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Abstract

The welfare and healthy growth of poultry under intensive feeding conditions are closely  
related to their living environment. In spring, the air quality considerably decreases due  
to reduced ventilation and aeration in cage systems, which influences the meat quality and health 
of broilers during normal growth stages. In this study, we analyzed the airborne bacterial commu-
nities in PM2.5 and PM10 in cage broiler houses at different broiler growth stages under intensive 
rearing conditions based on the high-throughput 16S rDNA sequencing technique. Our results 
revealed that PM2.5, PM10 and airborne microbes gradually increased during the broiler growth 
cycle in poultry houses. Some potential or opportunistic pathogens, including Acinetobacter, 
Pseudomonas, Enterococcus, Microbacterium, etc., were found in the broiler houses at different 
growth stages. Our study evaluated variations in the microbial communities in PM2.5 and PM10 
and potential opportunistic pathogens during the growth cycle of broilers in poultry houses  
in the spring. Our findings may provide a basis for developing technologies for air quality control 
in caged poultry houses.
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Introduction

Airborne particulate matter (PM) is a mixture  
of airborne particles originating from the breakdown  
of crustal components or human activities. The size  
of ambient particles is directly related to their capacity 
to cause health concerns. Fine particles less than 2.5 μm 
in diameter (PM2.5) can enter the pulmonary alveoli  

as well as the deep part of the respiratory tract (alveolar 
and bronchia) or even pass into the blood stream 
through the blood-gas barrier and thus have more  
adverse effects on humans and animals (Daniels et al. 
2000, Hsieh et al. 2008, Franck et al. 2011). Inhalable 
coarse particles between 10 and 2.5 μm in diameter 
(PM10) can enter the respiratory tract through the nasal 
cavity and throat and then accumulate in the respiratory 
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system and induce various respiratory diseases  
(Menichini et al. 2001, Sharma et al. 2007). PM con-
tains complex aggregates of inorganic materials, smoke, 
metal elements, all types of liquid and solid materials, 
and microbial aerosols, such as bacteria, fungi, and  
viruses (Schlesinger and Cassee 2003, Grahame  
and Schlesinger 2005). 

Intensive livestock and poultry farming releases 
high levels of microbial aerosols (Crowe et al. 1996, 
Cambra-Lopez et al. 2010, Lawniczek-Walczyk et al. 
2013). Microbial analyses of poultry houses have  
revealed that microbial aerosols play crucial roles  
in the air population and affect the healthy growth  
and production performance of birds (Hong et al. 2012, 
Just et al. 2012). Birds are a rich reservoir of microbes 
and an important source of biological aerosols.  
In broiler houses, the composition and concentration  
of biological aerosols were correlated with the micro-
flora present in and on broilers, which to a certain extent 
reflected the hygiene and health of the broilers as well 
as recessive infections, the pathogen carrying status and 
their diseases (Lovanh et al. 2016). The construction  
of broiler houses has ensured the maintenance  
of a stable indoor environment that is represented  
by a constant temperature, relative humidity, flow speed 
and lighting. However, the difficulty in controlling  
the indoor environment increases with broiler growth. 
Poor air fluidity and higher humidity create a ‘hotbed’ 
for microorganism survival and reproduction. Thus, the 
atmosphere in poultry houses contains microbial aero-
sols that are characterized by complex structures and 
high microbial diversity (Dungan 2010). These aerosols 
not only affect the growth and development of the birds 
but may also cause diseases through the spread  
of pathogenic agents resulting from air exchange 
(Heederik et al. 1991). Many pathogenic bacteria,  
opportunistic pathogens and nonpathogenic microbes 
are contained in these aerosols, which have been  
reported to be closely related to the welfare and healthy 
growth of birds (Heederik et al. 1991, Fiegel et al. 
2006). Pathogenic microbes in aerosols can diffuse out-
side poultry houses through ventilation systems, result-
ing in their large-scale distribution and causing micro-
bial contamination and long-distance disease trans- 
mission. Opportunistic pathogens may not cause  
problems under normal conditions but can quickly 
propagate when the livestock and poultry house envi-
ronment changes and the immunity of the birds decreas-
es (Dutkiewicz et al. 1994, Fiegel et al. 2006). Further-
more, the predominant nonpathogenic microbes can 
also overload the birds’ bodies and decrease their  
immunity, resulting in increased vulnerability to infec-
tious diseases (Lee et al. 2007, Pavan and Manjunath 
2014). Thus the potential harm of microbial aerosols 

released from poultry houses cannot be overlooked  
as an important source of air pollution.

