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A substantial progress has been made toward understanding stress-associated gut and extraintestinal microbiota. However, a comprehensive understanding of the extraintestinal microbiota of chickens raised under stressed conditions is lacking. In this study, chickens were raised on a wire-floor model to induce stress, and the microbiota in the gut (ceca) and extraintestinal sites (blood, femur, and tibia) were characterized at different ages (1, 17, and 56 days) using 16S rRNA gene microbiota profiling. Open reference OTU picking showed extraintestinal sites had a significantly higher number of unassigned OTUs compared to ceca across all ages of chickens. Extraintestinal sites of all ages, irrespective of body sites, as well as ceca of 1 day-old chickens had significantly lower alpha diversity than ceca of older chickens. Intriguingly, bacterial diversity (alpha and beta) and OTU interaction network analysis showed relatively stable bacterial composition within the extraintestinal sites of chickens regardless of age and sites compared to ceca. Furthermore, assessment using UniFrac distance suggested the gut as a possible source of extraintestinal bacteria. Lastly, LEfSe analysis showed that both commensal and pathogenic bacteria were translocated into the extraintestinal tissues and organs under the stress. Extraintestinal sites have highly abundant novel taxa that need to be further explored. In ovo microbiota colonization and/or translocation of circulating maternal blood microbiota into ovarian follicles might be the source of intestinal and extraintestinal microbiota in 1 day-old chickens. Our comprehensive microbiota data including extraintestinal sites in reference to gut provide unique insights into microbiota of chickens raised under stressed conditions, which may be relevant in other animal species as well.
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INTRODUCTION

Stress is a condition where homeostasis of an organism is disturbed (1). Stress increases intestinal permeability, and pro-inflammatory activities including other effects that aid in the translocation of bacteria from the intestinal lumen into blood circulation. Stress activates intestinal mast cells to secrete pro-inflammatory cytokines such as IFN-γ and TNF-α. These pro-inflammatory mediators increase epithelial and endothelial paracellular permeability via the disruption of the cytoskeleton and reorganizing of the structure of the tight junction (2, 3).

Subsequent research has shown that gut microbiota in humans can translocate into extraintestinal sites under stress or disease status as in the cases of pancreatic lymph nodes in Type 1 diabetes (4); blood and liver in liver fibrosis and cirrhosis (5, 6); mesenteric lymph nodes, liver, lung, spleen, and blood in acute ileitis (7); blood in multiple sclerosis (8); peripheral tissues in stroke (9); portal and systemic circulation in human immunodeficiency virus (HIV) infections (10); blood in inflammatory bowel disease (IBD) (11); and tissues in major depressive disorder (12). In mice, the composition of cecal microbiota was correlated with stress induced by the grid floor (13). In chickens, oxidative stress, poorly digestible protein, and coccidiosis are mainly responsible for a leaky gut that leads to the translocation of gut microbiota (14, 15). Previously, we have shown that blood, tibia, and femur microbiota are associated with bacterial chondronecrosis with osteomyelitis (BCO), a disease caused by stress on the leg bones of chickens (16, 17). Despite numerous studies on translocation of gut microbiota due to stress, a comprehensive assessment of extraintestinal microbiota of chickens raised under stressed conditions is still lacking.

In this study, a wire-flooring model was used to induce stress in broiler chickens to increase the incidence of lameness through BCO (18). Chickens raised on a wire floor are stressed due to unstable footing accompanied by the rapid growth rate; this causes microfracturing in cleft formation in the proximal head of the femur and tibiotarsus. Bacteria from the gut spread hematogenously via intestinal translocation to the fractured cartilage of the femur and tibia and promote generalized necrosis, causing BCO (16–18). Covering the entire surface of a pen floor with wire flooring also subjects broilers to behavioral stress due to their inaccessibility to litter. In this study, chickens were raised on a wire floor and ceca and extraintestinal (blood, femur, and tibia head) microbiota were characterized at 1, 17, and 56 days of age. Interestingly, the results indicated that 1 day-old chickens harbored extraintestinal microbiota which remained relatively stable throughout 56 days in all sites except for the tibia. Our comparative analysis of beta diversity distance suggests that in ovo microbiota colonization and/or translocation of circulating maternal blood microbiota to ovarian follicles might be the source of intestinal and extraintestinal microbiota in 1 day-old chickens.



