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The gut microbiota of chickens plays an important role in host physiology. However, the colonization and prevalence of gut microbiota have not been well-characterized. Here, we performed 16S rRNA gene sequencing on the duodenal, cecal and fecal microbiota of broilers at 1, 7, 21, and 35 days of age and characterized the dynamic succession of microbiota across the intestinal tract. Our results showed that Firmicutes was the most abundant phylum detected in each gut site at various ages, while the microbial diversity and composition varied among the duodenum, cecum, and feces at different ages. The microbial diversity and complexity of the cecal microbiota increased with age, gradually achieving stability at 21 days of age. As a specific genus in the cecum, Clostridium_sensu_stricto_1 accounted for 83.50% of the total abundance at 1 day of age, but its relative abundance diminished with age. Regarding the feces, the highest alpha diversity was observed at 1 day of age, significantly separated from the alpha diversity of other ages. In addition, no significant differences were observed in the alpha diversity of duodenal samples among 7, 21, and 35 days of age. The predominant bacterium, Lactobacillus, was relatively low (0.68–6.04%) in the intestinal tract of 1-day-old chicks, whereas its abundance increased substantially at 7 days of age and was higher in the duodenum and feces. Escherichia-Shigella, another predominant bacterium in the chicken intestinal tract, was also found to be highly abundant in fecal samples, and the age-associated dynamic trend coincided with that of Lactobacillus. In addition, several genera, including Blautia, Ruminiclostridium_5, Ruminococcaceae_UCG-014, and [Ruminococcus]_torques_group, which are related to the production of short-chain fatty acids, were identified as biomarker bacteria of the cecum after 21 days of age. These findings shed direct light on the temporal and spatial dynamics of intestinal microbiota and provide new opportunities for the improvement of poultry health and production.
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INTRODUCTION

As a high-quality source of animal protein, chicken meat is an important component of a healthy and well-balanced diet for humans (1). The demand for chicken products has grown rapidly in recent decades (2). More than 72 billion broiler chickens were produced in 2019 (FAOSTAT), making chicken meat widely available and more affordable than other meats. With the global population approaching 8 billion people, ensuring an adequate supply of safe food has become increasingly important, especially for developing countries.

The intestinal microbiota is crucial for host health and productivity (3). Previous studies have demonstrated that specific gut microbiota was strongly linked to chicken phenotypes such as feed efficiency (4) and fat deposition (5). Lactobacillus strains inhabit the chicken gut microbiota and express antimicrobial activities that participate in the gastrointestinal tract (GIT) system of defense of the host (6, 7). Salmonella and Campylobacter contamination is highly prevalent in poultry production, and poultry is often implicated as a main source of human infection (8–11).

However, the microbial composition of the chicken GIT is not static but presents temporal variations related to age (12). Videnska et al. (13) suggested four distinct developmental phases of the cecal microbiota in egg-type chickens in their production cycle. In meat-type chickens, several studies revealed a succession of bacterial communities and an increasing microbial diversity in different compartments of the GIT during growth (14, 15). Newly hatched chicks with small amounts of bacteria are susceptible to environmental conditions, and the composition of their intestinal microbiota is largely dependent on the surrounding environment (16). The establishment of the gut microbiota occurs quickly and is primarily colonized by facultative anaerobes. The simple microbiota gradually transits to complex and obligate anaerobes with age and eventually reaches a relatively stable dynamic state (6, 12, 15).

In addition, the chicken GIT is composed of many different regions, and each region plays a unique role in nutrient digestion and absorption and harbors its own unique microbial composition (6, 17, 18). Chickens have two paired ceca, and both harbor similar bacterial communities (17). The cecum has attracted the most attention because of its high microbial density and metabolism-related functions, acting as a key region for bacterial fermentation of nondigestible carbohydrates (19). Most of the cecal microorganisms are obligate anaerobes, including Clostridium, Bacteroides, and Ruminococcus (20). The small intestine, including the duodenum, jejunum, and ileum, where nutrients are primarily digested and absorbed, contains lower numbers of microorganisms and tends to be colonized primarily by acid-tolerant and facultative anaerobes such as Lactobacillus, Enterococcus, and Streptococcus (21, 22). The composition of the fecal microbiota largely fluctuates depending on varying contributions of microbiota from different gut segments (23). Owing to the convenience and non-invasiveness of fecal sampling, feces is a common proxy for the gut microbial community.

Therefore, the objective of the present study was to compare the microbial composition of the duodenum, cecum and feces at four timepoints: 1, 7, 21, and 35 days of age. A detailed understanding of the spatial-temporal succession of the gut microbial composition could help to develop new interventions to optimize the gut microbiota that would ultimately improve production performance.



MATERIALS AND METHODS


Animal and Sample Collection

Male Arbor Acres broilers (n = 57) from a single hatch were raised in individual cages at the Poultry Genetic Resource and Breeding Experimental Unit of China Agricultural University. Birds were provided with ad libitum access to water and fed with two soybean-corn diets (Supplementary Table 1) from 1 day post-hatching to 5 weeks old. No drugs, prebiotics, probiotics, and antibiotics were used during the experimental period. In addition, we didn't use any vaccine because vaccines can also have a profound effect on the gut microbiota. The body weight of each bird was measured weekly with an electronic scale (to the nearest 5 g). As shown in Figure 1, chickens were sampled at 1, 7, 21, and 35 days of age (six individuals per age). On each sampling day, fresh fecal samples from each bird were collected by laying sterile plastic plates on the cage floor, and the droppings were collected as soon as excreta were discharged. The middle of the feces was collected to avoid environmental contamination. Birds were then euthanized by cervical dislocation followed by decapitation. Both the digesta and mucosa were sampled based on the consideration that the microbes from both sources may contribute to host interactions with respect to nutrient metabolism and immunity (24). The details of the collection of duodenal and cecal samples have previously been described by Yan et al. (25). In the duodenum, 6 samples at 1 day of age, 1 sample at 7 days of age and 1 sample at 21 days of age were excluded due to insufficient sample amount. A total of 64 intestinal samples remained for further DNA extraction and 16S rRNA gene sequencing. All samples were stored at−80 °C immediately after sample collection.


