

[image: image1]
Dynamic Changes in Lung Microbiota of Broilers in Response to Aging and Ammonia Stress












	 
	ORIGINAL RESEARCH
published: 04 August 2021
doi: 10.3389/fmicb.2021.696913





[image: image]

Dynamic Changes in Lung Microbiota of Broilers in Response to Aging and Ammonia Stress

Jian Chen†, Ai Jin†, Lei Huang, Yan Zhao, Yuwen Li, Haotian Zhang, Xiaojun Yang* and Qingzhu Sun*

College of Animal Science and Technology, Northwest A&F University, Yangling, China

Edited by:
George Tsiamis, University of Patras, Greece

Reviewed by:
Laura Tipton, University of Hawai‘i at Mānoa, United States
Ruqing Zhong, Institute of Animal Science, Chinese Academy of Agricultural Sciences, China

*Correspondence: Qingzhu Sun, sunqingzhu@nwafu.edu.cn; Xiaojun Yang, yangxj@nwsuaf.edu.cn

†These authors have contributed equally to this work

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

Received: 06 May 2021
Accepted: 08 July 2021
Published: 04 August 2021

Citation: Chen J, Jin A, Huang L, Zhao Y, Li Y, Zhang H, Yang X and Sun Q (2021) Dynamic Changes in Lung Microbiota of Broilers in Response to Aging and Ammonia Stress. Front. Microbiol. 12:696913. doi: 10.3389/fmicb.2021.696913

Comprehensive microbial analysis has revealed that the lung harbors a complex variety of microbiota, and although the dynamic distribution of the lung microbiota in mice and laying hens of different ages is well established, this distribution has not been clarified in broilers of different ages. Here, we performed 16S rRNA gene sequencing of lung lavage fluid from broilers at 3 (3D), 7 (7D), 14 (14D), 21 (21D), and 35 (35D) days of age to evaluate changes in the composition of their lung microbiota. Upon examination of the composition and function of the broiler lung microbiota, we found that their maturation increased significantly with age. Specifically, the microbiota composition was similar between 7 and 14D and between 21 and 35D. The relative abundance of aerobic bacteria in the broiler lungs gradually increased as the broilers developed, whereas the relative abundance of potentially pathogenic bacteria reached its highest level at 3D. The relative abundance of predicted functions in microbiota was very similar among 3, 7, and 14D, whereas the Glycan Biosynthesis and Metabolism pathway in microbiota was enriched at 21D. These findings suggest that these metabolic pathways play critical roles in shaping broiler microbiota at these age stages. In addition, short-term external ammonia stimulation significantly increased lung inflammation but did not significantly affect the lung microbiota. Taken together, these data reveal the dynamics of age-related changes in the microbiota of broiler lungs and the stability (the significant variation in the microbial composition) of these microbial communities in response to short-term ammonia stress. These findings provide new insights into the development of broiler lung microbiota and serve as a reference for subsequent studies to evaluate disease prevention in broilers subjected to large-scale breeding.
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INTRODUCTION

Studies evaluating the colonization of lung microbiota in healthy humans have revealed that the microbial density in these tissues tends to be low at the beginning of their development (Gentle and Lal, 2019). The main bacterial genera present in human lungs include Prevotella, Streptococcus, Weberella, Fusobacterium, and Haemophilus (Hilty et al., 2010; Dickson et al., 2015; Dickson, 2016). Some studies have shown that changes in the dynamics of the lung microbiota can be linked to specific pathologies, including asthma, cystic fibrosis, lung inflammation, and lung cancer (Gustafson et al., 2010; Huang et al., 2015; Mur et al., 2018; Layeghifard et al., 2019; Li et al., 2019). Bacterial communities in the lungs also change in response to changes in the immune status of these tissues. For example, acute lung injury induces an increase in inflammation, which causes distinct changes in the community composition of the lung microbiota (Poroyko et al., 2015). These findings indicate that lung microorganisms play a vital role in maintaining the health of animal lungs.

Long-term breeding of broilers primarily focuses on increasing the rate of muscle growth while ignoring other organ systems (Escorcia et al., 2020). Excessive muscle growth causes a change in the lung/body ratio of affected animals (Hassanzadeh et al., 2005), resulting in relatively small respiratory systems and increased susceptibility to infection, for example, in broilers. Most viruses invade broilers through their respiratory tract; however, some vaccines in broilers are administered through the nasal route (Glendinning et al., 2017). As such, studying the lung microbiota during development of broilers could be beneficial to the broiler industry. Many mammalian trials have highlighted the significant effects of the lung microbiota on lung diseases (Huang et al., 2015; Mur et al., 2018; Layeghifard et al., 2019; Li et al., 2019). However, few studies have reported the relationship between the lung microbiota and lung development in poultry (Glendinning et al., 2017). Therefore, there is limited information describing the lung microbiota of broilers prior to slaughter as part of the intensive breeding process.

Broiler breeding environments are complex and subject to various external stimuli. Ammonia (NH3), the most common external stimulus, can exert acute and chronic effects in humans (Tualeka et al., 2018). Specifically, exposure to external NH3 can damage the human and rat airway (Woto-Gaye et al., 1999; Elfsmark et al., 2019; Agren et al., 2021). In the breeding industry, certain concentrations of NH3 can impair livestock production and performance (Tao et al., 2019; Wang et al., 2020), and the international permissible level of NH3 in poultry houses is 25 ppm (ACGIH, 2010).

