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Abstract: Background
An imbalanced respiratory microbiota has been observed in pneumonia which caused
high morbidity and mortality in childhood. Respiratory metagenomic analysis demands
a comprehensive microbial gene catalogue which will significantly advance our
understanding of host-microbiota interactions.

Results
In this study, we collected 334 respiratory microbial samples from 171 healthy children
and 76 pneumonia children. The established respiratory microbial gene catalogue
(RMGC) comprised 2.25 million non-redundant microbial genes covering 90.52%
prevalent genes. The core microbial species in the oropharynx (OP) of the healthy
children mainly comprised Prevotella and Streptococcus. The OP microbial diversity
and gene number in children with Mycoplasma pneumoniae pneumonia (MPP)
decreased compared to that in healthy children, and the concurrence network of OP
microbiota in patients is featured by Staphylococcus spp. and M. pneumoniae.
Functional orthologues, which are associated with the metabolism of various lipids,
membrane transport and signal transduction, accumulated in the OP microbiome of
sick children. Several antibiotics-resistance genes (ARGs) and virulence-factor genes
(VFGs) were identified in M. pneumoniae as well as other 13 microbial draft genomes,
which were reconstructed via metagenomic data. Though the common
macrolides/beta-lactam-resistance genes were not identified in assembled M.
pneumoniae genome, a SNP mutation (A2063G) related with macrolides resistance
was identified in 23S rRNA gene.

Conclusions
This study will facilitate exploring unknown microbial components and host-microbiota
interaction in respiratory microbiome studies as well as render further insights into the
microbial aetiology of MPP.
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Response to Reviewers: Dear Editors and Reviewers,
Many thanks for your professional comments, please kindly check the responses
below. As for the author list, we did adjustment based on manuscript revision, please
kindly check the updated list in the manuscript.
Reviewer #1:
The authors constructed a respiratory microbial gene catalogue (RMGC) by
metagenomics analysis on respiratory microbial samples from 171 healthy and 76
pneumonia children and compared the difference of gene set and microbiome between
the healthy and pneumonia children. Data showed obvious difference between the two
groups. I have some questions below:
1. Patient inclusion. This study focused on the etiology of Mycoplasma pneumoniae
pneumonia (MPP), however, the enrollment criteria for the 76 patients was based on
pneumonia and no specific requirement for Mpn positive test. Actually, there were only
52 patients listed in Supplemental Table 1 were Mpn positive in BALF. Then how did
the comparison performed in the subsequent analysis? Were all 76 patients included
or only the 52 Mpn-positive patients considered?
1. Response: Thanks for your questions. We aimed to construct a non-redundant
integrated gene catalogue of respiratory microbes and applied the gene set to deepen
the understanding of imbalanced microbial components as well as functions in
Mycoplasma pneumoniae-associated pneumonia. Given different respiratory
microbiota imbalance when infected by bacterial, Mycoplasma or viral pathogens, we
included pneumonia children with infections of different pathogens and public
respiratory microbial genomes to construct the integrated gene set. Then we focused
on the imbalanced respiratory microbiome analysis for 34 patients, who were
diagnosed as M. pneumoniae infection by BALF detection, compared to randomly
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selected 33 age-matched healthy children.

2. Line 146. The website is not accessible.
2. Response: We have updated the website of the RMGC and the URL also been
changed (https://rmgc.deepomics.org), please kindly check the new URL link.

3. Line 169. Spell out "KOs" since it appeared first here in the text, not in the Methods
part. Same as "CAGs" in line 193.
3. Response: Thanks for your kind reminding. The full names of aberrations (KOs and
CAGs) were mentioned in the first appearance. KOs, KEGG Orthology; CAGs, Co-
Abundance Gene Groups.

4. Line 72-73, 205-206 and 267-269. In the abstract, the authors stated "orthologues,
which are associated with the metabolism of various lipids, membrane transport and
signal transduction, accumulated significantly in the OP microbiome of sick children".
However, in the text and Figure 5b, the enrichment is "slightly". In the discussion, the
authors stated these gene functions could partly explain the reduced tight junction
proteins and increased respiratory mucosa permeability after infection. Please discuss
with more details and supporting references.
4. Response: Thanks for your careful review. We have checked the analysis results,
and removed the inaccurate word “significantly” in the abstract. We also rewrote the
related description in the manuscript. Please kindly check the revised manuscript.

5. Line 220-221. Please list the names of the 4 antibiotic-resistance genes.
5. Response: Thanks for your comment. We totally identified 4 homological antibiotic
resistance genes via aligning the assembled genome to CARD (The Comprehensive
Antibiotic Resistance Database), named “Mycobacterium tuberculosis gyrA conferring
resistance to fluoroquinolones”, “Staphylococcus aureus rpoC conferring resistance to
daptomycin”, “Staphylococcus aureus rpoB mutants conferring resistance to rifampicin”
and “Escherichia coli EF-Tu mutants conferring resistance to kirromycin”. These gene
names were also mentioned in Supplementary Table 4, please kindly check the
revision.

6. Line 224-228. Please explain why the there are multiple copies of CARDS toxin
genes (MPN372 in M129 genome) in the virulence-factor genes list. In all published
Mpn genomes, CARDS toxin is a single copy gene. P1 adhesin is also a single copy
gene, although it contains a repetitive element (repMp2/3) which other copies are
spread across the genome. Could there be any annotation errors for the assembled
Mpn genome?
6. Response: Thanks for your professional comments. We have reassessed the
genome assembly through the published international standard developed by the
Genomic Standards Consortium (GSC), and the criterion of Mpn genome is “Medium-
quality draft”. Though the assembled genome size of Mycoplasma pneumonia
(0.80Mb) is close to the reference genome(0.82Mb), 49 genomic fragments were not
assembled. Due to the limitations of respiratory metagenomic sequencing, such as low
bacterial biomass in airway samples, short paired-end reads and assembly methods,
the genome sequences would be separated by homologous or repetitive sequences,
and multiple gene segments could be found in different contigs. We have also
rechecked the gene prediction results, it showed that multiple copies of CARDS toxin
genes and P1 adhesion genes existed in different contigs. This limitation was also
listed in the discussion, please kindly check the revision.

7. Line 292. "no macrolide/beta-lactam resistance genes were identified in M.
pneumoniae genome". Macrolide resistance in Mpn is due to the point mutations in
23S rRNA gene. I believe 23S rRNA gene must present in the assembled Mpn
genome. Please check if there are any mutations conferring macrolide resistance in
23S rRNA gene.
7. Response: Thanks for your professional suggestion. The RMGC was composed of
coding sequences(CDS) gene rather than non-CDS gene (rRNA, tRNA). As you
suggested, the sequencing data of M. pneumoniae-positive samples were further
mapped against M. pneumoniae 23S rRNA gene, and we analyzed the samples with
read-mapping coverage on the 23S rRNA more than 10x depths. We finally verified
that 8 samples contained reliable 23S rRNA SNP mutations (A2063G), which was
correlated to macrolide resistance. We have rewritten the manuscript about this SNP
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description. Please kindly check the new submission.