[image: Figure 1]
FIGURE 1. Schematic of the study design for assessing the influence of different timepoints or gut sections on chicken microbiota. Each sampling day is depicted in orange circles, and the number of birds at different timepoints is also shown. Six chickens were randomly selected for sample collection of the duodenum, cecum, and feces of each bird. The number of gut samples with sufficient sample amount for 16S rRNA sequencing is shown in the dashed box.




DNA Extractions and 16S rRNA Gene Sequencing

Microbial DNA was extracted by using a QIAamp Stool Minikit (Qiagen, D4015-01, Hilden, Germany) according to the manufacturer's recommendations. The completeness of the DNA extract was checked by 1% agarose gel electrophoresis, and the final DNA concentration and purification were determined using a Nanodrop instrument (Thermo Fisher Scientific, Waltham, MA, USA).

PCR (polymerase chain reaction) amplification of the V4 region of the 16S rRNA gene was performed using the forward primer 515F (GTGYCAGCMGCCGCGGTAA) and the reverse primer 806R (GGACTACHVGGGTWTCTAAT). PCR was performed using ABI GeneAmp® 9700 (Applied Biosystems, Foster, CA, USA), and the reaction volume contained 4 μl 5× TransStart FastPfu buffer, 2 μl 2.5 mM dNTPs, 0.8 μl 5 μM forward primer, 0.8 μl 5 μM reverse primer, 0.4 μl TransStart FastPfu DNA polymerase, 0.2 μl BSA, 10 ng template DNA and ddH2O up to 20 μl. The PCR program was as follows: 95°C for 3 min, 27 cycles of 95°C for 30 s, 55°C for 30 s and 72°C for 45 s with a final extension of 72°C for 10 min (26).

The PCR product was extracted from a 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to the manufacturer's instructions and quantified using a Quantus™ Fluorometer (Promega, USA). After quantification, equimolar amounts of PCR products were pooled for paired-end sequencing, performed on the Illumina MiSeq PE300 platform according to the standard protocols by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).



Analysis of 16S rRNA Sequencing Data

The raw 16S rRNA gene sequencing reads were quality-filtered by fastp (ver 0.20.0) with default parameters (27) and merged by FLASH (ver 1.2.11) (28) according to the following criteria: (a) the 300 bp reads were truncated at any site receiving an average quality score of <20 over a 50-bp sliding window, and the truncated reads shorter than 50 bp were discarded. Reads containing ambiguous characters were also discarded; (b) only overlapping sequences longer than 10 bp were assembled according to their overlapping sequence. The maximum mismatch ratio of the overlapping region was 0.2, and unassembled reads were discarded; and (c) the number of primer mismatches was <2.

The resultant data were clustered by UPARSE (ver 7.1) to harvest operational taxonomic units (OTUs) with identities of >97% and filter chimera from the dataset. Sequencing data were then mapped to the Silva database (Release132) by RDP Classifier (ver 2.2) (29) using a confidence threshold of 0.7 (30). The singleton OTUs were discarded because they were generated mainly by sequencing errors.



Characterizing the Spatial and Temporal Changes of the Gut Microbiota

An OTU count matrix was used to calculate the microbial diversity. The Shannon index and Simpson index were calculated to describe the community diversity and evenness of the gut microbial community using the vegan package (31) in R project (ver 4.0.2). To compare the differences in the alpha diversity index among groups, pairwise comparisons were conducted with the Wilcoxon rank-sum test. Principal coordinate analysis (PCoA) was conducted based on Bray–Curtis dissimilarities. The different groups were statistically compared through analysis of similarity (ANOSIM) with 999 permutations in the vegan package. The dynamics of the GIT microbiota at the phylum, family, and genus levels were presented in the form of alluvial diagrams and stacked histograms, respectively. A union set of genera with a mean relative abundance >2% in each gut section and timepoint was calculated. Linear discriminant analysis effect size (LEfSe) was performed to identify the bacteria enriched in different gut sections and different timepoints (32). The differences in features were identified at genus. The LEfSe analysis conditions were as follows: (1) the alpha value for the factorial Kruskal-Wallis test among classes was <0.05; (2) the alpha value for the pairwise Wilcoxon rank-sum test among subclasses was <0.05; (3) the threshold on the logarithmic LDA score for discriminative features was <4.0; and (4) multiclass analysis was set as all-against-all.




RESULTS


Characterization of Host Phenotypes and Sequencing Output

The body weight of birds from hatching to 5 weeks of age was visualized in Supplementary Figure 1. Body weight increased rapidly from 14 days of age to 35 days of age and reached an average of 1,941.23 ± 224.37 g at the end of the trial.

A total of 64 samples collected from 1 day post hatching to market age (35 days of age) were analyzed to characterize the temporal and spatial dynamics of the gut microbiota (Figure 1). A total of 3,378,731 quality-filtered sequences were generated with an average of 52,793 reads per sample (Supplementary Table 2). These sequences were clustered into 1,057 OTUs and subsequently classified into 22 phyla, 37 classes, 100 orders, 178 families, 406 genera, and 580 species.



Diversity and Composition of the Gut Microbiota

As shown in Figure 2, the Shannon index and Simpson index, which represent community richness and evenness, respectively, showed the same trend in different gut sections. In the feces, a high community diversity was exhibited at 1 day of age compared with the community diversity of other ages in this study. The high community diversity dropped dramatically at 7 days of age and increased at 21 days of age. Although, the community diversity of the fecal microbiota decreased at 35 days of age, no significant difference was observed compared with 21 days of age (p > 0.05, Supplementary Table 3). In the duodenum, the community diversity at 7 days of age was the highest and decreased at 21 days of age, while no significant changes were found between these two ages (p > 0.05, Supplementary Table 3). The results of the cecum demonstrated that the community diversity increased over time, reached the highest level at 21 days of age and then stabilized (Supplementary Table 3). Moreover, the cecum had higher community diversity than the other two sample types after 1 day of age (p < 0.05, Supplementary Table 4).


