

[image: image1]
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Emerging evidence has revealed the dysbiosis of gut microbiota contributes to development of metabolic diseases in animals. However, the potential interaction between gut microbiota and host metabolism in growing hens under metabolic disorder induced by chronic heat exposure (CHE) remains inconclusive. The aim of our study was to examine the potential association among the cecal microbiota community, physiological indicators, and serum metabolite profiles in CHE hens. One hundred and eighty Hy-Line Brown hens were randomly allocated into three groups: thermoneutral control (TN), heat stress (HS), and pair-fed (PF). The experiment lasted for 5 weeks, with the first 2 weeks serving as the adaptation period. Results showed that the expression level of heat shock protein 70 (HSP70) in both serum and cecal tissues was significantly increased in the HS group. Serum parameters analysis also revealed that CHE caused physiological function damage and metabolic disorders. These results suggest the experiment was successful, inducing chronic heat stress. 16S rRNA sequencing analysis showed that the CHE can clearly induce dysbiosis of the gut microbial community reflected in the increment of the F/B ratio. Besides, serum untargeted metabolomics revealed the relative concentrations of 40 metabolites were significantly altered in the HS group compared with the TN group. Pathway analysis showed that these metabolites were mainly involving the increased proteolysis rather than lipolysis, and this tendency could be a specific metabolic adaptation of the poultry. The pair-feed experiment showed that the above changes induced by CHE were partly independent from the reduction of feed intake. Mantel correlation analysis between gut microorganisms and physiological indicators showed that the phylum Firmicutes and Euryarchaeota have a potential interaction with a serum lipid parameter. Random forest analysis showed that both genus Faecalibacterium and Methanobrevibacter were important predictors of the CHE-induced lipid metabolism disorder. Taken together, our findings may contribute to a better understanding of the metabolic mechanisms underlying the energy metabolism imbalance caused by the CHE and provide novel insights into the host-microbes interactions and its effects on the metabolic adaptation of hens under chronic heat exposure.
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INTRODUCTION

Given the increasing frequency, duration, and intensity of heat waves because of global warming, high-ambient temperature-induced heat stress (HS) has created a massive challenge for poultry production system (1). Simultaneously, the global demand for poultry meat and eggs is continuously increasing in parallel to rising population, urbanization, and an improved standard of living in developing countries (2, 3). In response to this demand, the poultry industries made dramatic improvements in meat, egg production, and feed efficiency through the genetic selection, nutrition improvement, husbandry, management, and vertical integration during the past few decades (4, 5). However, as adopting high-stocking densities and lack of genetic selection for resistance to extreme temperatures, the modern poultry farming is more sensitive to high temperatures than ever before (6). Actually, the domestic birds, unlike mammals, are lack of sweat glands and insulating feathers hampered heat dissipation, leading it naturally prone to heat stress (7, 8). Besides, reduced growth performance, productivity, nutrient utilization, and increased mortality caused by HS have been well documented, which makes enormous economic losses annually to the poultry industry (9, 10).

A growing number of studies implicate the chronic heat exposure (CHE) not only has detrimental effects on physiological, immunological, reproductive, and gut status of poultry birds but also leads to dysregulation of energy balance and metabolism (11). For instance, the respiratory rate raised in broilers during high climatic temperature in order to increase heat loss, which further increases the maintenance energy requirement for fulfillment of body physiological demand, combined with the reduction of feed intake, ultimately induces glycogen depletion and negative energy balance (NEB) (12). When animals are in a severe NEB state, suffer intensified catabolism of fat and protein, resulting in energy store mobilization (13, 14). However, contradictory findings have been reported that heat-exposed chickens exhibit enhanced fat deposition, which finally affects carcass characteristics (15, 16). Another related study suggested that, as the energetic efficiency of lipid deposition is higher than protein deposition, the CHE-induced lipid accumulation might be an adaptive response to reduce metabolic heat production in birds (16, 17). Supportive of this, findings reported by Temim et al. show that the CHE can inhibit muscle protein deposition in chickens mainly through reducing protein synthesis (18). However, the underlying mechanism by which chronic heat exposure leads to fat accumulation in chickens is still unclear. Nowadays, metabolomics has become a powerful systematic biological analysis tool that can identify and quantify the global changes of disease-specific endogenous small-molecule metabolites in a biological sample using high-throughput techniques, and allows for a wide understanding of the biological information associated with metabolites (19). Recently, untargeted serum metabolomics study has revealed that, when confronted with a negative energy balance state induced by CHE, broilers failed to effectively mobilize body fat, instead of resorting to protein decomposition for their energy production (12). Of note, previous studies have proposed that the adverse impact of heat stress on fat deposition depends on the breed types of chickens (20). Similar results were obtained by Liao et al., who observed that the metabolic adaptations to heat stress in three beef cattle breeds are heterogeneous by using metabolomics profiling of serum and urine (21). Despite extensive pieces of research investigating the change of fat deposition and the metabolic adaptation of the heat-stressed broiler chickens, little has been researched on layer chickens.

