
Genes & Diseases (2020) 7, 272e282
Available online at www.sciencedirect.com

ScienceDirect

journal homepage: http: / /ees.elsevier .com/gendis/default .asp
FULL LENGTH ARTICLE
High-throughput 16S rDNA sequencing of the
pulmonary microbiome of rats with allergic
asthma

Yang Xiong a,1, Sen Hu a, Hongyao Zhou b, Hui Zeng c, Xuan He c,
Dongni Huang d, Xiaoyu Li e,*,1
a Department of the First Clinical Medicine, Chongqing Medical University, Chongqing, 400016, China
b College of Stomatology, Chongqing Medical University, Chongqing, 401331, China
c Department of the Second Clinical Medicine, Chongqing Medical University, Chongqing, 400016, China
d Department of Obstetrics, First Affiliated Hospital, Chongqing Medical University, Chongqing,
400016, China
e Laboratory of Innovation, Basic Medical Experimental Teaching Center, Chongqing Medical
University, Chongqing, 401331, China
Received 10 December 2018; accepted 20 March 2019
Available online 3 April 2019
KEYWORDS
16S rDNA;
Allergic asthma;
Illumina sequencing;
Pulmonary
microbiome;
Rats
* Corresponding author.
E-mail addresses: cqmu_xy@163.c

gmail.com (H. Zeng), HeXuanghh@163
Peer review under responsibility o

1 These authors contributed equally

https://doi.org/10.1016/j.gendis.201
2352-3042/Copyright ª 2019, Chongqi
CC BY-NC-ND license (http://creative
Abstract A decrease in microbial infection in adolescents is implicated with an increase in
the incidence of asthma and allergic diseases in adulthood, indicating that the microbiome
plays a critical role in asthma. However, the microbial composition of the lower respiratory
tract remains unclear, hindering the further exploration of the pathogenesis of asthma. This
study aims to explore the microbial distribution and composition in the lungs of normal rats
and rats with allergic asthma via 16S rDNA sequencing.

The DNA of the pulmonary microbiome was extracted from the left lungs collected from
normal control group (NC), saline control group (SC), and allergic asthma group (AA) under
aseptic conditions. After the 16s rDNA V4eV5 region was amplified, the products were
sequenced using Illumina high-throughput technology and subjected to operational taxonomic
unit (OTU) cluster and taxonomy analysis.

The OTU values of AA increased significantly compared with those of NC and SC. Microbiome
structure analysis showed that the dominant phylum of the pulmonary microbiome changed
from Proteobacteria in NC to Firmicutes in AA. Linear discriminant analysis indicated that
the key microbiomes involved in the three groups varied.
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Numerous microbiomes stably settled in the lungs of the rats in NC and AA. The structure and
diversity of the pulmonary microbiome in AA differed from those in NC.
Copyright ª 2019, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Allergic asthma is a chronic airway inflammation in which
various immune cells, especially mast cells, eosinophils,
and T lymphocytes, participate, and airway hyperreactivity
is the main pathological change.1,2 Approximately 30
million people in China suffer from asthma. The prevalence
rate of asthma is 1.24% among e people over 14 years of
age, and this rate increases every year.3 In Sweden, the
current prevalence of allergic asthma increased from 5.0%
in 1996 to 7.3% in 2016.4 The present situation of asthma is
unfavorable. Although multiple studies have explored the
mechanism in immune,5 genetic,6 microbial,7 and other
aspects, the specific mechanism of asthma has not been
elucidated. The relationship between microbiome and
asthma has acquired wide attention. However, traditional
culture technology cannot comprehensively analyze bac-
terial composition, thereby limiting studies on pulmonary
microbiome.8 The emergence of 16S rDNA sequencing
technology has provided a powerful tool to explore the
composition and evolution of pulmonary microbiome under
normal and disease conditions.9 With new technologies,
studies have found that bacteria are closely related to the
immunological environment in airways related to the
occurrence and development of asthma.10,11

