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The alterations of tracheal microbiota and inflammation caused
by different levels of ammonia exposure in broiler chickens
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ABSTRACT Ammonia (NH3) is a known harmful gas
and exists in haze, forming secondary organic aerosols.
Exposure to ambient ammonia correlates with the respi-
ratory tract infection, and microbiota in the upper respi-
ratory tract is an emerging crucial player in the
homeostatic regulation of respiratory tract infection, and
microbiota perturbation is usually accompanied by the
inflammatory reactions; however, the effects of different
levels of ammonia exposure on tracheal microbiota and
inflammation are unclear. A total of 288 22-day-old male
Arbor Acres broilers were chosen and divided into 4
groups with 6 replicates of 12 chickens, and respectively
exposed to ammonia at 0, 15, 25, and 35 ppm for 21-d trial
period. Cytokines (interleukin (IL)-1b, IL-6, and IL-10) in
the trachea were measured at the 21 d of exposure to NH3.
Tracheal microbiota at the 21 d was analyzed by the 16S
rRNA gene analysis. The results showed that an increase
in ammonia levels, even in 15 ppm, significantly decreased
the alpha diversity and changed the bacterial community
structure. Six genera (Faecalibacterium, Ruminococcus]
_torques_group, unclassified_f__Lachnospiraceae,
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Ruminococcaceae_UCG-014, Streptococcus, Blautia)
significantly increased, whereas Lactobacillus significantly
decreased under different levels of ammonia exposure. We
also observed positive associations of Faecalibacterium,
Blautia, g__Ruminococcaceae_UCG-014, unclassi-
fied_f__Lachnospiraceae and Ruminococcus]_tor-
ques_group abundances with tracheal IL-1b
concentration. Moreover, an increase in ammonia levels,
even in 15 ppm, caused respiratory tract inflammatory
injury. The results indicated that 15 ppm ammonia
exposure changed the composition of tracheal microbiota
that caused the tracheal injury possibly through
increasing the IL-1b, which might make the broiler more
sensitive to the changes of environment and pathogenic
micro-organisms in the poultry house, and may be also a
critical value that needs high alertness. Herein, the present
experiment also suggested that the standard limit of
ammonia concentration in adult poultry house is 15 ppm.
This research provides an insight into the relationship
between the upper respiratory tract microbiota and
inflammation under ammonia exposure.
Key words: broiler, ammonia exposure, tracheal microb
iota, inflammatory response, anti-inflammatory response
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INTRODUCTION

Ammonia (NH3) is an environmental pollutant, which
also contributes to the formation of PM2.5 pollution
(Lelieveld et al., 2015; Bauer et al., 2016). In intensive
culture systems, NH3 is the greatest concerned environ-
mental pollution in poultry production (Shah et al.,
2020). For decades, the potential negative effects of
ammonia emissions on the agricultural environment,
ecosystems, and human and animal health have
attracted increasing attention (Murphy et al., 2012;
Costa, 2017).

Ammonia exposure is associated with an increased
risk of respiratory tract infections (Dutton et al., 1959;
Warren, 1962; Anderson et al., 1964; Coltart et al.,
2013). The upper respiratory tract is not only the site
of local respiratory tract infection, but also the site of
pathogenic microorganism colonization, which may
lead to subsequent lower respiratory tract infections or
invasive diseases (Bogaert et al., 2004). Ammonia expo-
sure may promote pathogenic microbial colonization by
increasing the number of goblet cells secreting, disrupt-
ing effective tracheal mucociliary clearance, impairing
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host immune responses against pathogens (Anderson
et al., 1966, 1968; Wolfe et al., 1968; Oyetunde et al.,
1978; Al-Mashadani and Beck, 1983).