Gut microbiota is now increasingly recognized as a hidden “metabolic organ” that plays a critical role in regulating the host metabolic homeostasis and energy balance, promoting the development and maturation of intestinal mucosa, maintaining intestinal barrier integrity in gut (22, 23). A normal gut microbial community and complete mucosal morphology in birds are the bases for excluding pathogens and maintaining normal nutrient digestion and absorption (24, 25). Cumulating evidence shows that heat stress redistributes blood flow in birds to the periphery for increased heat dissipation, which reduces oxygen and nutrient supply to intestinal tissues (26, 27). This adaptive change can cause damage to intestinal barrier functions during chronic heat exposure, which further affects metabolic activities in heat-stressed chickens through facilitating translocations of bacteria and endotoxins from the intestine to the circulation (8, 28). Recent studies have found gut microbiota made great contributions to fat deposition in chickens (29, 30). He et al. also detected that HS-induced gut microbiota dysbiosis may have potential relationships with the abnormal fat deposition in ducks (25). Besides, gut microbiota is highly sensitive to the early environment stress because the colonization of gut microbiota during the early life of animals is a time of significant fluctuation and maturation (31, 32). Previous studies have shown the alterations in the normal succession of gut microbiota in early life impact on future colonization, and the initial development of gut microbiota also has a long-term physiological effect on the host (32, 33). Whether exposed to heat-ambient temperature in hens during the growing period affects the colonization and functional maturation of intestinal microbiota and changes the metabolism between the host and intestinal microbiota remains unknown. Thus, it is necessary and meaningful to examine the altered microbe and metabolism pathways linked to growing hens during a prolonged period of heat exposure.

Here, we established a CHE model of growing hens to identify the influence of heat stress induced by chronic exposure to high environmental temperature on hens during the growing period. Another goal of this study was to examine the effects of CHE on the physiological indicators and describe the serum metabolic profile and alterations of cecal microbiota in heat-stressed hens and provide a deeper understanding of potential interaction between its altered physiological indicators/serum metabolites and cecal bacteria. For this end, we first assessed changes in physiological, histological, and biochemical parameters of the CHE hens. Then, we used an integrated approach comprising 16S rDNA sequencing and ultra-high performance liquid chromatography, coupled with quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF/MS) to analyze the alterations in the hen cecal microbiome and a serum metabolic profile. The mantel test was conducted to find out the potential interaction pattern between cecal microbiota (phylum) and physical indicators in the CHE hens. Using random forest regression modeling (RF) and spearman correlations analysis, we further checked the contributions and interaction pattern of the relative abundances of distinct genera in cecal microbiota on the variation of serum metabolic profiles. The results would contribute to a better understanding of the metabolic mechanisms underlying the energy metabolism imbalance caused by the CHE and provide novel insights into the host-microbes interactions and its effects on the metabolic adaptation of hens under chronic heat exposure.