[image: Figure 2]
FIGURE 2. Age-related dynamics of alpha diversity measurements based on the Shannon index (A) and Simpson index (B) across three intestinal segments. The center point indicates the mean value in the corresponding group, and the data are expressed as the mean ± SE.


The PCoA plot showed an obvious difference among different gut sections at 1, 7, 21, and 35 days of age (Figures 3A,B), and ANOSIM confirmed this separation (p < 0.05, Supplementary Table 5) except between the duodenal and fecal samples at 7 days of age (p > 0.05, Supplementary Table 5). The microbial community structure exhibited clear differences among ages (Figure 3C). In the cecum, samples were clustered at 1, 7, 21, and 35 days of age (R > 0.79, p < 0.01, Supplementary Table 6). The gut microbiota of the feces was significantly divergent among 1, 7, and 21 days of age (p < 0.01, Supplementary Table 6). In the duodenum and feces, samples at 21 days of age were indistinguishable from those at 35 days of age. The results from ANOSIM showed that the duodenal microbial structure between 21 and 35 days of age was similar (R < 0.15, p > 0.05, Supplementary Table 6). A similarity of microbial communities was also found in the feces between the two ages.


[image: Figure 3]
FIGURE 3. Principal coordinate analysis plot generated using OTU metrics based on Bray-Curtis dissimilarities. (A) Principal coordinate analysis plot of all samples according to age and gut sites. Each point represents a sample. (B) Principal coordinate analysis plots across gut sites. (C) Principal coordinate analysis plots across timepoints.


The shared taxa at all timepoints in the duodenum, cecum and feces were deemed to be core bacterial microbiota and were shown by a Venn diagram. We observed that 331 OTUs were shared across all timepoints in the duodenum, 228 in the cecum and 202 in the feces (Figure 4). These OTUs represented high proportions of sequences in all subgroups except cecal samples at 1 day of age (Supplementary Figure 2), indicating that the most abundant members detected in these groups belonged to the core microbiota. Moreover, the number of common OTUs between 21 and 35 days of age at different sites was higher than the number of common OTUs in the other groups (Figure 4).


[image: Figure 4]
FIGURE 4. Venn diagram illustrating core OTUs across different timepoints in duodenal (A), cecal (B), and fecal (C) samples.


At the phylum level, microbiota displayed different abundances with respect to age (Figure 5 and Supplementary Table 7). The three gut segments had similar dominant phyla, in which Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes were the top four phyla. Firmicutes was the most abundant phylum, followed by Proteobacteria, across each age group, and these phyla accounted for more than 90% of the total sequences. Lactobacillaceae was the most abundant family in the duodenum and feces except 1 day of age in the feces. The cecum became populated by family Clostridiaceae immediately after hatching. A week later, the members of family Lachnospiraceae and Ruminococcaceae became predominant (Supplementary Figure 3 and Supplementary Table 8). Among the top 32 genera with over 2% abundance, 22 belonged to the phylum Firmicutes. The distribution and dynamics of relative abundance among different bacterial genera were shown in Figure 6. In the duodenum and feces, the genus Lactobacillus dominated the bacterial community, except for fecal samples at 1 day of age. Escherichia-Shigella accounted for a large proportion of the feces (17.16–32.78%) after 1 day of age. Interestingly, Clostridium_sensu_stricto_1 accounted for 83.50% of the total sequences in the cecum at 1 day of age but decreased substantially thereafter (Supplementary Table 9).


[image: Figure 5]
FIGURE 5. Age-related dynamics of the top four predominant microbial phyla grouped by gut sites. The average abundance of each group is shown in an alluvial plot.



[image: Figure 6]
FIGURE 6. Relative abundance of predominant genera of groups in different gut sites. Only the genera with an average abundance of over 2% in each group are shown with annotation information.




The Segment- and Age-Related Bacteria

Because the microbial diversity and composition of samples were similar between 21 and 35 days of age, the genera identified to be significantly representative of each gut section were taken by LEfSe at these two timepoints (Figure 7). We identified Escherichia-Shigella as a biomarker of 21 and 35-day-old broilers (LDA effect size > 4) in the feces and Acinetobacter in the duodenum. Five genera, including Alistipes, Blautia, Ruminiclostridium_5, Ruminococcaceae_UCG-014, and [Ruminococcus]_torques_group, were significantly enriched in the cecum at both 21 and 35 days of age. Interestingly, Butyricoccus was a significantly representative genus of the cecum at 21 days of age; however, Butyricoccus was a biomarker of the feces at 35 days of age. Furthermore, the genera identified to be representative microbiota of each time point in the duodenum, cecum and feces were also shown in Supplementary Figure 4. Clostridium_sensu_stricto_1 was the most significant biomarker of 1 day of age in the cecum.


[image: Figure 7]
FIGURE 7. LEfSe results for the duodenal, cecal, and fecal microbiota at 21 (A) and 35 (B) days of age. Only LDA scores above 4 are shown.




The Dynamics of Predominant and Segment-Related Bacteria

The temporal and spatial dynamics of the predominant and segment-related genera were shown in Figure 8. The genera Lactobacillus and Escherichia-Shigella persisted throughout life, and their colonization followed an age-specific pattern. Lactobacillus was listed as a numerically dominant genus in the duodenum and feces but presented much lower abundance in cecal samples. Similar dynamic changes of Lactobacillus among ages were detected in three gut segments. The relative abundance of Lactobacillus was low on the first day, substantially increased until 7 days of age, declined at 21 days of age, and revived thereafter. The age-associated dynamic trend of Escherichia-Shigella coincided with that of Lactobacillus. Escherichia-Shigella was found to have a higher abundance in the feces than in cecal and duodenal samples.


[image: Figure 8]
FIGURE 8. The temporal and spatial dynamics of predominant and segment-related genera in the duodenum (D), cecum (C), and feces (F). The average abundance of each group is presented in a bar graph.


