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Industrialized layer chicken feedlots harbor complex environmental microbial 
communities that affect the enrichment and exchange of gut bacteria and 
antibiotic resistance genes (ARGs). However, the contribution of different 
environmental sources to the gut ARGs of layer chickens is not clear. Here, layer 
chicken gut and environmental samples (air, water, feed, cage, feather, maternal 
hen feces, uropygial glands) were collected during the early 3 month period before 
the laying of eggs, and the source and characteristics of the gut microorganisms 
and ARGs were analyzed by performing 16S rRNA and metagenomic sequencing. 
The results showed that the abundances of Bacteroidetes and Actinobacteria 
in cecum of layer chickens gradually increased, while that of Proteobacteria 
decreased with age, and the number and relative abundance of ARGs decreased 
significantly with age. On day 5, 57% of the layer chicken cecal ARGs were from 
feather samples, and 30% were from cage samples. Subsequently, the contribution 
of cage ARGs became progressively more prominent over time. At days 30 and 57, 
the contribution of cage ARGs to the chick cecal ARGs reached 63.3 and 69.5%, 
respectively. The bacterial community composition (especially the abundances 
of Klebsiella pneumoniae and Escherichia coli) was the major factor impacting 
the ARG profile. K. pneumoniae and E. coli were mainly transmitted from feathers 
to the layer chicken cecum, and the contribution rates were 32 and 3.4%, 
respectively. In addition, we observed the transmission of ARG-carrying bacteria 
(Bacteroides fragilis) from the cage to the gut, with a contribution rate of 11.5%. It 
is noteworthy that B. fragilis is an opportunistic pathogen that may cause diarrhea 
in laying hens. These results can provide reference data for the healthy breeding 
of layer chickens and the prevention and control of ARG pollution.
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1. Introduction

Antibiotic resistance genes (ARGs) are emerging environmental contaminants that have 
raised serious public health concerns. Approximately 700,000 people die every year because of 
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resistant infections, and by 2050, that number will increase to 10 million 
deaths a year (Chin et al., 2018). It has been reported that approximately 
73% of antibiotics use occurs in the farming industry (Van Boeckel 
et al., 2019). Antibiotics are administered to animals, usually through 
feed or drinking water for the prevention and treatment of diseases (Hu 
and Cheng, 2016). Therefore, the gut microbes of food animals likely 
constitute a large reservoir for ARGs, significantly increasing the risk of 
ARGs transmission through the food chain (Wang et  al., 2019). 
However little attention has been paid to the gut microbial composition 
and associated ARGs in laying chicken, in contrast to the extensive 
studies of pig and broiler microbiomes and ARGs (He et al., 2014; Zhao 
et al., 2018). Consequently, a comprehensive study on the structure and 
function of the bacterial community composition and its associated 
ARGs in laying chickens is urgently needed.

The ARGs in the gut microbiota are mainly affected by bacterial 
community composition (Li et al., 2021). As the primary host of ARGs, 
bacterial communities account for 4.8–32.2% of the variation in the ARG 
profile (Pu et al., 2020; Yang et al., 2021). The establishment of the laying 
chicken gut microbiota is a complex and dynamic process (Diaz Carrasco 
et al., 2019). Age is an important factor affecting the composition of the 
gut microbiota. Early life is a critical window period for the colonization 
of gut microbiota in animals (Liu et al., 2019). The gut microbiota that is 
established during this early stage has an important influence on the 
growth of the animals and the development of the immune system 
(Tamburini et al., 2016). Therefore, it is helpful to further understand the 
association between changes in the gut microbiota and ARGs in laying 
chicken by studying the changes in gut microbiota over time in early life.

Despite evidence suggesting that newborn laying chicks acquire 
their initial microbial community from their maternal hen and 
immediate environment, the impact and relative contribution of 
different microbial sources in shaping the gut microbiota in layer 
chickens remains poorly understood (Lee et  al., 2019; Maki et  al., 
2020). Research has shown that Halomonas and Ochrobactrum are 
dominant genera in embryos, and there was a moderate correlation 
(0.4) between the maternal hen and the embryo (Ding et al., 2017). The 
results suggest that the maternal hen fecal microbiota on eggshells may 
contribute to the establishment of gut microbiota in chicks. In addition, 
the rearing environment also exerts a sustained influence on the 
development of infant gut microbiota. The microbiota of indoor hens 
consists of a higher number of bacterial species than the microbiota of 
outdoor hens (Seidlerova et  al., 2020). However, no longitudinal 
studies have been conducted to analyze the relative contributions of 
these bacterial sources to the colonization of newborn laying chicks.