Recent years, bacterial communities in the upper res-
piratory tract are an emerging crucial player in the ho-
meostatic regulation of respiratory tract infections,
such as viral upper respiratory tract infection
(Chonmaitree et al., 2017), or human rhinovirus
infection (Hofstra and Matamoros, 2015), or smoking
(Lim et al., 2016), or influenza H1N1 virus infection
(Li et al., 2017), or streptococcus pneumoniae
(Thevaranjan et al., 2016), or lower respiratory tract
infection (Koff et al., 2019). In addition, the upper respi-
ratory microbiota may also play a role in the mainte-
nance of a integrity structure in the upper respiratory
tract (Yun, 2014) and shaping local immunity (Olszak,
2012; Gollwitzer, 2014). Therefore, the establishment
and maintenance of a balanced microbiota community
in the upper respiratory tract that could be resilient to
the expansion and invasion of pathogens may be critical
to maintain the health of whole respiratory. In addition,
microbiota perturbation is usually accompanied by the
inflammatory reactions (Sheehan et al., 2015; Sundin
et al., 2017; Gao et al., 2018). Moreover, in the respira-
tory system, the trachea acts as the air channel for
breathing and is the first line of defense against pollut-
ants (Puchelle et al., 1995; Xiong et al., 2016). Besides,
the tracheal inflammation caused by ammonia is the
most direct damage (Shi et al., 2019). Therefore, studies
on tracheal microbiota and inflammation can be
essential.

Here, the present study was to investigate the varia-
tions of tracheal microbiota and inflammation and also
explore the potential relationship between tracheal
microbiota and inflammation under different levels of
ammonia exposure in a broiler model.
MATERIALS AND METHODS

Ethics Statement

The protocol was approved by the Animal Experi-
mental Welfare and Ethical Inspection Form of Institute
of Animal Science, Chinese Academy of Agricultural
Sciences.
Animals and Experimental Treatments

A total of 380 1-day old male Arbor Acres (AA)
broiler chicks were obtained from a commercial hatchery
in Beijing (Beijing Arbor Acers Broiler Co., Beijing,
China) and placed in an environmentally controlled
room under standard brooding practices, receiving ad
libitum access to water and a standard corn-soybean–
based diet during the first 21 d. At the age of 22 d, a total
of 288 birds with similar body weight were selected and
transferred into 4 environmentally controlled exposure
chambers (4.5 m length! 3.0 m width! 2.5 m height).
Each chamber had 6 one-tier cages (0.82 m
long ! 0.07 m wide ! 0.06 m depth). A cage was a
replicate, so each treatment had 6 replicates with 12
broilers in each replicate. Broilers in the control group
(,3 ppm) were housed in a chamber without NH3
from day 22 to 42, whereas broilers in the treatment
groups were exposed to NH3 concentration of 15 6
3 ppm, 25 6 3 ppm, 35 6 3 ppm, respectively, during
the experimental period. The concentrated NH3 was
delivered in a whole body animal exposure chamber
from day 22 to 42. The chambers were computer pro-
grammed to have the NH3 concentration as required.
The concentrations of NH3 in 4 chambers were moni-
tored with a LumaSense Photoacoustic Field Gas-
Monitor INNOVA 1412 (Santa Clara, CA) during the
entire experiment. Temperature, relative humidity,
and airflow were controlled during the exposures to
ensure adequate ventilation, minimize buildup of
animal-generated contaminants (dander, carbon dioxide
(CO2), hydrogen sulfide (H2S)) and to avoid thermal
stress. The manure was removed from the chambers
every 3 d to reduce NH3 volatilization. The diet during
the experiment was formulated to achieve the National
Research Council (NRC, 1994; Table 1) recommended
requirements for all nutrients. The growth performance
including BW, ADG, ADFI, and feed-to-gain ratio
were measured.
Sample Collection

At the 21 d of the experiment, one broiler with similar
BW was randomly selected from each replication and
euthanized to obtain tracheal tissues. Tracheal tissues
were divided into 3 parts: one small part of tracheal tis-
sues were fixed with 4% paraformaldehyde for histo-
chemical analysis; one part of tracheal tissues were
taken and used for cytokines analysis; one part of
tracheal tissues were taken and used for microbial
analysis.
DNA Extraction and PCR Amplification

Microbial DNA was extracted from tracheal samples
using the E.Z.N.A. Stool DNAKit (Omega Bio-tek, Nor-
cross, GA, U.S.) according to manufacturer’s protocols.
The final DNA concentration and purification were
determined by NanoDrop 2000 UV-vis spectrophotom-
eter (Thermo Scientific, Wilmington, DE), and DNA
quality was checked by 1% agarose gel electrophoresis.
The V3-V4 hypervariable regions of the bacteria 16S
rRNA gene were amplified with primers 338F (50-
ACTCCTACGGGAGGCAGCAG-30) and 806R (50-
GGACTACHVGGGTWTCTAAT-30) by thermocycler
PCR system (GeneAmp 9700, ABI). The PCR reactions
were conducted using the following program: 3 min of
denaturation at 95�C, 27 cycles of 30 s at 95�C, 30s for
annealing at 55�C, and 45 s for elongation at 72�C,
and a final extension at 72�C for 10 min. PCR reactions
were performed in triplicate 20 mL mixture containing
4 mL of 5 ! FastPfu Buffer, 2 mL of 2.5 mM dNTPs,
0.8 mL of each primer (5 mM), 0.4 mL of FastPfu Poly-
merase and 10 ng of template DNA. The resulted PCR
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Table 1. Composition and nutrient levels of the complete diets for
broilers.