Spring in northern China is characterized by very 
large temperature differences between day and night. 
Therefore, most poultry houses are subject to heating 
insulation by closing windows to provide appropriate 
warmth for the chickens. Under this condition, the air 
quality considerably decreases and the microbial aero-
sol concentration increases in cage systems, which  
influences the health and meat quality of chickens 
during normal growth stages. To date, most studies  
on poultry farming have been focused on the adverse 
events associated with NH3 and H2S, and few studies 
have been conducted to investigate the potential effects 
of bacterial communities in PM2.5 and PM10 (Choi et al. 
2001). 

Currently, high-throughput 16S rDNA sequencing 
is the most commonly used approach for analyzing  
the structure and diversity of microbial communities. 
Its strengths include a long read length, high accuracy, 
and high-throughput capacity (Youssef et al. 2009, 
Caporaso et al. 2011). In this study, we used the high- 
-throughput 16S rDNA sequencing technique to deter-
mine the airborne bacterial community structures  
in PM2.5 and PM10 in broiler houses at different broiler 
growth stages in the spring. This study aims to illustrate 
the dynamic pattern of microbial aerosols and potential 
opportunistic pathogens during the growth cycle  
of broilers in poultry houses. Our results may provide  
a basis for developing technologies for air quality con-
trol in intensive livestock and poultry farming.

Materials and Methods

Ethics approval

The research protocol was reviewed and approved 
by the Animal Care and Use Committee (ACUC) of the 
School of Life Sciences, Ludong University (SKY-
ACUC-2017-04).

Sampling sites

Three broiler houses located in the Muping  
district, Yantai, Shandong Province, China, were  
selected between March and April 2017, with geograp- 
hical locations of (37°20′42.19′′N, 121°23′01.77E′′), 
(37°23′91.91′′N, 121°24′55.38E′′) and (37°22′22.29′′N, 
121°23′75.97E′′). The broiler houses had windows and 
a natural light cycle. Chickens in the houses were raised 
in a closed environment with approximately 20-22 
thousand chicks. Before arrival of the broilers,  
the poultry houses were cleaned and disinfected.  
All three broiler farms used the closed three-overlap 
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rearing mode. The buildings were equipped with tunnel 
ventilation systems, a material pipeline, water curtains, 
a water pipeline, a fog pipeline, a cement floor, a coal-
fired heating furnace and automatic feces transfer.  
Litter and droppings were regularly cleaned every day. 
The feedstuff for the three broiler houses was uniformly 
provided by a breeding/farming enterprise that also pro-
vided rearing guidance. Because the broiler houses 
were set up under the same conditions, the environmen-
tal microbe compositions were similar. The three  
broiler houses were selected randomly, and changes  
in the microbial structures were analyzed during  
different broiler growth phases.

PM2.5 and PM10 collection

PM2.5 and PM10 collection was performed with  
a ZR-3920 environmental air particulate matter sampler 
using 9 cm Tissuquartz™ filters (Pall, Port Washington, 
NY, USA) with typical aerosol retention of 99.9%.  
Prior to sample collection, the filter was baked and then 
placed in an environment with a constant temperature 
and humidity for 48 h. The PM2.5 and PM10 concentra-
tions were evaluated using the following formula:  
C = (W1-W0)/(t×F), where W0 and W1 are the blank film 
weight and the weight after sample collection, respec-
tively, t is the sampling time, and F is the sampling  
volume. The sampling device was placed at the center 
of the poultry houses approximately 1.5 m above  
the ground. The sampling volume was 100 l/min,  
and the sampling time was 48 hrs. The sampling was 
performed in the chickens at the age of 5-7 days (early 
stage; the PM2.5 and PM10 samples were marked  
as EA.PM2.5 and EA.PM10, respectively), 20-22 days 
(middle stage; the PM2.5 and PM10 samples were 
marked as MI.PM2.5 and MI.PM10, respectively),  
and 38-40 days (late stage; the PM2.5 and PM10 sam-
ples were marked as LA.PM2.5 and LA.PM10, respec-
tively). The within-house temperature and wind  
speed were 30-32°C and 0.18-0.20 m/s during the early 
sampling period, 25-27°C and 0.48-0.51 m/s during  
the middle stage, and 20-22°C and 1.06-1.10 m/s during 
the last stage, respectively. Measurements were taken  
at three time points during different broiler growth stag-
es at the examined chicken houses. 