MATERIALS AND METHODS


Animals and Sample Collection

All experimental procedures involving animals used in this study were conducted according to the guide for the care and use of laboratory animals of the National Institutes of Health, and the animal protocol was reviewed and approved by the Animal Care and Use Committee of Jiangxi Agricultural University (permit No. JXAULL-2020-28). All efforts were made to minimize animal suffering and to reduce the number of animals used. One hundred and eighty Hy-Line Brown hens were gotten from a commercial at 10 weeks of age (Guohua Co. Ltd., Nanchang, China). After 2 weeks of acclimation, the birds weighed an average of 1,103 ± 27 g and were randomly assigned into three groups, each group of birds was further subdivided into 6 replicate groups (10 chickens per replicate): TN (the thermoneutral control group, maintained at 22 ± 1°C for 24 h/d and ad libitum), HS [the heat stress group, maintained at 22 ± 1°C for 14 h/d (18:00 to 08:00) then 36 ± 1°C for 10 h/d (08:00 to 18:00) and ad libitum], PF (the pair-fed group, maintained at 22 ± 1°C for 24 h/d and fed the same amount as the HS group). We set the PF group to determine whether the effects of heat stress on the serum metabolic profiles and gut microbiota are independent of the reduction in feed intake (Supplementary Figure S1). During the 3-week experimental period, all birds received the basal diet (Supplementary Table S1) formulated to meet nutrient recommendations according to National Research Council (NRC) (2012). The relative humidity was controlled at 55 ± 5%, and a regular 12-h light–dark cycle was established.

The timeline of the experimental bird treatment and sample collection is shown in Figure 1B. Six individuals in each group were randomly sacrificed and euthanized on the 7th, 14th, and 21st days. On collection, the blood samples were collected from the external jugular vein into anticoagulant (EDTA) tubes (2 ml) at 2,500 rpm for 15 min at 4°C, and then serum was separated and stored at 20°C for a subsequent study. The luminal cecum contents were immediately frozen in liquid nitrogen and stored at −80°C until analysis. Meanwhile, the cecal tissues were prepared for histopathological and immunofluorescence analysis.
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FIGURE 1. Establishment of chronic heat exposure models of growing hens. (A) China Climate Map for Total Days with Temperature over 35°C in January–July 2018. Colors represent the max temperatures among different provinces shown in the scale bar next to the charts. The gray bars represent the number of the total days, and black bars represent the number of consecutive days. (B) An overview of the schematic diagram for the time design of the experiment, before heat exposure (day-14), beginning of the heat exposure (Day 1), sampling days 7, 14, and 21. (C) Bar plots showing the level of HSP70 in serum among the TN, PF, and HS groups. All results are expressed as mean ± SD of eight hens in each group. *, **, and *** represent statistical significance at p < 0.05, p < 0.01, and, p < 0.001 levels. ns, denotes no significant difference was found in related groups. (D) Representative hematoxylin–eosin-stained images of (original magnification, 50×) of hen cecal tissue at different time points. (E) Representative images of immunofluorescence staining for HSP70 in cecal tissues.




Measurements of Serum Parameters

For serum biochemical assessment, the total protein (TP), albumin (ALB), globulin (GLO), total bilirubin (TBIL), direct bilirubin (D-BIL), indirect bilirubin (I-BIL), creatinine (CREA-S), uric acid (UA), total cholesterol (TC), triglycerides (TG), high-density lipoprotein (HDL), low-density lipoprotein (LDL), Alanine transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP), γ-glutamyl transferase (γ-GT), lactate dehydrogenase (LDH), creatine kinase (CK), and myocardial creatine kinase (CK-MB) were evaluated using an automatic analyzer (Hitachi7060, Hitachi, Tokyo, Japan). For determination of antioxidant parameters, the total antioxidant capacity (T-AOC, kit number: A015-1-1), superoxide dismutase (SOD, kit number: A001-1-1), catalase (CAT), glutathione peroxidase (GSH-Px, kit number: A005-1-1), nitric oxide (NO, kit number: A012-1-2), and malondialdehyde (MDA, kit number: A003-1-1) levels in serum were measured using respective assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The levels of heat shock protein (HSP70) in serum were detected using a commercial ELISA kit (Chicken Heat Shock Protein 70, CSBE11196Ch, Cusabio, Wuhan, China). All experimental procedures were performed according to the manufacturer's recommended protocol.