Normal microbiome refers to the microbial community
settling on the mucous membrane and surface of human
beings and animals. The Human Microbiome Project,
launched by the National Institutes of Health in 2008, pro-
poses to consider the genes of normal microbiome as the
second genome of human beings.12 This project has provided
a basis for studying normal microbiome at molecular and
gene levels. Pulmonary microbiome, a primordial microbial
community settled in the lungs, is related to a number of
respiratory diseases, including asthma,7 pulmonary cystic
fibrosis,13 lung cancer,14 and chronic obstructive pulmonary
disease.15 The pulmonary microbiome interplays with
allergic asthma. Olszak et al.16 showed an increased inci-
dence of allergic asthma in germ-free mice compared with
that of pathogen-free mice. Sverrild A et al.17 demonstrated
that an altered bacterial abundance profile occurs in pa-
tients with asthma with the lowest eosinophil levels.

At present, the composition of pulmonary microbiome in
normal rats and rats with allergic asthma has not been
studied, but the interactive relationship between pulmo-
nary microbiome and asthma should be further investigated
to address the research gap due to limitations on materials
and experimental basis. In this study, a model of allergic
asthma was established by ovalbumin (OVA) challenge, and
the pulmonary microbiome of the rats with asthma was
investigated through 16S rDNA sequencing to widen the
experimental basis of research.
Materials and methods

Materials

Animals and groups
Twelve specific pathogen-free male rats with SD back-
ground were provided by the Experimental Animal Center
of Chongqing Medical University (SCXK-[Chongqing] 2012-
0001) with a body mass of 200 � 20 g. The rats were 4e6
weeks old. They were provided access to clean food and
water ad libitum and fed under daylight-simulating light for
12 h, followed by 12 h of darkness at room temperature
(23 � 2 �C), relative humidity of 50%e70%, and with natural
ventilation. The 12 rats were randomly divided into three
groups with four rats in each group: normal control group
(NC), saline control group (SC), and allergic asthma group
(AA).

Reagents
Grade II and V OVA were purchased from Sigma (MO, USA).
Al(OH)3, IgE, IL-2, and IL-4 ELISA kits were acquired from
Elisa biotech (Shanghai, China). Bacterial genome extrac-
tion kit and DNA marker were obtained from Takara (Dalian,
China). FastPfu PCR mix was procured from Transgene
Biotech (Beijing, China). Tris, agarose, EDTA2, H2O, and
PCR primers were obtained from Sangon Biotech (Shanghai,
China). DNA gel purification kit and AxyPrep DNA gel re-
covery kit were purchased from Axygen Biosciences (CA,
USA). Four kinds of fluorescent dNTPs were acquired from
Shanghai Meiji Biotech (Shanghai, China). QuantiFluor-ST
blue fluorescence quantitative system was procured from
Promega (Wisconsin, USA). Rat nose poisoning apparatus
was obtained from Hope Co., Ltd., (Tianjin, China).
Methods

OVA-induced allergic asthma model
On days 0 and 8, the four male rats with a body mass of
200 � 20 g in AA were injected with 1 mg of OVA and 200 mg
of Al (OH)3, which were emulsified in aseptic saline in a
total volume of 1 ml. In particular, 0.4 ml of the emulsified
treatments was intraperitoneally injected, 0.2 ml was
injected to the two anterior toes, and 0.4 ml was injected
to the bilateral groins. On day 15, all of the rats in AA were
exposed to aerosolized grade II OVA (1% wt/vol diluted in a
saline solution) for 60 min daily for 2 weeks. For the rats in
SC, all of the solutions used for AA were replaced by aseptic
saline. Lung tissues in NC were recovered on day 0 as
described in the following section of sample collection. In
SC and AA, the tissues were collected on day 29. All pro-
cedures were approved by the Ethics Committee of
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ChongQing Medical University (NO. 20180113) on March 20,
2018. During the experiment, one rat in SC died upon in-
jection, and another died during asthma modeling. None of
them were supplemented.