DNA extraction and high-throughput sequencing

Genome DNA was extracted using the cetyltrimeth-
ylammonium bromide (CTAB) method as conven- 
tionally described. PCR amplification was perfor- 
med using barcode primers specially designed  
for the 16S V4-V5 region of the 16S ribosome gene 
(515F: 5’-GTGCCAGCMGCCGCGGTAA-3’, 907R: 
5’-CCGTCAATTCCTTTGAGTTT-3’) (Chen et al. 

2016). PCR amplification was carried out using  
a Phusion® High-Fidelity PCR Master Mix with GC 
Buffer (New England Biolabs) under the follo- 
wing conditions: 98°C for 1 min (1 cycle), 98°C  
for 10 sec/50°C for 30 sec/72°C for 30 sec (30 cycles), 
and a last step of 72°C for 5 min. PCR products were 
visualized by 2.0% agarose electrophoresis and purified 
using a QIAquick Gel Extraction Kit (QIAGEN,  
Dusseldorf, Germany). The collected samples were  
categorized into 6 groups based on the sampling period 
and sites (EA.PM2.5, EA.PM10, MI.PM2.5, MI.PM10, 
LA.PM2.5 and LA.PM10). A TruSeq® DNA PCR-Free 
Sample Preparation Kit was used to establish a DNA 
library according to the manufacturer’s instructions.  
Finally, sequencing was performed on an Illumina  
HiSeq 2500 platform with a rapid-mode paired-end  
250 bp (PE250) protocol (Novogene, Beijing, China). 

Data analysis

Paired-end reads were assigned to each specimen 
according to the barcode sequence before removing 
their barcode and primer sequences. Afterwards, the 
trimmed paired-end reads were merged using FLASH 
software (V1.2.7, http://ccb.jhu.edu/software/FLASH/) 
to obtain splicing sequences, which were termed raw 
tags. Quality filtering was conducted to eliminate  
unqualified sequences from the raw reads following  
the QIIME quality control process (V1.7.0, http://qiime.
org/scripts/split_libraries_fastq.html). Using this approach, 
we acquired high-quality clean tags, which were ana-
lyzed via the UCHIME algorithm (http://www.drive5.
com/usearch/manual/uchime_algo.html) by comparing 
sequences to the Gold database (http://drive5.com/
uchime/uchime_download.html) to pick out chimeric 
sequences and obtain final effective tags. Sequences  
of these effective tags with an average nucleotide simi-
larity of 97% were clustered into a single operational 
taxonomic unit (OTU) with the UPARSE software 
(v7.0.1001, http://drive5.com/uparse/). For each OTU, 
a representative sequence was picked to assign  
the taxonomic composition with the threshold  
set as 0.8~1 using the mothur approach and a SILVA 
(http://www.arb-silva.de/) SSU rRNA database.  
The taxon abundance for each sample was summarized 
at different taxonomic levels (kingdom, phylum, class, 
order, family, genus, and species). Alpha and beta  
diversity indices were analyzed using QIIME 1.7.0.  
All raw sequences were deposited in GenBank under 
accession number PRJNA496259.

Statistical analysis

Data was analysed using GraphPad Prism 5 (Graph-
Pad, La Jolla, CA, USA) and SPSS 22.0 (IBM, United 
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States). One-way analysis of variance (ANOVA)  
was employed to analyze the statistical significant  
differences between sample means. p<0.05 was consi- 
dered statistically significant, and p<0.01 or p<0.001 
was considered extremely statistically significant.  
All data was analysed in triplicate and expressed  
as mean ± standard deviation (SD).