The primary goal of this study was to determine changes in composition, maturation, and function of the lung microbiota of healthy broilers at 3 (3D), 7 (7D), 14 (14D), 21 (21D), and 35 (35D) days of age using 16S rRNA gene sequencing. In addition, we evaluated changes in the lung microbiota and inflammatory status following short-term exposure to low concentrations of external NH3. Our data show that broiler lung microbiota undergoes regular changes in response to changes in maturity.



MATERIALS AND METHODS


Animals, Experimental Design, and Sampling

All the birds and experimental protocols used in this study were approved by the Institutional Animal Care and Use Committee of the Northwest A&F University (Permit Number: NWAFAC 1008).

First, 100 1-day-old, unvaccinated, healthy male white feather (Arbor Acres) broilers (obtained from Xi’an Dacheng Poultry Industry Co., Ltd.) were placed in broiler cages under controlled temperature and humidity. The temperature of the room was maintained at 33°C for the first week and reduced gradually over the next 4 weeks to 24°C; the daily photoperiod was 20 h light:4 h dark. The broilers were randomly divided into five groups with four replicate cages (five broilers per cage) each group (20 broilers per group). Two broilers per replicate (four replicates, n = 8) were randomly elected and sacrificed at 3, 7, 14, 21, and 35D. All the broilers were provided with standard broiler feed and water ad libitum. The broilers were observed daily and considered healthy following physical examination. Lung lavage was performed using sterilized precooled 1× phosphate-buffered saline (PBS) following broiler euthanasia via cervical dislocation. The amount of PBS was increased with age (2.5 ml per 3D-old broiler, 3 ml per 7D-old broiler, 4.5 ml per 14D-old broiler, 8 ml per 21D-old broiler, and 10 ml per 35D-old broiler). During lavage, each broiler was injected with PBS through the trachea, which was circulated three times. A total of 1.8 ml of lavage fluid was collected and stored at −80°C. All instruments were sterilized, and the lung lavage fluid was collected for 16S rRNA gene sequencing.

Next, 40 1-day-old, unvaccinated, healthy male white feather (Arbor Acres) broilers (obtained from Xi’an Dacheng Poultry Industry Co., Ltd.) were placed in broiler cages at controlled temperature and humidity as mentioned earlier. All the broilers were considered healthy by physical examination and fed as described above. The animals were given the same diet for 21 days, and 16 22-day-old broilers with similar weight were randomly divided into two groups, control (CON) and NH3, with eight birds each. The NH3 challenge was performed as follows: NH3 concentration <1 ppm for CON group and 25 ± 3 ppm for NH3 group. After 7 days (days 22–28), lung lavage fluid was collected as described above.



Hematoxylin and Eosin Staining

After lung lavage, the right lung tissue was harvested and cleaned using normal saline and then divided into two parts. One part was fixed in 4% paraformaldehyde and embedded in paraffin before being sliced to 4-μm-thick sections, which were then deparaffinized and stained using H&E for further analysis using light microscopy (Servicebio, Wuhan, China). The other part was frozen in liquid nitrogen and stored at −80°C.



RNA Extraction and Quantitative Reverse Transcription Polymerase Chain Reaction Analysis

We used TRIzol reagent (Taraka, Japan) to isolate total host RNA from broiler lung tissues and then synthesized cDNA using Evo M-MLV RT Kit with gDNA Clean for qPCR (Accurate Biotechnology, Hunan, China). Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed using SYBR Green dye and primers against β-actin, interleukin (IL)-1β, and IL-10, designed using NCBI Primer-Blast (Table 1). β-Actin was used as the internal reference gene. All values were calculated using the 2–Δ Δ CT method.


TABLE 1. Primer Sequences for qRT-PCR.
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DNA Extraction and 16S rRNA Gene Amplification

Total DNA was extracted from each sample using EZNA ®Stool DNA Kit (D4015, Omega, Inc., United States) following the instruction manual. The reagents, which are designed to recover DNA from trace amounts of sample, have been shown to be effective in preparing DNA from most bacteria. The total DNA from each sample was then eluted in 50 μl of elution buffer and stored at −80°C until further analysis.

The 5′ ends of the primers were tagged with specific barcodes, and sequencing was performed using universal primers. The reaction was performed in a total volume of 25 μl composed of 12.5 μl PCR Premix, 2.5 μl of each primer, 50 ng of template DNA, and PCR-grade water. V3–V4 primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′) were used to amplify the V3–V4 region of the 16S rRNA gene via PCR as described above. The PCR conditions were as follows: 98°C for 30 s; 30 cycles of 98°C for 10 s, 54°C for 30 s, and 72°C for 45 s; followed by 72°C for 10 min and holding at 4°C. Next, 2% agarose gel electrophoresis was used to confirm the PCR products. We used ultrapure water throughout this process instead of a sample solution to exclude the possibility of false-positive PCR results being obtained in the negative controls.

The PCR products were purified using AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, United States) and quantified on Qubit (Invitrogen, United States). The amplicon pools were prepared for sequencing, and the size and quantity of the amplicon library were assessed using Agilent 2100 Bioanalyzer (Agilent, United States) and a Library Quantification Kit for Illumina (Kapa Biosciences, Woburn, MA, United States), respectively. The libraries were sequenced using the NovaSeq PE250 platform, and 16S rRNA gene sequencing was carried out at LC-Bio Technology Co., Ltd., Hang Zhou, Zhejiang Province, China.