Microbial biomarkers for the cecum included Clostridium_sensu_stricto_1, Alistipes, Blautia and three genera from the family Ruminococcaceae (Ruminiclostridium_5, Ruminococcaceae_UCG-014 and [Ruminococcus]_torques_group), whose abundances were altered with age (Figure 8). The relative abundance of Clostridium_sensu_stricto_1 in the cecum was 83.50% at 1 day of age and then sharply decreased to <0.01% at 7 days of age. In addition, Butyricicoccus was present in the cecum and feces with an increasing relative abundance across age. In the duodenum, Butyricicoccus was observed with the highest abundance at 7 days of age.




DISCUSSION

The chicken gut microbiome is considered to play important roles in host nutrition absorption, development of immunity, and disease resistance and has received growing attention (33, 34). Gaining an insight into how the microbiota changes over time and the differences among gut segments may help to better comprehend the microbial ecology of the chicken gut and further improve chicken nutrition, disease resistance, and productivity. We herein compared the microbial diversity and composition of the duodenum, cecum and feces from 1 day post-hatching to 35 days of age in broilers.

The diversity of the cecal microbial community was higher than the diversity of other gut segments after 7 days of age, and similar findings were reported by Wen et al. (5) and Xiao et al. (35). Community richness of the cecum increased rapidly during the early growth stage and remained relatively constant, which was in accordance with previous study in chicken (12). We confirmed that microbiota in the cecum became progressively divergent with age and was more diverse and complex than the microbiota of other gut segments (36). Inconsistent with the cecum, high community diversity in feces at the beginning of life was in agreement with findings in broilers (37), indicating a rapid intake of environmental organisms after birth. In the duodenum, no significant changes were found in alpha diversity across time. It can be inferred that the patterns of gut microbial diversity differed with the intestinal segment in our study.

Beta diversity displayed distinct clusters separating the microbiota of subgroups, which supported the importance of age (38) and gut sites (39) in affecting the gut microbiome. The gut microbiota extracted from samples collected at 21 and 35 days of age clustered in close proximity and exhibited similar community diversity and composition. Age-associated changes in the gut microbiota may reveal that the colonization of microbiota is dynamic, and the succession of microorganisms can be affected by diet, defense against disease and interaction with the host or one another; then, the microbial community becomes more diverse until it reaches a state of relative equilibrium (6).

Based on the findings in this study and clues from previous reports, we proved that the gut microbiota of broilers was dominated by the phyla Firmicutes and Proteobacteria in the duodenum, cecum and feces during different growth stages (12, 15). The succession of communities was different in each gut segment, and the cecal microbiota was initially formed by predominantly Clostridium_sensu_stricto_1 which diversified over time to contain dominant representatives of family Lachnospiraceae and Ruminococcaceae, with smaller numbers of other taxonomies (13, 40). Microbial communities in chickens, as previous studies have shown, are initially dominated by members of the families Enterobacteriaceae and Clostridiaceae (41, 42), which serve as founding species for chicken gut microbial communities. Clostridium_sensu_stricto_1, belonging to the family Clostridiaceae, exhibited significantly higher abundance at 1 day of age than at any other age due to its ubiquity in the environment, whereas its abundance decreased sharply with the rapid growth of the gastrointestinal tract in chickens (12, 40). We hypothesized that Clostridium_sensu_stricto_1 acted as a member of the founding species and that it decreased with the colonization of other microorganisms. Furthermore, Clostridium_sensu_stricto_1 has been reported to be correlated with necrotic enteritis (43), and perhaps the lack of a sound immune system and acute environmental susceptibility in 1-day-old broilers resulted in the high abundance.

At the genus level, we focused on the succession of several predominant genera and found that Lactobacillus featured more prominently throughout most of the timepoints in chicken gut segments other than the cecum (44). In addition, Lactobacillus has been reported to play a prominent role in improving chicken feed efficiency (45), and bacteria of the genus were recognized as an important candidate for probiotics (46, 47). The dynamic succession of Lactobacillus was expected as previous studies conducted on developing chicken microbiome and showed that Lactobacillus initially accounted for an average of low abundance, which maintained a relatively high abundance, fluctuating thereafter in the duodenum (48) and feces (12). Escherichia-Shigella is another genus that is universally found in chicken GIT and feces (45, 49). Escherichia-Shigella belongs to the family Enterobacteriaceae and is generally found in higher proportions in broiler feces than in cecal samples (50). Escherichia-Shigella has been recognized to be negatively correlated with growth and fat digestibility in broilers (51). Moderate antibiotics (52) and supplementation with organic acids (53) are capable of inhibiting Escherichia-Shigella and promoting the growth performance of poultry. The increasing concentration of short-chain fatty acids in the broiler cecum has been suggested to be responsible for the decline of Enterobacteriaceae during growth (54).

The cecum is a complex ecosystem that includes a highly varied microbiome, within which the cecum functions as a fermenter for decomposing the most indigestible residues to generate short-chain fatty acids (SCFAs) (19, 55). SCFAs are absorbed transepithelially to supply energy requirements for chickens (56). The production of SCFAs in the chicken gut has been shown to be able to act as an indicator of the presence of bacterial groups that are beneficial to health and growth performance (57, 58).

A number of SCFA producers which belong to the family Ruminococcaceae, including Ruminiclostridium_5, Ruminococcaceae_UCG-014, and [Ruminococcus]_torques_group, were significantly enriched in the cecum. These bacteria are considered as dominant players in the degradation of diverse polysaccharides and fibers (59, 60). Ruminiclostridium_5 and [Ruminococcus]_torques_group were found to be related to fat deposition (52, 61), while Ruminococcaceae UCG-014 was linked to the maintenance of gut health and was able to degrade diverse cellulose and hemicellulose with enzymatic capability (62). The genera Blautia and Butyricicoccus were also recognized as cecal biomarkers in our study. Bacteria in the Blautia genus, producing acetic acid via acetyl-CoA from pyruvate and the Wood-Ljungdahl pathway by fermenting glucose and indigestible diet fiber (63–65), have been reported to be associated with obesity (66). Butyricicoccus is a potential active component of probiotic formulations (67) and a producer of SCFAs, especially butyrate (68). Similar to previous study in the broiler cecum, the proportion of genus Butyricicoccus showed highly positive correlations with age, corresponding to the growth and development of the body (69).