Pathological and Immunofluorescence Analysis

Histology was performed after prolonged heat exposure. Briefly, when animals were sacrificed, freshly harvested ceca tissues rapidly fixed in 10% phosphate-buffered formalin acetate at 4°C overnight, followed by dehydration in a series of graded ethanol, cleared with ultra-pure acetone, and then embedded in paraffin (a BMJ-III embedding machine, Jiangsu, China) wax at 56°C. Next, the wax blocks were cut into 5-μm-thick sections, stained with hematoxylin and eosin stain for inspection under a light microscope (Olympus, Tokyo, Japan) of any histopathological alterations. To examine the distribution of HSP70 protein in the cecal tissues from the three experimental groups of hens, we conducted immunofluorescence staining according to the method described in our previous study (34). The paraffin-embedded 5 μm-thick sections were deparaffinized, rehydrated, and then subjected to endogenous peroxidase blockage in 3% H2O2 and antigen retrieval in boiling a 10% citrate buffer. Subsequently, the sections were blocked with 3% normal goat serum in 0.1% Triton-X100 in PBS for 1.5 h, and then were incubated overnight at 4°C with primary antibodies (a Mouse Anti-HSP70 antibody (BB70) ab53496, 1:200, Abcam, Cambridge, MA, USA). After rinsing three times with PBS, the sections were treated by the goat anti-rabbit IgG-Cy3 secondary antibody (Servicebio Technology Co., Ltd., Wuhan, China), and then incubated at room temperature in the dark for 50 min. Following three washes with PBS, the sections were stained with 0.1 g/ml 4′-6-diamidino 2-phenylindole (DAPI, Servicebio Technology Co., Ltd., Wuhan, China) at room temperature for 5 min in the dark to identify nuclei. Finally, the stained sections were examined under a laser scanning confocal microscope (NIKON A1R, Nikon Corp., Tokyo, Japan).



DNA Extraction and Illumina High-Throughput Sequencing of 16S RRNA Gene Sequence

Total microbial genomic DNA in the cecal content of chickens was extracted and then sent to BGI Co., Ltd (Wuhan, China) to prepare a 16S sequencing library for amplicon high-throughput sequencing according to the standard Illumina protocol (16S Metagenomic Sequencing Library Preparation). The amplification of the V4 region (515–806) of the 16S rRNA gene was conducted with a common primer pair (515F 5′-GTGCCAGCMGCCGCGGTAA-3′ and 806R 5′-GGACTACHVGGGTWTCTAAT-3′) (35). Then, purified amplicons were pooled in equimolar ratios and paired-end sequenced (2 × 250) on an Illumina HiSeq platform (Illumina, Inc., San Diego, CA, USA), following the manufacturer's guidelines. All the sequences in the present study were deposited in the NCBI Sequence Read Archive (SRA) database under accession no. PRJNA797199. The bioinformatics analysis was performed according to the standard protocols of BGI Tech Solutions Co., Ltd. Details of wet lab procedures and bioinformatic analysis are provided in the Supplementary Materials.



UPLC-Q-TOF-MS Analysis of Metabolites in the Serum

Serum samples were prepared according to our previous protocol with modification (36, 37), and then were submitted to Biotree Biotech Co., Ltd. (Shanghai, China) for detecting the metabolite concentrations by UPLC-Q-TOF/MS analysis. The bioinformatics analysis was performed according to the standard protocols of Biotree Biotech Co., Ltd. Details descriptions of the sample preparation, UPLC-Q-TOF/MS-based metabonomics, and data analysis are provided in the Supplementary Materials.



Correlation Analysis Between Cecal Microbiota and Serum Metabolites

Relationships between different physiological indicators in the CHE hens were calculated by using Spearman correlations, and a Mantel test was employed to reveal their associations with cecal phyla. Those two analysis approaches were using a ggcor package (38) run in the R environment, and the figures were drawn using R package ggplot2 (39). Random forest algorithm was used to discriminate the serum metabolic profile of the samples from different groups based on the microbiota profile (genus-level-relative abundance data) using the R package “randomForest” with 1,000 trees and all default settings (40). The rfPermute function in the “rfPermute” R package was used to estimate the importance of these significant genera on the response variables (41, 42). Correlations between cecal genera among the three groups were calculated with the sparse correlations for compositional data algorithm (SparCC) implemented in a SparCC python module (43), and corresponding networks were plotted using the R package qgraph (44). All above analysis procedures are detailed in the Supplementary Materials.