MATERIALS AND METHODS


Animal Experiments and Sample Collection

Experimental design, animal housing, and management are described in detail in a previously published study (19). Animal procedures were approved by the University of Arkansas Institutional Animal Care and Use Committee with approval number 11002. Briefly, all of the chickens were raised on wire flooring from 1 to 56 days of age. Cobb 500 chicks were initially placed at ≥60 per pen. Chickens were given ad libitum feed and water. They were culled to 50 per pen on day 14, yielding an experimental density of 1 ft2/chick. Samples were collected from the ceca (1 ceca per bird) and three extraintestinal sites: blood (5 ml per bird) and 2 leg bone sites (1 femur head and 1 tibia head per bird). All samples were taken from clinically healthy chickens at 1 and 17 days of age (hereafter referred to as day 1 and day 17), and from clinically lame chickens exhibiting BCO symptoms and lesions at 56 days of age (hereafter referred to as day 56). Four samples per bird were collected from 16 chickens (n = 8 on day 1, n = 4 on day 17, and n = 4 on day 56) totaling 64 samples. The birds in all pens were “walked” and observed for lameness every 2 days beginning on day 15. Birds that were unwilling or unable to walk were diagnosed as being “clinically lame” and were humanely euthanized by CO2 gas inhalation.

The selected birds for sampling were humanely euthanized by CO2 inhalation and transported to the lab within 30 min post-mortem. All samples were collected in a laminar flow hood. For leg bone samples, femora and tibiae of both legs were exposed for scoring based on macroscopic lesion appearance and sampling. Forceps and shears that were dipped in 95% ethanol and flame-sterilized were used to aseptically remove the upper metaphysis and physis (growth plate) of each proximal bone end. Forceps and shears were re-sterilized immediately before collecting each bone sample. The cut surfaces of the proximal femoral and tibial samples were dipped in 95% ethanol, flame-sterilized, dropped into sterile culture tubes, and stored at −20°C for subsequent DNA isolation.



DNA Isolation, PCR Amplification, and Amplicon Purification

For cecal samples, the contents were squeezed out of ceca into sterile Nasco whirl-pak sample bags and 10 times volume (v/w) of sterile phosphate buffered saline (1 ×, hereafter referred as PBS) buffer was added to each sample. The cecal contents were resuspended in PBS buffer by gentle mixing with hands, and 200 μl of each sample was transferred into a microcentrifuge tube for DNA isolation using a QIAamp DNA Stool Mini kit (Qiagen, Valencia, CA., USA). For blood samples, 1 ml of the whole blood collected in Vacutainer (Becton, Dickinson and Company, Franklin Lakes, NJ) was transferred to a microcentrifuge tube and centrifuged at 5,000 rpm for 5 min. Two hundred microliters of buffy coat were collected from each sample and used for DNA isolation using a QIAamp DNA Mini kit (Qiagen, Valencia, CA., USA). For bone samples, PBS buffer of 10 times volume (v/w) was added to each sample, and the samples were homogenized using Bullet Blender 50-DX (Next Advance, Inc., Averill Park, NY) for 10 min following the manufacture's instruction. Two hundred microliters of the homogenized sample were transferred to a microcentrifuge tube and used for DNA isolation using a QIAamp DNA Mini kit. The concentrations of the purified DNA were measured using Qubit 2.0 fluorometer (Life Technologies).

PCR amplifications were carried out for each sample to amplify V1–V3 regions using 27F and 533R primers with Illumina adapter sequences and unique barcode sequence attached at the 5′ end of each primer. The PCR conditions consisted of approximately 100 ng of purified genomic DNA, 10 × Buffer II, 5 U AccuPrime Taq DNA polymerase (Thermo Fisher Scientific Inc, Waltham, MA USA), 1.2 μM each primer in a total volume of 50 μl. The DNA engine thermal cycler (Bio-Rad, Hercules, CA, USA) was used with the following amplification cycles: 94°C for 5 min; 30 cycles of 94°C s for 30 s, 55°C for 20 s, 68°C for 30 s, and 68°C for 5 min for final extension. Each PCR product of the correct size was gel-purified (Qiagen, Valencia, CA, USA). PCR products of all 64 samples were mixed in equal quantities, based on measured concentrations. Illumina sequencing was performed for 300 cycles in a paired-end mode (2 × 300 bp) with Illumina MiSeq at the Genomics Core Facility at the University of California, Riverside.