Item 1–3 wk 4–6 wk

Ingredients (%)
Corn 53.36 56.51
Soybean meal 38.50 35.52
Soybean oil 4.10 4.50
NaCl 0.30 0.30
Limestone 1.15 1.00
CaHPO4 2.01 1.78
DL-Met 0.22 0.11
Premix1 0.36 0.28
Total 100.00 100.00

Nutrient levels (%)
ME/(MJ kg21)2 12.46 12.73
CP 21.44 20.07
Ca 1.00 0.90
AP 0.45 0.40
Lys 1.17 1.00
Met 0.56 0.42
Met 1 Cys 0.91 0.78

1Premix provided per kg of diet for 1–3 wk: vitamin A, 12,500 IU;
vitamin D3, 3,750 IU; vitamin E, 16 IU; vitamin K3, 2.0 mg; vitamin B1,
2.5 mg; vitamin B2, 8 mg; vitamin B6, 2.5 mg; vitamin B12, 0.015 mg,
pantothenic acid calcium, 12.5 mg; nicotinic acid, 32.5 mg; folic acid,
1.25 mg; biotin, 0.125 mg; choline, 700 mg; Zn (ZnSO4$7H2O), 60 mg; Fe
(FeSO4$7H2O), 80 mg; Cu (CuSO4$5H2O), 8 mg; Mn (MnSO4$H2O),
110 mg; I (KI), 0.35 mg; Se (Na2SeO3), 0.15 mg. Premix provided per ki-
logram of diet for 4-6 wk: vitamin A, 10,000 IU; vitamin D3, 3,400 IU;
vitamin E,16 IU; vitamin K3, 2.0 mg; vitamin B1, 2.0 mg; vitamin B2,
6.4 mg; vitamin B6, 2.0 mg; vitamin B12, 0.012 mg; pantothenic acid cal-
cium, 10 mg; nicotinic acid, 26 mg; folic acid, 1 mg; biotin, 0.1 mg; choline,
500 mg; Zn (ZnSO4$7H2O), 40 mg; Fe (FeSO4$7H2O), 80 mg; Cu
(CuSO4$5H2O), 8 mg; Mn (MnSO4$H2O), 80 mg; I (KI), 0.35 mg; Se
(Na2SeO3), 0.15 mg.

2ME was calculated, whereas the others were measured.
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products were extracted from a 2% agarose gel and
further purified using the AxyPrep DNA Gel Extraction
Kit (Axygen Biosciences, Union City, CA) and quanti-
fied using QuantiFluor-ST (Promega, Madison, WI)
according to the manufacturer’s protocol.
Illumina MiSeq Sequencing

Purified amplicons were pooled in equimolar and
paired-end sequenced (2 ! 300) on an Illumina MiSeq
platform (Illumina, San Diego, CA) according to the
standard protocols by Majorbio Bio-Pharm Technology
Co. Ltd. (Shanghai, China).
Processing of Sequencing Data

Raw fastq files were quality-filtered by trimmomatic
and merged by FLASH with the following criteria: (i)
The reads were truncated at any site receiving an
average quality score , 20 over a 50 bp sliding window.
(ii) Sequences whose overlap being longer than 10 bp
were merged according to their overlap with mismatch
no more than 2 bp. (iii) Sequences of each sample were
separated according to barcodes (exactly matching)
and Primers (allowing 2 nucleotide mismatching), and
reads containing ambiguous bases were removed.
Operational taxonomic units (OTUs) were clustered

with 97% similarity cutoff using UPARSE (version 7.1
http://drive5.com/uparse/) with a novel ‘greedy’
algorithm that performs chimera filtering and OTU clus-
tering simultaneously. The taxonomy of each 16S rRNA
gene sequence was analyzed by RDPClassifier algorithm
(http://rdp.cme.msu.edu/) against the Silva (SSU128)
16S rRNA database using confidence threshold of 70%.
Cytokines Analysis