RESULTS


Physiological Alteration and Intestinal Injury in Hens Induced by CHE

Data from China Meteorological Administration (CMA)'s open dataset suggest that 25 major cities have experienced the maximum daytime temperature over 35°C in China from January to July 2018, among which 10 cities have suffered over 20 days of the highest temperature over 35°C (Figure 1A). This result showed animals in those areas have a greater risk of encounter chronic heat exposure. In the current study, no deaths or study discontinuations occurred in any of the experimental groups during a 21-day experimental period. We illustrated changes in serum biochemistry and antioxidant status of hens in response to heat exposure in Supplementary Table S2. According to the present results, there were no significant differences in levels of ALB and I-BIL among all groups at each time point. In addition, compared with the TN group, the levels of TP, HDL, T-AOC, SOD, and NO in group HS were significantly (p <0.05) decreased at all three points, whereas the levels of LDL, AST, and MDA were considerably (p < 0.05) increased. Similarly, the levels of D-BIL, TC, TG, CREA-S, UA, γ-GT, ALT, LDH, CK, and CK-MB were significantly (p < 0.05) higher, while the levels of ALP, GLO, HDL, and GSH-PX were significantly lower in the HS group for various periods of time (exposing Day 14 and Day 21) in hens relative to the TN group. Significant changes were not observed in all serum biochemistry, and antioxidant status in this study except in the level of TC and TG was significantly (p < 0.05) decreased in Group PF compared with Group TN on Day 14 and Day 21.

Next, as shown in Figure 1C, we detected remarkably high levels of HSP70 in serum of heat exposure chickens across all time points. In contrast, no significant differences between the groups TN and PF were found at each time point. A similar phenomenon was observed when detecting the protein expression levels of HSP70 in cecal tissues according to immunofluorescence staining (Figure 1D). Meanwhile, the histopathological report of the cecum of chickens is presented in Figure 1E. No obvious histopathological and oxidative injury was observed between TN and PF groups, but the morphology of cecum in the HS group showed a severe injury of intestinal, including shedding of the cecal mucosal epithelial cells into the intestinal cavity, shrinking the intestinal villi, and eventually damaging the arrangement of intestinal villi on Day21. All the above results suggested the HS chicken model was successful and could be used for further experiments.



Altered Composition of the Gut Microbiota Induced by CHE in Hens

To characterize the effects of chronic heat exposure on the structure of the gut bacterial communities, the cecal microbiota of the hens was analyzed by sequencing the 16S rDNA variable region V4, which generated 4,059,602 sequences from 54 samples. After size filtering, quality control and chimera removal, we got 4,046,076 qualified sequences, with an average of 74,927 per sample and an average sequence length of approximate 252 bp (Supplementary Table S3). All remaining sequences were delineated into 1,137 operational taxonomic units (OTUs) at a similarity cutoff of 97%. Meanwhile, rarefaction curves of all samples reached saturation plateaus, suggesting that the current analysis had adequate depth to capture most microbial diversity information (Figure 2A).
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FIGURE 2. Comparisons of alpha diversity and beta diversity indices in cecal microbial communities of hens among different experimental groups. (A) Rarefaction curves of cecal bacteria from the three groups at each time point. (B) The α-diversity was compared among the TN, HS, and PF groups using Chao1, Shannon, PD_whole_tree, and Simpson diversity indices. Means with the same letter do not differ statistically; means with different letters are statistically different (p < 0.05). (C) A principal coordinate analysis (PCoA) plot of beta diversity based on the unweighted Unifrac distance matrices. (D) A non-metric multidimensional scaling (NMDS) plot of beta diversity based on the unweighted Unifrac distance matrices.