Data Analysis

The paired end reads were joined using Quantitative Insights Into Microbial Ecology (QIIME 1.9.1) with join_paired_ends.py scripts (20). The barcode sequence in the forward and reverse reads were brought together using custom Perl script discarding only the 8 nucleotides random sequence from forward read. The barcodes were extracted with extract_barcodes.py and assembled reads were mapped to the respective sample with split_libraries.py. Chimeric sequences and reads lower than 400 bp and >600 bp were discarded before operational taxonomic unit (OTU) picking. OTU table was created using QIIME's open-reference OTU picking method with a default clustering algorithm (uclust) against Greengenes database (gg_13_8_otus) at 97% sequence similarity (21). The mean number of sequences per sample was 43,739.28 (SE ± 3,824.32) with a minimum of 2,615 and a maximum of 147,499 sequences (Supplementary Table 1). Taxonomic assignment, alpha diversity, linear discriminant analysis (LDA) effect size (LEfSe), and bacterial networks were performed on normalized OTU table using cumulative sum scaling (CSS) (22). Beta diversity between the different groups of chickens was measured with unweighted and weighted UniFrac distance at an even sampling depth of 600 sequences/sample.

Additionally, unassigned OTUs were aligned against the reference genome sequence of Galus gallus (GCF_000002315.6_GRCg6a) using the Burrows-Wheeler Aligner (0.7.17-r1188) with a bwa mem algorithm (23). The OTUs that matched to the host genome with >95% coverage and >94% identity only were considered to have a significant match.

Statistical analyses were done with GraphPad software (La Jolla, CA). The bacterial network was drawn with Cytoscape (24).




RESULTS


Bacterial Composition in Body Sites of Chickens Across Different Ages at Phylum Level

Major bacterial phyla abundant in chicken ceca and extraintestinal sites (blood, femur, and tibia) were Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria (Figure 1A). The relative abundance of bacterial phyla was similar among the extraintestinal sites at days 1, 17, and 56. However, the bacterial community at the phylum level of ceca at day 1 changed noticeably on days 17 and 56 (Figure 1A).
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FIGURE 1. Taxonomic assignment of bacterial phyla in different sites of chicken. An operational taxonomic unit (OTU) table was normalized with the cumulative sum scaling (CSS) algorithm. (A) The relative abundance of bacterial phyla across ages (days 1, 17, and 56) and body sites (ceca, blood, femur, and tibia). (B–G) The overall relative abundance of bacterial phyla in different sites (ceca, blood, femur, and tibia) of chickens with combined ages. Data are mean ± standard error (S.E.). Samples were analyzed by ANOVA and Tukey's multiple-comparison test. **p < 0.01, ***p < 0.001.




Relative Abundance of Unassigned Reads Is Significantly Higher in Extraintestinal Sites Than Ceca Across All Ages in Chickens

The relative abundance of bacterial phyla was combined across all ages to their respective sites (Figures 1B–G). There was no difference in relative abundance of Proteobacteria, Bacteroidetes, and Actinobacteria among ceca, blood, femur, and tibia across all ages (Figures 1B–F). On the contrary, Firmicutes was significantly higher in the ceca than the extraintestinal sites (Blood, Femur, and Tibia) (p < 0.01, Tukey's multiple-comparison test) as shown in Figure 1C. The bimodal distribution of Proteobacteria and Firmicutes was seen in ceca due to the development of a reciprocal relation between these two phyla as the age of chickens increased (Figures 1A–C). Most intriguingly, the relative abundance of unassigned OTUs was significantly higher in blood, femur, and tibia than ceca (p < 0.001, Tukey's multiple-comparison test) (Figure 1E). Blood also had significantly higher unassigned OTUs as compared to the femur (p < 0.01) but not to tibia (p > 0.05, Tukey's multiple-comparison test). Other remaining phyla were significantly higher in ceca as compared to blood, femur, and tibia (p < 0.01, Tukey's multiple-comparison test) indicating the overall higher diversity in ceca at phylum level (Figure 1G).