Data Analysis

Paired-end reads were assigned to samples based on their unique barcodes before the barcode and primer sequences were removed using cutadapt (v1.9). These paired-end reads were then merged using FLASH (v1.2.8), and fqtrim (v0.94) was used for quality filtering of the raw reads to obtain high-quality clean tag reads. The specific filtering conditions were as follows. The sequence raw data were quality-filtered using the window method. The default window size of 100 bp was used, and sequence stretches from the window to the 3′ end were trimmed out from the original read when the average window quality value fell below 20 bp. Sequences less than 100 bp after trimming were removed, as were reads containing more than 5% ambiguous bases (N) after trimming. We used the VSEARCH software (v2.3.4) to filter chimeric sequences and then DADA2 for dereplication. This yielded a feature table and feature sequence that were randomly normalized against the same sequence (20,279 bp) and used to calculate alpha and beta diversity. Taxonomic information for each feature was assigned by aligning the representative sequences with those deposited in the SILVA database (v132). The relative abundance of each taxon was computed by normalizing the number of assigned reads to the number of total reads sequenced, and the average abundance of each group was calculated. The Chao1, observed species, Goods coverage, Shannon, and Simpson indices were calculated using QIIME2 and used to reflect alpha diversity. Unifrac-based principal coordinates analysis (PCoA) was also calculated using QIIME2, and the p-value for the Unifrac-based PCoA was obtained using analysis of similarities (ANOSIM). All graphs were drawn using R software (v3.5.2). The Blast was used for sequence alignment, and SILVA (v132) was used for feature annotation. Finally, bacterial phenotypes and microbial function were predicted using BugBase and Tax4Fun, respectively. We calculated the microbial abundance of the top 30 genera and used this to identify a correlation between the microbiota. We drew the network diagrams using SparCC; other diagrams were produced using R software (v3.5.2).



Statistical Analysis

Statistical analyses of the qRT-PCR results were performed using GraphPad Prism 8 (GraphPad, San Diego, CA, United States), and significance of data was determined using two-tailed Student’s t-test. p < 0.05 or p < 0.01 was considered to indicate statistical significance.



RESULTS


Changes in Broiler Lung Microbiota With Aging

The number of DNA sequences in the 29 samples ranged from 49,773 to 81,755, with an average of 72,666 sequences per sample. A total of 2,107,325 high-quality sequences were generated from these 29 samples, indicating that the 16S rRNA gene sequencing results were reliable and appropriate for further analysis.

Alpha and beta diversity analyses were used to reflect changes in the lung microbiota. We compared the alpha diversity of the lung microbiota in broilers at 3, 7, 14, 21, and 35D and noted that the Shannon index at 35D was significantly higher than those at 3D (p = 0.0020) and 7D (p = 0.0040). The Shannon indices at 14 and 21D were not significantly different despite showing an upward trend (Figure 1A). PCoA revealed that the microbial composition was similar between 7 and 14D and between 21 and 35D (Figure 1B). The number of common features in each group was then calculated based on the feature value abundance table and revealed that there were significant increases in feature sequences at 21 and 35D compared with those in the earlier samples (Figure 1C).
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FIGURE 1. Changes in broiler lung microbiota with age. (A) Alpha diversity analysis was performed using the Shannon index. (B) Principal coordinates analysis (PCoA) of weighted UniFrac distances as a measure of beta diversity. (C) The Venn diagram for feature profiling.




Primary Composition of Broiler Lung Microbiota

As the broilers grew and developed, the abundance of Firmicutes decreased, being significantly lower at 35 and 21D than earlier age groups (p < 0.01), whereas Proteobacteria were significantly more abundant at 35D than at 7D (p = 0.0160) and 14D (p = 0.0100). Furthermore, Bacteroidetes were significantly more abundant at 21D than at 3D (p = 0.0006), 7D (p = 0.0006), and 14D (p = 0.0013). Actinobacteria were more abundant at 14D than at 7D (p = 0.0109) and 3D (p = 0.0025); it reached a relatively stable state after 14D gradually (Figure 2A). Analysis of the top 20 genera revealed that the relative abundance of Brevundimonas and Ralstonia was significantly increased at 35D compared with that in the other age groups. The relative abundance of Lactobacillus was lower at 3D than in any of the other age groups. The 3D group had a much higher abundance of Escherichia–Shigella than the other groups, and we also found that the relative abundance of Klebsiella was highest at 3 and 21D, whereas that of Enterococcus was highest at 7D (Figure 2B).
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FIGURE 2. Primary composition of bacteria in broiler lungs. Relative abundance of microbiota among the five groups at the phylum level (A) and genus level (B).




Changes in Bacterial Phenotype With Aging

BugBase software was used to analyze bacterial phenotypes. Gram-negative bacteria were significantly more abundant at 35 and 21D than at 14D (p < 0.01) and 7D (p < 0.01), whereas Gram-positive bacterial abundance displayed a downward trend from 3 to 35D. Furthermore, aerobic bacteria were significantly more abundant at 35D than at 3D (p = 0.0022) and 7D (p = 0.0087), whereas the number of anaerobic bacteria gradually decreased with increasing age (Figures 3A,B). The number of potentially pathogenic bacteria at 3D was significantly greater than that at 7D (p = 0.0022), 14D (p = 0.0043), and 35D (p = 0.0022), with stress-tolerant microbiota also exhibiting a similar significant difference in abundance between 3 and 7D (p = 0.0108), 14D (p = 0.0289), and 35D (p = 0.0108) (Figure 3C).


[image: image]

FIGURE 3. Bacterial phenotypes changed with age. BugBase was used to analyze the lung bacterial phenotypes at different ages in this study. Bar charts showed the phenotypes as Gram-negative and Gram-positive (A), Aerobic and Anaerobic (B), and Potentially Pathogenic and Stress Tolerant (C) in each age.