Reviewer #2:
This is an observational metagenomic/microbiome study that examines differences in
taxonomic composition and gene content between children with pneumonia and
controls. It compiles a rather large sample dataset, and the authors make available a
gene catalog specific to the upper respiratory tract. It seems that the respiratory
microbiome was well sampled, as evidenced by the rarefaction results.
1. I think the authors need to discuss their results in light of findings from other
respiratory microbiome studies (which they partially do), and more importantly, of other
gene catalog efforts such as:

Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K.S., Manichanh, C., Nielsen, T.,
Pons, N., Levenez, F., Yamada, T. and Mende, D.R., 2010. A human gut microbial
gene catalogue established by metagenomic sequencing. nature, 464(7285), p.59.

Li, J., Jia, H., Cai, X., Zhong, H., Feng, Q., Sunagawa, S., Arumugam, M., Kultima,
J.R., Prifti, E., Nielsen, T. and Juncker, A.S., 2014. An integrated catalog of reference
genes in the human gut microbiome. Nature biotechnology, 32(8), p.834.

1. Response: Thanks for your suggestion. Refer to your suggested publications, we
have rewritten the discussion about the contribution and potential influence of
integrated respiratory microbial gene catalogue to respiratory microbiome study.
Please kindly check the revision.

General Comments
2. Is it OK to compare NP, OP, and lung microbiota from pneumonia patients with OP
from controls? How do you control for site specific microbiota composition?
2. Response: Thanks for your comment. We combined the data from NP, OP and lung
microbiome in both diseased and healthy children to establish the respiratory microbial
gene set. Given enough data depth in OP microbiota, we applied the reference gene
set to analyze microbial components, genes and functions in each OP microbial
sample, and then compared the OP microbiome differences between diseased and
healthy children. We did not conduct comparison between NP, OP and lung
microbiome in patients with OP microbiome in healthy children. This study design has
been clarified in the revision, please kindly check it.

3. Did the authors control for the differences in gender and age? Those seem to be
significant as judging by the proportion of females 31% and 50% for example. Did you
perform any test to check whether these differences are significant?
3. Response: Thanks for your comments. We compared the OP microbiome
differences between 34 pneumonia patients (16 girls and 18 boys) and 33 age-
matched random-selected healthy children (15 girls and 18 boys) with data size more
than 650 Mbp. There are no significant difference of age (p-value =0.545, by t test) or
gender (p-value=0.542, by Chi-square test) between two groups. We also checked
other characteristics related to the microbial composition by PERMANOVA, and the
“pneumonia onset” was the most significant factor (adjust p-value <0.001).

4. Assembly quality should be judge using published standards. The authors describe
in detail how they obtained genomes from metagenomes. However, there are
international standards regarding this, and it would be preferable that they use them so
as to provide the readership with an objective point of comparison. See
https://www.ncbi.nlm.nih.gov/pubmed/28787424
4. Response: Really appreciated your professional suggestions. We firstly assessed
the assembly quality via 6 criteria at the “Single microbial genome assembling from OP
metagenomic data” (referring to
https://www.ncbi.nlm.nih.gov/pmc/articles/pmid/26425705/). As you suggested, we
updated the assembly quality estimation following the published international standard
developed by the Genomic Standards Consortium (GSC). The more comprehensive
objective metrics of assembly quality were added in the Supplementary Table 3.
Please kindly check the updated manuscript and Supplementary Table 3.

Minor Comments
5. Abstract
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Line 62 - Define RMGC
Line 70 - What do you mean by "simple co-occurrence network"? What's so simple and
what are complex co-occurrence networks
Line 74 - Please do not use apostrophes
5. Response:
Line 62: RMGC is the abbreviation for respiratory microbial gene catalogue, which
comprised non-redundant respiratory microbial genes.
Line 70: Many thanks for your professional comments and we optimized the
expressions in the revision.
Line 74: Thanks for your reminding and we removed it as you suggested.

6. Background
First paragraph - Please add something related to pneumonia worldwide. The authors
say it's relevant in China but I'm sure it's relevant elsewhere as well.
Line 87 - Is it not the etiology of MPP Mycoplasma?
Line 89 - Please replace "the present" with "current"
Line 91 - There are plenty of pipelines that do not use OTU clustering and can get
taxonomic classifications down to species. For example, see
https://f1000research.com/articles/5-1492/v2
Line 93 - The authors mention that strain level microbiome studies are needed in MPP
but they do not perform any strain-level analysis
6. Response:
First paragraph: Thanks for your suggestion. The worldwide medical information of
pneumonia has been added in Background paragraph, please kindly check it.
Line 87: Mycoplasma pneumoniae is the pathogenic agent of MPP. However, it
remained to be fully understood for differed disease severity in MPP patients. We
aimed to deepen the understanding of microbial contributions in MPP incidence as well
as progression, as a series of reports indicated the association of respiratory
microbiota with respiratory disease severity.
Line 89: We have replaced the "the present" with "current".
Line 91: Many thanks for your professional suggestions, it is really a great tool for
microbial amplicon analysis to get taxonomic classifications. We will refer to these
pipelines to update previous respiratory tract microbiota studies. In this study, we
conducted metagenome sequencing instead of 16S rRNA analysis to build a
respiratory microbial gene catalogue as well as identify microbial functions and gene
elements from assembled genomes.
Line 93: Really appreciated for your careful and professional comment. We intended to
conduct species instead of strain-level analysis, and we revised it in the revision.

7. Analyses
Line 136 - It is better to express this in "read numbers" instead of Gbps.
Line 144 - Why do authors say bacterial genes? Did you filter any non-bacterial DNA
sequences/reads? If you do shotgun sequencing you will likely find fungi, viruses and
others. Please explain.
Line 146 - The webpage https://deepomics.org/respiratory_microbial_gene_catalogue/
does not exist
Line 148 - Could you elaborate on why using samples with more than 650 Mb? Why
not 600 or 700?
Line 177 - Please replace "We totally acquired" by "We acquired 67 core species in
total"
Line 193 - Please define CAGs as on this line the acronym appears for the first time
Line 217 - 2.30 Mb is very low for a bacterial genome. Please elaborate on why this
might be. Comment on genome completeness
Line 229 - What's the evidence regarding the designation of a new species? Nucleotide
identity, gene content? Please discuss in the manuscript and consider some objective
metric such as the Genome Taxonomy DB https://www.nature.com/articles/nbt.4229
Line 254 - Please revise this sentence as it is grammatically incorrect
7. Response:
Line 136: Thanks for your suggestion. We have replaced the “Gbps” by “read
numbers”.
Line 144: We replaced this inadequate word “bacterial” by “microbial”.
Line 146: This website was updated recently, and moved to a new website
(https://rmgc.deepomics.org). We declaimed that this website will be permanent.
Please kindly check the revised manuscript.
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Line 148: We have drawn the curve of sequencing data size (See Supplementary
Figure 3), indicating sharp decrease after 0.65 Gb data size. In Method section, each
sample with ≥650 Mbp data was selected for genome assembly, and the data of other
samples were mixed for genome assembly. To better assess the RMGC, we then keep
the consistent criterion (more than 650 Mb in Line 148).
Line 177: We modified the sentence as your suggestion, thanks for your kind
comment.
Line 193: The full words of aberrations CAGs were Co-Abundance Gene Groups,
please kindly check the revised manuscript.
Line 217: The average bacterial genome size ranged from 1Mb to 10Mb. The
completeness of assembled microbial genomes was evaluated through the
international standards (https://www.ncbi.nlm.nih.gov/pubmed/28787424), and the
assembled genomes were classified as “Medium-quality draft genome”. Given the draft
genome, several homologous or repetitive sequences would be removed in the
assembly process. The detailed assessment of all 14 microbial genomes could refer to
the update Table S3.
Line 229: Thanks for your suggestions. The species designation of 14 assembled
genomes were following three evidences, including 1) concordance with taxonomic
assignment of CAGs (https://www.nature.com/articles/nbt.2939); 2) aligned to the
published genome sequences from IMG, NCBI and PATRIC via BLASTN (parameter:
–e 0.01), with ≥95% nucleotide identity and ≥95% genome coverage; 3) assigned by
CheckM from the Genome Taxonomy DB. Combined three evidences, the genome
which could not be assigned to any known microbial species were defined as novel
species. The detailed species designation method is added in the “Single microbial
genome assembling from OP metagenomic data” paragraph of the Method section,
and the updated taxonomy information could refer to Supplementary Table 3.
Line 254: We have revised the sentence as following: “The core microbial species of
OP microbiota in healthy children will provide a reference for exploring microbial as
well as host-microbe interactions in RM study.”