Bacterial Diversity Is Comparatively Stable in the Extraintestinal Sites of Chickens Across the Ages

The relative abundances of bacteria at the family and genus levels were similar among extraintestinal sites (blood, femur, and tibia) while distinct from ceca, at all ages (days 1, 17, and 56) of chickens as shown in Supplementary Figures 1, 2, respectively. The composition of ceca at day 1 looked similar to all extraintestinal sites at the family level but changed substantially at days 17 and 56 (Supplementary Figure 1). Additionally, the relative distribution of the top 50 most abundant OTUs at different sites at day 1 (Supplementary Figure 3) was similar among all sites, while day 17 (Supplementary Figure 4) and day 56 (Supplementary Figure 5) showed more similar abundant OTUs were shared among extraintestinal sites (blood, femur, and tibia) than with ceca. A significant number of OTUs (n = 59) were shared among ceca, blood, femur, and tibia on day 1 among the top 200 OTUs from each group. In contrast, fewer OTUs were shared between tissues on day 17 (n =1) and day 56 (n =4) as shown in Supplementary Figures 6A–C. Only 1 OTU was shared between ceca samples at three different ages of chickens (Supplementary Figure 6D). However, a higher number of OTUs were shared among the different extraintestinal sites across all ages of chickens. Blood shared 68 OTUs (Supplementary Figure 6E) and femur and tibia shared 73 and 55 OTUs, respectively, across three different ages (Supplementary Figures 6F,G). A similar bacterial composition at phylum, family, and genus levels and highly shared numbers of OTUs among the extraintestinal sites at all ages denote a relatively stable bacterial community of extraintestinal sites as opposed to the dynamic changes in the bacterial community in ceca during the transition from days 1 to 17.

Furthermore, a bacterial OTU interaction network with the top 20 abundant OTUs of each site at each day point (4 sites X 3 days = 12 sample types) showed highly shared OTUs among all sites (ceca, blood, femur, and tibia) at day 1 and extraintestinal sites (blood, femur, and tibia) at day 17 and day 56 as shown in Figure 2A. The majority of shared OTUs belonged to either Proteobacteria or unassigned taxonomy. Intriguingly, none of the samples at day 1 and extraintestinal sites at days 17 and 56 shared the top 20 OTUs of ceca at days 17 and 56, most of which belonged to Firmicutes as shown by two distinct clusters of the network (Figure 2A). Notably, the interaction network of 15 most frequent OTUs that are shared among the 12 sample types showed a sharp decline in abundance in ceca at days 17 and 56 compared to day 1 but even abundance across all ages in blood, femur, and tibia (Figure 2B; see Supplementary File for representative DNA sequence of these most abundant OTUs). This network analysis additionally supports the quite stable bacterial community composition in the extraintestinal sites of chickens across different ages.
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FIGURE 2. Bacterial OTUs interaction network. (A) Interaction of the top 20 abundant OTUs (small rectangular node) and each specific group of samples (yellow large rectangular node). Bacterial OTUs frequently shared by the specific group of chickens are at the core of the network, while uniquely present in any specific group of chickens, are toward the periphery of the network. (B) Area plot indicates the relative abundance of 15 most frequent OTUs that are at least shared by six specific groups of chickens (yellow node) in the bacterial network. Highest taxonomic rank is followed by OTU. NR: new reference, NCR: new cleanup reference, s, species; g, genus; f, family.




Analyses of Alpha and Beta Diversity

Alpha diversity analysis at the OTU level showed that extraintestinal sites (blood, femur, and tibia) had a similar number of observed OTUs, Chao1 values, and PD_whole_tree values at day 1 (Figures 3A–C), day 17 (Figures 3D–F), and day 56 (Figures 3G–I) (p > 0.05) with one exception that at day 1, PD_whole_tree of the femur was significantly higher than blood (Figure 3C; p < 0.001). Surprisingly, cecal samples had significantly lower alpha diversity compared to the femur at day 1 (p < 0.05; Figures 3A–C). The number of OTUs was also significantly higher in blood than ceca at day 1 (Figure 3A; p < 0.05). With the increase in age (days 17 and 56), cecal samples had significantly higher alpha diversity than extraintestinal sites (Figures 3D–I). There was a sharp increase in the alpha diversity indices of ceca from days 1 to 17 that remained flat through day 56 (Figures 3J–L). Intriguingly in our wire floor stress model, extraintestinal sites (blood, femur, and tibia) had stable alpha diversity with slight change over aging (Figures 3J–L).