Microbiota Correlation Networks in Different Age Groups

The top 30 microbiota in each group were selected for correlation analysis. The taxa playing the most significant roles were observed to be Klebsiella, Erysipelatoclostridium, Acinetobacter, and Sphingomonas at 3D and Brevundimonas, Enterococcus, Erysipelatoclostridium, Intestinibacillus, Pygmaiobacter, Staphylococcus, and Ruminococcin torques group at 7D. Although there were many interactive associations at 14D, we observed that unclassified Clostridiales, unclassified Lachnospiraceae, Lactobacillus, Streptococcus, Ruminococcaceae UCG-005, and Paenarthrobacter played major roles at this time point. However, Enterococcus, Escherichia–Shigella, Klebsiella, Lactobacillus, Parabacteroides, and Veillonella were dominant at 21D, and Brevundimonas, Ralstonia, Stenotrophomonas, Enterococcus, and Sphingomonas were dominant at 35D (Figure 4).
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FIGURE 4. Correlation network of microbiota in each group. SparCC was used to calculate the correlation among the top 30 species in each group and drawing the networks. The solid line indicates the positive correlation, the dashed line indicates the negative correlation, the thickness of the line reflects the strength of the correlation, and the size of the point indicates the number of points that is related to that point. Only showed the relational pair when the correlation coefficient | rho| > 0.4.




Function of Broiler Lung Microbiota in Different Age Groups

To better understand the microbiota dynamic changes in broilers, the potential functions of lung microbiota in each age group were predicted by Tax4Fun (Asshauer et al., 2015). As was depicted in the principal component analysis (PCA) chart (Figure 5A), potential functions of the microbiota changed as the broilers grew and developed (p = 0.001), and they were very similar among 3, 7, and 14D. Consulting the SILVA database (v132), in Level 2, 40 predominant pathways were enriched. Among these, 17 pathways that related to metabolism, cellular processes, and environmental information processing showed significant differences in five age groups (Figure 5B). Of particular interest, the relative abundances of Glycan Biosynthesis and Metabolism significantly increased compared to the other four groups, and at 35D, Xenobiotics Biodegradation and Metabolism, Metabolism of Terpenoids and Polyketides, and Lipid Metabolism were significantly increased.
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FIGURE 5. Function of broiler lung microbiota in different age groups. (A) Principal component analysis (PCA) plotting for the predicted microbial functions among the five age groups according to the functional annotation and abundance of level 2 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways using Tax4Fun (p = 0.001). (B) Heatmap of the different functions identified from the level 2 analysis.




Effect of NH3 Exposure on Broiler Lung Microbiota

Based on the above results, it is obvious that the broiler lung microbiota changes with age. To further investigate whether external stimulation could affect the stability (the significant variation in the microbial composition) of the broiler lung microbiota, we evaluated changes in the microbial communities in response to external NH3. Transcriptional profiling of the lung tissues was then performed to evaluate the immune response following 7 days of low-concentration NH3 stimulation. We found that the expression of IL-1β (p < 0.001) and IL-10 (p < 0.05) was significantly elevated in the NH3 group in comparison with that in the control (Figures 6A,B). H&E staining of the lung tissues revealed tissues with normal structure without histopathological changes in the CON group (Figure 6C) and local tissue hemorrhage in the NH3 group (Figure 6D). These results indicate that short-term NH3 induces lung injury in broilers.
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FIGURE 6. Ammonia exposure caused lung injury. (A) Relative expression of interleukin (IL)-1β in the control (CON) (n = 6) and ammonia (NH3) (n = 6) groups. (B) Relative expression of IL-10 in the CON and NH3 groups. ***p < 0.001 and *p < 0.05 indicate significant differences between the two groups. (C) Hematoxylin and eosin-stained sections of the CON group. (D) Hematoxylin and eosin-stained sections of the NH3 exposure group. The arrow in panel (D) indicates local tissue hemorrhage. Scale bar: 100 μm.


We also performed 16S rRNA gene sequencing on lung lavage fluid from the broilers in the CON and NH3 groups. The number of DNA sequences for the 12 samples ranged from 59,904 to 80,690, with an average of 75,532 sequences per sample. A total of 906,380 high-quality sequences were generated from the 12 samples. We did not find any significant difference in the alpha diversity of these two groups (Figure 7A). This was mirrored by the lack of changes in the beta diversity distances, measured using PCoA (Figure 7B). Next, we analyzed the broiler lung microbiota composition and visualized the results using a stack graph. We did not observe any significant changes in these parameters between the CON and NH3 groups at the phylum and genus levels (Figures 7C,D). Taken together, these data indicate that the composition of the broiler lung microbiota remains stable even in response to short-term treatment with low concentrations of NH3.
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FIGURE 7. Effect of ammonia exposure on broiler lung microbiota. (A) Alpha diversity analysis was performed using the Shannon index. (B) Principal coordinates analysis (PCoA) of weighted UniFrac distances as a measure of beta diversity. (C) The stack graph of microbiota in major phyla at phylum level. (D) The stack graph of microbiota in major phyla at genus level.




DISCUSSION

The lung microbiota has been linked to the development of numerous lung diseases, and recent studies have demonstrated that the composition of the lung microbiota changes with the developmental stages (Kostric et al., 2018). However, research on how broiler lung microbiota changes with aging is scarce. In this study, 16S rRNA gene sequencing was performed on the lung microbiota of broilers at various stages of development. We observed that the maturation of the lung microbiota gradually increased with increasing age and that microbiota composition showed clear age-related clustering.