Next, we calculated alpha diversity based on rarefied tables to analyze the complexity of species diversity in each sample by using several indices, including the Chao1, Shannon, PD_whole_tree, and Simpson indices. There was a trend toward a gradual increase of Chao1 index in the HS group compared to other groups across all time points, but the difference was not significant. Similarly, we did not observe any significant changes in other three indexes among the groups throughout the entire exposing period (Figure 2B). Beta diversity analysis was employed to evaluate the discrepancies of samples in species complexity by applying non-metric multidimensional scaling (NMDS), principal coordinate analysis (PCoA), and analysis of similarities (ANOSIM) based on the weighted UniFrac distance. The results from PCoA and NMDS plot revealed a clear separation of TN and HS hens on Day 21 (ANOSIM, p = 0.008, R = 0.7362). The same trend was also apparent on Day 7 (p = 0.556) and Day 14 (p = 0.147). But the difference between the two groups at those periods was not significant (Figure 2C; Supplementary Figure S2). Meanwhile, there was no clear separation in the clustering between the group PF and the other two groups at each time point (r = 0.104, P = 0.159). These results were further supported by our PCoA-based assessment of beta-diversity, which confirmed that chronic heat exposure altered the microbial community structure in a time-dependent fashion (Figure 2D; Supplementary Figure S2). Collectively, our results suggested that chronic heat exposure has barely affected alpha diversity of cecal microbiota in hens, but significantly altered the beta diversity over time, which was partly independent of decreased feed intake.

To explain the observed differences in microbial clustering among groups, differential abundance analysis prepared using the edgeR package was used to compare the microbial taxa at the OTUs level. Compared with microbiota in the TN group, 39, 31, and 40 significantly enriched OTUs, and 30, 39, and 74 significantly depleted OTUs were detected in the HS group on Day 7, Day 14, and Day 21, respectively (p < 0.05, Supplementary Figures S3A–C). For samples in the PF group, compared with those in the TN group, it was enriched 40 and depleted 43 OTUs on Day 7, enriched 32 and depleted 48 OTUs on Day 14, enriched 21 and depleted 55 OTUs on Day 21, respectively (p < 0.05, Supplementary Figures S3D–E). Manhattan plots showed that these differential OTUs mainly belonged to four phyla, including Firmicutes, Bacteroidetes, Proteobacteria, and Tenericutes (p < 0.05, Figure 3A; Supplementary Figure S4A).
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FIGURE 3. Effects of chronic heat exposure on cecal microbial composition at different taxonomic levels in growing hens. (A) The Manhattan plots show enrichment and depletion of microbial OTUs between HS and TN groups during the experimental period (on Days 7, 14, and 21). The dashed line represents the significant level (using false-discovery rate-corrected P-values of 0.01). The stacked bar plots represent the average distribution of bacterial phyla (B) and genera (C), respectively. A statistical comparison between differences in the relative abundance of dominant microbial phyla (D) and genera (E) among three experimental groups based on Welch's t-test (p < 0.05 and effect sizes > 2).


The taxonomic analysis at the phylum level showed that Bacteroidetes (40.42%) dominated the bacterial communities across all samples, followed by Firmicutes (40.19%), Euryarchaeota (8.27%), and Proteobacteria (4.81%) (Figure 3B). Then, we analyzed the potential difference in these phyla among three groups through Welch's t-test for STAMP analysis (Effect size > 2 and p < 0.05). The results revealed Firmicutes were enriched in the HS group through all time points as compared to the TN group, while Bacteroidetes were depleted after 14 and 21 days heat exposure (Figure 3C). For Group PF, Firmicutes were enriched on Day 7, but depleted on Day 14 and Day 21 compared to the TN group. No significant changes were observed about Bacteroidetes across all three time points except it depleted on day 14 (Supplementary Figure S4B). We also calculated the Firmicutes/Bacteroidetes (F/B) ratios among three groups at each time point. The result showed that, compared with the TN group, the F/B ratios consistently increased in the HS group, and exhibited a tendency to be decreased in the PF group (p < 0.05, Supplementary Figure S4D). Down to the genus level, we observed that Bacteroides (29.15%), Methanobrevibacter (11.76%), Faecalibacterium (9.80%), Parabacteroides (7.36%), and Prevotella 9 (6.09%) were the dominant genera in all the groups (Figure 3D). Further analysis showed that, compared with the TN group, the Bacteroides in Group HS have a lower abundant on each time point, while Faecalibacterium and Methanobrevibacter have a higher abundance throughout the experimental period (Welch's t-test, ES > 2 and p < 0.05, Figure 3E). Compared to the samples from the TN group, the Prevotella.9 depleted in the PF group on Day 7 but enriched on Day 14 and Day 21 (Welch's t-test, ES > 2 and p < 0.05, Supplementary Figure S4C). All above results suggested chronic heat exposure can affect cecal microbiota composition of growing hens through changing the abundance of OTUs, which are mainly from phyla Firmicutes and Bacteroidetes.