Thus, a large-scale study was conducted to investigate the spatial 
and temporal development of cecal bacteria and ARGs in healthy 
newborn laying chicks, and to explore the relationship between bacterial 
transmission and the changes in ARGs within the gut microbiota. In 
addition, relative contributions of different microbial sources from the 
maternal hen fecal and the rearing environment (air, water, chicken 
cages, chicken feed, uropygial glands, and feathers) were also assessed.

2. Materials and methods

2.1. Sample collection

The layer chicken management was performed according to our 
previous study, we chose to sample more frequently during the early 

stages of rapid development and changes in the gut microbiota 
(0–7 days), and then transition to less frequent sampling during the 
later stages of community stabilization (Xiao et al., 2021). Random 
samples (5 g) of feed (day 0, 12, 43) were taken from the feed trough 
using sterile spoons and placed into sterile sampling bags. Six layer 
chickens were randomly obtained from the flock in the middle of 
house at days 0, 1, 3, 5, 7, 12, 18, 24, 30, 36, 40, 43, 50, and 57 after 
hatching, with a total of 84 layer chickens used for this study 
(Supplementary Figure S1). Using sterile scissors, 8–10 feathers were 
cut from the neck, back, abdomen, wings, and tail of the chickens, and 
mixed together in a sterile bag. And than the layer chicken selected for 
each time point were killed by cervical dislocation. After the abdomen 
was opened; the caecum was removed from each chicken, and 
immediately placed in liquid nitrogen and collected, transferred to the 
laboratory and stored at −80°C until DNA extraction. At the same 
time, maternal fecal samples were collected rectally from each laying 
hen using a sterile cotton swab (Hua Chen Yang, Shen Zhen, China) 
premoistened with sterile phosphate-buffered saline (PBS), and then 
the swab head was placed in a 5 mL sterile screw top collection tube 
(Corning, NY, United States). The uropygial gland was cut off with 
sterilized scissors and placed in a 5 mL sterile screw-top collection 
tube. Three water samples (approximately 3 L each) were collected 
from the water trough and placed into sterile containers at each 
sampling timepoint. Indoor air samples were collected using liquid-
based air samplers, which were placed ~50 cm above the floor. Three 
replicate air samples were collected at 8:00, 12:00 and 16:00 by drawing 
air for 1 h at a rate of 13 L per min through impingers filled with sterile 
molecular-grade water. For each replicate, the air sample was collected 
three times simultaneously at five points indoors, and the resulting 
samples (30 mL each) were pooled (150 mL total volume). Cage 
surface samples from each coop were collected from six sites. During 
this procedure, a swab premoistened with sterile PBS was rubbed back 
and forth several times at each sampling site, and then the swab head 
was placed in a 5-mL sterile screw-top collection tube. Samples were 
immediately placed in liquid nitrogen after collection, transferred to 
the laboratory and stored at-80°C until DNA extraction.

2.2. Sample pretreatment and DNA 
extraction

For swab-collected samples (cage surface samples), the six-swab 
head was vortexed at maximum speed in a bead tube with sterile 
PBS. After discarding the swabs, the tube was centrifuged and the pellets 
were suspended in PowerBead solution and C1 buffer from the DNA 
isolation kit. Zirconium glass beads (400 mg; diameter, 0.1 mm) 
(BioSpec, Bartlesville, OK, United States) were added, and the mixture 
was shaken vigorously using an automatic rapid sample grinding 
instrument (JXFSTPRP-48, Shanghai Jingxin). The mixture was then 
incubated at 95°C for 5 min to maximize bacterial DNA extraction. All 
subsequent steps followed the manufacturer’s protocol for the 
PowerFecal DNA Kit (Qiagen, Germany). For DNA extraction with a 
PowerWater DNA Isolation Kit (Qiagen, Germany), the water samples 
and impinger liquid from the air samples were vacuum filtered onto 
sterile 0.22 μM polycarbonate filters (Sigma, St. Louis, MO, 
United States), transferred to 0.7 mm garnet bead tubes containing 1 mL 
of PW1 solution, and vortexed at maximum speed for 10 min. The 
remaining steps were performed according to the manufacturer’s 
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protocol. To obtain microbial samples from the feather surface, the 
feather sample was divided into three parts and placed into a centrifuge 
tube containing 30 mL of PBS (0.1 mol/L, pH 7.0). After vortex oscillation 
at 180 r/min at 4°C for 3 h and ultrasonication at 4°C for 30 min, the 
feather sample cleaning solution was vacuum filtered onto sterile 
0.22-μM polycarbonate filters (Sigma, St. Louis, MO, United States) and 
transferred to 0.7-mm garnet bead tubes containing 1 mL of PW1 
solution. The mixture was shaken vigorously using a FastPrep-24 
instrument, and the remaining steps were performed according to the 
manufacturer’s protocol. Uropygial glands (0.02 mg) were hydrolyzed 
with proteinase K before being processed with a DNA Mini Kit (Qiagen, 
Germany). Microbial DNA was extracted from the chicken feed using a 
DNeasy PowerFood Microbial Kit (Qiagen, Germany). DNA quality 
control was performed on the samples using several steps. Firstly, DNA 
degradation and potential contamination were monitored on 1% agarose 
gels. Secondly, DNA purity was assessed by determining the ratios of 
OD260/OD280 and OD260/OD230 using the NanoDrop ND-1000 
Spectrophotometer (NanoDrop Technologies, Wilmington). Finally, 
DNA concentration was measured using the Qubit® dsDNA Assay Kit 
and Qubit 2.0 fluorometer (Invitrogen, Thermo Fisher Scientific, MA). 
DNA samples with OD values ranging from 1.8 to 2.0 and DNA contents 
above 1 μg were deemed suitable for library construction.