Stable and diverse lung microbiota confer health benefits to animals. In this study, the alpha diversity of the broiler lung microbiota steadily increased with age and suggested that the maturation of the lung microbiota gradually increased as the birds developed. This result was consistent with those in previous studies that reported that alpha diversity of mouse lung microbiota increased with age before eventually reaching a steady state (Singh et al., 2017; Kostric et al., 2018). As the major respiratory organ, the lung is responsible for communicating with the external environment, allowing outside influences to affect the cardiovascular system and lung microbiota (Kostric et al., 2018). This might be one of the reasons underlying the changes in the alpha diversity of the lung microbiota. Moreover, the composition of the broiler lung microbiota at 3D was different from that in the other age groups, but that between 7 and 14D and between 21 and 35D was similar; these changes in the composition of the lung microbiota were age-dependent. Our results are supported by those in recent studies demonstrating age-related clustering of microbiota in Novogen Brown chickens (Glendinning et al., 2017) and composition of mouse lung microbiota (Kostric et al., 2018).

We also found that aerobic bacteria became more abundant with increasing age, whereas anaerobic bacteria became less abundant in the broiler lungs. This phenomenon may be related to changes in broiler lung ventilation. Furthermore, potentially pathogenic bacteria and stress-tolerant bacteria were more abundant at 3D. Maybe it is because that the broilers were recently exposed to a new environment, stress is put in the lungs and reduces their ability to remove pathogenic bacteria. Subsequently, as lung immunity was gradually established with age, the abundance of potentially pathogenic and stress-resistant bacteria decreased. It is worth noting that the microbiota can also affect local immunity (Olszak et al., 2012; Gollwitzer et al., 2014).

Interestingly, the potential functions of lung microbiota community were predicted using Tax4Fun from 16S rRNA gene sequence data (i.e., functional pathways were inferred from 16S rRNA gene data and not measured directly). Based on these functional predictions, the relative abundances of Glycan Biosynthesis and Metabolism were significantly increased at 21D; this change implied that the microbial metabolism of Glycan in broilers tends to be vigorous at 21 days of age. We also found that at 35 days of age, there was a higher abundance of functions related to Metabolism of Terpenoids and Polyketides. Terpenoids are a very important secondary metabolite in plants, and they display a wide range of biological activities against cancer (Kashyap et al., 2018), inflammation (Gallily et al., 2018), and a variety of bacterial diseases (Zhang and Demain, 2005), and the polyketides have a similar function (Gomes et al., 2013). This seems to imply that the broilers at 35 days of age may be exposed to some health risks.

NH3 is one of the best characterized environmental stressors (Zhu et al., 2020). In this study, we used NH3 at a concentration of 25 ± 3 ppm to replicate the environmental stress and observed induction of both IL-1β and IL-10 as well as hemorrhage in the lung tissues. IL-1β and IL-10 are significant cytokines involved in regulating inflammatory response (Li et al., 2016; Zhou et al., 2019; Shi et al., 2020). The results revealed that critical concentrations of NH3 induced lung inflammation in broilers. Several studies have shown that 25 ppm of NH3 may not be safe for broilers, which is in partial agreement with our results (Sa et al., 2018; Zhou et al., 2020). Despite the inflammation, there were no obvious changes in the lung microbiota of the CON and NH3 groups when evaluated using 16S rRNA gene sequencing. However, this finding differs from previous results in chickens where the relative abundance of Escherichia–Shigella significantly increased upon exposure to NH3 at a concentration of 35 ppm (Liu et al., 2020). The possible reason for these results was that the lung microbiota is a downstream effector of lung inflammation, and the inflammation caused by short-term, low-concentration NH3 exposure may be insufficient to disrupt lung microbial homeostasis. This view is consistent with that of Scales et al. (2016), who suggested that inflammation can directly and indirectly modulate composition of the microbiota. In addition, differences in sample type could also explain these discrepancies, as the previous studies used lung tissue, not lavage fluid, for 16S rRNA gene sequencing.



CONCLUSION

In summary, the study shows that lung microbiota experience changes in abundance, diversity, microbiota phenotypes, and functions throughout the growth and development of white feather (Arbor Acres) broilers. Besides, the low–concentration, short-term, external NH3 stimulation does not significantly change the lung microbiota. This study will help inform future broiler lung microbiome strategies, and these strategies may have beneficial effects on the microbiota homeostasis of broiler lung.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA728288.



ETHICS STATEMENT

The animal study was reviewed and approved by Institution Animal Care and Use Committee of the Northwest A&F University (Permit Number: NWAFAC 1008).



AUTHOR CONTRIBUTIONS

JC, AJ, XY, and QS conceived, designed and performed all experiments, analyzed the data, contributed to the writing of the manuscript, and engaged in extensive scientific discussion on this study and worked on the manuscript. LH, YZ, YL, and HZ performed part of the experiments. All authors have read and approved the manuscript.



FUNDING

This work was supported by the National Natural Science Foundation of China (NSFC) Nos. 31871314 and 31601033 and the Science and Technology New Star Project of Shaanxi Province, No. 2019kjxx-008.



REFERENCES

ACGIH. (2010). Threshold Limit Values and Biological Exposure Indices. Cincinnati, OH: ACGIH.