Results

PM2.5 and PM10 concentrations

The PM2.5 and PM10 concentrations of the six  
samples are shown in Fig. 1. Both the PM2.5 and PM10 
sample concentrations within the broiler houses gradu-
ally increased with broiler growth. Meanwhile,  
the PM2.5 and PM10 concentrations showed significant 
increases in the late stage compared with those  
of the middle (p<0.01) and early stages (p<0.001). 

Basic statistics of the 16S rDNA gene sequences

A total of 835,082 effective tags were obtained from 
all of the assayed samples, with approximately 46,393 
tags obtained from each sample (range from 31,084  
to 61,117). The average length of each effective tag  
was 373 bp. To investigate the diversity of the samples, 
effective tags with an identity of 97% were clustered 
into OTUs. Finally, an average of 527 OTUs was  
obtained for each sample, and a total of 388 genera  
was identified. Good’s coverage for all samples was 
>98%, indicating that the majority of microbial phylo-

types were detected. This finding demonstrated that  
the species richness of the 16S rDNA gene sequence  
database was high enough to ensure the reliability  
of further diversity analyses.

Bacterial communities in PM2.5

Fig. 2 lists the top 10 bacteria at the phylum  
and genus levels. At the phylum level, the majority  
of the bacterial communities in the early growth stage 
(EA.PM2.5) was Firmicutes (91.05%), followed  
by Proteobacteria (2.58%), and Actinobacteria 
(1.56%). For the middle stage (MI.PM2.5), the predom-
inant phyla were Firmicutes (97.48%), followed  
by Proteobacteria (0.97%) and Actinobacteria (0.56%). 
The majority of the bacterial communities in the last 
stage (LA.PM2.5) were composed of Firmicutes 
(46.34%), Proteobacteria (34.98%), and Bacteroidetes 
(8.67%). Based on the richness and diversity  
of the microbial communities, the abundance distribu-
tion of the top 35 genera among all samples is displayed 
at the genus level in the heat map shown in Fig. 3. 

At the genus level, the major bacterial genera  
in the early stage (EA.PM2.5) were Lachnoclostridium 
(12.30%), Lactobacillus (10.52%), Faecalibacterium 
(8.39%), Ruminococcaceae (5.02%), Subdoligranulum 
(4.69%), Ruminiclostridium (3.67%), and Erysipelato-
clostridium (2.42%). The major genera in the middle 
stage (MI.PM2.5) were Faecalibacterium (45.17%), 
Lactobacillus (5.30%), Subdoligranulum (4.54%),  
Ruminiclostridium (3.04%), Lachnoclostridium (2.82%), 
and Ruminococcaceae (2.37%). The major bacterial 
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Fig. 1. Alterations in PM2.5 and PM10 concentrations. Data are expressed as means ± SDs, ***p<0.001, **p<0.01 compared between  
two groups (n=3). A difference with p<0.01 or p<0.001 was considered statistically significant. The PM2.5 and PM10 mean concen-
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271.0 μg/m3, respectively. In terms of late stage, the PM2.5 and PM10 (designed as LA.PM2.5 and LA.PM10) concentrations were 280.7 
and 375.7 μg/m3, respectively.
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genera in the last stage (LA.PM2.5) were Comamonas 
(11.22%), Faecalibacterium (7.82%), Sporolacto- 
bacillus (7.40%), Lactobacillus (5.29%), Acinetobacter 
(3.10%), Myroides (2.71%), Bacillus (2.28%), and 
Geobacter (2.09%). 

Bacterial communities in PM10

At the phylum level, the predominant phyla  
in the early stage (EA.PM10) were Firmicutes (94.88%), 
followed by Tenericutes (2.64%) and Proteobacteria 
(1.07%). In the middle stage (MI.PM10), the majority 
were composed of Firmicutes (96.70%), Proteobacte-
ria (1.09%) and Actinobacteria (1.07%). For the last 
stage, the predominant phyla in PM10 (LA.PM10) were 

Firmicutes (58.96%), followed by Proteobacteria 
(17.05%), Actinobacteria (14.31%). 