Sample collection
Alcohol (75%) was used to sterilize the skin on the chest and
abdomen of the rats after they were anesthetized with
avertin overdose. After blood was collected by cardiac
puncture, they were killed by cervical dislocation and then
dissected under aseptic conditions. The left, upper right,
and lower right lobes were recovered and stored at �80 �C.
The left lobes were used for microbiome analysis. The
upper right lobes were used to determine IL-2 and IL-4
concentrations, and the lower right lobes were preserved in
10% formalin solution for hematoxylin and eosin (H&E)
staining. The blood were centrifuged at 3000 rpm at 4 �C for
10 min, and the serum was collected and stored at �80 �C
until analysis.

Determination of IgE, IL-2, and IL-4 levels
The serum samples were removed from storage and thawed
at room temperature. The right upper lobes were homog-
enized via bead beating (FastPrep bead matrixE, MP Bio-
medicals, Santa Ana, CA, USA) with 1000 ml of aseptic saline
and then centrifuged for 10 min at 4 �C. The supernatant
was collected. The concentrations of IgE in the serum and
IL-2 and IL-4 in the supernatant were measured using IgE,
IL-2, and IL-4 ELISA kits (Elisa Biotech, Shanghai, China) in
accordance with the manufacturer’s protocol. Optical
absorbance at 450 nm was evaluated with a MultiskanGO
plate reader (Thermo, Waltham, MA, USA).

H&E staining
Lung tissues were fixed in 10% formalin solution, embedded
in paraffin, sectioned at a thickness of 3 mm, and stained
with H&E. Afterward, the pathological changes in lung tis-
sues were observed under a light microscope.

Bacterial DNA extraction
The frozen samples were thawed at room temperature and
then homogenized via bead beating (FastPrep bead
matrixE, MP Biomedicals, Santa Ana, CA, USA) with 500 ml of
aseptic saline. Aseptic saline was added until a volume of
1000 ml was obtained, and bacterial DNA was extracted with
a bacterial genomic DNA extraction kit in accordance with
the manufacturer’s instructions. After its concentration
Figure 1 IgE, IL-2, and IL-4 concentrations in the three groups.
analyzed through ELISA. (a) IgE concentration in serum (nZ 4); (b)
in lung tissues (n Z 3). *p < 0.05, **p < 0.01, ***p < 0.001.
was determined, 1 ml of DNA was diluted to 100 ng/ml with
ultra-pure water and then stored at �20 �C.

PCR amplification of 16S rDNA V4eV5 region
A specific primer with its barcode was synthesized to
amplify the 16s rDNA V4eV5 region. The sequences of for-
ward primer and reversed primer were 50-
GTGCAGCMGCCGCGG-30 and 50-CCGTCAATTCMTTTRAGTTT-
30, respectively. In brief, PCR consisted of 4 ml of
5 � FastPfu Buffer, 2 ml of dNTPs (2.5 mM), 0.8 ml of forward
primer (5 mM), 0.8 ml of reverse primer (5 mM), 0.4 ml of
FastPfu polymerase, 10 ng of template DNA, and ultra-pure
water added to obtain a volume of 20 ml. The reaction
conditions were as follows: 5 min at 95 �C, 27 cycles of 30 s
each at 95 �C and 53 �C and 45 s at 72 �C, and 10 min at
72 �C. The amplification products were analyzed through
Illumina high-throughput sequencing (Illumina PE250). The
sequence information was submitted to the NCBI’s
sequence read archive with the accession number
PRJNA504591. Finally, microbial diversity was analyzed on
the basis of the sequencing results.

Statistical analysis
Data were assessed using SPSS version 23 (SPSS Inc., Chi-
cago, IL, USA). Statistical significance was determined by
ANOVA. When ANOVA indicated a significant difference,
Fisher’s least significant difference (LSD) test was applied
to conduct multiple comparisons. A p value of <0.05 was
considered statistically significant.
Results

Model evaluation

Behavioral changes
After inhaling aseptic saline, the rats in SC and NC had
normal movement, stable breathing, and shiny hair.
Conversely, the rats in AA manifested various symptoms,
such as restlessness, hair erection, shortness of breath,
nasal scratching, incontinence, and abdominal breathing.