[image: Figure 3]
FIGURE 3. Alpha diversity in ceca, blood, femur, and tibia of chickens. CSS normalized OTU table was used to calculate alpha diversity indices like number of observed OTUs (OTU), chao1, and phylogenetic distance whole tree (PD_whole_tree). Bacterial diversity in day 1 (A–C), day 17 (D–F), and day 56 (G–I) across the different sites (ceca, blood, femur, and tibia). (J–L) The trend in bacterial diversity within different sites across the ages (days 1, 17, and 56) of chickens. Data are mean ± standard error (S.E.). Samples were analyzed by ANOVA and Tukey's multiple-comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


Beta diversity analysis performed with unweighted and weighted UniFrac and Bray Curtis dissimilarity distance showed the distinct clustering of cecal samples at days 17 and 56 separately from the rest of the samples as shown by the PCoA plot (Figures 4A–F). The unweighted UniFrac distance of Ceca at day 1 was significantly different from the rest of extraintestinal sites and ceca at days 17 and 56 (Figure 4B). However, the weighted UniFrac distance of ceca at day 1 was only significantly different from ceca at days 17 and 56 (p < 0.0001, t-test; Figure 4D). Bray Curtis dissimilarity distance of ceca at day 1 was significantly different from blood and bone tissues at day 17, tibia at day 56, and ceca at day 17 and day 56 (p < 0.05, T-Test; Figure 4C). Largely, these data suggest the sharp divergence of cecal bacterial communities from the extraintestinal sites and day 1 ceca as the age increases (Figure 4).


[image: Figure 4]
FIGURE 4. Overall beta diversity across sites and ages of chickens. (A,C,E) Principal coordinate analysis (PCoA) plots of different sites of chickens measured by unweighted, weighted UniFrac, and Bray Curtis dissimilarity distance at an even subsampling depth of 600 sequences/sample. (B,D,F) Distance of ceca at day 1 to respective sites. Boxplot displays median with whisker representing 2.5–97.5 percentile. Samples were analyzed by t-test with Bonferroni correction. *p < 0.05, ***p < 0.001, ****p < 0.0001.


Furthermore, an analysis of similarities (ANOSIM) indicated that age (r = 0.359 and p = 0.001) is as a stronger contributor of bacterial diversity than body sites (r = 0.272 and p = 0.001). Additional beta diversity analysis was performed on stratified data based on sites (ceca, blood, tibia, and femur). The PCoA plot revealed a distinct tight clustering of ceca according to different ages, and day 1 ceca was significantly different from days 17 and 56 ceca (p < 0.0001) (Supplementary Figures 7A–C). On the contrary, only a loose clustering of samples was seen in femur and tibia microbiota across different ages, but not in blood microbiota, as measured by unweighted UniFrac distances (Supplementary Figures 7F–L). UniFrac distance analysis showed that tibia microbiota at day 56 were different from day 1 (p < 0.001) and day 17 (p < 0.01), which might be due to development of BCO at day 56 (Supplementary Figures 7J–L). Also, the bacterial composition of femur at day 1 was different from day 17 (p < 0.05) with unweighted UniFrac distance (Supplementary Figures 7G–I). These analyses demonstrate that extraintestinal sites of chickens have similar bacterial community composition regardless of age and sites with a few exceptions.