At the 21 d of the experiment, the concentrations of
interleukin-1b (IL-1b), interleukin-6 (IL-6) and
interleukin-10 (IL-10) in the tracheal tissues were analyzed
according to the manufacturer’s instructions by commer-
cial enzyme-linked immunosorbent assay (ELISA) kits
specific for chicken (NovateinBio, Hudson, MA).
Histochemical Analysis

According to the report of Xiong et al. (2016), tissues
of trachea which were fixed in the 4% paraformaldehyde
were embeded by paraffin, and 4 mm slitted, and placed
on the glass slides, then stained with hematoxylin and
eosin (H&E).
Bioinformatics and Statistical Analysis

Tracheal microbiota sequence data analyses were
mainly performed using QIIME and R packages
(v3.3.1). OTU-level alpha diversity indices, such as
Chao richness estimator, ACE metric (Abundance-
based Coverage Estimator), Shannon diversity index,
and Simpson index, were performed to investigated the
richness and evenness of microbial communities among
the 4 groups and calculated using the OTU table in
QIIME. Rarefaction curves based on OTU level were
generated to compare the richness and evenness of
OTUs among samples and also indicated whether the
amount of sequence data of the samples was reasonable.
Beta diversity analysis was performed to investigate the
structural variation of microbial communities across
samples using unweighted uniFrac distance metrics
and visualized via principal coordinate analysis
(PCoA), using a non-parametric statistical method of
adonis, indicated the percentage of variation in each
group (Caporaso et al., 2010). Venn diagram was gener-
ated to visualize the shared and unique OTUs among
samples or groups using R package “Venn Diagram”,
based on the occurrence of OTUs across samples/groups
regardless of their relative abundance. Based on taxo-
nomic analysis, the community structure composition
at different classification levels (e.g., phylum, genus)
can be obtained. Correlation between the tracheal
microbiota and tracheal cytokines was estimated by
spearman correlation analysis. All the data were
analyzed on the free online platform of Majorbio I-
Sanger Cloud Platform (www.i-sanger.com).

One-way analysis of variance (ANOVA) was per-
formed using SAS 9.2 software (SAS Institute, Gary,
NC) to detect significant differences in growth perfor-
mance, cytokines, alpha diversity indices of the bacterial
community, and relative abundances of the main
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Figure 1. Effects of different concentrations of ammonia exposure on the development of tracheal microbial OTU. (A) Rarefaction curves based on
Chao index (description and sample ID) were used to assess the depth of coverage for each sample. (B) Venn diagrams formicrobial OTU compositions.
Control group: T21_0; 15 ppm group: T21_15; 25 ppm group: T21_25; 35 ppm group: T21_35.
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tracheal genera among different treatments. Differences
among means were tested by Duncan multiple range
test. The data were presented as mean 6 SE. The repli-
cate cage served as the experimental unit, and the
P , 0.05 was considered statistically significant.
RESULTS

16S rRNA Sequence Data of Broiler
Tracheal Microbiota Under Ammonia
Exposure

We amplified tracheal tissues in the broilers at 4
ammonia concentrations (0, 15, 25, and 35 ppm) and
totally obtained 1,339,911 sample sequences at the
21 d. We also analyzed the rarefaction curves that sug-
gested all tracheal microbial species were detected
(Figure 1A).

In the present study, Based on 97% sequence similar-
ity, all the sequences were clustered into 4,208 OTUs at
the 21 d, and the Venn diagrams were shown in
Figure 1B. There were 2,549, 2,178, 2,348 and 2,091
OTUs identified respectively in the 0, 15, 25 and
35 ppm group. We found that the numbers of OTUs
from tracheal samples were a downward trend as the
ammonia concentration increases from 0 to 35 ppm.
The Variations of Diversities in the Tracheal
Microbiota Under Different Concentrations
of Ammonia Exposure