8. Please add the BioProject instead of the SRP accession
8. Response: We added the BioProject ID (PRJNA413615) in the revision, please
kindly check it.

Additional Information:

Question Response

Are you submitting this manuscript to a
special series or article collection?

No

Experimental design and statistics

Full details of the experimental design and
statistical methods used should be given
in the Methods section, as detailed in our
Minimum Standards Reporting Checklist.
Information essential to interpreting the
data presented should be made available
in the figure legends.

Have you included all the information
requested in your manuscript?

Yes

Resources

A description of all resources used,

Yes
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including antibodies, cell lines, animals
and software tools, with enough
information to allow them to be uniquely
identified, should be included in the
Methods section. Authors are strongly
encouraged to cite Research Resource
Identifiers (RRIDs) for antibodies, model
organisms and tools, where possible.

Have you included the information
requested as detailed in our Minimum
Standards Reporting Checklist?

Availability of data and materials

All datasets and code on which the
conclusions of the paper rely must be
either included in your submission or
deposited in publicly available repositories
(where available and ethically
appropriate), referencing such data using
a unique identifier in the references and in
the “Availability of Data and Materials”
section of your manuscript.

Have you have met the above
requirement as detailed in our Minimum
Standards Reporting Checklist?

Yes
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Abstract 65 

Background: An imbalanced respiratory microbiota has been observed in pneumonia 66 

which caused high morbidity and mortality in childhood. Respiratory metagenomic 67 

analysis demands a comprehensive microbial gene catalogue which will significantly 68 

advance our understanding of host-microbiota interactions. Results: In this study, we 69 

collected 334 respiratory microbial samples from 171 healthy children and 76 70 

pneumonia children. The established respiratory microbial gene catalogue (RMGC) 71 

comprised 2.25 million non-redundant microbial genes covering 90.52% prevalent 72 

genes. The core microbial species in the oropharynx (OP) of the healthy children 73 

mainly comprised Prevotella and Streptococcus. The OP microbial diversity and gene 74 

number in children with Mycoplasma pneumoniae pneumonia (MPP) decreased 75 

compared to that in healthy children, and the concurrence network of OP microbiota 76 

in patients is featured by simple concurrence network mediated by Staphylococcus 77 

spp. and M. pneumoniae. Functional orthologues, which are associated with the 78 

metabolism of various lipids, membrane transport and signal transduction, 79 

accumulated significantly in the OP microbiome of sick children. Among fourteen 80 
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reconstructed microbial genomes, M. pneumoniae didn’t contain 81 

macrolides/beta-lactam antibioticSeveral antibiotics-resistance genes (ARGs) which 82 

correlated with clinical medication, but these ARGsand virulence-factor genes (VFGs) 83 

were identified in M. pneumoniae as well as other 13 microbial genomes.draft 84 

genomes, which were reconstructed via metagenomic data. Though the common 85 

macrolides/beta-lactam-resistance genes were not identified in assembled M. 86 

pneumoniae genome, a SNP mutation (A2063G) related with macrolides resistance 87 

was identified in 23S rRNA gene. Conclusions: This study will facilitate exploring 88 

unknown microbial components and host-microbiota interaction in respiratory 89 

microbiome studies as well as render further insights into the microbial aetiology of 90 

MPP. 91 

Keywords  92 

Pneumonia; Mycoplasma pneumoniae; Oropharynx; Microbiome; Respiratory 93 

microbial gene catalogue  94 

Background  95 

Studies have identified the indispensable respiratory microbiota[1-5] and its imbalance 96 

Formatted

Formatted

Formatted
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in pneumonia[6, 7], which is a leading cause of high morbidity and mortality in Chinese 97 

children. leading cause of high morbidity and mortality[8, 9] worldwide, especially in 98 

children under 5 years[10, 11]. In recent years, Mycoplasma pneumoniae pneumonia 99 

(MPP) represents increasing cases in Chinese children[8][12] and microbial aetiology 100 

remains to be explored. Our previous studies unravelled altered respiratory microbiota 101 

in children with MPP[9, 10][13, 14].  102 

However, the presentcurrent respiratory microbiome (RM) studies have mainly 103 

focused on 16S rRNA analysis[6, 7, 11, 12]15, 16] which merely provides cues about known 104 

bacterial components at the genus level. Emerging studies that applied a 16S rRNA 105 

analysis have revealed the imbalanced microbial structure in the respiratory tracts of 106 

children with pneumonia[7, 13, 14]17, 18], but changes in the microbial functions and 107 

strainspecies-level microbial components in the RM of patients with MPP remain 108 

unexplored. In addition, current multi-omics studies are limited to explorations of 109 

known bacterial genomes in the RM[11][15]. Nevertheless, the RM includes a high 110 

proportion of unknown microbial species[1-3, 5, 6] which require further exploration. 111 

A comprehensive catalogue of reference genes is crucial for in-depth functional 112 
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metagenomic analysis such as species/gene profiling, microbial biomarkers and 113 

functional annotation. Given that the RM varies with the environment[15][19], age[1, 2, 4] 114 

and disease[6, 7, 11, 12]15, 16], we selected the nasopharynx (NP), oropharynx (OP) and 115 

lung samples from 76 children with pneumonia and OP samples from 171 healthy 116 

children in China to establish an integrated respiratory microbial gene catalogue 117 