Gut May Be a Potential Source of Microbiota in Extraintestinal Sites of Chickens

Lower UniFrac distance indicates more similar bacterial composition between the samples. For example, 0 means 100% identical and 1 means 0% identical bacterial composition between the samples. PCoA plot displays scattered ceca, blood, femur, and tibia samples at day 1 (Figure 5A), while clustered ceca samples, at day 17 (Figure 5D) and day 56 (Figure 5G) distinctively from extraintestinal sites (blood, femur, and tibia). Interestingly, a lower inter-site UniFrac distance of ceca to blood (C-B), femur (C-F), and tibia (C-T) were observed on day 1. Inter-site UniFrac distances at day 1 (C-B, C-F, and C-T; Figure 5B) were comparable to the intra-site distance of ceca, blood, femur, and tibia (C-C, B-B, F-F, and T-T; Figure 5C) but not at day 17 (Figures 5E,F), and day 56 (Figures 5H,I). This indicates more similar bacterial composition at day 1 between ceca and extra-intestinal sites. However, at days 17 and 56, the inter-site UniFrac distance of ceca to blood (C-B), femur (C-F), and tibia (C-T) was >0.8 (indicating 80% dissimilar) and was significantly different from the B-F, B-T, and F-T at day 17 (Figure 5E) and day 56 (Figure 5H) (p < 0.001). This indicates more dissimilar bacterial composition between ceca and extraintestinal sites at day 17 and day 56. Taken together, these data suggest that ceca (gut) at day 1 may be the potential source of microbiota in extraintestinal sites.
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FIGURE 5. Level of similarity between sites measured by unweighted UniFrac distance. (A,D,G) PCoA plots of sites at days 1, 17, and 56 respectively. (B,E,H) Inter-site unweighted UniFrac distance at days 1,17, and 56, respectively. (C,F,I) Intra-site unweighted UniFrac distance at days 1, 17, and 56, respectively. UniFrac distance is based on subsampling depth of 600 sequences/sample. Unweighted UniFrac constituted both intra- and inter-subject distance. Boxplot displays median with whisker representing 2.5–97.5 percentile. Data were analyzed by ANOVA and Tukey's multiple-comparison test. Sites: C, ceca; B, blood; F, femur; and T, Tibia. *p < 0.05, ***p < 0.001.


Next, we examined the relative abundance of top 15 OTUs in ceca at day 1 and their abundance in extraintestinal sites of chickens (Figure 6). We reason that spatial distribution of these abundant OTUs at day 1 should show higher abundance in ceca (source) as compared to extraintestinal sites (sink) in the absence of a long temporal gap (age of chickens). Interestingly, a decreasing trend in the relative abundance of majority of the top 15 OTUs was observed from ceca to blood to bones (Figure 6A). Additionally, the relative abundance of these top 15 OTUs in the ceca at day 1 was significantly lower in femur than in ceca (Figure 6B), nonetheless still preserving the decreasing trend of bacterial abundance from source (ceca) to sink (extraintestinal sites). Thus, these data may suggest the gut as a potential source of microbiota in extraintestinal sites and probability of unidirectional translocation of microbiota from gut to the extraintestinal site.


[image: Figure 6]
FIGURE 6. Spatiotemporal distribution of top 15 OTUs of ceca. The relative abundance of the top 15 OTUs of ceca at day 1 and their relative abundance in blood, femur, and tibia at day 1. (A) The relative abundance of top 15 OTUs of ceca (source) into the extraintestinal site (sink: blood, femur, and tibia) of chickens. Each point is the mean relative abundance (±S.E.) of eight chickens. (B) The cumulative abundance of the aforementioned 15 OTUs. Lines connecting the dots are the same chicken. Data are mean ± S.E. Samples were analyzed by ANOVA and Tukey's multiple-comparison test. *p < 0.05.




Probable Bacteria Able to Translocate Across the Impaired Gut Barrier Due to Stress

Finally, we investigated probable bacteria able to translocate from the ceca to extraintestinal sites due to stress caused by wire flooring. Linear discriminant analysis effect size (LEfSe) was performed to identify the differentially abundant bacteria among different sample types at their lowest taxonomic assignment with 97% sequence similarity. Firstly, bacteria that are enriched in each of 12 specific groups (3 days × 4 sites = 12 groups) were examined (Figure 7A and Supplementary Figure 8). None of the bacteria was differentially abundant in blood and tibia at day 17 and femur at day 56. The majority of bacteria differentially abundant were present in the ceca at different ages of chickens, accounting for 20 out of 26 features. Clostridium and Campylobacter were differentially abundant in the femur and tibia on day 1, respectively (Figure 7A and Supplementary Figure 8A). Clostridiaceae, Chryseobacterium (Supplementary Figure 8B), and Caulobacteriaceae were significantly enriched in the femur (day 17), blood (day 56), and tibia (day 56), respectively (Figure 7A).


