0.0%
Streptococcus 58% 97.4% 0.0% 0.7% 21.4% 0.0%
Escherichia-Shigella 5.1% 81.4% 0.0% 02% 9.2% 0.0%
Atopobium 4.4% 37.0% 0.0% 21% 46.0% 0.0%
Sneathia &1% 92.5% 0.0% 0.1% 6.6% 0.0%
Bifidobacterium 21% 54.1% 0.0% 1.4% 52.0% 0.0%
Aerococcus 1.8% 38.4% 0.0% 01% 1.9% 0.0%
Ralstonia 1.5% 22.2% 0.0% 01% 1.3% 0.0%
Anaerococcus 1.3% 156.1% 0.0% 0.6% 23.6% 0.0%
Chlamydia 1.2% 58.6% 0.0% 0.0% 0.0% 0.0%
Alloscardovia 1.1% 56.1% 0.0% 0.0% 0.2% 0.0%
Rhodococcus 0.8% 11.3% 0.0% 0.0% 0.8% 0.0%
Peptoniphilus 0.7% 13.2% 0.0% 02% 7.5% 0.0%
Finegoldia 0.6% 15.1% 0.0% 0.4% 17.6% 0.0%
Acinetobacter 0.6% 14.1% 0.0% 0.0% 0.1% 0.0%
Ezakiella 0.6% 12.3% 0.0% 0.0% 21% 0.0%
Dialister 05% 5.4% 0.0% 0.3% 11.6% 0.0%
Ureaplasma 0.5% 18.0% 0.0% 0.2% 4.5% 0.0%
Megasphaera 02% 9.8% 0.0% 1.1% 46.4% 0.0%
Others 87% 72.9% 0.0% 1.4% 30.3% 0.0%

Others represent those genera with abundance proportion less than 0.005 in each
sample. Mean, the average proportion of all samples in one group;, Min, minimal
proportion of a sample in one group; Max, maximal proportion of a sample in one

group.
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Items CON IMO? P-value
2.5 g/kg 5.0 g/kg 10.0 g/kg 20.0 g/kg 40.0 g/kg IMO1/CON IMO2/CON IMO3/CON IMO4/CON IMO5/CON

Milk fat, % 0.92 +0.07 0.88 +£0.10 0.79 + 0.08 0.78 + 0.05 0.77 + 0.06 0.81+0.12 0.601 0.660 0.382 0.700 0.279
Milk protein, % 2,99 +0.19 2.65 + 0.22 3.06 +£0.10 298 +£0.13 3.05+0.15 2.82+0.19 0.228 0.171 0.303 0.676 0.798
Milk lactose, % 0.67 + 0.02 0.69 + 0.02 0.69 + 0.02 0.69 + 0.03 0.65 + 0.02 0.70 + 0.02 0.684 0.915 0.712 0.911 0.918
Milk urea nitrogen, mg-dL—" 10.70 £ 0.28 9.72 £ 0.85 9.58 + 0.68 9.38 +0.39 10.15 £ 0.53 9.10+0.74 0.296 0.515 0.320 0.772 0.749
Milk total dry matter, % 5.93 4+ 0.20 5.62 + 0.26 5.89 +£0.14 5.80 +£0.12 5.81 £0.17 5.72 + 0.26 0.192 0.348 0.282 0.077 0.832
Milk somatic cell count, mI=" 13550 +£15.4 17350 £25.8 139.00 +£25.8 162.00+27.7 128.00+2.74 179.00 + 15.98 0.060 0.067 0.704 0.216 0.084

The results were expressed as mean + SEM.

aIMO: IMO1, 2.5 g/kg IMO group; IMO2, 5.0 g/kg IMO group; IMOS, 10.0 g/kg IMO group, IMO4, 20.0 g/kg IMO group, IMO5, 40.0 g/kg IMO group.
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Items CON IMO? P-value
2.5 g/kg 5.0 g/kg 10.0 g/kg 20.0 g/kg 40.0 g/kg IMO1/CON  IMO2/CON  IMO3/CON IMO4/CON  IMO5/CON

Total pigs born, n 12.68 £0.89 11.52 £+ 0.60 13.00 £+ 0.58 12.35 £ 0.51 12.61 £ 0.63 12.52 +£0.52 0.084 0.577 0.216 0.695 0.087
Pigs born alive, n 11.58 £0.86 11.00 £+ 0.55 11.94 £+ 0.59 11.94 £ 0.52 11.80 + 0.64 11.85 +0.53 0.085 0.290 0.561 0.712 0.120
Pigs born robust, n 11.26 £0.82 10.74 £ 0.56 11.46 £ 0.60 11.40 £ 0.52 11.51 £ 0.64 11.61 £ 0.54 0.254 0.530 0.659 0.205 0.200
Stillbirth number, n 1.08 £0.25 0.50 £ 0.22 1.07 £0.27 0.41 +£0.24 0.80 £ 0.29 0.68 £ 0.24 0.553 0.147 0.410 0.139 0.494
Mummy number, n 0.156 £0.14 0.26 £0.13 0.22 £0.16 0.21 +£0.14 0.20 £ 0.17 0.12+0.14 0.037 0.124 0.049 0.012 0.917
Average piglet BW, kg 1.43 £0.05 1.43 £0.04 1.49 £0.05 1.44 £0.05 1.53 £+ 0.06 1.42 +£0.05 0.140 0.060 0.315 0.156 0.606
Survival rate, 0.95 +0.02 0.94 +0.02 0.97 +0.02 0.97 +£0.02 0.95 + 0.02 0.96 + 0.02 0.722 0.124 0.120 0.306 0.613
Litter weight gain, kg 32.90 +£2.03 35.04 + 1.90 34.34 +£2.04 34.91 +£2.00 33.85 £ 2.20 31.71 +£224 0.295 0.978 0.922 0.816 0.719
Lactation ADFI, kg 5.97 £0.15 5.90 + 0.14 6.04 +0.15 5.95+0.15 6.04 +£0.16 5.87 +£0.16 0.011 0.154 0.055 0.346 0.013

The results were expressed as mean + SEM.

aIMO: IMO1, 2.5 g/kg IMO group; IMOZ2, 5.0 g/kg IMO group; IMO3, 10.0 g/kg IMO group, IMO4, 20.0 g/kg IMO group, IMO5, 40.0 g/kg IMO group.

BW, birth weight; ADFI, average daily feed intake.