(RMGC) and study the imbalanced RM in Chinese children with MPP. Using this 118 

catalogue, we assessed the microbial components and functions in the OP microbiome 119 

of healthy and MPP children as well as the characteristics of recovered microbial 120 

genomes. 121 

Data Description 122 

From 3 July to 27 August 2016, patients were recruited from the hospitalization zone 123 

in the Department of Respiratory Diseases of Shenzhen Children’s Hospital. Inclusion 124 

criteria for patients consisted of characteristic chest radiographic abnormalities 125 

consistent with pneumonia, the exclusion of asthma, and the clearance of respiratory 126 

infections or exposure to antibiotics within one month prior to sampling (Table 1). We 127 

collected NP (25-800-A-50, Puritan, Guilford, ME, USA) and OP (155C, COPAN, 128 
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Murrieta, CA, USA) swabs from 76 hospitalized patients within 24 hours after 129 

hospitalization and before the administration of antibiotics. Bronchoalveolar lavage 130 

fluids (BALFs) were collected 2 to 15 days after hospitalization (Supplementary 131 

Table 1). 132 

Healthy children were recruited during physical examination in summer of 2016 133 

(from July to August) in Shenzhen. OP swabs were collected from 171 healthy 134 

children who met the following inclusion criteria: no diagnosis of asthma or a family 135 

history of allergy; no history of pneumonia; a lack of wheezing, fever, cough or other 136 

respiratory/allergic symptoms at sampling one month prior to the study and one week 137 

after sampling; no exposure to antibiotics one month prior to sampling. 138 

All samples were collected by an experienced clinician. Samples were stored at 139 

−80°C within 20 minutes after collection and DNA was extracted within 10 days of 140 

the sampling. A TGuide S32 Magnetic Swab Genomic DNA Kit (DP603-T2, 141 

TIANGEN Biotech (Beijing) Co., Ltd., Beijing, China, http://www.tiangen.com/en/) 142 

was utilized to extract the DNA and metagenomic sequencing was performed on the 143 

Illumina Hi-Seq platform (San Diego, USA) in terms of the manufacturer’s 144 
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instructions. Unused swabs and DNA extraction kits from the same batch served as 145 

negative controls to assess DNA contamination.  146 

Analyses  147 

Sample information and data output 148 

Two hundred forty-seven children aged <13 years were enrolled in this study (Table 1 149 

and Supplementary Table 1). After removing host contamination and low-quality data, 150 

metagenomic sequencing produced 476.62 Gbp data4,765,288,986 read numbers with 151 

an average of 1.43 Gbp14,267,332 read numbers per sample. DNA concentration of 152 

unused sampling swabs and DNA extraction kits was lower than 0.01 ng/μl, whereas 153 

the DNA concentration was higher than 80 ng/μl in sampling swabs and BALF. 154 

Furthermore, the DNA amplification results of extracted bacterial DNA were less than 155 

0.01 nmol/l for the enveloped sampling or extraction materials (Supplementary Figure 156 

1) 157 

Construction of the RMGC 158 

By applying metagenomics sequencing data from 247 children and three resources of 159 

respiratory related bacteriamicrobial genomes/genes (Figure 1), we constructed a 160 
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comprehensive RMGC with 2,245,343 non-redundant ORFs and it was freely 161 

accessible through our website 162 

(https://rmgc.deepomics.org/respiratory_microbial_gene_catalogue/).). The total 163 

length of the ORFs in the RMGC was 1.71 Gbp and the average length was 760 nt, 164 

ranging from 102 to 32,241 nt. We selected 241 samples with ≥650 Mb data to 165 

examine the coverage of the microbial genes in the RMGC. In accordance with the 166 

rarefaction curve, 90.52% of prevalent microbial genes were captured in the RMGC 167 

(Figure 2a and b). 168 

Taxonomic assessment and functional annotation of the RMGC 169 

Based on taxonomic profiling, 1,281,673 genes (57.08% of RMGC) were assigned to 170 

phyla and 1,143,382 genes (50.92% of RMGC) were assigned to genera, representing 171 

56.58% and 51.75% of the sequencing reads respectively. A total of 617,968 genes 172 

(25.92% of RMGC) were annotated to known bacterial species, representing 33.49% 173 

of the sequencing reads. The phyla Firmicutes, Bacteroides, Proteobacteria, 174 

Actinobacteria and Fusobacteria dominated the RMGC while the prevalent microbial 175 

genera included Staphylococcus, Streptococcus, Haemophilus, Corynebacterium, 176 
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Dolosigranulum, Prevotella, Blautia, Rothia, Porphyromonas, Lactobacillus, 177 

Veillonella, Fusobacterium and Leptotrichia. Unknown microbial species accounted 178 

for 9.62% to 55.50% of the RMGC and the detailed taxonomic information of RMGC 179 

was deposited on our website. 180 

The genus-level microbial structure revealed by metagenomic analysis resembled 181 

the results of the 16S rRNA analysis (Supplementary Figure 2). Notably, a greater 182 

proportion of microbial genera remained unclassified in the metagenomic analysis 183 

than in the 16S rRNA analysis, which might be attributed to the wide detection by 184 

metagenomics sequencing and limited reference microbial genomes. 185 

By aligning RMGC to KEGG database, a total number of 6,408 KOsKEGG 186 

Orthology (KO) were identified, including 853,446 genes representing 37.85% of the 187 

total sequencing data. Known microbial functions (annotated by KEGG) saturated 188 

quickly to 6,346 groups as more samples were included (Figure 2c). Combined novel 189 

gene families, the rarefaction curve plateaued when 12,924 groups were detected 190 

(Figure 2c). Upon alignment to the eggNOG database, 53.95% of the genes in the 191 

RMGC were assigned to known functional categories. 192 
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Core microbial species in OP microbiome of healthy children 193 

We totally acquired 67 core species in total in 5 dominant phyla Bacteroidetes, 194 

Firmicutes, Proteobacteria, Actinobacteria and Fusobacteria (Figure 3). Prevotella 195 

melaninogenica (4.38±2.91%, mean±sd), Prevotella sp. (3.06±1.92%), Prevotella 196 

histicola (3.23±3.58%), Prevotella pallens (2.31±1.88%) and Veillonella atypical 197 

(1.60±1.44%) were the top 5 microbial species. In addition, Streptococcus 198 

pseudopneumoniae (1.26±0.96%), H. Haemophilus influenzae (0.60±0.68%), 199 

S.Streptococcus pneumoniae (0.60±0.50%), Haemophilus parainfluenzae 200 

(0.42±0.49%) and S.Staphylococcus aureus (0.27±1.52%), which were generally 201 

defined as opportunistic pathogens, were also prevalent in OP microbiome of healthy 202 

children (Figure 3). 203 

Microbial structure and functions in OP microbiome of MPP patients differed 204 

from that in healthy children 205 

Based on the PERMANOVA, pneumonia onset is the most significant factor (adjust 206 

p-value <0.001) explaining the variations in OP microbial samples, followed by feed 207 

pattern (adjust p-value = 0.037) and age (adjust p-value = 0.048). Compared with 208 
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healthy children, MPP patients exhibited significantly decreased microbial gene 209 

number and alpha diversity of the OP microbiome (Figure 4a and b). Moreover, thirty 210 

Co-Abundance gene Groups (CAGs) accumulated significantly in the OP microbiome 211 

of MPP patients, comprising 6 unknown and 24 known microbial species which were 212 

primary respiratory pathogens such as M. pneumoniae, Staphylococcus epidermidis 213 

and S. aureus (Figure 5a). Ninety-five CAGs were enriched in the OP microbiome of 214 

healthy children including prevalent colonizers such as Prevotella species (Figure 5a). 215 