IgE, IL-2, and IL-4 concentrations
The IgE, IL-2, and IL-4 concentrations in the three groups
were determined (Fig. 1). The results reflected no signifi-
cant difference between NS and SC, but the decreased IL-2
concentration and the increased IL-4 and IgE
The serum and supernatant of homogenized lung tissues were
IL-2 concentration in lung tissues (nZ 3); (c) IL-4 concentration
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concentrations in AA compared with those in NC were
significantly different (PIL-2 < 0.05; PIL-4 < 0.01;
PIgE < 0.01).

Lung histology
The lung histology (Fig. 2) revealed the successful prepa-
ration of the asthma showing inflammatory cell infiltration,
widened alveoli, and dilated alveoli. Such changes did not
occur in the two other groups.

Microbiome analysis

Evaluation of sequencing depth
The Shannon value of random sampling was calculated by
Mothur, and the Shannon-Wiener curve (Fig. 3) was drawn
using the R programming language to evaluate the
sequencing depth. A total of 440,343 sequences were
detected in all of the samples. These sequences covered
285e695 OTUs and showed a high community richness. All
of the curves were flat, indicating that the sequencing
depth was sufficient to cover more than 97% of the micro-
biome in the samples and reflected the information of the
major bacteria present in the samples.

Microbial diversity analysis (alpha-diversity)
The Chao index, coverage index, Shannon index, and
Simpson index of each sample are listed in Table 1. A value
of 0.97 indicates a similarity level of 0.97. The ANOVA re-
sults showed no significant difference (PChao > 0.05) in the
Chao index among the three groups, suggesting that the
abundance remained the same among the three groups. The
differences in Shannon and Simpson indexes were statisti-
cally significant (PShannon < 0.001; PSimpson < 0.001). No
differences were detected between NC and SC, but differ-
ences between the two groups and AA (P < 0.01) were sig-
nificant. The diversity of the pulmonary microbiome in the
rats with asthma increased. The coverage index of each
sample was greater than 0.9985, implying that the coverage
of each sample was greater than 99.85%, which could fully
reflect the true situation of the microbiome in the samples.

Community-composition analysis
The RDP classifier Bayes algorithm was used to analyze OTU
at the similarity level of 97%. The OTU sequences were then
Figure 2 Lung sections of rats in the three groups. Lung section
structure of the alveolar wall was clear and complete without infla
wall and the smooth muscle were slightly thickened, and few inflam
(c) In AA, the bronchial wall of the rats with asthma was damaged i
whole layer of the bronchial wall. The pulmonary alveoli collapsed,
part of the pulmonary alveoli were dilated.
compared with the Silva 16s ribosomal database of bacteria
and ancient bacteria. The community composition of the
samples was examined at phylum, family, and genus levels,
and a multi-sample histogram was drawn.

OTU distribution. The total and particular OTU sequences
in the three groups were calculated using the R program-
ming language. A total of 304 OTUs were shared by the
three groups. A total of 68, 59, and 352 particular OTUs
were present in NC, SC, and AA (Fig. 4), respectively. This
finding indicated that the number of lung-specific OTUs in
AA was much higher than that in NC and SC.

Distribution of the microbiome at phylum, family, and
genus levels. At the phylum level, 24 phyla were identi-
fied in 10 samples (Table 2). Six phyla, including
Actinobacteria, Firmicutes, and Proteobacteria, were
detected in all of the samples. The hierarchical cluster
analysis combined with the microbiome distribution of
the phylum is shown in Fig. 5. NC, SC, and AA could be
divided into two groups (groups A and B). NC, SC, and
AA1 were included in group A, and the remaining AA
samples were clustered to group B. However, the
distribution of AA1 was different from that of NC and SC
at the phylum level. Proteobacteria was the most
dominant phylum in NC. In AA, the most dominant
phylum changed into Firmicutes. This change was
consistent in all of the samples between the two groups.
All of the samples could be well expanded in the cluster
tree, indicating that some similarities were present
between SC and NC. A total of 158 families were
detected in all of the samples. At the genus level, the
dominant bacteria basically remained the same in NC
and SC, although some differences existed. The species
and abundance of the dominant bacteria in AA were
significantly different from those in NA and SC. The
dominant family and genus of each sample are shown in
Table 3, and the distribution of the microbiome structure
is presented in Fig. 6.