Alpha diversity was analyzed to detect the dynamics
of the tracheal microbiota under 0, 15, 25 and 35 ppm
ammonia exposure. In the present study, as shown in
Figures 2A–2D, we calculated the indexs of alpha diver-
sity including Chao, ACE, Shannon and Simpson. The
indices that reflect species richness were all shown to
be significantly decreased with the increase in ammonia
concentrations ranging from 15 to 35 ppm. The results
indicated that ammonia exposure, even 15 ppm, signifi-
cantly decreased the richness of tracheal microbiota.
In addition, beta diversity was also estimated to

further understand the variations of tracheal microbiota
community. Unweighted UniFrac distance was used to
generate beta diversity distance matrices and calculate
the degree of differentiation among the samples. In the
present study, we used the unweighted uniFrac distance
to detect the differences in the 4 treatment groups. Prin-
cipal coordinate analysis (PCoA) was performed on each
group, and then uniform sampling was repeated on a
subset of the available data for each sample to measure
the robustness of each cluster in the PCoA map. As
shown in Figure 2E, the PCoA plots were obtained. In
the PCoA plots, R2, using a non-parametric statistical
method of adonis, indicated the percentage of variation
in each group (Caporaso et al., 2010). Our results
showed that there was a significant difference among
the 4 treated groups (R2 5 0.1698, P 5 0.001), suggest-
ing that as the ammonia concentration increases from
the 0 to 35 ppm, tracheal microbiota community was
qualitatively different.
The Variations of Microbiota Community
Compositions in the Tracheal Microbiota
Under Different Concentrations of Ammonia
Exposure

After taxonomic classification of the representative
sequence of microbial OTU, broilers exposed to different
concentrations of ammonia have differences in the composi-
tion of the tracheal microbiota at several taxonomic levels.
Phylum and genera relative abundances were respectively
shown inFigures 3Aand 3B.As shown inFigure 3A,Firmi-
cutes, which was the most abundant phylum, constituted
w70.31% of the total sequences on average. The second
most abundant genera was proteobacteria which consti-
tuted w14.63%, followed by the unclassified_k_nor-
ank_d_Bacteria (w7.18%), Bacteroidetes (w3.58%),



Figure 2. Effects of different concentrations of ammonia exposure on the diversities in the tracheal microbiota. (A) Chao index. (B) ACE index. (C)
Shannon index. (D) Simpson index. (E) The PCoA plot. The different letters above the bars indicate that the indices of alpha diversity index are signif-
icantly different among the 4 groups. Control group: T21_0; 15 ppm group: T21_15; 25 ppm group: T21_25; 35 ppm group: T21_35 (data are
mean 6 SE).
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Actinobacteria (w1.28%). At the genus level, our results
indicated that 32 dominant genera (Faecalibacterium,
Lactobacillus, Unclassified_k_norank_d_Bacteria,
Escherichia-shigella, Ruminococcus]_torques_group, Aci-
netobacter, Unclassified_f_Lachnospiraceae, Ruminococ-
caceae_UCG_014, Streptococcus, norank_f_Rumino-
coccaceae, Blautia, Enterococcus, Ruminococcaceae
_UCG_005, Butyricicocus, Anaerotruncus, Alispites,
Subdoligranulum, Lachnoclostridium, Romboutsia, Erysi-
pelatoclostridium, Christensenellaceae_R-7_group,
norank_f_Clostridiales_vadinBB60_group, Pseudo-
monas, norank_f_Lachnospiraceae, Bacteroides, Unclas-
sified_d_Unclassified, Sellimonas, Psychrobacter,
Unclassified_f_Peptostreptococcaceae, Flavobacterium,
Akkermansia, norank_f_Bacteroides_S24-7_group)
changed as the ammonia concentration increases
(Figure 3B). The above results suggested that tracheal
microbiota community in the ammonia treatment
groups were significantly different as opposed to the
0 ppm group.



Figure 3. Effects of different concentrations of ammonia exposure on the community compositions of tracheal microbiota. (A) Community com-
positions in the phylum level. (B) Community compositions in the genus level. Control group: T21_0; 15 ppm group: T21_15; 25 ppm group: T21_25;
35 ppm group: T21_35.
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In order to assess how the taxonomic composition of
tracheal microorganisms changed as the ammonia con-
centration increases, one way analysis was carried out to
identify the differentially abundant genera among the 4
treated groups. We chose to evaluate the abundance dis-
tribution of the first 20 genera among the 4 groups.
Among the first 20 genus, 7 genera (Faecalibacterium,
Blautia, unclassified_f__Lachnospiraceae, Ruminococ-
cus]_torques_group, Ruminococcaceae_UCG-014,
Lactobacillus, Streptococcus) had significantly changed
as the ammonia concentration increases. There were 3
genera (Faecalibacterium, Blautia, Ruminococcus]_tor-
ques_group) significantly increased at 25 ppm and
35 ppm groups, while unclassified_f__Lachnospiraceae
was significantly increased and Lactobacillus was signifi-
cantly decreased at 15, 25 and 35 ppm (Figure 4).
The Variations of Growth Performance,
Tracheal Histopathological, and
Inflammatory Response Under Different
Concentrations of Ammonia Exposure
The above results were demonstrated that the