2.3. 16S rRNA sequencing

To analyze the microbiota community composition, specific V4 
regions of the 16S rRNA gene were amplified with barcoded primers 
(F:5′-GTGCCAGCMGCCGCGGTAA-3′; R:5′-GGACTACHVGG 
GTWTCTAAT-3′) and PremixTaq (TaKaRa) was used for PCR 
amplification. PCR conditions were as follows: (1) 94°C for 3 min; (2) 
30 cycles of 94°C for 30 s, 56°C for 30 s and 72°C for 30 s; and (3) a 
final extension at 72°C for 5 min. The amplicons were purified using 
a QIAquick PCR Purification Kit (Qiagen, Germany), and 250-bp read 
sequencing was performed on the Illumina HiSeq platform. The raw 
reads from 16S rRNA gene sequencing were demultiplexed and 
quality-filtered using Quantitative Insights into Microbial Ecology 
(QIIME2–2020.6) (Bokulich et al., 2013). Clean data were clustered 
using the Divisive Amplicon Denoising Algorithm 2 (DADA2) 
method with amplicon sequence variant (ASV) levels. The feature 
sequences were taxonomically assigned at the kingdom, phylum, class, 
order, family and genus levels. The α-diversity analysis, including the 
Chao1 and Shannon indexes, was conducted using QIIME2. For 
β-diversity analysis, the principal coordinates analysis (PCoA) was 
performed using QIIME2 to investigate the dissimilarities in bacterial 
community structure among samples. The 16S rRNA gene sequences 
in this study were deposited into the National Center for Biotechnology 
Information (NCBI) database (PRJNA855329).

2.4. Metagenomic sequencing and ARG 
analysis

The DNA extracted from the layer chicken cecal, feather, uropygial 
gland and cage samples on days 5, 30, and 57 for 16S rRNA gene 
sequencing was simultaneously used for metagenomic sequencing 
analysis. Sequencing libraries were generated with the NEBNext® 
Ultra™ DNA Library Prep Kit (E7645S, NEB, United States) according 

to the manufacturer’s recommendations. Then, the metagenomic 
libraries were sequenced on the Illumina HiSeq platform (Novogene, 
Beijing, China) using the 150-bp paired-end module. The raw reads 
were filtered and trimmed to obtain high-quality reads (clean reads), 
and quality control was performed using the following criteria: (1) reads 
with >10% unidentified nucleotides (N), (2) reads with ≥50% bases with 
mass fraction ≤20, and (3) reads aligned with barcodes were removed. 
The metagenomic sequences in this study were deposited into the NCBI 
database (PRJNA855329). We  identified the taxonomic profiles 
(including kingdom, phylum, class, order, family, genus, and species 
information) of the metagenomic samples using kraken2. ARG-OAP 
v2.0 was applied to determine the ARG profiles (Yang et al., 2016). 
Briefly, potential ARG reads and 16S rRNA genes were extracted, and 
ARG-like reads were identified and annotated using the Perl package 
Ublastx_stageone X by combining the Comprehensive Antibiotic 
Resistance Database (CARD) and Antibiotic Resistance Gene Database 
(ARDB) (Yin et al., 2018). The normalized abundances of ARGs were 
expressed as “copies of ARGs per bacterial cell” (Jia et al., 2020). Species 
attribution analysis of resistance genes and resistance mechanism 
analysis were also conducted (McArthur et al., 2013; Jia et al., 2017).

2.5. SourceTracker

We used SourceTracker to evaluate the possible sources and 
proportions of microbial communities in the layer chicken cecum in 
the early stage. ASVs present in less than 1% of samples were first 
filtered, and the resultant ASV table was imputed with default 
parameters (Knights et al., 2011), with the layer chicken cecum at 
different days as the “sink” and the samples from different sources 
(feathers, uropygial gland, air, water, chicken feed and cage) identified 
as the “source.” The SourceTracker algorithm was then used to 
estimate the probability that the species in the intestinal samples came 
from the source environment (probability>80%).