Intergroup diversity analysis (beta-diversity)
Distance matrix was obtained by calculating the distance
between two samples using the statistical algorithm Bray-
Curtis, and b-diversity analysis and visual statistical
s from NC, SC, and AA were stained with H&E. (a) In NC, the
mmatory cell infiltration in the lungs. (b) In SC, the bronchial
matory cells infiltrated the interstitium and alveoli of the lung;
nvasively by numerous inflammatory cells, which infiltrated the
the intervals between pulmonary alveoli were widened, and a



Figure 3 ShannoneWiener curve. Curves of different colors show the Shannon index (X-axis) of each sample at different numbers
of the sampled reads (Y-axis). When the curve tended to be flat, the amount of the sequenced data was large enough to reflect the
majority of the microbial data in the samples.

Table 1 Analysis of community diversity.

Sample ID Reads 0.97

OTU chao coverage shannon simpson

A1 44,046 308 325 (315,350) 0.999,342 2.01 (1.99,2.03) 0.4295 (0.4239,0.4351)
A2 30,276 285 319 (300,359) 0.998,679 2.02 (2,2.05) 0.4055 (0.399,0.412)
A3 38,855 316 336 (324,365) 0.999,202 2.39 (2.37,2.42) 0.2652 (0.2614,0.2689)
A4 49,925 306 337 (319,379) 0.999,339 1.86 (1.84,1.88) 0.4699 (0.4645,0.4753)
B1 47,023 438 460 (448,486) 0.999,149 2.82 (2.8,2.85) 0.2539 (0.2496,0.2582)
B2 45,011 318 345 (330,377) 0.999,111 2.09 (2.07,2.11) 0.3083 (0.3048,0.3118)
B3 32,615 385 402 (392,424) 0.998,866 2.35 (2.32,2.37) 0.3052 (0.3,0.3103)
C1 51,460 695 738 (719,772) 0.998,504 3.86 (3.84,3.88) 0.063 (0.062,0.064)
C2 51,839 353 361 (355,382) 0.999,749 4.55 (4.53,4.56) 0.0414 (0.0404,0.0424)
C3 49,293 574 590 (581,615) 0.999,412 4.66 (4.65,4.68) 0.0422 (0.0411,0.0433)

The Chao index was used to reflect the community richness of the microbiome. The higher the Chao index was, the more abundant the
microbiome would be. The Shannon and Simpson indices were used to analyze the community diversity in the samples. The higher the
Shannon index was, the higher the diversity of the microbiome would be. The higher the Simpson index was, the lower the diversity of
the microbiome would be. The coverage index was determined to reflect whether the sequencing results represented the true situation
of the microbiome in the sample. The higher the values were, the higher the probabilities of the sequences to be detected and the lower
probabilities of not being detected would be.
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analysis were performed. The distance matrix was repre-
sented by a heat map to show the difference distribution
between the samples. LEfSE (linear discriminant analysis
[LDA] effect size) was used to analyze the differences
among various groups, and LDA was conducted to estimate
the effect of each species’ abundance on the differential
effect.

Variance analysis of samples. The beta diversity distance
matrix was represented by a heat map (Fig. 7). The values



Figure 4 OTU distribution in the three groups. The red,
green, and blue circles represented NC, SC, and AA, respec-
tively. The overlapping part denoted the OTU that each group
had.

Table 2 Structural analysis of microbiome at phylum
level.