[image: Figure 7]
FIGURE 7. Translocation of potential bacteria from gut to extra-intestinal sites of chickens. The taxonomic abundance table at the genus level was used for the LEfSe analysis. Differentially abundant taxonomic features among: (A) specific groups (4 sites × 3 days = 12 specific groups/sample types) of entire study, (B) day 1 specific groups (blood, ceca, femur, and tibia), and (C) day 1 (all 4 sites) vs. days 17 and 56 extraintestinal sites (D-SF-E). f__, family; g__, genus; o__, order; O, other, and the taxonomic level is connected by an underscore (_).


Moreover, differentially abundant bacteria were analyzed among the four different sites on day 1. Unassigned taxonomy was differentially abundant in blood. The cecum was enriched with six genera (Sphingobium, Dechloromonas, Zoogloea, Propionibacterium, Acinetobacter, and Erysipelothrix), femur with two genera (Clostridium and Faecalibacterium), and tibia with three genera (Ruminococcus, Lactobacillus, and Campylobacter) (Figure 7B and Supplementary Figure 9). Thus, the differential abundance of distinct bacteria among four sites on day 1 may suggest the existence of site-specific intrinsic selective pressures even in 1 day-old chickens.

Earlier, we showed that the extraintestinal sites of chickens have a relatively unchanged bacterial composition across the ages, and all the sites on day 1 have a mostly similar bacterial composition. Therefore, we reason that any changes in microbial community composition in extraintestinal sites on days 17 and 56 as compared to all sites on day 1 would be considered due to additional translocation from the gut through epithelial barrier after day 1 and/or differential multiplication of bacteria translocated on day 1 according to the distinct selective pressures in each extraintestinal site over the following days (Figure 7C). Bacterial genera that might have crossed the gut barrier due to stress were Methyloversaltilis, Bacillus, Ralstonia, Rothia, Faecalibacterium, Blautia, Bradyrhizobium, Tepidimonas, Sediminibacterium, Actinomyces, and Ruminococcus (Figure 7C and Supplementary Figure 10). Interestingly, Ruminococcus was enriched in ceca at day 17 (Figure 7A) and tibia at day 1 (Figure 7B). Overabundance of Ruminococcus in days 17 and 56 extraintestinal sites as compared to day 1 sites might be due to the growth of Ruminococcus already present in the tibia or leakage of the bacterium from ceca at day 17 (Figure 7C). Hence, differentially abundant bacteria in extraintestinal sites at days 17 and 56 could be either due to translocation from the gut or multiplication of bacteria that were already present in extraintestinal sites on day 1. On the other hand, Pseudomonas, Acinetobacter, Comamonas, Sphingobium, and Dechloromonas were the most abundant genera at day 1 including others as compared to extraintestinal sites at days 17 and 56 (Figure 7C).




DISCUSSION

In this study, gut (ceca) and extraintestinal site (blood, femur, and tibia head) microbiota of chickens raised on the wire floor were explored to reveal the composition of microbiota and source of microbiota in extraintestinal sites using 16S rRNA gene sequencing. To note, all of the chickens sampled at day 56 had BCO, while the other time points were healthy.

Surprisingly, extraintestinal sites had a significantly higher relative abundance of unassigned reads than ceca regardless of age and stress (1). These reads might indicate novel taxa (OTUs) that still need to be characterized. Very few unassigned reads in ceca negate the possibility of chimera formation and error in the bioinformatics pipeline because of highly characterized gut microbiota. The result is consistent with the previous study where we had found >70% of unassigned reads in the chicken blood (16). In the same line, Kowarsky et al. (25) used the shotgun metagenome sequence to characterize the blood microbiota for human patients and identified >50% of novel contigs having coding sequence with little to no sequence homology in the existing database. Additionally, only 285 (14.2%) of 2006 unassigned OTUs significantly matched to the chicken reference genome. Minimum, median, and maximum relative abundance of OTUs in extra-intestinal sites that matched significantly to the chicken genome were 0.08, 21.65, and 93.3%, respectively (Supplementary Figure 11). Filtering out these significantly matched OTUs to host genome had very minimal impact on alpha and beta diversity indices as well as on relative abundance of unassigned reads (Supplementary Figure 12).