To identify transfer events involving ARGs, SourceTracker was run 
with the default settings using the feather and cage ARGs as the source.

2.6. Statistical analysis

Data preparation was performed in Microsoft Excel 2019 
(Microsoft, United States). SPSS 20.0 (IBM Corp, USA) was used to 
assess statistical significance, and the results were visualized with 
GraphPad Prism 8.0 software. The threshold for significance was set at 
p < 0.05. PCoA was performed using the coverage correlation matrix of 
the ARG subtypes. Venn diagrams were drawn with the Venn Diagram 
package. Network plots of the ARGs and bacterial communities 
(species level) were generated with Cytoscape 3.9.1 software.

3. Results

3.1. ARG distribution characteristics and 
differences among layer chicken cecal, 
feather, and cage samples

A total of 620 ARG subtypes were detected in the layer chicken 
cecal, feather and cage samples, even though no antibiotics were used 
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on the farm. These ARGs were associated with 19 antibiotic types (350 
β-lactam, 74 multidrug, 40 macrolide-lincosamide-streptogramin 
(MLS), 39 tetracycline, and 36 aminoglycoside resistance genes, 
among others) (Figure 1). The number of ARG subtypes in each group 
varied, ranging from 205 to 416. The 10 most abundant ARG subtypes 
in the different groups are summarized in Supplementary Table S1. 
The feathers on day 5 contained the most ARG types (416), and the 
total abundance was also the highest. The layer chicken cecum 
contained the fewest types (205), and there was a significant decrease 
in the total abundance of ARGs in the chick cecum over time 
(Figure 2A). These changes may be related to changes in gut microbes. 
Notably, no resistance genes were detected in the uropygial gland 
microbiome samples.

We then assessed the global similarity of ARG composition in 
each group based on principal coordinates analysis (PCoA). The 
results showed that the layer chicken cecum on day 5 differed from 
that on day 30 and day 57 in terms of ARGs, and the cage ARGs from 
different days clustered together, indicating that the ARGs 
composition in different groups changed over time. In addition, the 
results showed that the layer chicken cecum ARGs on day 5 were 
overall more similar to the feather ARGs than to the cage ARGs 
(Figure  2B), implying that the feather ARGs might have been 
transmitted to the layer chicken cecum on day 5.

A total of 123 ARGs belonging to 17 types were shared by the layer 
chicken cecal, feather and cage samples on different days (Figure 2C, 
summarized in Supplementary Table S2). In terms of total coverage, 

these 123 shared ARGs contributed to 97.01 ± 0.79%, 95.13 ± 0.08%, 
and 91.15 ± 0.10% of the total ARGs detected in the chick cecal and 
feather samples on day 5; 84.80 ± 3.4%, 63.17 ± 0.29%, and 
93.30 ± 0.83% on day 30; and 82.2 ± 4.3%, 67.89 ± 0.36%, and 
94.34 ± 0.17% on day 57 (Supplementary Figure S2). These shared 
ARGs included 34 multidrug resistance genes (emrA, emrB, mdtA, 
TolC, etc.) and 13 tetracycline resistance genes (tetA, tetW, totO, tet44, 
etc.). There were more unique ARGs in the cage and feather samples 
than in the layer chicken cecal samples.

3.2. Microbial community composition in 
different microbial sources

Supplementary Figure S3 shows the alpha diversity of different 
groups. Both the richness index and Shannon index revealed an 
increase in microbial diversity in the layer chicken cecum over time, 
and there was a significant difference in alpha diversity among the 
microbial sample types from different sources (uropygial 
gland>cage>feather; p < 0.05).

The results showed that Proteobacteria (48.31 ± 9.18%) and 
Firmicutes (47.32 ± 7.62%) were the major phyla in the layer 
chicken cecum on day 5 (Figure 3); at the genus level, they were 
dominated by Escherichia (36.83 ± 8.53%) and Flavonifractor 
(15.44 ± 4.61%) (Supplementary Figure S4). Similarly, increased 
relative abundances of Bacteroidetes and Actinobacteria and a 

FIGURE 1

Statistics of ARG diversity between groups. The total number of detected ARG subtypes in different ARG types in all samples is shown on top, the total 
number of detected ARG subtypes in different groups is shown on the right, and the bubble chart shows the relative abundance of each ARG type in 
different groups.
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decreased relative abundance of Proteobacteria were observed in 
the layer chicken cecum (p < 0.05) on day 30 and day 57. 
Bacteroides and Alistipes were the major genera in the layer 
chicken cecum on days 30 and 57. Furthermore, among the 
different microbial sources, Proteobacteria, Firmicutes and 
Actinobacteria were the major phyla in the uropygial gland 
samples, Firmicutes were dominated by Escherichia in the feather 
samples, and Firmicutes were dominated by Lactobacillus in the 
cage samples.