The microbial co-occurrence networks in MPP patients were simpler than that in 216 

healthy children and negative correlations were only identified between 217 

health-enriched and MPP-enriched CAGs (Figure 5a). For example, health-enriched 218 

Prevotella spp. were negatively correlated with MPP-enriched S. epidermidis (r<-0.60, 219 

adjust p-value ⩽0.05, Figure 5a). 220 

By comparing functional annotations via KEGG annotation (Supplementary 221 

Table 2), we assessed the functional alterations of the OP microbiome in patients with 222 

MPP. Microbial functions which related to lipid metabolism, membrane transport and 223 

signal transduction were slightly enriched in MPP patients (Figure 5b). In contrast, the 224 
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OP microbiome of healthy children was significantly enriched in 225 

orthologuesorthologous involved in glycan biosynthesis and metabolism, biosynthesis 226 

of secondary metabolites, and cell growth and death (Figure 5b and Supplementary 227 

Table 2). Host homeostatic associated functions, such as immune system, digestive 228 

system, circulatory system and environmental adaptation were also significantly 229 

abundant in the OP microbiome of healthy children (Figure 5b and Supplementary 230 

Table 2). 231 

Characterization of the M. pneumoniae genome and other 13 re-constructed 232 

microbial genomes 233 

We re-assembled 14 qualified microbial CAGs (Supplementary Table 3) which 234 

represented M. pneumoniae genome (0.80 Mbp) and 13 other microbial genomes 235 

(genome sizes averaged 2.30 Mbp). The M. pneumoniae genome accumulated 236 

significantly in OP microbiome of MPP patients and exhibited high similarity with 237 

reference genome (97.79% of genome coverage) (Supplementary Table 3). M. 238 

pneumoniae genome consisted of 4 antibiotic-resistance genes (ARGs) with common 239 

antibiotics, including peptide, rifamycin and fluoroquinolone antibiotics (Figure 6, 240 
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Supplementary Table 4) while). On the other hand, SNP mutation A2063G related to 241 

macrolides-resistance was identified in 23S rRNA gene in 8 MPP childrenpatients, 242 

who were given experimental macrolides or beta-lactams such as azithromycin, 243 

erythromycin or sulbactam (Supplementary Table 1). In addition, there were 136 244 

virulence-factor genes (VFGs) along its reassembled genome sequence 245 

(Supplementary Table 5) and the redundant VFGs of M. pneumoniae enriched in the 246 

secretion of adhesin P1, cytadherence protein and community-acquired respiratory 247 

distress syndrome (CARDS) toxin (Figure 6 and Supplementary Table 5). 248 

Among other 13 microbial genomes, 5 of them can be designated specific species, 249 

one just be annotated at genus level (Ralstonia) and the rest 7 were novel microbial 250 

genomes (averaged 1.74 Mbp) (Supplementary Table 3). For the 5 annotated 251 

microbial species, S. aureus and S. epidermidis increased significantly in MPP 252 

patients while the other 3 Prevotella spp. mainly accumulated in healthy children 253 

(Figure 7, Supplementary Table 3). The largest reassembled Ralstonia genome 254 

(5.89Mbp) carried numerous ARGs, including 13 beta-lactam antibiotic genes, 21 255 

tetracycline antibiotic genes, and 11 macrolide antibiotic genes. P. histicola, P. shahii 256 
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and CAG00068 all had one copy of macrolide antibiotic resistance and beta-lactam 257 

antibiotic resistance gene. These genomes also harboured abundant resources of 258 

VFGs which ranged from 105 to 808 copies of relative genes. According to the 259 

correlation analysis, we didn’t identify the significant correlation between 14 260 

reassembled microbial genomes and 5 clinical indexes (Supplementary Table 6). 261 

Discussion 262 

MPP has been causing the increasing morbidity and mortality in Chinese children. 263 

The development of RM studies has improved our understanding of the microbial 264 

aetiology of MPP by revealing infection-associated RM imbalances[9, 10][13, 14]. 265 

However, microbial functions and host-microbiota interactions in the RM of patients 266 

with MPP remain to be explored, particularly those from novel microbial strains. 267 

species. 268 

In recent years, several reference gut microbial catalogues were constructed to 269 

promote understanding of the host-microbe interaction. Qin et al. built a global view 270 

of the human gut microbiome (GM) and revealed a comprehensive functional 271 

potential of the prevalent gut microbial genes[20]. Li et al. upgraded the gut gene 272 
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catalogue in 2014[21], enabling the studies of association of the microbial genes with 273 

human health. Based on these frameworks, researchers could deepen the 274 

understanding of the correlation between GM and various diseases, such as 275 

gastrointestinal and cardiovascular diseases[22, 23].  276 

Similar to reference gene catalogues of the gut microbiome (GM)[16-18] theGM, 277 

RMGC will further understanding of microbial aetiology in respiratory diseases. The 278 

development of a well-established RMGC in this study is crucial for the functional 279 

metagenomics analysis to improve our understanding ofknowledge about 280 

host-microbiota interactions in MPP. By aligning metagenomics data directly with the 281 

established RMGC, we profiled researchers could profile all microbial species as well 282 

as explore microbial functions in both known and unknown microbial species. The 283 

similar microbial species to that identified in theassignment between RMGC-based 284 

and 16S rRNA analysis, suggesting also suggested promising taxonomic assignments 285 

based on thesevia our constructed gene sets. The core microbial species of OP 286 

microbiota in healthy children founded a reliable reference towill provide a standard 287 

control database reference for exploring microbial as well as host-microbe 288 
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interactions in RM study[19][24] and mine the potential beneficial bacteria[20].. In 289 

general, RMGC furnishes a comprehensive respiratory associated microbial profile to 290 

forward the microbiome analysis at species/strain level and the functional profiling 291 

will facilitate in-depth multi-omics analyses[21, 22][25, 26], such as associations of 292 

produced proteins or metabolites with known and novel microbial genomes. This 293 

capability would clarify the interactions between the host and the RM alteration 294 

during MPP progression.  295 

 The OP microbiome of MPP children changed to be simpler structure 296 

compared to that of healthy children. Previous studies revealed that bacteria-like M. 297 

pneumoniae could deplete bacteria through direct competition and activate the 298 

bacterial clearance factors in host responses[23, 24][27, 28], which led to decreased 299 

colonizer Prevotella spp.[25][29] and pathogens proliferation such as S. aureus and S. 300 

epidermidis. The MPP patient-enriched gene functions involved in membrane 301 

transport and various nutrients metabolism which could partly explain reduced tight 302 

junction proteins and increased respiratory mucosa permeability after infection[26][30]. 303 