Different segments of the GIT vary immensely in oxygen content (70), and the aerobic conditions in the duodenum afford an opportunity for the growth of aerobic bacteria. Acinetobacter, a strictly aerobic bacterium, is one of the genera represented with high abundance in the duodenum (71).

In summary, our study profiled the microbial communities of the duodenum, cecum, and feces, and we confirmed that the gut microbiota was altered with growth and different gut segments. The community diversity of the cecum increased rapidly over time and gradually reached a relatively stable state. LEfSe analysis further identified several genera as distinct gut segment biomarkers, notably associating the cecum with the elevated occurrence of SCFA-producing bacteria. In addition, the temporal and spatial dynamics of several predominant and segment-related genera were described, which could lead to a greater understanding of the microbial ecology of the chicken gut.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number can be found below: NCBI Sequence Read Archive under BioProject ID PRJNA731064.



ETHICS STATEMENT

The complete procedure was performed following recommendations for the regulations and guidelines established by the Animal Care and Use Committee of China Agricultural University (permit number: SYXK 2015-0028).



AUTHOR CONTRIBUTIONS

NY and CW designed the study. QZ, XL, WY, CS, and JL collected the samples. QZ and FL analyzed the data and wrote the manuscript. CW assisted in data analyzing. NY and CW contributed to the revisions. All authors read and approved the final manuscript.



FUNDING

This research was funded by the National Natural Science Foundation of China (31930105) and China Postdoctoral Science Foundation (2020M680028 and 2021T140711).



ACKNOWLEDGMENTS

We thank Jingwei Yuan, Liang Fu, Zhongyang Yuan, Fengning Li, and Mengting Deng for assistance with the sample collection.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2021.712226/full#supplementary-material

Supplementary Figure 1. Change curves of body weight from hatching to market age of broilers.

Supplementary Figure 2. The percentage of core OTUs and sequences represented by these OTUs in duodenal (A), cecal (B), and fecal (C) samples.

Supplementary Figure 3. Relative abundance of the top 14 predominant families of groups in different gut sites. Only the families with an average abundance of over 10% in each group are shown with annotation information.

Supplementary Figure 4. LEfSe results for different timepoints in duodenal (A), cecal (B), and fecal (C) samples. Only LDA scores above 4 are shown.

Supplementary Table 1. Ingredients and nutrient composition of diets.

Supplementary Table 2. Summary statistics of 16S rRNA gene sequencing.

Supplementary Table 3. Wilcoxon rank-sum test based on the Shannon index and Simpson index across timepoints.

Supplementary Table 4. Wilcoxon rank-sum test based on the Shannon index and Simpson index across gut sections.

Supplementary Table 5. Analysis of similarity was used to determine chicken gut microbiome dissimilarities between different gut sections at four timepoints based on Bray-Curtis distances.

Supplementary Table 6. Analysis of similarity was used to determine chicken gut microbiome dissimilarities between different timepoints in three gut sections based on Bray-Curtis distances.

Supplementary Table 7. The average abundance of phyla among different intestinal sections at all timepoints.

Supplementary Table 8. The average abundance of families among different intestinal sections at all time points.

Supplementary Table 9. The average abundance of genera among different intestinal sections at all time points.



REFERENCES

 1. Marangoni F, Corsello G, Cricelli C, Ferrara N, Ghiselli A, Lucchin L, et al. Role of poultry meat in a balanced diet aimed at maintaining health and wellbeing: an Italian consensus document. Food Nutr Res. (2015) 59:27606. doi: 10.3402/fnr.v59.27606

 2. Mottet A, Tempio G. Global poultry production: current state and future outlook and challenges. World Poultry Sci J. (2017) 73:245–56. doi: 10.1017/S0043933917000071

 3. Diaz CJ, Casanova NA, Fernandez MM. Microbiota, gut health and chicken productivity: what is the connection? Microorganisms. (2019) 7:374. doi: 10.3390/microorganisms7100374

 4. Wen C, Yan W, Mai C, Duan Z, Zheng J, Sun C, et al. Joint contributions of the gut microbiota and host genetics to feed efficiency in chickens. Microbiome. (2021) 9:126. doi: 10.1186/s40168-021-01040-x

 5. Wen C, Yan W, Sun C, Ji C, Zhou Q, Zhang D, et al. The gut microbiota is largely independent of host genetics in regulating fat deposition in chickens. ISME J. (2019) 13:1422–36. doi: 10.1038/s41396-019-0367-2

 6. Pan D, Yu Z. Intestinal microbiome of poultry and its interaction with host and diet. Gut Microbes. (2014) 5:108–19. doi: 10.4161/gmic.26945

 7. Tremaroli V, Backhed F. Functional interactions between the gut microbiota and host metabolism. Nature. (2012) 489:242–9. doi: 10.1038/nature11552

 8. Cox N, Richardson LJ, Bailey JS, Cosby D, Cason JA, Musgrove M, et al. “Bacterial contamination of poultry as a risk to human health,” In: Mead G, editor. Food Safety Control in the Poultry Industry. Cambridge: Wood Head Publishing Ltd (2005). p. 21–43. doi: 10.1533/9781845690236.21

 9. Hermans D, Pasmans F, Messens W, Martel A, Van Immerseel F, Rasschaert G, et al. Poultry as a host for the zoonotic pathogen Campylobacter jejuni. Vector Borne Zoonotic Dis. (2012) 12:89–98. doi: 10.1089/vbz.2011.0676

 10. Shi S, Wu S, Shen Y, Zhang S, Xiao Y, He X, et al. Iron oxide nanozyme suppresses intracellular Salmonella Enteritidis growth and alleviates infection in vivo. Theranostics. (2018) 8:6149–62. doi: 10.7150/thno.29303