Further analysis showed shared and unique bacteria among the 
layer chicken cecal, feather, uropygial gland and cage samples 
(Supplementary Figure S5). The results showed that between days 5 
and 57, the number of microbial species increased from 2,998 to 4,708, 
indicating that the gut microbes early in life are derived from a 
dramatic and complex transition from a near-sterile state to extremely 
dense colonization. More bacterial species (2885) in the layer chicken 
cecum were shared with the uropygial gland than with the other 
groups on day 5. At days 30 and 57, the layer chicken cecum shared a 
high number (2,869 and 3,379 respectively) of microbial species with 
the cage samples, and some opportunistic pathogens, such as 
Escherichia and Enterococcus species, were also shared among the 
cage, feather, uropygial gland and layer chicken cecal samples.

3.3. Layer chicken microbial sources and 
estimated proportions of the early gut 
microbial communities

To investigate the development and potential sources of gut 
microbiota in layer chickens, we  collected cecal contents and 
corresponding environmental samples, including feather, uropygial 
gland, water, air, feed, and cage microbiota samples at post-hatching 
days 0, 1, 3, 5, 7, 12, 18, 24, 30, 36, 40, 43, 50, and 57. The PCoA 
ordination based on Bray–Curtis dissimilarity showed that the early 
layer chicken cecal samples (at days 0 and 7) clustered with the layer 
chicken uropygial gland and feather samples, but they gradually 
diverged with age, eventually showing some similarities with the cage 
sample (Figure  4). These results suggest that the uropygial gland, 
feather, and cage microbiomes may play a role in the early colonization 

of the cecal microbiome in layer chickens, but further investigation is 
needed to determine the extent and mechanisms of transmission.

SourceTracker, a Bayesian probability tool, was used to further 
investigate how different microbial sources contributed to the cecal 
community assembly of hatchlings. The results revealed that the 
feather and uropygial gland microbiota contributed the most to the 
cecal (day 0) microorganisms compared with other sources, with 
contributions of 47.0 and 38.6%, respectively, but their contributions 
gradually declined with age. Interestingly, the relative contribution of 
the cage microbiota to the chick cecal microbiome was more than 12% 
at all stages, indicating that the cage may be the primary environmental 
source of bacterial communities in layer chickens, especially seven 
days after hatching (Figure 5). To our surprise, there was little evidence 
that water and air microbes colonized hatchlings that had a microbiota 
from largely unknown sources.

Next, we sought to identify specific genera transmitted from different 
microbial sources to the layer chicken cecum. These transmission events 
included diverse taxa from Firmicutes, Proteobacteria and Bacteroidetes, 
some of which (Escherichia, Enterococcus, Ruminococcaceae, and 
Helicobacter) include opportunistic pathogenic strains responsible for 
zoonotic infections (Supplementary Figure S6). Among them, 
Escherichia was the main bacterial taxon transmitted from feathers to the 
layer chicken cecum at day 0, with a contribution rate of 40.8%, and 
Ruminococcaceae was mainly transmitted to the cecum through the cage, 
with a contribution rate of 3.0%. The transmission of these opportunistic 
pathogenic strains indicates that the surroundings during feeding may 
pose underappreciated occupational hazards in industrialized farming. 
To confirm that the species and their resistance genes were 
environmentally acquired, we performed metagenomic analysis of the 
layer chicken cecal, feather, uropygial gland and cage microbiome 
samples at days 5, 30, and 57.

3.4. Transmission of microbes and ARGs 
from cages and feathers to the layer 
chicken cecum

The results of the SourceTracker algorithm analysis showed that, 
on day 5, 30% of the layer chicken cecal ARGs were from the cage, 

FIGURE 2

ARG distribution characteristics. (A) The total abundance of ARGs in different groups. In the box chart, “□” represent the means, boxes represent the 
upper and lower quartiles, lines represent the medians, and whiskers represent ranges. (B) PCoA plots showing the ARG composition differences 
among groups. (C) Venn diagram showing the number of shared and unique ARGs among groups.
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57% were from feathers and 13% were from unknown sources. The 
contribution of cage ARGs became progressively more prominent 
with age, and cage ARGs contributed 63.3 and 69.5% of the layer 
chicken cecal ARGs between days 30 and 57 (Figure 6A). In addition, 
we identified 290 ARGs involved in transfer from cage and feather 
samples to the layer chicken cecum, including 152 β-lactam 
resistance genes, 45 multidrug resistance genes, 21 tetracycline 
resistance genes and 17 MLS resistance genes. Among them, 240 
ARGs contributed more than 0.1% (summarized in 
Supplementary Table S3).