In addition, a number of studies have identified an increased glucose concentration in 304 
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airway surface liquids[27-29][31-33] and associated pathogen proliferation[30][34], which 305 

also corroborate the enriched nutrients uptake pathways in OP microbiome of MPP 306 

patients. Though the mechanism of M. pneumoniae clearance in respiratory system 307 

remains unclear, these findings would render a new insight into host-microbiota 308 

interactions in MPP infection. 309 

Except for well-known microbes, respiratory tracts also harboured a variety of 310 

undiscovered microbial species[31]. Moreover, recent reports had proved that single 311 

bacterial genome could be well recovered via reference gene sets and metagenomics 312 

dataExcept for well-known microbes, respiratory tracts also harboured a variety of 313 

undiscovered microbial species[35]. Moreover, recent reports had proved that single 314 

bacterial genome could be well recovered via reference gene sets and metagenomics 315 

data[32, 33][36, 37]. Culturing of M. pneumoniae is rarely and difficultly used in clinical 316 

diagnosis, limiting the understanding of antibiotics resistance and virulence[34][38] in M. 317 

pneumoniae. Re-construction of a high-quality M. pneumoniae genome by employing 318 

RMGC and metagenomic data indicated various ARGs which were related to RNA 319 

transcription[35], DNA replication[36] and protein synthesis[37].  the M. pneumoniae 320 
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genome by employing RMGC and metagenomic data indicated various ARGs which 321 

were related to RNA transcription[39], DNA replication[40] and protein synthesis[41]. 322 

According to clinical practice guidelines[38-40][42-44] and ARGs existence, most of MPP 323 

children were treated with azithromycin, erythromycin or sulbactam which were not 324 

associated with identified ARGs in M. pneumoniae genome. Increasing reports 325 

demonstrated that the specific dominated bacteria associated with severe acute 326 

respiratory infections (ARIs)[6, 41, 42]45, 46], but no meaningful correlations were 327 

identified between disease severity and M. pneumoniae, as well as other reassembled 328 

bacteria in OP microbiome of MPP patients. This was also identified by our previous 329 

studies which confirmed the succession of M. pneumoniae infection in NP to OP and 330 

lung as well as the association of M. pneumoniae load in the lung microbiota with 331 

disease severity[10][14].  332 

Though no macrolide/beta-lactam resistance genes were identifieddiscovered in 333 

M. pneumoniae genome, one SNP mutation (23S RNA, 2063A->G) correlated to 334 

macrolide resistance were identified in MPP patients. Meanwhile, the patient-enriched 335 

microbial genomes such as Ralstonia, consisted plenty of ARGs related to the 336 
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resistance to macrolide, beta-lactam and tetracycline. Given rigorous antibiotic 337 

selective pressure and complex microbial interaction, the environmental redundant 338 

genetic components would rapidly transferred into the pathogen genome by horizontal 339 

gene transfer[43, 44][47, 48] and caused several emergence diseases, such as European 340 

enterohemorrhagic Escherichia coli breakout[45][49] and emergence of scarlet fever 341 

Streptococcus pyogenes in Hong Kong[46][50]. Considering above-mentioned 342 

researches, we should recognize that current medications for the M. pneumoniae 343 

treatment hold the potential to trigger emerging drug-resistance microbial 344 

strainsspecies in M. pneumoniae or other novel microbial strainsspecies, such as 345 

reported macrolide  resistance  in M. pneumoniae-PCR-positive children[47-49][51-53]. 346 

The OP microbiome also recovered several healthy enriched bacterial genomes, 347 

among which Prevotella spp. played as key players in OP microbiome of healthy 348 

children[50, 51][54, 55] and other novel microbes might function as pathogen competitors 349 

such as Vampirovibrio[52][56]. In general, recovered microbial genomes in respiratory 350 

tracts hold the potential to improve the understanding of microbial aetiology in MPP 351 

pneumonia. 352 
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There are several limitations to be clarified in this study. Given no efficient 353 

medicines for MPP, the inpatients accepted empirical treatments and might shift the 354 

airway ecology slightly[53][57]. Despite the promising application of the RMGC, 355 

unclassified CAGs and novel gene families in RMGC must be annotated and further 356 

explored. The copy numbers of several genes need further assessment due to potential 357 

inaccuracy caused by the low respiratory bacterial biomass, NGS sequencing and 358 

assembly methods. The respiratory microbial samples were obtained from Chinese 359 

children in this study, and more metagenomics data will be incorporated into the 360 

RMGC in the future to construct a broader characterization of microbial components 361 

and functions, as the continual updates of the GM reference genes[16-18][21, 58, 59]. This 362 

procedure will incrementally improve studies of the imbalanced RM in patients with 363 

respiratory diseases. Alterations in the OP microbiome in Chinese patients with MPP 364 

will also provide extensive insights into the microbial aetiology of acute respiratory 365 

infection. 366 

Potential implications 367 

Established respiratory microbial gene catalogue will ensure deepen respiratory 368 

micro-ecology research, which holds the promise to elucidate respiratory microbial 369 
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community at microbial species or even strain level. In addition, genomes of novel 370 

microbial genera or species can be assembled through aligning metagenomics data 371 

with the reference catalogue. Exploring microbial functions and associated microbial 372 

components can construct the microbial network in respiratory microbial community. 373 

Established reference gene sets can be employed to deepen multi-omics analysis, 374 

which will further the understanding of host-microbiota interactions in acute 375 

respiratory infection. Comparing oropharynx microbiome between healthy and 376 

diseased children also provides an example for the utilization of the gene sets.  377 

Methods 378 

Ethics statement 379 

We obtained approval for this study from the Ethical Committee of Shenzhen 380 

Children’s Hospital (Shenzhen, Guangdong Province, China) under registration 381 

number 2016013 and performed experiments under the relevant guidelines and 382 

regulations. All guardians of selected children provided the informed consents. 383 

Clinical detection of infectious pathogens 384 

BALF was employed to establish the common clinical microbial diagnosis. Culturing 385 

was conducted to detect StreptococcusS. pneumoniae, Haemophilus influenzaeH. 386 

influenzae, Moraxella catarrhalis, StaphylococcusS. aureus and Staphylococcus 387 
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haemolyticus. The D3 Ultra DFA Respiratory Virus Screening & ID Kit  (Diagnostic 388 

Hybrids, Inc., Athens, OH, USA) was employed to detect common viruses, including 389 

adenovirus (AdV), respiratory syncytial virus (RSV), influenza virus and 390 

parainfluenza virus. Cytomegalovirus (CMV) and Epstein-Barr virus (EBV) were 391 

detected via the Diagnostic Kit for Quantification of Human CMV DNA and EBV 392 

Polymerase Chain Reaction (PCR) Fluorescence Quantitative Diagnostic Kit, 393 

respectively (DaAnGene, Guangzhou, China, http://daan.joomcn.com/). M. 394 

pneumoniae  and  Chlamydia pneumoniae pneumonia were diagnosed via the 395 

diagnostic kit for M. pneumoniae  DNA  (PCR Fluorescence Probing) (DaAnGene) 396 

and Anti  C. pneumoniae  ELISA  (IgM)  (EUROIMMUN AG, Lübeck, Germany) 397 

respectively. 398 

Construction and annotation of the RMGC 399 

Sequencing data were filtered using a previously reported method[54][60] and each 400 

sample with ≥650 Mbp data (Figure 1, Supplementary Figure 3) was selected for 401 

genome assembly by SOAPdenovo [55][61] (v2.07, –F –K 39 –M 3 –d 1). For samples 402 

with <650 Mbp data, the data from the same respiratory site were mixed and 403 

http://daan.joomcn.com/
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assembled (Figure 1). Assembled contigs with ≥500 bps were selected for gene 404 

prediction with MetaGeneMark[62] (v3.26, default parameters). We applied 405 

Glimmer3.02[63] (default parameters) to predict genes from the 1,384 respiratory 406 

bacterial genomes in the IMG database (2016-12-21, https://img.jgi.doe.gov/). Gene 407 

sequences were also retrieved from the genomes of 73 respiratory bacteria in PATRIC 408 

database (2017-3-25, https://www.patricbrc.org/) and 450,204 open reading frames 409 