tracheal microbiota changed as tthe ammonia concen-
tration increases. We also evaluated the variations of
growth performance, tracheal histopathological, and in-
flammatory response under different concentrations of
ammonia exposure. Broiler performance data were
shown in Figure 5. At the 21 d of the experiment, as
opposed to the 0 ppm group, ammonia exposure to
35 ppm significantly decreased (P , 0.001) the ADFI
and increased (P , 0.001) the feed-to-gain ratio, and
ammonia exposure to both 25 and 35 ppm significantly



Figure 4. The change in the relative abundance of genus Faecalibacterium (A), Lactobacillus (B), Ruminococcus]_torques_group (C), unclassi-
fied_f__Lachnospiraceae (D), Ruminococcaceae_UCG-014 (E), Streptococcus (F), Blautia (G) under different concentrations of ammonia expo-
sure. The different letters above the bars indicate that the genera relative abundances are significantly different among the 4 groups (data are
mean 6 SE).
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Figure 5. Effects of different ammonia concentrations on the growth performance of broilers. Average daily feed intake: ADFI (A), average daily
gain: ADG (B), feed-to-gain ratio: F/G (C), body weight: BW (D). The different letters above the bars indicate that the cytokines concentrations are
significantly different among the 4 groups (data are mean 6 SE).
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decreased the (P , 0.001) ADG and BW, and ammonia
exposure to 15 ppm did not significantly changed
(P . 0.05) the growth performance.

The effects of different levels of ammonia on the
tracheal histopathological of broilers are depicted in
Figure 6. Ammonia exposure to 0 ppm had a relatively
integrity structure in the trachea. Ammonia exposure
to 15–25 ppm resulted in a moderately deteriorated in
the structure of trachea. Ammonia exposure to 35 ppm
had severely deformed the mucosal layer also resulted
in the inflammation of the lamina propria cells, submu-
cosal edema.

Tracheal cytokines concentrations were shown in
Figure 7. At 21 d of the experiment, as opposed to the
0 ppm group, ammonia exposure to 15, 25, and
35 ppm significantly increased (P , 0.05) the levels of
IL-1b and IL-6, and ammonia exposure to 25 and
35 ppm significantly increased (P , 0.01) the level of
IL-10.
Correlation Analyses of the Tracheal
Microbiota and Cytokines in the Trachea

To understand how the changed tracheal microbiota
influenced proinflammatory and anti-inflammatory
response in the trachea, we used a matrix of spearman
correlation which was to investigate the relationships be-
tween tracheal microbiota and cytokines at the 21 d. As
shown in Figure 8, the relative abundance of Faecalibac-
terium, Blautia, g__Ruminococcaceae_UCG-014,
unclassified_f__Lachnospiraceae, and Ruminococcus]
_torques_group were correlated positively (P , 0.05)
with IL-1b concentration andBlautiawas also correlated
positively (P , 0.05) with IL-10 concentration. In addi-
tion, Butyricicoccuswas correlated positively (P, 0.05)
with IL-1b and IL-10 concentration; Erysipelatoclostri-
dium was correlated positively (P , 0.05) with IL-1b
concentration; Romboutsia was correlated positively
(P , 0.05) with IL-6 and IL-10 concentration.