Members of the bacterial community are the main hosts of ARGs. 
To identify the ARG hosts more accurately, metagenomics was used 
to analyze the species attributions of ARGs. A total of 4,364 species 
were the main 240 ARG hosts. However, not all ARG-carrying 
bacteria can be  transmitted from cages and feathers to the chick 
cecum. The SourceTracker algorithm was again used to assess bacterial 
transmission from the cage and feather to the layer chicken cecal 
samples (Figure 6B). The results showed that on day 5, 54.4% of the 
layer chicken cecal microbes originated from cages, 41% from feathers, 
0.32% from the uropygial gland and 4.2% from unknown sources. The 
contribution of cage microbes gradually increased to 77.3% on day 30, 
and that of the uropygial gland microbes to cecal microbes increased 
to 11.8%, while the contribution of feathers to the cecum decreased 
sharply and was negligible. At day 57, the contribution of the cage 
microbes to cecal microbes decreased slightly to 63%, and the 
contribution of the uropygial gland was 7.1%. A ternary plot was used 
to more intuitively reflect the contribution of various bacterial sources 
to each cecal microbiome of layer chickens on different days. As 
shown in the plot, at day 5, almost all the layer chicken samples 
showed a uniform distribution between feather and cage samples, and 
the layer chicken cecal samples gradually became increasingly closely 

related to the cage samples over time (Supplementary Figure S7), 
which was similar to the results of the ARG source analysis.

Among them, we identified 85 species that contributed more than 
0.1% (Figure  6C). The cage contributed the greatest number of 
bacterial species (57) on day 5, and the highest contributions were 
Bacteroides fragilis (11.5%), Bacteroides dorei (6.5%) and Odoribacter 
splanchnicus (4.8%). The feathers contributed 15 kinds of bacteria, and 
the highest contributions were Escherichia coli (32.0%) and Klebsiella 
pneumoniae (3.4%). The uropygial gland contributed only one 
bacterium, Clostridium butyricum, and the contribution was low 
(0.12%). On day 30, the cage contributed the highest number of 
bacterial species (56), including B. fragilis (38.0%), Flavonifractor 
plautii (3.2%) and Clostridiales bacterium CCNA10 (3.0%), and the 
uropygial gland contributed 8 bacterial species, including B. fragilis 
(3.1%) and Bacteroides ovatus (0.6%). On day 57, the number of 
bacterial species contributed by the cage increased to 59, including 
B. fragilis (11.5%), B. dorei (6.5%), O. splanchnicus (4.8%) and 
Faecalibacterium prausnitzii (3.1%). The number of bacterial species 
contributed by the uropygial gland decreased to 4, namely, B. fragilis 
(1.1%), Alistipes finegoldii (0.6%), O. splanchnicus (0.5%) and 
B. dorei (0.4%).

Next, we analyzed the correlations between 85 bacterial species 
and 240 ARGs, and the results indicated that 63 bacterial species 
were speculated to be possible hosts of 60 ARGs (Figure 7A). For 
instance, K. pneumoniae was a potential host for 32 ARG subtypes, 
23 of which were multidrug resistance genes (acrA, emrK, mdfA, 
mdtB, mexA, mtrE, etc.), 3 were tetracycline resistance genes (tetQ, 
tetS and tetX), 3 were MLS resistance genes (lmrB, mscrC and 
vgaD), 2 were vancomycin resistance genes (vanA and vanC) and 1 
was a quinolone resistance gene (norB). E. coli was a potential host 
for 24 ARG subtypes, 16 of which were multidrug resistance genes 

FIGURE 3

Relative abundances of the top 10 phyla in the layer chicken cecal, feather, uropygial gland and cage samples.
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(acrA, emrK, mdtA, etc.), 3 were MLS resistance genes (msrC, vatD, 
vatE and vgaD), 2 were tetracycline resistance genes (tetQ and 
tetX), 1 was a β-lactam resistance gene (ampC) and 1 was a 
vancomycin resistance gene (vatC). B. fragilis was a potential host 
for 13 ARG subtypes, such as acrA and emrB. In addition, 
Intestinimonas butyriciproducens and Clostridioides difficile were 
the predominant hosts and harbored most of the diverse ARG 
subtypes for multidrug resistance. Figures  7B-D shows the 11 
bacteria with the highest number of resistance gene types. The 
results show that the relative abundances of K. pneumoniae and 
E. coli gradually decreased, but those of L. salivarius L. bacterium 
KGMB03038 gradually increased. These results suggest an extensive 

exchange of antibiotic-resistant bacteria between layer chickens 
and their surrounding environments.

4. Discussion

By the metagenomic shotgun sequencing method, we identified 
650 ARGs across layer chicken cecal, feather and cage samples on days 
5, 30, and 57, and more diverse ARGs were observed in the cage and 
feather samples than in the layer chicken cecal sample. A total of 123 
ARGs were shared among all samples, and these were mainly 
multidrug resistance genes and tetracycline resistance genes. The 

FIGURE 4

β-Diversity of the cecal, feed, maternal fecal, uropygial gland, feather, water, air and cage samples. Bray–Curtis dissimilarity was calculated using the 
abundance of ASVs.
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contribution rates of 123 shared ARGs to the gut ARGs of layer 
chickens were all more than 82%, suggesting that the environment is 
an important contributor to the gut ARGs in layer chickens (Ding 
et al., 2022).