At the genus level, the predominant genera  
in the early stage (EA.PM10) were Lachnoclostridium 
(12.45%), followed by Lactobacillus (10.50%), Faeca-
libacterium (9.15%), Ruminococcaceae (6.91%),  
Subdoligranulum (4.08%), Ruminiclostridium (3.65%), 
and Erysipelatoclostridium (2.50%). The PM10 collec- 
ted from the middle stage (MI.PM10) mainly contained 
Faecalibacterium (37.4%), Lactobacillus (6.76%), 
Subdoligranulum (4.46%), Ruminiclostridium (3.49%), 
Lachnoclostridium (3.25%), Ruminococcaceae (2.43%) 
and Anaerotruncus (2.05%). The major bacterial genera 
in the last stage (LA.PM10) were Faecalibacterium 
(12.41%), Lactobacillus (11.13%), Acinetobacter 
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(4.04%), Brachybacterium (3.98%), Arthrobacter 
(2.17%) and Brevibacterium (1.98%). 

Bacterial community diversity

Alpha diversity was assessed to analyze the com-
plexity of the species diversity in the samples.  
In the alpha diversity analysis, the rarefaction curves 
and Simpson index (community diversity) were gene- 
rated based on 97% similarity. The PM2.5 and PM10  
rarefaction curve analysis (Fig. 4) of the observed num-
bers of species indicated that the last stage (LA.PM2.5 
and LA.PM10) had the highest level of bacterial  
diversity among the samples assayed. However,  
we found no significant differences in Simpson  
diversity among the PM samples in the broiler houses  
at the different broiler growth stages (p>0.05, Fig. 5). 

In the beta diversity analysis, principal coordinates 
analysis (PCoA) was used to extract the most important 
elements and structures from the multidimensional data 
through calculation of a series of eigenvalues and  
eigenvectors. The combined PCoA (Fig. 6) and multire-
sponse permutation procedure (MRPP) analysis results 
(which were used to determine whether a significant 
difference existed in the microbial community structure 
between groups) demonstrated that the bacterial  
community structure of each group had adequate diffe- 
rences and that the differences between groups were 
greater than the differences within groups, although  
the differences were not significant (p>0.05).

Fig. 3. Heatmap showing changes in microbial communities at the genus level for different development stages of broilers. Sample  
information is shown crosswise, and species annotation is shown lengthwise. The species cluster tree is shown on the left, and the sample 
cluster tree is shown at the top.
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Discussion

In this study, microorganisms carried by airborne 
PM within broiler houses in spring under intensive 
feeding conditions at different broiler growth stages 
were examined, and the diversity of the bacterial com-
munities in PM2.5 and PM10 was analyzed. Our research 
showed that the PM2.5 and PM10 concentrations  
increased with the age of the chickens in the houses.  
We reasoned that because the poultry houses needed  
to be thoroughly vacated, cleaned and sterilized before 
arrival of the broilers, the initial PM2.5 and PM10 con-
centrations were at the lowest levels or even lower than 
those of the surrounding environment. As the broilers 
grew, their daily activities, excrement, and density  
increased, all of which might have elevated the PM2.5 
and PM10 concentrations in the poultry houses.

The high-throughput 16S rDNA sequencing analy-
sis detected 27 phyla, 55 classes, 106 orders, 196 fami-
lies, and 388 genera. This finding illustrated remarkable 
airborne microbial diversity in PM2.5 and PM10 inside 
the broiler houses. The predominant phyla were  
Firmicutes and Proteobacteria, which was in line with 
a previous study (Hong et al. 2012). A total of 367  
genera in PM2.5, including 42 potential or opportunistic 
pathogens, and 371 genera in PM10, including 42 poten-
tial or opportunistic pathogens, were detected  
in the poultry houses. The bacterial diversity analysis 
showed negligible significant differences between PM2.5 
and PM10 during the same period. As the chickens grew, 
the number of observed species of the atmospheric  
microbiota increased and reached the highest level 
during the late growth stage of the broilers. This result 
indicated that the airborne microorganisms increased  
as the broilers grew, which was in agreement with other 
reports (Vučemilo et al. 2007, Oppliger et al. 2008). 
This change may be due to the growth and metabolism 
of the broilers. Recent studies have revealed that many 
microbes are involved in the biological processes  
of digestion, absorption, and metabolism in broilers 
(Berry and Reinisch 2013, Li et al. 2014). Moreover, 
the lack of significant differences in the Simpson diver-
sity and the PCoA analysis of the bacterial communities 
in the PM samples showed that, although the airborne 
microbial community structure in the broiler house did 
exhibit some changes during the broiler growth cycle, 
the differences were not significant. Although some  
differences in abundance were observed for the same 
bacterial genera, the majority of the bacterial communi-
ties carried by the PM were the same across the diffe- 
rent growth stages.