 11. Wu S, Shen Y, Zhang S, Xiao Y, Shi S. Salmonella interacts with autophagy to offense or defense. Front Microbiol. (2020) 11:721. doi: 10.3389/fmicb.2020.00721

 12. Jurburg SD, Brouwer M, Ceccarelli D, van der Goot J, Jansman A, Bossers A. Patterns of community assembly in the developing chicken microbiome reveal rapid primary succession. Microbiologyopen. (2019) 8:e821. doi: 10.1002/mbo3.821

 13. Videnska P, Sedlar K, Lukac M, Faldynova M, Gerzova L, Cejkova D, et al. Succession and replacement of bacterial populations in the caecum of egg laying hens over their whole life. PLoS One. (2014) 9:e115142. doi: 10.1371/journal.pone.0115142

 14. Ranjitkar S, Lawley B, Tannock G, Engberg RM. Bacterial succession in the broiler gastrointestinal tract. Appl Environ Microbiol. (2016) 82:2399–410. doi: 10.1128/AEM.02549-15

 15. Richards P, Fothergill J, Bernardeau M, Wigley P. Development of the caecal microbiota in three broiler breeds. Front Vet Sci. (2019) 6:201. doi: 10.3389/fvets.2019.00201

 16. Ding J, Dai R, Yang L, He C, Xu K, Liu S, et al. Inheritance and establishment of gut microbiota in chickens. Front Microbiol. (2017) 8:1967. doi: 10.3389/fmicb.2017.01967

 17. Stanley D, Geier MS, Chen H, Hughes RJ, Moore RJ. Comparison of fecal and cecal microbiotas reveals qualitative similarities but quantitative differences. BMC Microbiol. (2015) 15:51. doi: 10.1186/s12866-015-0388-6

 18. Svihus B. From research measurements to application: bridging the gap: function of the digestive system. Poultry Science Association's annual meeting. San Diego, California, July 22-25, 2013. J Appl Poultry Res. (2014) 23:306–14. doi: 10.3382/japr.2014-00937

 19. Svihus B, Choct M, Classen HL. Function and nutritional roles of the avian caeca: a review. World Poultry Sci J. (2013) 69:249–64. doi: 10.1017/S0043933913000287

 20. Jin W, Huan F, Ye H, Jiping W, Jinzhao Z, Zhijiang Z. Pyrosequencing of the broiler chicken gastrointestinal tract reveals the regional similarity and dissimilarity of microbial community. Can J Anim Sci. (2016) 97:302–13. doi: 10.1139/cjas-2015-0120

 21. Choi JH, Kim GB, Cha CJ. Spatial heterogeneity and stability of bacterial community in the gastrointestinal tracts of broiler chickens. Poult Sci. (2014) 93:1942–50. doi: 10.3382/ps.2014-03974

 22. Hao WL, Lee YK. Microflora of the gastrointestinal tract: a review. Methods Mol Biol. (2004) 268:491–502. doi: 10.1385/1-59259-766-1:491

 23. Sekelja M, Rud I, Knutsen SH, Denstadli V, Westereng B, Naes T, et al. Abrupt temporal fluctuations in the chicken fecal microbiota are explained by its gastrointestinal origin. Appl Environ Microbiol. (2012) 78:2941–8. doi: 10.1128/AEM.05391-11

 24. Smith CC, Snowberg LK, Gregory CJ, Knight R, Bolnick DI. Dietary input of microbes and host genetic variation shape among-population differences in stickleback gut microbiota. ISME J. (2015) 9:2515–26. doi: 10.1038/ismej.2015.64

 25. Yan W, Sun C, Zheng J, Wen C, Ji C, Zhang D, et al. Efficacy of fecal sampling as a gut proxy in the study of chicken gut microbiota. Front Microbiol. (2019) 10:2126. doi: 10.3389/fmicb.2019.02126

 26. Cao J, Yang G, Mai Q, Zhuang Z, Zhuang L. Co-selection of antibiotic-resistant bacteria in a paddy soil exposed to As(III) contamination with an emphasis on potential pathogens. Sci Total Environ. (2020) 725:138367. doi: 10.1016/j.scitotenv.2020.138367

 27. Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics. (2018) 34:i884–i90. doi: 10.1093/bioinformatics/bty560

 28. Magoc T, Salzberg SL. FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics. (2011) 27:2957–63. doi: 10.1093/bioinformatics/btr507

 29. Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl Environ Microbiol. (2007) 73:5261–7. doi: 10.1128/AEM.00062-07

 30. Zeng XY, Li SW, Leng Y, Kang XH. Structural and functional responses of bacterial and fungal communities to multiple heavy metal exposure in arid loess. Sci Total Environ. (2020) 723:138081. doi: 10.1016/j.scitotenv.2020.138081

 31. Dixon P. VEGAN, a package of R functions for community ecology. J Veg Sci. (2003) 14:927–30. doi: 10.1111/j.1654-1103.2003.tb02228.x

 32. Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al. Metagenomic biomarker discovery and explanation. Genome Biol. (2011) 12:R60. doi: 10.1186/gb-2011-12-6-r60

 33. Kau AL, Ahern PP, Griffin NW, Goodman AL, Gordon JI. Human nutrition, the gut microbiome and the immune system. Nature. (2011) 474:327–36. doi: 10.1038/nature10213

 34. Shang Y, Kumar S, Oakley B, Kim WK. Chicken gut microbiota: importance and detection technology. Front Vet Sci. (2018) 5:254. doi: 10.3389/fvets.2018.00254

 35. Xiao Y, Xiang Y, Zhou W, Chen J, Li K, Yang H. Microbial community mapping in intestinal tract of broiler chicken. Poult Sci. (2017) 96:1387–93. doi: 10.3382/ps/pew372

 36. Mohd SM, Sieo CC, Chong CW, Gan HM, Ho YW. Deciphering chicken gut microbial dynamics based on high-throughput 16S rRNA metagenomics analyses. Gut Pathog. (2015) 7:4. doi: 10.1186/s13099-015-0051-7