The number and total abundance of gut ARGs in layer chicken 
decreased significantly over time, consistent with previous studies 
showing that the fecal ARG abundance in the brooding period was 
higher than that in the growing period (Zhu et  al., 2021). The 

microbial community was the key factor that directly affected the 
ARGs (Wang et  al., 2020). We  identified ARG hosts using 
metagenomic assembly-based host-tracking analysis. The results 
showed that K. pneumoniae, E. coli, I. butyriciproducens and C. difficile 
were the main host bacteria of ARGs. The relative abundance of these 
ARG-carrying bacteria gradually decreased in the layer chickens, 
which may explain the decrease in total ARG abundance. It has been 
suggested that K. pneumoniae has a flexible ability to accumulate and 

FIGURE 5

Dynamic contributions of different microbial sources to the layer chickens cecal microbiota during the first 57 days. The proportion of the microbiota 
from cecal samples of layer chicken was estimated as originating from different sources (colored regions) using bacterial source tracking.

FIGURE 6

Transmission of microbes and ARGs from feathers and cages to the layer chicken cecum. (A) Predicted proportions of ARGs in the layer chicken gut 
microbiota at different days after hatching (5, 30, and 57) that originated from their feathers and cages. (B) Proportion of the microbiota from the cecal 
samples of layer chickens at different days estimated as having originated from the uropygial gland, feather and cage. (C) Microbial species 
transmission network from the feather and cage to the layer chicken cecum. The red square depicts the intestine (different days are displayed in the 
center of each node), circles indicate transmitted species, connecting arrows represent the transmission events, and the edge thickness is equivalent to 
the magnitude of the contribution.
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switch resistance and is the host of many ARGs; together with other 
highly important multidrug-resistant pathogens, it has been classified 
as an ESKAPE organism (Navon-Venezia et al., 2017). In our study, 
we found that K. pneumoniae was the host of 32 ARGs. In addition, 
E. coli is also a common host of ARGs; antibiotic-resistant E. coli 
strains carrying different ARGs have been widely studied as possible 
environmental pollutants in recent years, and their dissemination 
poses potential risks to human health (Power et al., 2016; Chika et al., 
2019; Zhang et al., 2020). We found that E. coli harbored 24 ARGs, 
including acrA, tetX, and lmrB. Zhou et al. (2020) found that the 
poultry microbial community shifts after antibiotic administration 
were mainly induced by increased abundances of the families 
Escherichia/Shigella and Klebsiella. However, no antibiotics were used 
during the whole experiment, and the relative abundance of 
Escherichia peaked at day 5, which was gradually replaced by the 
probiotic Bacteroides. This suggests that banning the use of antibiotics 
plays a positive role in maintaining gut microbial homeostasis and 
reducing ARG levels in laying hens. It is worth noting that this study 
found that probiotics (e.g., B. fragilis) are also potential hosts. It has 
been shown that polysaccharide A (PSA) of B. fragilis is the 
archetypical example of a commensal molecule that can modulate the 
host immune system in health and disease (Erturk-Hasdemir and 
Kasper, 2018). In this experiment, we found that B. fragilis is the host 
for tetQ and tetS. This suggests that probiotics may contain ARGs. 

Feeding with probiotics carrying a high abundance of ARGs may 
further increase the risk of ARG transmission in the environment.

Furthermore, through SourceTracker analysis of the sources of 
related ARGs and microbes, it was found that the environment 
contributed more to the shaping of the gut microbiota, and the 
contribution of adult hen to the layer chickens only 2.5% at day7.
However the cecal microbiota of chicks remaining in contact with an 
adult hen developed quickly and within a week reached a composition 
similar to that observed in adult hen (Kubasova et al., 2019). This was 
mainly because in commercial laying hen production, the microbes 
attached to the surface of the eggshell are killed because of the 
treatment of eggs (disinfection and fumigation) before hatching 
(Videnska et al., 2014). Direct contact between chicks and parents after 
hatching does not occur as in wild birds, so the external environment 
plays a vital role in shaping the gut microbial community in layer 
chickens (Maki et al., 2020). In this study, beta and SourceTracker 
analysis revealed that layer chicken gut microbes were more similar to 
feather and uropygial gland microbes after hatching, which has not 
been reported previously. We speculate that this may be related to the 
commercial production mode, in which layer chickens that hatch at 
the same time are usually fed together and are afraid of the cold, easily 
frightened and have a clustering habit (Appleby et  al., 2004). In 
addition, compared with free layer chickens, caged layer chickens feed 
daily due to their appetite, so the nutritional needs of layer chickens 