Figure 6. The variation in histopathological of trachea under different concentrations of ammonia exposure.
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DISCUSSION

The common air pollutant ammonia has harmful ef-
fects on the respiratory systems of both humans and an-
imals, which is associated with an increased risk of
respiratory tract infections. Recently, studies have sug-
gested that the upper respiratory tract microbiota are
intimately connected with respiratory diseases (Hofstra
and Matamoros, 2015; Lim et al., 2016; Thevaranjan
et al., 2016; Chonmaitree et al., 2017; Li et al., 2017;
Koff et al., 2019). The trachea, which is part of the upper
respiratory tract, acts as the target organ of ammonia
stimulation (Xiong et al., 2016), and microbiota in the
trachea will change with the shifts in the outside envi-
ronment. One study also showed that the most promi-
nent lesion in respiratory disease–infected flocks is
severe exudation in the trachea (Nili and Asasi, 2003).
Thus, our study was to investigate the effects of different
levels of ammonia on the tracheal microbiota and inflam-
mation in broilers.
In the present study, we used the automatical environ-

mental chambers to accurately control the ammonia
concentrations (0, 15, 25, and 35 ppm), respectively.
The present study showed that there was a tendency
that the number of OTU exposed to 15–35 ppm groups
was lower than that in the 0 ppm group at the 21 d. In
addition, ammonia exposure to 15–35 ppm significantly
decreased the richness of the tracheal microbiota. Be-
sides, there were also significant differences in the
tracheal community of broilers exposed to different
levels of ammonia based on the analysis of the beta diver-
sity. The above results might be explained that
Figure 7. Effects of different levels of gaseous ammonia exposure on the
trachea of broilers at the 21 d. The different letters above the bars indicate t
groups (data are mean 6 SE).
15–35 ppm ammonia exposure caused a moderately alka-
line environment in the trachea, thereby reducing the
colonization of acidophilic bacteria (Valdes et al.,
2009). This result suggested that ammonia exposure,
even 15 ppm, disrupted the stability of broiler tracheal
flora.

This study showed that 32 abundant genera changed
as the ammonia level increased. Among them, the domi-
nant bacterial communities were Faecalibacterium,
Lactobacillus, Blautia, Ruminococcaecae_UCG-014,
Ruminococcus]_torques_group, unclassified_-
f__Lachnospiraceae, Streptococcus. We found Blautia
and Faecalibacterium were significantly increased in
the ammonia treatment groups, especially in the
25 ppm and 35 ppm groups. This was intriguing because
Faecalibacterium is often related to healthy condition
and its reduction usually occurs under diseased condi-
tion (Miquel et al., 2013). However, as far as we know,
the study has emphatically challenged the protective
role for Faecalibacterium in the unhealthy conditions
and found Faecalibacterium was increased under the
diseased condition of patients with Crohn’s disease
(Hansen et al., 2012) and one study has also reported
that Faecalibacterium in the intestine was significantly
enriched in patients with tuberculosis (Maji et al.,
2018). Based on our results, we also believe that Faeca-
libacterium may not play a protective role in all the
diseased conditions and more elaborate studies will be
needed to better understand its dynamic role in the con-
ditions of environmental pollution such as ammonia
exposure. Blautia, combined with other genera such as
Streptococcus, etc., could hinder the colonization of
concentrations of interleukin (IL)-1b (A), IL-6 (B) and IL-10 (C) in the
hat the cytokines concentrations are significantly different among the 4



Figure 8. The Spearman correlation analysis between the tracheal microbiota and tracheal inflammatory or anti-inflammatory parameters. Cells
are colored based on the Spearman correlation coefficient between the significantly altered genera and cytokines; the red represents a significantly
positive correlation (P, 0.05), the blue represents a significantly negative correlation (P, 0.05), and the white represents no significant correlation
(P . 0.05).
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certain symbiotic microbiota (Nakano et al., 2013).
Cheng et al. (2020) found that Blautia was also enriched
with the patients of respiratory disease such as lung can-
cer. The results indicated ammonia exposure may also
cause pulmonary diseases.

Streptococcus includes symbiotic and pathogenic
gram-positive bacteria, which lives in various body sites
including the oral cavity and upper respiratory tract.
Riise et al. (2000) reported that Streptococcus was
enriched with the respiratory disease with pneumonia.
Moreover, one study also indicated that Streptococcus
may also cause lung pathology (Gutbier et al., 2015).
Our study showed that ammonia exposure significantly
increased the Streptococcus abundance. The above
result indicated that the increase of the Streptococcus
in the trachea under ammonia exposure may cause infec-
tion in the lung and finally induced the pneumonia.