 37. Lourenco JM, Rothrock Jr. MJ, Fluharty FL, Callaway TR. The successional changes in the gut microbiome of pasture-raised chickens fed soy-containing and soy-free diets. Front Sustain Food Syst. (2019) 3:35. doi: 10.3389/fsufs.2019.00035

 38. Bian G, Ma S, Zhu Z, Su Y, Zoetendal EG, Mackie R, et al. Age, introduction of solid feed and weaning are more important determinants of gut bacterial succession in piglets than breed and nursing mother as revealed by a reciprocal cross-fostering model. Environ Microbiol. (2016) 18:1566–77. doi: 10.1111/1462-2920.13272

 39. Romano-Keeler J, Moore DJ, Wang C, Brucker RM, Fonnesbeck C, Slaughter JC, et al. Early life establishment of site-specific microbial communities in the gut. Gut Microbes. (2014) 5:192–201. doi: 10.4161/gmic.28442

 40. Glendinning L, Watson KA, Watson M. Development of the duodenal, ileal, jejunal and caecal microbiota in chickens. Anim Microbiome. (2019) 1:17. doi: 10.1186/s42523-019-0017-z

 41. Ballou AL, Ali RA, Mendoza MA, Ellis JC, Hassan HM, Croom WJ, et al. Development of the chick microbiome: how early exposure influences future microbial diversity. Front Vet Sci. (2016) 3:2. doi: 10.3389/fvets.2016.00002

 42. Lu J, Idris U, Harmon B, Hofacre C, Maurer JJ, Lee MD. Diversity and succession of the intestinal bacterial community of the maturing broiler chicken. Appl Environ Microbiol. (2003) 69:6816–24. doi: 10.1128/AEM.69.11.6816-6824.2003

 43. Yang WY, Lee Y, Lu H, Chou CH, Wang C. Analysis of gut microbiota and the effect of lauric acid against necrotic enteritis in Clostridium perfringens and Eimeria side-by-side challenge model. PLoS One. (2019) 14:e205784. doi: 10.1371/journal.pone.0205784

 44. Han GG, Kim EB, Lee J, Lee JY, Jin G, Park J, et al. Relationship between the microbiota in different sections of the gastrointestinal tract, and the body weight of broiler chickens. Springerplus. (2016) 5:911. doi: 10.1186/s40064-016-2604-8

 45. Yan W, Sun C, Yuan J, Yang N. Gut metagenomic analysis reveals prominent roles of Lactobacillus and cecal microbiota in chicken feed efficiency. Sci Rep. (2017) 7:45308. doi: 10.1038/srep45308

 46. von Schillde MA, Hormannsperger G, Weiher M, Alpert CA, Hahne H, Bauerl C, et al. Lactocepin secreted by Lactobacillus exerts anti-inflammatory effects by selectively degrading proinflammatory chemokines. Cell Host Microbe. (2012) 11:387–96. doi: 10.1016/j.chom.2012.02.006

 47. Lievin-Le MV, Servin AL. Anti-infective activities of Lactobacillus strains in the human intestinal microbiota: from probiotics to gastrointestinal anti-infectious biotherapeutic agents. Clin Microbiol Rev. (2014) 27:167–99. doi: 10.1128/CMR.00080-13

 48. Liao X, Shao Y, Sun G, Yang Y, Zhang L, Guo Y, et al. The relationship among gut microbiota, short-chain fatty acids, and intestinal morphology of growing and healthy broilers. Poult Sci. (2020) 99:5883–95. doi: 10.1016/j.psj.2020.08.033

 49. Kim J, Guk JH, Mun SH, An JU, Song H, Kim J, et al. Metagenomic analysis of isolation methods of a targeted microbe, Campylobacter jejuni, from chicken feces with high microbial contamination. Microbiome. (2019) 7:67. doi: 10.1186/s40168-019-0700-z

 50. Oakley BB, Lillehoj HS, Kogut MH, Kim WK, Maurer JJ, Pedroso A, et al. The chicken gastrointestinal microbiome. Fems Microbiol Lett. (2014) 360:100–12. doi: 10.1111/1574-6968.12608

 51. Awad WA, Smorodchenko A, Hess C, Aschenbach JR, Molnar A, Dublecz K, et al. Increased intracellular calcium level and impaired nutrient absorption are important pathogenicity traits in the chicken intestinal epithelium during Campylobacter jejuni colonization. Appl Microbiol Biotechnol. (2015) 99:6431–41. doi: 10.1007/s00253-015-6543-z

 52. Xiong W, Wang Y, Sun Y, Ma L, Zeng Q, Jiang X, et al. Antibiotic-mediated changes in the fecal microbiome of broiler chickens define the incidence of antibiotic resistance genes. Microbiome. (2018) 6:34. doi: 10.1186/s40168-018-0419-2

 53. Hu Y, Wang L, Shao D, Wang Q, Wu Y, Han Y, et al. Selectived and reshaped early dominant microbial community in the cecum with similar proportions and better homogenization and species diversity due to organic acids as AGP alternatives mediate their effects on broilers growth. Front Microbiol. (2019) 10:2948. doi: 10.3389/fmicb.2019.02948

 54. van Der Wielen PW, Biesterveld S, Notermans S, Hofstra H, Urlings BA, van Knapen F. Role of volatile fatty acids in development of the cecal microflora in broiler chickens during growth. Appl Environ Microbiol. (2000) 66:2536–40. doi: 10.1128/AEM.66.6.2536-2540.2000

 55. Marounek M, Suchorska O, Savka O. Effect of substrate and feed antibiotics on in vitro production of volatile fatty acids and methane in caecal contents of chickens. Anim Feed Sci Tech. (1999) 80:223–30. doi: 10.1016/S0377-8401(99)00065-6

 56. Jozefiak D, Rutkowski A, Martin SA. Carbohydrate fermentation in the avian ceca: a review. Anim Feed Sci Tech. (2004) 113:1–15. doi: 10.1016/j.anifeedsci.2003.09.007