FIGURE 7

Microbial (species-level) attributions of ARGs. (A) The connecting line between two points indicates an affiliation. For example, emrk is linked to 
Escherichia coli, indicating that Escherichia coli contained emrk. The large nodes represent bacterial phyla, and the small nodes represent ARG types. 
The nodes are colored in accordance with the ARG types or phyla. (B-D) Relative abundances of the top 11 ARG-carrying bacteria with the largest 
number of ARG type variations over time [Proteobacteria (B), Bacteroidetes (C) and Firmicutes (D)].
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can be  satisfied sooner, while the feeding density is large and the 
activity space is restricted, thus causing layer chicken psychological 
tension and anxiety, which can easily induce feather pecking and anal 
pecking (Tahamtani et al., 2022). Therefore, feather and uropygial 
gland microbes, including E. coli, K. pneumoniae and C. butyricum, are 
more likely to be transmitted to the gut for colonization. Among them, 
K. pneumoniae and E. coli are the main hosts of ARGs. It is worth 
noting that the SourceTracker results of the ARGs were similar to 
those of microorganisms. Early ARGs came mainly from feathers. 
These results suggest that the early gut ARGs in layer chickens may 
originate via the transmission of microbes from feathers.

However, cage microbes gradually became the major source of gut 
microbes in layer chickens. Although the cage was cleaned and 
disinfected before raising chickens, the frequent activities of layer 
chickens in the cage created a unique microbial environment. Studies 
have shown that feather pecking is negatively correlated with ground 
pecking and that a decrease in feather pecking is associated with an 
increase in ground pecking (Aneja et  al., 2008). Frequent ground 
pecking in poultry leads to horizontal transmission of microbes, and 
cage microbes may originate from the feces of layer chickens, dust in the 
air, water and feed residues. However, the contribution of air and water 
bacteria to the colonization of the layer chicken cecum was very low in 
our study. The reason for this may be that the aerobic bacteria in the air 
did not adapt well to the anaerobic environment of the layer chicken gut. 
Volf et al. (2021) found that the feed microbiota and water microbiota 
were not the major sources of gut anaerobes for chickens in commercial 
production. Litter microbes have a great influence on poultry gut 
microbes in commercial production (Wang et al., 2016). Cressman et al. 
(2010) showed the cycling of certain bacteria between the litter and gut 
of poultry. The same results were found in commercially produced 
lambs and piglets (Bi et al., 2019; Chen et al., 2020). The results showed 
that the early gut was more easily colonized by cage microbes when the 
chicks were not in contact with their parents. The frequent exchange of 
ARG-carrying bacteria between the gut and cage of layer chickens may 
lead to the accumulation of ARGs in the gut and the environment, 
posing a threat to animal and environmental safety.

Although, in this study, we carried out comprehensive sampling 
of commercial layer chickens, the samples were used for SourceTracker 
analysis of gut microbes and ARGs in layer chickens, and the study 
still had several limitations. For example, since the experimental site 
was a brood farm, samples could not be collected during the laying 
period for a more comprehensive and systematic assessment of 
microbial and ARG transmission.

Despite these shortcomings, we can still provide some suggested 
management strategies for layer chickens. In daily management, (1) 
attention should be given to reducing the stimulation of layer chickens 
and reducing rearing density to reduce the feather pecking and anal 
pecking behavior of layer chickens. (2) The cages should be kept clean 
and hygienic, and any remaining feces and food residues in the cages 
should be  promptly removed. This will not only reduce the 
transmission of ARGs and ARG host bacteria from the environment 
to the layer chicken gut but also help improve animal welfare.

5. Conclusion

There was a high relative abundance of ARGs in the layer chicken 
cecal, feather and cage samples, including ARGs that confer resistance 

to multiple drugs, such as tetracycline, aminoglycosides, and 
β-lactams. The layer chicken cecal ARGs originated mainly from 
cage. The variations in ARG profiles in layer chicken cecal samples 
and identified the bacterial species that primarily influence these 
changes, including K. pneumoniae, E. coli, B. fragilis, and B. dorei Our 
findings indicate that these bacteria are mainly transmitted from the 
cage to the layer chicken cecum. The cycling of ARG-carrying 
bacteria between these two environments may result in the 
accumulation of ARGs in the gut and cage environment, ultimately 
posing a potential risk to animal health. It is noteworthy that 
B. fragilis is an opportunistic pathogen that may cause diarrhea in 
laying hens, suggesting that the transmission of opportunistic 
pathogens may pose a dual risk. However, further experiments are 
needed to verify this risk. These results can provide reference data for 
the healthy breeding of layer chickens and the prevention and control 
of ARG pollution.
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