Agren, L., Elfsmark, L., Akfur, C., and Jonasson, S. (2021). High concentrations of ammonia induced cytotoxicity and bronchoconstriction in a precision-cut lung slices rat model. Toxicol. Lett. 349, 51–60. doi: 10.1016/j.toxlet.2021.06.001

Asshauer, K. P., Wemheuer, B., Daniel, R., and Meinicke, P. (2015). Tax4fun: predicting functional profiles from metagenomic 16s rrna data. Bioinformatics 31, 2882–2884. doi: 10.1093/bioinformatics/btv287

Dickson, R. P. (2016). The microbiome and critical illness. Lancet Respir. Med. 4, 59–72. doi: 10.1016/S2213-2600(15)00427-0

Dickson, R. P., Erb-Downward, J. R., and Huffnagle, G. B. (2015). Homeostasis and its disruption in the lung microbiome. Am. J. Physiol. Lung Cell Mol. Physiol. 309, L1047–L1055. doi: 10.1152/ajplung.00279.2015

Elfsmark, L., Agren, L., Akfur, C., Wigenstam, E., Bergstrom, U., and Jonasson, S. (2019). Comparisons of acute inflammatory responses of nose-only inhalation and intratracheal instillation of ammonia in rats. Inhal. Toxicol. 31, 107–118. doi: 10.1080/08958378.2019.1606367

Escorcia, M., Sanchez-Godoy, F., Ramos-Vidales, D., Medina-Campos, O. N., and Pedraza-Chaverri, J. (2020). Effect of the age and body weight of the broiler breeders male on the presentation of oxidative stress and its correlation with the quality of testicular parenchyma and physiological antioxidant levels. Vet. Sci. 7:69. doi: 10.3390/vetsci7020069

Gallily, R., Yekhtin, Z., and Hanus, L. O. (2018). The anti-inflammatory properties of terpenoids from cannabis. Cannabis Cannabinoid Res. 3, 282–290. doi: 10.1089/can.2018.0014

Gentle, S. J., and Lal, C. V. (2019). Predicting bpd: lessons learned from the airway microbiome of preterm infants. Front. Pediatr. 7:564. doi: 10.3389/fped.2019.00564

Glendinning, L., Mclachlan, G., and Vervelde, L. (2017). Age-related differences in the respiratory microbiota of chickens. PLoS One 12:e0188455. doi: 10.1371/journal.pone.0188455

Gollwitzer, E. S., Saglani, S., Trompette, A., Yadava, K., Sherburn, R., Mccoy, K. D., et al. (2014). Lung microbiota promotes tolerance to allergens in neonates via pd-l1. Nat. Med. 20, 642–647. doi: 10.1038/nm.3568

Gomes, E. S., Schuch, V., and De Macedo Lemos, E. G. (2013). Biotechnology of polyketides: new breath of life for the novel antibiotic genetic pathways discovery through metagenomics. Braz. J. Microbiol. 44, 1007–1034. doi: 10.1590/s1517-83822013000400002

Gustafson, A. M., Soldi, R., Anderlind, C., Scholand, M. B., Qian, J., Zhang, X., et al. (2010). Airway pi3k pathway activation is an early and reversible event in lung cancer development. Sci. Transl. Med. 2:26ra25. doi: 10.1126/scitranslmed.3000251

Hassanzadeh, M., Gilanpour, H., Charkhkar, S., Buyse, J., and Decuypere, E. (2005). Anatomical parameters of cardiopulmonary system in three different lines of chickens: further evidence for involvement in ascites syndrome. Avian Pathol. 34, 188–193. doi: 10.1080/03079450500096372

Hilty, M., Burke, C., Pedro, H., Cardenas, P., Bush, A., Bossley, C., et al. (2010). Disordered microbial communities in asthmatic airways. PLoS One 5:e8578. doi: 10.1371/journal.pone.0008578

Huang, Y. J., Nariya, S., Harris, J. M., Lynch, S. V., Choy, D. F., Arron, J. R., et al. (2015). The airway microbiome in patients with severe asthma: associations with disease features and severity. J. Allergy Clin. Immunol. 136, 874–884. doi: 10.1016/j.jaci.2015.05.044

Kashyap, D., Sharma, A., Tuli, H. S., Sak, K., Mukherjee, T., and Bishayee, A. (2018). Molecular targets of celastrol in cancer: recent trends and advancements. Crit. Rev. Oncol. Hematol. 128, 70–81. doi: 10.1016/j.critrevonc.2018.05.019

Kostric, M., Milger, K., Krauss-Etschmann, S., Engel, M., Vestergaard, G., Schloter, M., et al. (2018). Development of a stable lung microbiome in healthy neonatal mice. Microb. Ecol. 75, 529–542. doi: 10.1007/s00248-017-1068-x

Layeghifard, M., Li, H., Wang, P. W., Donaldson, S. L., Coburn, B., Clark, S. T., et al. (2019). Microbiome networks and change-point analysis reveal key community changes associated with cystic fibrosis pulmonary exacerbations. NPJ Biofilms Microbiomes 5:4. doi: 10.1038/s41522-018-0077-y

Li, K. J., Chen, Z. L., Huang, Y., Zhang, R., Luan, X. Q., Lei, T. T., et al. (2019). Dysbiosis of lower respiratory tract microbiome are associated with inflammation and microbial function variety. Respir. Res. 20:272. doi: 10.1186/s12931-019-1246-0

Li, W., Dong, H., Huang, Y., Chen, T., Kong, X., Sun, H., et al. (2016). Clonorchis sinensis co-infection could affect the disease state and treatment response of hbv patients. PLoS Negl. Trop. Dis. 10:e0004806. doi: 10.1371/journal.pntd.0004806

Liu, Q. X., Zhou, Y., Li, X. M., Ma, D. D., Xing, S., Feng, J. H., et al. (2020). Ammonia induce lung tissue injury in broilers by activating nlrp3 inflammasome via Escherichia/Shigella. Poult. Sci. 99, 3402–3410. doi: 10.1016/j.psj.2020.03.019

Mur, L. A., Huws, S. A., Cameron, S. J., Lewis, P. D., and Lewis, K. E. (2018). Lung cancer: a new frontier for microbiome research and clinical translation. Ecancermedicalscience 12:866. doi: 10.3332/ecancer.2018.866