The genera in the broiler houses at different growth 
stages in spring included Acinetobacter, Pseudomonas, 
Enterococcus, Microbacterium, etc., all of which con-

tributed some pathogens or opportunistic pathogens. 
For example, certain species in Acinetobacter are  
important pathogens, such as A. baumannii, which can 
infect people and poultry and is often isolated from 
chicken houses (Hinton et al. 2004). Pseudomonas 
aeruginosa can cause infections in chickens that lead  
to septicemia and death (Cachia and Hodges 2003). 
Strains of Enterococcus can cause many diseases  
in humans and birds, such as E. faecalis, which can  
increase the incidence of diseases in broilers at various 
ages (Hammerum et al. 2000). Microbacterium is often 
detected in poultry, eggs and meat; a few strains of this 
genus can affect human and bird health (Kraft et al. 
1966). These pathogens and opportunistic pathogens 
can contaminate the farming environment when air  
circulation is inadequate, resulting in an increased  
occurrence of diseases. This finding implies that,  
for poultry and livestock farming in spring, keeping  
the environment warm and enforcing ventila-
tion and disinfection are important for the prevention  
of airborne diseases in poultry houses.

Previously, we examined the aerosol concentrations 
and bacterial community structures of closed cage 
broiler houses in winter (Jiang et al. 2018). A total of 35 
phyla and 537 genera were detected during the entire 
broiler rearing process in winter, which was higher than 
the results from this study (27 phyla and 388 genera); 
additionally, the types of opportunistic pathogens  
in the aerosols in the winter were greater than those  
in the spring. The relative abundances of many patho-
genic bacteria in winter were larger than those in spring 
at the same broiler growth stage, such as Escherichia 
and Pseudomonas, which are important pathogens  
in the poultry industry. Some studies have indicated that 
PM and atmospheric microbes in poultry houses can  
be affected by many factors, including seasonal varia-
tion, bird activity, air temperature, relative humidity, 
and ventilation rates (Cambra-Lopez et al. 2011).  
Farmers tend to pay more attention to keeping broilers 
warm and neglect ventilation of poultry houses due  
to the cold climate in winter. This situation will result  
in air quality deterioration in poultry houses and pro-
vide conditions for many bacteria to grow. This study 
should provide a reminder that ventilation is an impor- 
tant factor for improving the indoor environment  
of broiler farming.

The health of poultry under intensive farming  
is closely associated with the living environment.  
In a closed environment, air quality in houses gradually 
decreases as chicks grow. In this study, we observed 
that as the broilers grew, the PM2.5, PM10 and airborne 
microorganisms gradually increased in the houses.  
The elevated levels of airborne PM and microbes can 
potentially cause respiratory or intestinal diseases  
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in poultry. Thus, as the broilers grow, appropriate mea-
sures, including timely removal of filth, maintenance  
of suitable humidity and ventilation, and disinfection  
of broilers (i.e., disinfecting the broiler houses while  
the chickens are present), are required to control the air-
borne PM and microbe concentrations in the broiler 
houses and to decrease the occurrence of opportunistic 
diseases (i.e., diseases caused by opportunistic patho-
gens), which will provide a better farming environment 
for poultry. In addition, the 16S rDNA sequencing  
technique can accurately classify microbes to the genus 
level but not to the species level (Janda et al. 2007). 
Therefore, to confirm these results, bacteria must  
be isolated and identified using classical microbiologi-
cal methods (e.g., biochemical tests). We are planning 
to continue relevant studies in the future.

Acknowledgements

This research was financially by the National Key 
Research and Development Program of China (Grant 
No. 2018YFD0501402), the Innovation Team Project 
for Modern Agricultural Industries Technology System 
of Shandong Province (SDAIT-11-10), the Key  
Research and Development Plan of Shandong Province 
(No. 2017NC210009), and the Talent Introduction  
Project of Ludong University (LY2015012).