Blood circulates throughout the body of animals; thus, it is expected that microbes in the blood can reach all tissues and organs in the body, though they might be subsequently subjected to the selective pressure according to the unique microenvironments in the particular body sites. These unique microenvironments between mature ceca (on days 19 and 56) and extraintestinal sites as well as undeveloped ceca (day 1) might contribute to the bimodal distribution of Firmicutes and Proteobacteria. Interestingly, however, we observed similar bacterial composition among all sites on day 1 and extraintestinal sites on days 17 and 56 compared to ceca (days 17 and 56) as indicated by taxonomic assignment, OTU interaction network, and alpha and beta diversity analysis. Lower UniFrac distance from ceca to extraintestinal sites (blood, femur and tibia) and spatiotemporal distribution of microbiota at day 1 may suggest the gut as the source of extraintestinal microbiota (Figures 5, 6). Ilina et al. (26) discovered 38 phylotypes of microbiota were able to colonize the gastrointestinal tract of the chicken embryo using terminal restriction fragment length polymorphism (T-RFLP). However, higher alpha diversity index (OTUs, Chao 1 and PD_whole_tree) in the extraintestinal site of chicks than ceca at day 1 portrays a different story. There is the possibility that in ovo microbiota (non-sterile womb) colonization of ovarian follicles and/or that bacterial translocation from maternal circulation might be the source of intestinal and extraintestinal microbiota in 1 day-old chickens (27). Recent studies have identified bacteria in the endometrium, placenta, amniotic fluid, and meconium from healthy pregnancies in humans, which suggests a non-sterile womb (28–31). The non-sterile uterine microbiota may diffuse and/or translocate from maternal circulation to ovarian follicles. Later during embryogenesis and growth, microbiota are selected by tissue- and organ-specific niches to become the resident microbiota. In a recent study, Lee et al. (32) detected 21 core genera of bacteria in chicken magnum, cloaca, descendent egg shell, egg white, and embryo gut. The authors also reported that maternal oviduct microbiota was the source of embryo gut microbiota.

When the chickens were raised on the wire floor, a significantly higher number of birds develop lameness due to BCO (18). All the birds sampled at day 56 in this study were lame. LEfSe analysis revealed differentially abundant bacteria in extraintestinal sites on day 17 and 56 as compared to day 1 microbiota (ceca and extraintestinal), which may indicate differential selective pressures imposed on bacteria in extraintestinal sites as the age of chickens increases or translocation from the gut. Both pathogenic and commensal bacteria were able to cross the impaired gut epithelial barrier, which may have caused by stress (Figure 7). Actinomyces spp. normally colonizes the human mouth, digestive, and genital tracts and is an infrequent cause of invasive bacterial disease of bone and joints including others (33). Sediminibacterium has been isolated from liver abscess (34). Similarly, Tepidomonas spp. has been isolated from the bone marrow of a patient with leukemia in Korea (35). Blautia spp. is one of the abundant groups of the human gastrointestinal tract and provides energy to their host by metabolizing polysaccharide that other gut bacteria cannot degrade (36). Blautia spp. is positively correlated with intestinal permeability in alcoholic liver disease (37). Rothia has been isolated from osteomyelitis and joint lesions in turkeys. However, Bacillus and Faecalibacterium spp. have anti-inflammatory activity and seem to antagonize the other pathogenic bacteria in the bone and femur of BCO chickens (38, 39).

The study had some limitations in that the study lacked appropriate control i.e., chickens raised in non-stressed conditions. Due to the low biomass of microbiota in extraintestinal sites, the possibility of contamination from kits were not ruled out. Nonetheless, no visible PCR amplification band was seen in PCR water negative control samples. In addition, our previous study analyzing microbiota showed exclusively tight clustering between the right and left femur or tibia bones from the same individual chickens (17). The result strongly suggests that the microbiota profiles in the current study in which the same sample processing and DNA extraction methods were used reflect the microbiota in the collected samples, rather than contaminating bacteria or DNA.

In summary, this is the first comprehensive study in any vertebrate animals to our knowledge that looked into the relationship among microbiota in the gut and three extraintestinal organs at three different life stages.



CONCLUSION

In conclusion, we comprehensively characterized microbiota of chickens raised under stressed conditions. The abundance of novel taxa in the extraintestinal sites needs to be further explored for their role in the health and disease of chickens and other animals in large and high-powered studies. Ultimately, our findings will help in the efficient management of chicken production, health, and welfare issues.
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