Olszak, T., An, D., Zeissig, S., Vera, M. P., Richter, J., Franke, A., et al. (2012). Microbial exposure during early life has persistent effects on natural killer t cell function. Science 336, 489–493. doi: 10.1126/science.1219328

Poroyko, V., Meng, F., Meliton, A., Afonyushkin, T., Ulanov, A., Semenyuk, E., et al. (2015). Alterations of lung microbiota in a mouse model of lps-induced lung injury. Am. J. Physiol. Lung Cell Mol. Physiol. 309, L76–L83. doi: 10.1152/ajplung.00061.2014

Sa, R. N., Xing, H., Luan, S. J., Sun, Y. B., Sun, C. Y., and Zhang, H. F. (2018). Atmospheric ammonia alters lipid metabolism-related genes in the livers of broilers (gallus gallus). J. Anim. Physiol. Anim. Nutr. (Berl) 102, e941–e947. doi: 10.1111/jpn.12859

Scales, B. S., Dickson, R. P., and Huffnagle, G. B. (2016). A tale of two sites: how inflammation can reshape the microbiomes of the gut and lungs. J. Leukoc. Biol. 100, 943–950. doi: 10.1189/jlb.3MR0316-106R

Shi, Y., Liu, Z., Cui, X., Zhao, Q., and Liu, T. (2020). Intestinal vitamin d receptor knockout protects from oxazolone-induced colitis. Cell Death Dis. 11:461. doi: 10.1038/s41419-020-2653-3

Singh, N., Vats, A., Sharma, A., Arora, A., and Kumar, A. (2017). The development of lower respiratory tract microbiome in mice. Microbiome 5:61. doi: 10.1186/s40168-017-0277-3

Tao, Z., Xu, W., Zhu, C., Zhang, S., Shi, Z., Song, W., et al. (2019). Effects of ammonia on intestinal microflora and productive performance of laying ducks. Poult. Sci. 98, 1947–1959. doi: 10.3382/ps/pey578

Tualeka, A. R., Faradisha, J., and Maharja, R. (2018). Determination of no-observed-adverse-effect level ammonia in white mice through cd4 expression. Dose Response 16:1559325818807790. doi: 10.1177/1559325818807790

Wang, X., Wang, M., Chen, S., Wei, B., Gao, Y., Huang, L., et al. (2020). Ammonia exposure causes lung injuries and disturbs pulmonary circadian clock gene network in a pig study. Ecotoxicol. Environ. Saf. 205:111050. doi: 10.1016/j.ecoenv.2020.111050

Woto-Gaye, G., Mendez, V., Boye, I. A., and Ndiaye, P. D. (1999). [Death from ammonia poisoning: anatomo-pathologic features]. Dakar Med. 44, 199–201.

Zhang, L., and Demain, A. L. (2005). Natural Products : Drug Discovery and Therapeutic Medicine. Totowa, N.J: Humana Press.

Zhou, R., Yang, X., Li, X., Qu, Y., Huang, Q., Sun, X., et al. (2019). Recombinant cc16 inhibits nlrp3/caspase-1-induced pyroptosis through p38 mapk and erk signaling pathways in the brain of a neonatal rat model with sepsis. J. Neuroinflammation 16:239. doi: 10.1186/s12974-019-1651-9

Zhou, Y., Liu, Q. X., Li, X. M., Ma, D. D., Xing, S., Feng, J. H., et al. (2020). Effects of ammonia exposure on growth performance and cytokines in the serum, trachea, and ileum of broilers. Poult. Sci. 99, 2485–2493. doi: 10.1016/j.psj.2019.12.063

Zhu, C., Xu, W., Tao, Z., Song, W., Liu, H., Zhang, S., et al. (2020). Effects of atmospheric ammonia on the production performance, serum biochemical indices, and liver rna-seq data of laying ducks. Br. Poult. Sci. 61, 337–343.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Chen, Jin, Huang, Zhao, Li, Zhang, Yang and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-12-696913-g001.jpg
A

Kruskal-Wallis, p =0.016

10

shannon
<N

Group ED3DD7ED14ED21ED35

%%

i

-

D3 D7 D14 D21 D35
Group

PCoA2(24.7%)
o o o
(=] N -

1
o
[

1
14
=

PCoA plot ( P=0.001 )

0.2 0.0
PCOA1(36.25%)

0.2

Cc

Venn diagram of D3_vs_D7_vs_D14_vs_D21_vs_D35
D3





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Dynamic Changes in Lung Microbiota of Broilers in Response to Aging and Ammonia Stress



		INTRODUCTION



		MATERIALS AND METHODS



		Animals, Experimental Design, and Sampling



		Hematoxylin and Eosin Staining



		RNA Extraction and Quantitative Reverse Transcription Polymerase Chain Reaction Analysis



		DNA Extraction and 16S rRNA Gene Amplification



		Data Analysis



		Statistical Analysis







		RESULTS



		Changes in Broiler Lung Microbiota With Aging



		Primary Composition of Broiler Lung Microbiota



		Changes in Bacterial Phenotype With Aging



		Microbiota Correlation Networks in Different Age Groups



		Function of Broiler Lung Microbiota in Different Age Groups



		Effect of NH3 Exposure on Broiler Lung Microbiota







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fmicb-12-696913-t001.jpg
Primers Sequences (5'-3') Bases Product length (bp)

B-Actin F: AATCAAGATCATTGCCCCACCT 22 173
R: TGGGTGTTGGTAACAGTCCG 20
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R: TAGAAGCGCAGCATCTCTGA 20

F, forward; IL, interleukin; R, reverse.