Phylum type Comparative result Detected sample

Identical
bacteria

Actinobacteria All samples
Bacteroidetes All samples
Cyanobacteria All samples
Firmicutes All samples
Proteobacteria All samples
Spirochaetae All samples

Different
bacteria

Acidobacteria A1A2A3A4B1B3C1C2
Armatimonadetes A2
Atribacteria A1A2A3A4 B1B2B3
Chloroflexi A1A2A3A4B1B2B3C1
Cloacimonetes A1A2A3A4 B1B2B3 C1
Deferribacteres A1A2A3A4B1B3C1C2C3
Deinococcus-
Thermus

A3B2

Elusimicrobia C3
Fibrobacteres A1A2B1C1C2C3
Fusobacteria B1B2
Gemmatimonadetes B2 C1
Nitrospirae C2
Planctomycetes A1A4 B1 C1
Synergistetes A1A3A4 B1B3
TM6
(Dependentiae)

C1

Tenericutes A1A2A4B1B2B3C1C2C3
WS1 A1A4B2
Verrucomicrobia A1B1B3
Unclassified A1A2A3A4B1B2B3C1

The phyla detected in all of the samples are listed in “identical
bacteria,” whereas the phyla not detected in all of the samples
are listed in “different bacteria.”

Figure 5 Microbial community barplot with a cluster tree.
Bar charts showing the relative abundance of the phyla
detected in the lung tissues collected from the rats of NC
(NC1eNC4), SC (SC1eSC3), and AA (AA1eAA3). The identities
of microbial phyla were shown with color blocks on the right,
and the length of the color blocks denoted the relative abun-
dance. An Hcluster tree was placed on the left side of the
graph. The length of the branches indicated the distance be-
tween the samples.
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represented by different colors were the coefficient of
difference between two samples. The smaller the
coefficient was, the smaller the difference in species
diversity would be. The difference between the individual
samples of NC and SC was obscure, but the difference
between the individual samples of NC and AA was
significant, indicating that the lung microbiome was
evidently altered under asthmatic conditions.

LEfSE analysis. Fig. 8 shows the cladogram of the LEfSE
analysis. The red, green, and blue parts represented the
samples of NC, SC, and AA, respectively. The red, green,
and blue nodes in the cladogram denoted the bacteria
playing a critical role in NC, SC, and AA respectively. The
yellow nodes corresponded to the bacteria that did not
have an important role in each group. Fig. 9 shows the
LDA score obtained through LDA, indicating that the
bacteria with a major role were Proteobacteria,
Ralstonia, and Burkholderiales in NC; Mollicutes,
Tenericutes, and Proteus in SC; and Lactobacillaceae,
Bacilli, and Lactobacillales in AA.

ANOSIM analysis. ANOSIM, a nonparametric test, was
performed to determine whether the grouping was mean-
ingful or not. Table 4 indicates that the differences
between the groups were greater than the differences
within the groups. Thus, the grouping was meaningful.

Discussion

The complex interplay between the body and the microbial
community determines the state of human health and the
occurrence and development of diseases. In the respiratory
system, the lower respiratory tract, especially the lungs, is
aseptic when it is healthy. However, recent studies have
revealed the diversity and dynamics of microbes in the
lower respiratory tract, supporting the view of the micro-
biome setting in the lungs.18,19 Further studies on the
human microbiome demonstrated that the microbiome
existed not only in the lungs of healthy people but also in
the lungs with various diseases, such as asthma.20

In the current study, lung tissue sampling under aseptic
condition was conducted to avoid pollution from the upper
respiratory tract, and 16S rDNA sequencing was performed



Table 3 Top three dominant families and genera in each sample.

Sample Dominant family Relative abundance
(%)

Dominant genus Relative abundance
(%)

A1 Burkholderiaceae 65.04 Ralstonia 64.99
Bradyrhizobiaceae 7.58 Bradyrhizobium 4.83
Ruminococcaceae 4.17 Enterobacter 3.38

A2 Burkholderiaceae 63.00 Ralstonia 62.94
Bradyrhizobiaceae 10.58 Bradyrhizobium 7.14
Lachnospiraceae 3.74 Lactobacillus 3.44

A3 Burkholderiaceae 45.05 Ralstonia 45.05
Bradyrhizobiaceae 27.07 Bradyrhizobium 23.94
Sphingomonadaceae 3.67 Sphingomonas 3.64

A4 Burkholderiaceae 68.12 Ralstonia 68.07
Bradyrhizobiaceae 7.75 Bosea 3.95
Lachnospiraceae 4.67 Bradyrhizobium 3.79