(ORFs) of respiratory bacteria in Human Microbiome Project (HMP). Genes with ≥410 

100 bp length and without Ns were selected to construct non-redundant gene sets 411 

using CD-HIT[64] (v4.66, -c 0.95 –aS 0.9). Genes with ≥2 mapped reads were 412 

retained in the established RMGC. 413 

The taxonomic annotation of genes was conducted in the light of the following 414 

steps: i) we retrieved bacterial and viral genome sequences from IMG (2016-12-21), 415 

NCBI (2016-08-09) and PATRIC (2017-03-25) databases. We selected the genome 416 

sequence with the longest N50 as the representative genome for each bacterial species. 417 

Non-redundant viral genomes were produced by CD-HIT (v4.66, -aS 0.95 -AL 0.9 418 

-aL 0.9 -AS 0.95 -M 0). We aligned the gene sets in the RMGC to 6,869 419 
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representative bacterial genomes and 18,916 non-redundant viral DNA genomes using 420 

BLASTN (v2.5.0, default parameters except –e 0.01); ii) we retained the top 10% 421 

highest-scoring alignments of each gene, with ≥65% identity and ≥80% coverage 422 

of gene length; and iii). The assignment of each gene was determined based on ≥50% 423 

consensus above the similarity threshold for a specific rank: ≥65% for phylum, ≥424 

85% for genus and ≥95% for species. 425 

The functional annotation of each gene was determined by searching protein 426 

sequences in Kyoto Encyclopedia of Genes and Genomes (KEGG) (v78.1) and 427 

eggNOG (version 4.0) with BLASTP (v2.5.0, default parameters, except for -evalue 428 

1e-5). The best-hit alignment (identity ≥30% and coverage ≥70%) was selected as 429 

the functional annotation for the gene. Genes without annotations in KEGG were 430 

identified as novel gene families by the Markov Cluster Algorithm (MCL)[59]-e 1e-5). 431 

The best-hit alignment (identity ≥30% and coverage ≥70%) was selected as the 432 

functional annotation for the gene. Genes without annotations in KEGG were 433 

identified as novel gene families by the Markov Cluster Algorithm (MCL)[65] 434 

(inflation factor=1.1, bit-score cut-off=60). 435 
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Comparing the taxonomic assessment between 16S rRNA gene analysis and 436 

metagenomic analysis 437 

We selected 72 OP microbial samples with ≥650 Mb metagenomic sequencing data 438 

and aligned the sequencing data to establish RMGC to determine taxonomic 439 

assignments. The same samples were also sequenced via V3-V4 region of the 16S 440 

rRNA gene[9][13]. Microbial compositions were compared between two methods to 441 

assess the accuracy of taxonomic assignments via metagenomic analysis. 442 

Rarefaction analysis 443 

We downsized the number of mapped reads to 3 million for each sample to eliminate 444 

the variable influence caused by the amount of sequencing data. Estimation of total 445 

gene richness was done by randomly sampling five individuals 1,000 times with gene 446 

counting and Chao2 richness estimator[60].[66]. 447 

For the rarefaction curve of KEGG orthologous groups (KOs) and novel gene 448 

families, random sampling of five individuals for 1,000 times was used to evaluate 449 

saturation. Relative rarefaction curves were visualized using R software (v3.3.2). 450 

Calculation of gene relative abundance in RMGC 451 
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All filtered reads of metagenomics data from each sample were aligned to the 452 

established RMGC using BWA (v0.7.13, default parameters, except for the mem and 453 

identity ≥95%). Alignments that met the following two criteria were accepted: i) 454 

paired-end reads were mapped onto a same gene with the correct insert size; and ii) 455 

one end of a paired-reads was mapped onto the end of a gene, while the other was 456 

located outside of the gene. 457 

If the number of genes in a given sample was n, the relative abundance was 458 

calculated using the following steps: 459 

Step 1. The copy number of the gene i (c(i)) was calculated as: 460 

c(i) =
t(i)

l(i)
 461 

t(i): The total number of mapped reads of gene i in a given sample. 462 

l(i): The length of the gene i. 463 

Step 2. The relative abundance of gene i ( Ab_g(i)) was defined as: 464 

Ab_ g(i) =
c(i)

c(i)
1

n

å
 465 

 Step 3. If m genes can be assigned to the phylogenetic assignment s, the 466 

abundance of this phylogenetic assignment ( Ab_ p(s)) was calculated using the 467 
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following equation: 468 

Ab_ p(s) = Ab_g( j)
1

m

å  469 

Phylogenetic and functional profile of the OP microbiome 470 

All filtered reads of the OP microbiome were aligned to the established RMGC using 471 

BWA with same parameter as above. The relative abundance of each phylogenetic 472 

assignment was calculated as showed above while the abundance of KOs in the 473 

functional profiling table was determined as described in a previous report[16][58]. 474 

Identification of OP core microbial species in healthy children 475 

The microbial species was selected as core species if it existed in over 50% of healthy 476 

children and represented more than 1% relative abundance in one OP microbial 477 

sample. The distributions of core microbial species in OP of healthy children were 478 

described using ggplot2 in R. 479 

Comparison of the OP microbiome between healthy children and MPP patients 480 

According to the age distributions of 34 MPP patients (data size ≥650 Mbp), 33 481 

randomized healthy children with similar age were chosen. Genes in the OP 482 

microbiome of selected microbial samples were clustered into co-abundance gene 483 
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groups (CAGs) via Capony-based algorithms[61][67] (default parameters). The selected 484 

CAGs which contained more than 700 genes were regarded as deriving from the same 485 

bacterial genome and selected to construct a correlation network using Spearman’s 486 

rank coefficient (≤−0.6 or ≥0.6). The co-occurrence network was visualized using 487 

Cytoscape (v3.4.0)[62][68]. If ≥50% of the included genes had consensus phylogenetic 488 

annotations, corresponding CAG was assigned to a related microbial taxonomic 489 

assignments. 490 

The relative abundance of each CAG in microbial samples was calculated as 491 

previously reported[18][59]. Inter-group comparisons of CAGs and KEGG functions 492 

were performed using the two-tailed Wilcoxon rank-sum test and corrected via the 493 

Benjamini-Hochberg method (adjusted p-value ≤ 0.05). Confounding factors 494 

including pneumonia, sex, age, delivery mode and feed pattern were also assessed 495 

using PERMANOVA by vegan package (v2.3-4) in R software. 496 

Single microbial genome assembling from OP metagenomic data 497 

OP metagenomic data were aligned to the filtered CAGs (containing ≥700 genes) by 498 