OPS/images/cover.jpg
’ frontiers
in Microbiology

Dynamic Changes in Lung
Microbiota of Broilers
in Response to Aging
and Ammonia Stress





OPS/images/fmicb-12-696913-g007.jpg
A Wilcoxon, p =1

8.5{

shannon
~ ®
o (=}

~
=)

6.5]

Group ECONENH3

PCoA2(22.02%)

1
.
=

CON Group NH3
Phylum
1004
Q 751
Q
c
S
T
c
2 B others
® 501 Il Epsilonbacteraeota
o  Actinobacteria
= I Bacteroidetes
< ~ Proteobacteria
= 0 Firmicutes
25
CONNH3
group

100

relative abundance

N
&h

0.2

e
-

o
o

PCoA plot ( P=0.588 )

-
bl

o
s

CON NH3

group

-0.2 0.0 0.2

PCoA1(52.11%)

Others

CHKCI001

Acinetobacter

Sphingomonas
Ruminococcaceae_UCG-014
Erysipelatoclostridium
Romboutsia
Ruminococcaceae_UCG-005
Pseudomonas

Enterococcus

Bacteroides
Escherichia—Shigella
Ruminococcus] torques_group
Lachnospiraceae_unclassified
Streptococcus

Lactobacillus

Group

[«] con
[=] NH3






OPS/images/fmicb-12-696913-g006.jpg
NH3

CON

IL

IL-18

*
Va4
r Tt 1 1 77T T 1711
0+ MNTOQROIANQ
-0 O0O0O0O0OOO
0L-11 Jo uoissaldxa anneey
* i
¥
g 4
rr 1117/ T 1
WOoOWOW® N «~ O
N N ™
diL-11 Jo uoissaidxa annje|ay

CON

NH3

CON






OPS/images/fmicb-12-696913-g005.jpg
PC2 (29.32%)

0.50

o
)
33

S
o
=)

=0.25

PCA Analysis(P=0.001)

00 02
PC1(47.31%)

04

Samples

®| b3
'®| b7
@ D14
'@ b21
® D35

1
| Transport and Catabolism I
0.5

Cellular Processes and Signaling

Glycan Biosynthesis and Metabolism

Environmental Adaptation

Enzyme Families 0.5
Transcription

| Replication and Repair
Nucleotide Metabolism
Carbohydrate Metabolism

Amino Acid Metabolism
Biosynthesis of Other Secondary Metabolites

Metabolism of Other Amino Acids
Energy Metabolism
Metabolism of Cofactors and Vitamins

| Xenobiotics Biodegradation and Metabolism

Metabolism of Terpenoids and Polyketides

a1

€a
d
via

Lea

'Lipid Metabolism

sea \






OPS/images/fmicb-12-696913-g004.jpg
ssified | /-~ Enterococcus
3 “ = g__Erysipelatociostridium
g__Ezcherichia_Shigella

v, .-
LA
il B

LA
g

35D hicoeas
ohas”
e e
a8 = (17,4 . Blautla
N . .
5 -l - - - - - - - -
a_ o, " X" cterium
) < ;‘- """" -,—‘, P\ >
- -ty - -
cous] BA\vA indimonas relation
9 - _"‘J"{"‘~ \
) 'S /% .. " pos
Y Vi " - Y "'.
X 28 h il n
\ Nk \ - ebactarium "
SO s FA G
“ -’ l‘ A% “
QNS o4 rynebacterium_1
. S/ >
AN 1o R 97 Devosla

‘\ 2\ :';_
Ak V‘f" 4 "~g__Empadobacier

a__Lachol ‘Ilﬁv— =340 —@_ Enterococcus
g__Klebslella g__Escherichla_Shigslla
g__Fusobacterium

} pos






OPS/images/fmicb-12-696913-g003.jpg
Anaerobic

Aerobic

‘Q

0.8+

T
o o o

souepunqy aAneoy

0.0+

D7 D14 D21 D35

D3

D7 D14 D21 D35

D3

I

[
«©

<

_
N

o o o
aduepunqy aAlje|oy

Gram_Positive

gative

Gram_Ne

D7 D14 D21 D35

D3

D7 D14 D21 D35

D3

aouepunqy aAlneey

I 2 & I 3§ 3
- o o o o o
aouEpuUNqy oAle|oY
% o 7 0 ®
I I I I | I
o o © < ~ o
~— o o o o o

#c ®pe
)
©
S
Q2
o |
= |
N
(2]
Qo
r q
epd ) N
S i
I I I I [ |
o © © < N =}
~— o o o o o
aouepunqy aAije|ey

Potentially_Pathogenic

o © © < N
~ o o o o
(&) aouepunqy aAljeey

0.0+

D7 D14 D21 D35

D3

D7 D14 D21 D35

D3





OPS/images/fmicb-12-696913-g002.jpg
100 -

relative abundance
3 o

N
(33}

Phylum

Bacteroidetes
| Actinobacteria
I Proteobacteria

01— - - : :
D3 D7 D14 D21 D35
group

100 { o o O B B |

relative abundance
3 a

N
[3)]

Genus

Qll B

D3 D7 D14 D21 D35

group

B Others
Stenotrophomonas
Ralstonia
Salmonella
Aerococcus

" Staphylococcus

[ Pseudomonas
¥ Romboutsia
~ Clostridium_sensu_stricto_1
Brevundimonas
B Sphingomonas
Il Paenarthrobacter
Acinetobacter
Ruminococcus_torques_group
I Erysipelatoclostridium
B Lachnospiraceae_unclassified
. Streptococcus

Enterococcus
. Klebsiella
_ Escherichia—-Shigella
Lactobacillus






OPS/images/logo.jpg
, frontiers
in Microbiology