B1 Burkholderiaceae 49.41 Ralstonia 49.37
Lachnospiraceae 12.68 Mycoplasma 5.82
Ruminococcaceae 7.96 Blautia 4.58

B2 Mycoplasmataceae 47.66 Mycoplasma 47.66
Burkholderiaceae 28.13 Ralstonia 28.12
Bradyrhizobiaceae 3.26 Bradyrhizobium 2.49

B3 Burkholderiaceae 52.72 Ralstonia 52.72
Bradyrhizobiaceae 18.38 Bradyrhizobium 15.18
Lactobacillaceae 5.31 Lactobacillus 5.31

C1 Lactobacillaceae 21.82 Lactobacillus 21.82
Chloroplast_norank 15.36 Chloroplast_norank 15.36
Burkholderiaceae 14.59 Ralstonia 14.58

C2 Ruminococcaceae 22.31 Lactobacillus 16.75
Lactobacillaceae 16.75 Ralstonia 15.72
Burkholderiaceae 15.72 Ruminococcaceae UCG-014 7.29

C3 Lactobacillaceae 26.96 Lactobacillus 26.95
Ruminococcaceae 24.90 Ruminococcaceae UCG-014 11.71
Lachnospiraceae 10.89 Bacteroidales

S24-7 group_norank
8.58

The table lists the top three dominant families and genera in each sample with their relative abundance.

Figure 6 Microbial community barplot at the genus level. Bar charts showing the relative abundance of all genera detected in the
lung tissues collected from the rats in NC (NC1eNC4), SC (SC1eSC3), and AA (AA1eAA3). The identities of the microbiome were
shown with color blocks on the right.

278 Y. Xiong et al.



Figure 7 Heatmap analysis of distance matrix. The heatmap
plot depicts the discrepancy of each sample by color intensity.
Higher values of the color key shown below the figure indicate
a higher discrepancy between two samples.

Figure 8 Cladogram of the three groups. The circle radiating insi
genus. Each small circle at different classifications represented a ta
abundance. Red, green, and blue dots denoted the core bacterial p
score (below) showed the biomarkers with statistical differences b
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to observe the microbiome of rats with asthma, which could
reliably reflect the alteration of the pulmonary microbiome
in the lungs. The lung microbiome diversity of AA was
higher than that of NC, and this observation was consistent
with the clinical results of Huang et al.21 The sequencing of
the pulmonary microbiome in the lungs affected by bron-
chial asthma has shown multiple pathogens, especially
Haemophilus, in the lower respiratory tract.22 These
studies have demonstrated that patients with asthma
possess an imbalance of the lung microbiome, an increased
pathogenic microbial diversity, and a decreased beneficial
microbial diversity. Thus, the increase in microbial diversity
might be closely related to the increase in the population of
pathogenic bacteria.

Further analysis of the sequencing data showed that the
structure of the microbiome in the lungs of the rats in AA
was significantly different from that in NC. The most
dominant and the second-most dominant phyla in the lung
microbiome of the normal rats were Proteobacteria and
Firmicutes, and this finding was consistent with the report
of Liu et al.23 In AA, however, Firmicutes was the most
dominant phylum instead of Proteobacteria, and this
observation was contrary to that of the bacteria dominant
in the human body. Blainey et al.24 confirmed that five
major bacterial phyla exist in the respiratory tract of
healthy people: Firmicutes, Bacteroidetes, Proteobacteria,
Actinobacteria, and Fusobacteria. Their respective pro-
portions decreased in succession. Thus, Firmicutes is the
most dominant phylum in normal adults rather than in pa-
tients with asthma. In comparison with healthy people,
de-out demonstrated the classification from the phylum to the
xon, the diameter of the circle was proportional to the relative
opulations in each respective group. The histogram of the LDA
etween groups.



Figure 9 LEfSe result. The graph shows the LDA scores obtained from linear regression analysis of the significant microorganism
groups in the two groups. When the default LDA value is more than 2 and the P value is less than 0.05, the result corresponds to a
differential species. The differential group is the one with high abundance in three groups.