References

Berry D, Reinisch W (2013) Intestinal microbiota: a source  
of novel biomarkers in inflammatory bowel diseases? 
Best Pract Res Clin Gastroenterol 27: 47-58.

Cachia PJ, Hodges RS (2003) Synthetic peptide vaccine  
and antibody therapeutic development: prevention and 
treatment of Pseudomonas aeruginosa. Biopolymers  
71: 141-168.

Cambra-Lopez M, Aarnink AJ, Zhao Y, Calvet S, Torres AG 
(2010) Airborne particulate matter from livestock produc-
tion systems: a review of an air pollution problem. Envi-
ron Pollut 158: 1-17. 

Cambra-Lopez M, Hermosilla T, Lai HT, Aarnink AJ,  
Ogink NW (2011) Particulate Matter Emitted from Poul-
try and Pig Houses: Source Identification and Quantifica-
tion. ASABE 54: 629-642.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D,  
Lozupone CA, Turnbaugh PJ, Fierer N, Knight R (2011) 
Global patterns of 16S rRNA diversity at a depth  
of millions of sequences per sample. Proc Natl Acad Sci 
USA 108 Suppl: 4516-4522.

Chen Q, An X, Li H, Su J, Ma Y, Zhu YG (2016) Long-term 
field application of sewage sludge increases the abun-
dance of antibiotic resistance genes in soil. Environ Int 
92-93: 1-10.

Choi HL, Richard TL, Ahn HK (2001) Composting high 
moisture materials: biodrying poultry manure in a sequen- 
tially fed reactor. Compost Sci Util 9: 303-311.

Crowe CK, Harris DL, Elliott LP, Wilson ER, Wiseman BS 
(1996) A possible relationship between low facility dust 
and endotoxin levels and improved growth rates in pigs 
reared by isoweanSM. J Swine Health Prod 4: 231-236.

Daniels MJ, Dominici F, Samet JM, Zeger SL (2000) Estima- 
ting particulate matter-mortality dose-response curves 
and threshold levels: an analysis of daily time-series  
for the 20 largest US cities. Am J Epidemiol 152: 397-406.

Dungan RS (2010) BOARD-INVITED REVIEW: fate and 
transport of bioaerosols associated with livestock opera-
tions and manures. J Anim Sci 88: 3693-3706.

Dutkiewicz J, Pomorski ZJ, Sitkowska J, Krysińska-Traczyk 
E, Skorska C, Prazmo Z, Cholewa G, Wójtowicz H (1994) 
Airborne microorganisms and endotoxin in animal  
houses. Grana 33: 85-90.

Fiegel J, Clarke R, Edwards DA (2006) Airborne infectious 
disease and the suppression of pulmonary bioaerosols. 
Drug Discov Today 11: 51-57.

Franck U, Odeh S,Wiedensohler A, Wehner B, Herbarth O 
(2011) The effect of particle size on cardiovascular  
disorders - the smaller the worse. Sci Total Environ  
409: 4217-4221. 

Grahame T, Schlesinger R (2005) Evaluating the health risk 
from secondary sulfates in eastern North American  
regional ambient air particulate matter. Inhal Toxicol  
17: 15-27. 

Hammerum AM, Fussing V, Aarestrup FM, Wegener HC 
(2000) Characterization of vancomycin-resistant and  
vancomycin-susceptible Enterococcus faecium isolates 
from humans, chickens and pigs by RiboPrinting and 
pulsed-field gel electrophoresis. J Antimicrob Chemother 
45: 677-680.

Heederik D, Brouwer R, Biersteker K, Boleij JS (1991) Rela-
tionship of airborne endotoxin and bacteria levels in pig 
farms with the lung function and respiratory symptoms  
of farmers. Int Arch Occup Environ Health 62: 595-601.

Hinton A, Cason JA, Ingram KD (2004) Tracking spoilage 
bacteria in commercial poultry processing and refrigera- 
ted storage of poultry carcasses. Int J Food Microbiol  
91: 155-165.