We also constructed the genus-level microbial correlation network for each group based on SparCC (sparse correlations for compositional data) to reveal whether the chronic heat exposure changed the correlation and constructive interaction structures of gut microbiota. The network of HS and PF groups captured 37 nodes, 200 edges, 41 nodes, 158 edges, respectively, and has a slight difference from that in the TN group (34 nodes and 146 edges, Figure 4). We found that the inter-phyla correlation in HS and PF groups was weaker than that in the TN group (Figures 4A–C). For example, in the TN group hens, Desulfovibrio was positively correlated with Alistipes, but these correlations were not observed in the HS or PF group (Figures 4B,C). In the network of the HS group, several genera under phyla of Firmicutes have stronger positive correlation with each other, which showed heat exposure may weaken the inter-phyla interaction of genus that belongs to different phyla (Figure 4C). Altogether, these results suggest that the chronic heat exposure that significantly simplified microbial associations loosened the inter-phyla interacted relationships of cecal bacteria.
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FIGURE 4. Correlation networks observed between genera. Correlations between microbial genera among TN (A), PF (B), and HS (C) groups were calculated with the Sparse Correlations for Compositional data algorithm (SparCC). The different colors of the nodes represent different phylum, which the genera belonging. The edge color represents positive (red) and negative (blue) correlations, and the width of the edge represents the magnitude of the correlation (wider if it is higher). Only high-confidence interactions with pseudo p-value ≤ 0.01 were drawn in the network using the R package qgraph.




Association Between Gut Microbial Phyla and Serum Physiologic Parameters

The mantel test was given to find out the interaction pattern between phylum-level dominant OTUs of gut microbiota and serum parameters of the host under chronic heat exposure (Figure 5). The results illustrated that the TG and ALP were significantly and positively influenced by Firmicutes and Verrucomicrobia, respectively (p < 0.01). As shown in Figure 5, the Firmicutes and Verrucomicrobia also had a significant effect on CK-MB, HDL, and ALB (p < 0.05), while we found no statistically meaningful links between these two phyla and the remaining serum parameters (p > 0.05). The Euryarchaeota and Cyanobacteria exhibited a strong positive interaction with LDL and TG (p < 0.05), respectively; Actinobacteria linked closely with UA and DBIL (p < 0.05). We observed no statistically significant associations between other microbial phyla (Bacteroidetes, Proteobacteria, Synergistetes, Tenericutes, and others) and serum parameters (p > 0.05). Through Pearson's correlation analysis, we explored the interconnections among serum parameters; results showed TG had a significant negative correlation with T-AOC and HSP70 (p < 0.01 or p < 0.05), while HDL was significantly and positively correlation with HSP70 but negatively related to LDL and γ-GT (p < 0.01). For LDL serum concentration, it showed significant positive relationships with DBIL, CK, and CK-MB (p < 0.01 or p < 0.05). We also observed several other significant associations, among which TC was significantly and positively linked to AST (p < 0.05); UA and CK had significant positive correlation with TBIL, DBIL, and IBIL (p < 0.001 or p < 0.01 or p < 0.05), while UA also showed a negative interaction with GLO. We observed the strongest correlation between the IBIL and TBIL, CK, and CK-MB, respectively. Overall, these results show that the interaction of microbial phyla and serum parameters is important in host lipid metabolisms.
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FIGURE 5. Association between cecal microbial phyla and serum physiologic parameters. Pair-wise comparisons of a serum physiologic parameter in CHE hens were shown with a color gradient denoting Spearman's correlation coefficients. The asterisk shows statistical significance. *p < 0.05; **p < 0.01; ***p < 0.001. Taxonomic groups (phyla) were linked to each serum physiologic parameter by using the Mantel test. The edge thickness denotes the Mantel's r statistic for the corresponding correlations, and the edge color represents the statistical significance (P-values) based on 999 permutations.




Serum Metabolic Profiles Changes Induced by CHE in Hens

The serum metabolite profiles were collected by electrospray ionization, applying both positive (POS) and negative (NEG) ion modes based on the UHPLC-QTOF-MS system, which can maximize the metabolite coverage and reduce background noise. The total ion chromatograms (TIC) of the serum samples in positive and negative ion modes both displayed stable retention times (Supplementary Figure S5). After peak alignment and removal of missing values, 1,761 and 1,337 valid peaks remained in POS and NEG scan modes, respectively. We then identified 440 (POS) and 276 (NEG) metabolites by matching these valid peaks with an in-house MS2 database.