Ruminococcus]_torques_group was previously re-
ported to be associated with inflammatory bowel disease
(Png et al., 2010; Peterson et al., 2015), or with Crohn’s
(Marie et al., 2011), or with autism spectrum disorder
(Gerber et al., 2013). Although effect of Ruminococ-
cus]_torques_group on the respiratory tract of broilers
is unclear, this suggests that Ruminococcus]_tor-
ques_groupmay cause respiratory disease through a va-
riety of microbial interactions, and these interactions
can enhance the virulence of established pathogens.
By contrast, the genera of Lactobacilli abundance was
significantly reduced in all the ammonia treatment
groups compared with the control group. Both Koenen
et al. (2004) and Brisbin et al. (2011) reported that Lac-
tobacilli have been shown to enhance the immunomodu-
lation and protect the intestinal integrity by
antagonizing pathogens, thus effectively affecting broiler
production (Peng et al., 2016). However, it was unknown
that how the Lactobacillus did play a role in the respira-
tory. There was a study showed that Lactobacillus bac-
teria could hinder the reproduction and growth of
some harmful bacteria such as Escherichia coli (Hang
et al., 2009). In the present study, Lactobacillus was
the most important genus in the 0 ppm group, and it
was significantly higher than that in the 15–35 ppm
groups. The reason may be explained that 15–35 ppm
ammonia exposure induced a relatively high value of
the pH in the trachea, thus hindering the colonization
and growth of beneficial bacteria such as Lactobacillus
and promoting the growth of some harmful bacteria
which could also prevent the colonization of Lactoba-
cillus (Gandhi and Shah, 2014).
Correlation analysis allowed us to identify several bac-

terial genera potentially implicated in the inflammation.
We observed positive associations of Faecalibacterium,
Blautia, Ruminococcaceae_UCG-014, unclassified_-
f__Lachnospiraceae, Ruminococcus]_torques_group,
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Butyricicoccus, Erysipelatoclostridium abundances with
tracheal IL-1b concentration, whereas Blautia, Butyrici-
coccus, Romboutsia were also positively correlated with
IL-10 concentration. Romboutsia was also positively
correlated with IL-6 concentration. That is, the microor-
ganisms were significantly correlated with the tracheal
inflammation. To our knowledge, one study reported
that Blautia also can mediate anti-inflammatory effects
(Jenq et al., 2015). Butyricicoccus is a butyrate-
producing clostridial cluster IV genus, whereas butyrate
is a potent anti-inflammatory mediator (Wang et al.,
2012). Erysipelatoclostridium is a part of normal gut
microbiota but could become an opportunistic pathogen
and has been identified as a gut microbiota biomarker in
human patients suffering from Crohn’s disease and Clos-
tridium difficile infection (Mancabelli et al., 2017). In
addition, ammonia treatments also induced an increase
in IL-1b, IL-6, and IL-10 concentrations in the trachea
as opposed to the control group. Tanaka and
Kishimoto (2012) and Ghareeb et al. (2013) reported
that both IL-1b and IL-6, as immunomodulatory cyto-
kines, could effectively modulate proinflammatory
response, whereas IL-10, as an anti-inflammatory cyto-
kine, could inhibit the pro-inflammatory response
(Sabat et al., 2010). The above results suggested that
ammonia-induced change in the tracheal microbiota
might be related to the tracheal inflammation. In addi-
tion, at ammonia concentration 15 ppm or more, inflam-
matory damage was found in the tracheal tissue that
may be related to the perturbation of the tracheal micro-
biota. A large amount of Faecalibacterium, Blautia,
Streptococcus, g__Ruminococcaceae_UCG-014,
unclassified_f__Lachnospiraceae, Ruminococcus]
_torques_group in the trachea may result in the more
release of IL-1b to damage the tracheal tissue. Further-
more, ammonia exposure (15–35 ppm) would promote
some harmful bacteria to become dominant and inhibit
the beneficial bacteria, which may lead to inflammation
that the proinflammatory response was greater than the
anti-inflammatory response.
In conclusion, this study investigated the variationof the

tracheal microbiota and inflammation under different con-
centrations of ammonia exposure. The results of the exper-
iment indicated that gaseous ammonia exposure in the
poultry farming environment, even in 15 ppm, decreased
the abundance of tracheal microbiota and changed the
normalmicrobiota community structure, and caused respi-
ratory tract inflammatory injury. In summary, 15 ppm
ammonia exposure changed the composition of tracheal
microbiota thatcausedthetracheal injurypossibly through
increasing the IL-1b, which might make the broiler more
sensitive to the changes of environment and pathogenic
micro-organisms inthepoultryhouseandmaybealsoacrit-
ical value that needs high alertness.
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