Hong PY, Li X, Yang X, Shinkai T, Zhang Y, Wang X,  
Mackie RI (2012) Monitoring airborne biotic contami-
nants in the indoor environment of pig and poultry con-
finement buildings. Environ Microbiol 14: 1420-1431.

Hsieh LY, Chen CL, Wan MW, Tsai CH, Tsai YI (2008)  
Speciation and temporal characterization of dicarboxylic 
acids in PM2.5 during a PM episode and a period  
of non-episodic pollution. Atm Environ 42: 6836-6850.

Janda JM, Abbott SL (2007) 16S rRNA Gene Sequencing  
for Bacterial Identification in the Diagnostic Laboratory: 
Pluses, Perils, and Pitfalls. J Clin Microbiol 45: 2761-2764.

Jiang L, Zhang J, Tang J, Li M, Zhao X, Zhu H, Yu X, Li Y, 
Feng T, Zhang X (2018) Analyses of Aerosol Concentra-
tions and Bacterial Community Structures for Closed 
Cage Broiler Houses at Different Broiler Growth Stages 
in Winter. J Food Prot 81: 1557-1564.

Just NA, Létourneau V, Kirychuk SP, Singh B, Duchaine C 
(2012) Potentially pathogenic bacteria and antimicrobial 
resistance in bioaerosols from cage-housed and floor-
housed poultry operations. Ann Occup Hyg 56: 440-449.

Kraft AA, Ayres JC, Torrey GS, Salzer RH, da Silva GA 
(1966) Coryneform bacteria in poultry, eggs and meat.  
J Appl Microbiol 29: 161-166.



504 J. Zhang et al.

Lawniczek-Walczyk A, Górny RL, Golofit-Szymczak M, 
Niesler A, Wlazlo A (2013) Occupational exposure to air-
borne microorganisms, endotoxins and β-glucans in poul-
try houses at different stages of the production cycle.  
Ann Agric Environ Med 20: 259-268.

Lee AK, Lau AP, Cheng JY, Fang M, Chan CK (2007) Source 
identification analysis for the airborne bacteria and fungi 
using a biomarker approach. Atmos Environ 41: 2831-2843.

Li C, Li PZ, Sun JW, Huo GC, Liu LB (2014) Proteomic  
analysis of the response to NaCl stress of Lactobacillus 
bulgaricus. Biotechnol Lett 36: 2263-2269.

Lovanh N, Loughrin J, Silva P (2016) The effect of aged litter 
materials on polyatomic ion concentrations in fractionated 
suspended particulate matter from a broiler house. J Air 
Waste Manag Assoc 66: 707-714.

Menichini E, Monfredini F (2001) Relationships between 
concentrations of particle-bound carcinogenic PAHs  
and PM10 particulate matter in urban air. Fresen Environ 
Bull 10: 533-538.

Oppliger A, Charrière N, Droz PO, Rinsoz T (2008) Exposure 
to bioaerosols in poultry houses at different stages  
of fattening; use of real-time PCR for airborne bacterial 
quantification. Ann Occup Hyg 52: 405-412.

Pavan R, Manjunath K (2014) Qualitative analysis of indoor 
and outdoor airborne fungi in cowshed. J Mycol  
2014: 1-8.

Schlesinger RB, Cassee F (2003) Atmospheric secondary  
inorganic particulate matter: the toxicological perspective 
as a basis for health effects risk assessment. Inhal Toxicol 
15: 197-235. 

Sharma AK, Jensen KA, Rank J, White PA, Lundstedt S, 
Gagne R, Jacobsen NR, Kristiansen J, Vogel U, Wallin H 
(2007) Genotoxicity, inflammation and physico-chemical 
properties of fine particle samples from an incineration 
energy plant and urban air. Mutat Res 633: 95-111.

Vučemilo M, Matković K, Vinković B, Jakšić S, Granić K, 
Mas N (2007) The effect of animal age on air pollutant 
concentration in a broiler house. Czech J Anim Sci  
52: 170-174.

Youssef N, Sheik CS, Krumholz LR, Najar FZ, Roe BA, 
Elshahed MS (2009) Comparison of species richness  
estimates obtained using nearly complete fragments  
and simulated pyrosequencing-generated fragments  
in 16S rRNA gene-based environmental surveys.  
Appl Environ Microbiol 75: 5227-5236.