 57. Rehman HU, Vahjen W, Awad WA, Zentek J. Indigenous bacteria and bacterial metabolic products in the gastrointestinal tract of broiler chickens. Arch Anim Nutr. (2007) 61:319–35. doi: 10.1080/17450390701556817

 58. Zhang S, Zhong G, Shao D, Wang Q, Hu Y, Wu T, et al. Dietary supplementation with Bacillus subtilis promotes growth performance of broilers by altering the dominant microbial community. Poult Sci. (2021) 100:100935. doi: 10.1016/j.psj.2020.12.032

 59. Blaut M. Gut microbiota and energy balance: role in obesity. Proc Nutr Soc. (2015) 74:227–34. doi: 10.1017/S0029665114001700

 60. Hooda S, Boler BM, Serao MC, Brulc JM, Staeger MA, Boileau TW, et al. 454 pyrosequencing reveals a shift in fecal microbiota of healthy adult men consuming polydextrose or soluble corn fiber. J Nutr. (2012) 142:1259–65. doi: 10.3945/jn.112.158766

 61. Lyu W, Liu X, Lu L, Dai B, Wang W, Yang H, et al. Cecal microbiota modulates fat deposition in muscovy ducks. Front Vet Sci. (2021) 8:609348. doi: 10.3389/fvets.2021.609348

 62. Biddle A, Stewart L, Blanchard J, Leschine S. Untangling the genetic basis of fibrolytic specialization by Lachnospiraceae and Ruminococcaceae in diverse gut communities. Diversity. (2013) 5:627–640. doi: 10.3390/d5030627

 63. Gu BH, Kim M, Yun CH. Regulation of gastrointestinal immunity by metabolites. Nutrients. (2021) 13:167. doi: 10.3390/nu13010167

 64. Liu C, Finegold SM, Song Y, Lawson PA. Reclassification of Clostridium coccoides, Ruminococcus hansenii, Ruminococcus hydrogenotrophicus, Ruminococcus luti, Ruminococcus productus and Ruminococcus schinkii as Blautia coccoides gen. nov., comb. nov., Blautia hansenii comb. nov., Blautia hydrogenotrophica comb. nov., Blautia luti comb. nov., Blautia producta comb. nov., Blautia schinkii comb. nov. and description of Blautia wexlerae sp. nov., isolated from human faeces. Int J Syst Evol Microbiol. (2008) 58:1896–902. doi: 10.1099/ijs.0.65208-0

 65. Turroni S, Rampelli S, Centanni M, Schnorr SL, Consolandi C, Severgnini M, et al. Enterocyte-associated microbiome of the Hadza hunter-gatherers. Front Microbiol. (2016) 7:865. doi: 10.3389/fmicb.2016.00865

 66. Kasai C, Sugimoto K, Moritani I, Tanaka J, Oya Y, Inoue H, et al. Comparison of the gut microbiota composition between obese and non-obese individuals in a Japanese population, as analyzed by terminal restriction fragment length polymorphism and next-generation sequencing. BMC Gastroenterol. (2015) 15:100. doi: 10.1186/s12876-015-0330-2

 67. Eeckhaut V, Wang J, Van Parys A, Haesebrouck F, Joossens M, Falony G, et al. The probiotic Butyricicoccus pullicaecorum reduces feed conversion and protects from potentially harmful intestinal microorganisms and necrotic enteritis in broilers. Front Microbiol. (2016) 7:1416. doi: 10.3389/fmicb.2016.01416

 68. Geirnaert A, Wang J, Tinck M, Steyaert A, Van den Abbeele P, Eeckhaut V, et al. Interindividual differences in response to treatment with butyrate-producing Butyricicoccus pullicaecorum 25-3T studied in an in vitro gut model. Fems Microbiol Ecol. (2015) 91:fiv054. doi: 10.1093/femsec/fiv054

 69. Xi Y, Shuling N, Kunyuan T, Qiuyang Z, Hewen D, ChenCheng G, et al. Characteristics of the intestinal flora of specific pathogen free chickens with age. Microb Pathog. (2019) 132:325–34. doi: 10.1016/j.micpath.2019.05.014

 70. Grond K, Sandercock BK, Jumpponen A, Zeglin LH. The avian gut microbiota: community, physiology and function in wild birds. J Avian Biol. (2018) 49:e01788. doi: 10.1111/jav.01788

 71. Li G, Yang M, Zhou K, Zhang L, Tian L, Lv S, et al. Diversity of duodenal and rectal microbiota in biopsy tissues and luminal contents in healthy volunteers. J Microbiol Biotechnol. (2015) 25:1136–45. doi: 10.4014/jmb.1412.12047

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 Zhou, Lan, Li, Yan, Sun, Li, Yang and Wen. 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/fvets-08-712226-g005.gif
[R—






OPS/images/fvets-08-712226-g006.gif





OPS/images/fvets-08-712226-g003.gif
EGRAS [ELIRNE






OPS/images/fvets-08-712226-g004.gif
Duodenum

Cecum

Feces

e






OPS/images/fvets-08-712226-g007.gif





OPS/images/fvets-08-712226-g008.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Spatial and Temporal Characterization of Gut Microbiota in Broilers



		Introduction



		Materials and Methods



		Animal and Sample Collection



		DNA Extractions and 16S rRNA Gene Sequencing



		Analysis of 16S rRNA Sequencing Data



		Characterizing the Spatial and Temporal Changes of the Gut Microbiota







		Results



		Characterization of Host Phenotypes and Sequencing Output



		Diversity and Composition of the Gut Microbiota



		The Segment- and Age-Related Bacteria



		The Dynamics of Predominant and Segment-Related Bacteria







		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers .
in Veterinary Science

The Spatial and Temporal
Characterization of Gut Microbiota
in Broilers





OPS/images/fvets-08-712226-g001.gif





OPS/images/fvets-08-712226-g002.gif
&

‘Simpson adex
1

T









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Veterinary Science