BWA (v0.7.13, identity ≥95%). The mapped reads of each CAG were extracted for 499 
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microbial genomes assembling with Velvet[63][69] (kmer: from 45 to 75, cov_cutoff: 500 

auto, exp_cov: auto). The assembled sequences with the longest contig N50 were 501 

selected as representative draft genomes. Assembly quality was assessed following six 502 

criteria[64][23]: (i) 90% of the genome assembly should be included in contigs >500 bp; 503 

(ii) 90% of the assembled bases are at >5× read coverage; (iii) contig N50 >5 kb; (iv) 504 

scaffold N50 >20 kb; (v) average contig length is >5 kb; (vi) >90% of core genes are 505 

present in the assembly. A total of 14 draft microbial genomes passed five or six 506 

criteria finally. And (Supplementary Table 3). We then applied the selectedassembly 507 

quality estimation standard published by the Genomic Standards Consortium (GSC) 508 

(Supplementary Table 3)[70]. The microbial species designation of 14 assembed 509 

genome sequences were aligned to NCBI database to obtain their taxonomic 510 

information via MUMmer (v3.0)[64, 65]. Furthermore, gene prediction was executed for 511 

the assembled genomesfollowed these standards: 1) concordance with Glimmer3.02 512 

while related annotations of antibiotic resistance and virulence were acquired through 513 

CARDtaxonomical assignment of CAGs [66][67] and VFDB[67].; 2) aligned to the 514 

published genome sequences from IMG, NCBI and PATRIC via BLASTN (v2.5.0, 515 
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default parameters except –e 0.01), with ≥95% nucleotide identity and ≥95% 516 

genome coverage; 3) assigned by the CheckM(v1.0.12, default parameters) from the 517 

Genome Taxonomy DB[71]. Furthermore, gene prediction was executed with 518 

Glimmer3.02, while related annotations of antibiotic resistance and virulence genes 519 

were acquired through CARD[72] and VFDB[73]. The SNP mutation associated with 520 

macrolide resistance of M. pneumoniae was identified by mapping sequencing reads 521 

against 23S rRNA genes[74] using BWA. 522 

Correlations between reassembled microbial genomes and disease severity in 523 

MPP patients 524 

The correlation between reconstructed microbial genomes with the hospitalization 525 

duration and fever peak was assessed. In addition, serum CRP, PCT and eosinophil in 526 

24 hours after hospitalization were also selected to assess the correlation with 527 

reassembled microbial genomes via R software. The distributions of relative 528 

abundance of 14 reassembled genomes in MPP and healthy children were showed via 529 

scatter plot. 530 
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Tables 812 

Table 1. Sample information 813 

  
Pneumonia Patients 

(n=76) 

Healthy Children 

(n=171) 

Characteristics     

Gender 
  

  Female 24 87 

  Male 52 84 

Age (years) 2.9(0.2-12.7) 4.3(0.1-8.9) 

Sampling Site 
  

  OP 75 171 

  NP 42 - 

  Lung 46 - 

Delivery Mode 
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  Vaginally born 46 102 

  Cesarean section 30 69 

Feeding Pattern 
  

  Breast 48 84 

  Breast+Milk 12 66 

  Milk feed 16 21 

Family history of allergy 1 - 

History of pneumonia 14 - 

Asthma - - 

Clinical symptoms     

Lung consolidation, 

atelectasis, infiltration 
76 NA 

Fever 44 - 

Cough 72 - 

Wheezing 20 - 

Hospitalization time (days) 9(2-37) - 

CRP(<0.499mg/l) 22 NA 

PCT(<0.5ng/ml) 73 NA 

Eosinophils(0.5–5%) 44 NA 

"-" represents no detection result; "NA" represents not available; CRP, C-response 814 

protein; PCT, procalcitonin 815 

Figure Legends 816 

Figure 1. Construction of the human RMGC. Genome assembly was performed for 817 

each sample with ≥650 Mbp of data. For samples with <650 Mbp of data, the data 818 

from the same respiratory site (NP, OP or the lung) were mixed and assembled. Gene 819 

predictions were conducted for all assembled contigs with ≥500 bp and respiratory 820 

bacterial genomes in IMG. Genes with ≥100 bp were retained. Respiratory gene sets 821 

Formatted: Centered
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in HMP and PARTIC were combined to construct the non-redundant RMGC 822 

containing 2,245,343 genes. 823 

Figure 2. Rarefaction curves for genes and KOs/gene families. a, Rarefaction 824 

curve for the gene count. b, Rarefaction curve for Chao2. The RMGC captured 90.52% 825 

of the prevalent genes. c, Rarefaction curve for KOs/gene families. Known functions 826 

saturate quickly to 6,346 groups. After including novel gene families, the rarefaction 827 

curve plateaus when 12,924 groups are detected. Boxes represent the interquartile 828 

ranges (IQRs) between the first and third quartiles, and the line inside the box 829 

represents the median value. Whiskers represent the lowest or highest values within 830 

values 1.5 times the IQR from the first or third quartiles. Circles represent data points 831 

located outside of the whiskers. 832 

Figure 3. Core microbial species in healthy OP microbiota. The barplot on the top 833 

represent the prevalence of each core species, boxplot beneath the barplot means the 834 

relative abundance of each core species. The specific color stands for different 835 

phylum. 836 

Figure 4. Differentiation of OP microbial samples between healthy children and 837 
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MPP patients. a, Gene counts in the OP microbiomes of healthy children and 838 

children with pneumonia. b, Alpha diversity of the OP microbiome in healthy children 839 

and children with pneumonia. Boxes represent the IQRs between the first and third 840 

quartiles, and the line inside the box represents the median. Whiskers represent the 841 

lowest or highest values within values 1.5 times the IQR from the first or third 842 

quartiles. Points represent data located outside of the whiskers. *** represents p-value 843 

≤0.001. 844 

Figure 5. Phylogenetic and functional alterations in children with pneumonia. a, 845 

Size of the circle represents the average relative abundance of CAGs in healthy 846 

children or children with pneumonia. A line between two circles indicates a 847 

Spearman’s rank correlation coefficient ≥0.6 and an adjusted p-value ≤0.05. The 848 

phylum and genus corresponding to each CAG are indicated by the information listed 849 

on the left. b, The X-axis represents level-2 functional categories in KEGG, and the 850 

colour of the characters represents level-1 functional categories, which are listed on 851 

the right. The Y-axis shows the relative abundance of level-2 functional categories. 852 

*,** and *** represent adjusted p-value ≤0.05, ≤0.01 and ≤0.001, respectively. 853 
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Figure 6. Virulence-factor genes (VFGs) and antibiotic-resistance genes (ARGs) 854 

on Mycoplasma pneumoniae genome. The tracks from outside to inside represent 855 

ARGs, genes on plus strand, genes on negative strand and GC skew, respectively. 856 

VFGs painted with different colours refer to the different types of VFGs. 857 

Figure 7. Comparison of relative abundance of 14 re-assembled genomes 858 

between healthy children and MPP patients. The blue circles and red triangles 859 

represent the microbial relative abundance of healthy children and MPP patients. 860 

Solid dot and paired whiskers represent the mean and SD of each microbial relative 861 

abundance. *, ** and *** represents p-value ≤ 0.05, ≤ 0.01 and ≤ 0.001, 862 

respectively. NS stands for no statistical significance. 863 
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