280 Y. Xiong et al.



Table 4 ANOSIM analysis.

Name of Test Statistic R
Sample size 10
Number of groups 3
Test statistic 0.58,080,808,080,808,077
p-value 0.001
Number of permutations 999

In theory, R ranges from �1 to 1. In practice, R ranges from 0 to
1. When R is close to 1, the differences between groups are
greater than those within groups. Conversely, the differences
between and within groups are not different when R is close to
0. The reliability of the statistical analysis is expressed by P
value.

16S rDNA sequencing of pulmonary flora 281
patients with asthma have a lung microbiome with an
increased abundance of Proteobacteria.21,22 In the current
study, Burkholderiaceae, the dominant bacterial family in
NC, was replaced by Lactobacillaceae in AA. Ralstonia was
replaced by Lactobacillus in AA. However, in the lower
respiratory tract of normal adults, Prevotellaceae and
Sreptococcaceae are the dominant families.25 This finding
might be due to species differences, which should be
further explored.

Immune imbalance is one of the important mechanisms
of asthma. Changes in the local inflammatory environment
can affect the composition of the pulmonary microbiome.19

Therefore, we detected the concentrations of IL-2 and IL-4
in lung tissues and the concentrations of IgE in serum
through ELISA. Our results showed a statistically significant
decrease in IL-2 and an increase in IL-4. IL-2, a represen-
tative of Th1 cytokines, inhibits inflammation, whereas IL-
4, a representative of Th2 cytokines, promotes inflamma-
tion. Th1/Th2 imbalance, which is the main mechanism of
asthma, has been found in lung tissues.26,27 In the current
study, the increased serum IgE concentration was also
statistically significant. This finding is attributed to IL-4
promoting the secretion of B plasma cells. IgE triggers
mast cells to secrete histamine. PGD2 is an important
cytokine that participates in allergic reactions and causes
the symptoms of an allergy. In the current study, H&E
staining demonstrated numerous inflammatory cells infil-
trating the lungs. The inflammation caused by this imbal-
ance was closely related to the structure of the pulmonary
microbiome in asthmatic rats. Herbst et al.28 found that the
degree of inflammatory responses in germ-free mice is
more serious than that in specific pathogen-free mice,
indicating that the lung microbiome and inflammation
demonstrate a close interplay. However, whether local
inflammation or pulmonary microbiome initiates asthma
remains unclear and requires further exploration.

In a healthy state, pulmonary microbiome composition is
similar to that of the upper respiratory tract.29,30 The
abundance and composition of the microbiome are affected
by many factors, including birth mode, feeding type, ge-
netics, and smoking.31 In a diseased state, the local envi-
ronment of the lung plays an important role in the
alteration of pulmonary microbiome. The local environ-
ment involves relative blood perfusion, relative alveolar
ventilation, deposition of inhaled particles, and concen-
tration and behavior of inflammatory cells.19 Relative blood
perfusion affects the microbiome, and the increased IgE
observed in our results could increase vascular perme-
ability, thereby altering the pulmonary microbiome.26 In
airway remodeling, the clearance of the microbiome is
affected, influencing the settlement of the microbiome.31

In addition to pulmonary inflammation, alteration in the
pulmonary microbiome may be associated with changes in
the local metabolic environment. In a mouse model of LPS-
induced lung injury, the increased abundance of Steno-
trohomonas maltophilia (Xanthomonadaceae) and Ochro-
bactrum anthropi (Brucellaceae) is connected closely with
the increased presence of bacterial substrates suitable for
their survival.32 In asthma, multiple metabolic pathways
and metabolites are disrupted.33e35 Adult bronchial
microbiome sequencing and functional analysis demon-
strating the predicted bacterial functions revealed that the
microbiome is involved in the metabolism of amino acids
and carbohydrates, especially short-chain fatty acids,
playing a remarkable role in regulating inflammation.36

Therefore, pulmonary microbiome, metabolism, and
inflammation closely interplay, indicating that the alter-
ation of pulmonary microbiome in asthma is an extremely
complicated process that requires further exploration,
which we intend to do.
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