The unsupervised principal component analysis (PCA) model was built under POS and NEG modes, respectively, to visualize similarities or latent differences among and within the groups. As shown in the PCA plots, a clear separation between the HS group and other groups was observed in the positive and negative modes (Figures 6A,B). As presented in the PCA score plots, in both POS and NEG modes, the samples from the chronic heat-exposed hens were readily separable from the rest, whereas the samples of PF hens also showed a separation trend with TN hens. Based on the above results, we further applied the OPLS-DA model to maximize the discrimination among three groups and develop a deeper understanding of the metabolites responsible for the separation. All samples in each score scatter plot of the PCA and OPLSDA model were within 95% confidence interval (a Hotelling's T-squared ellipse), which showed that the model can precisely describe the metabolic profiles of each group. The OPLS-DA scores plot also confirmed that each of the pair-wise groups (HS vs. TN, PF vs. TN, and HS vs. PF) was obviously separated in both positive and negative ion modes, showing that there were significant variations in the serum metabolic status of hens exposed to chronic high temperature (Figures 6C–F; Supplementary Figures S6A,B). The permutation test with 200 iterations showed that all R2 and Q2 values were smaller than the original points, which marked that all the OPLS-DA models in the present study were valid and the differential metabolites could be selected according to VIP value analysis (Supplementary Figures S6C–H).
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FIGURE 6. Multivariate analysis of the untargeted UHPLC-QTOF/MS metabolomics. The PCA score plots display the variance of positive (A) and negative (B) ions among TN, PF, and HS groups. The OPLS-DA score chart of serum metabolite analyzes the variance of positive (C) and negative (D) ions between the HS and TN groups, and the variance of positive (E) and negative (F) ions between the PF and TN groups.


Referring to the principle combined with the variable importance of project (VIP) values > 1 and the two-tailed p-values calculated by Student's T-test < 0.05, we identified 40, 37, and 33 significant differential metabolites (SDMs) between each comparison pair-wise group (HS vs. TN, PF vs. TN, and HS vs. PF), respectively (Supplementary Table S4). Among which, compared with the TN group, 20 SDMs were upregulated and 2 SDMs were downregulated in both HS and PF groups, 1 SDM was upregulated in the HS group but downregulated in the PF group, 6 SDMs were downregulated in the HS group but upregulated in the PF group (Figure 7B). These results showed that the hens in the HS group and the PF group exhibited different metabolites accumulation patterns. The area under curve (AUC) index and receiver operating characteristic (ROC) analysis were further performed on the SDMs to seek potential biomarkers with AUC values of above 0.7. Finally, there were 14, 13, and 12 serum metabolites that were selected at the comparison pair-wise groups (HS vs. TN, PF vs. TN, and HS vs. PF), respectively. All the above potential biomarkers displayed high sensitivity and specificity, with AUC values range from 0.86 to 1.00 (Figure 7E; Supplementary Figures S7A–C).


[image: Figure 7]
FIGURE 7. Detection and identification of differential metabolites and further classification into different metabolic pathways by KEGG analysis. (A) An enrichment cycle diagram (HS vs. TN) including four circles from the outside to the inside, representing a KO identifier, the number of differential metabolites in the categories, the number of upregulated and downregulated metabolites, and the max VIP value of differential metabolites in each category, respectively. (B) Scatterplot comparing the serum metabolites expression pattern between different groups (PF vs. TN at y-axis; HS vs. TN at x-axis). The significant changed metabolites were labeled in colors (|log 2-fold change| ≥ 1 and p < 0.01). (C) The bubble plots of significantly different metabolites enriched pathways between HS and TN groups. The abscissa and bubble size of the bubble represent the importance of the metabolic pathways in the topology analysis, and the ordinate and bubble color (from white to yellow to red) denote the significant level of the metabolic pathway through enrichment analysis. (D) Functional analysis of the cecal microbiota using PICRUSt (Level 3). The abundances of KEGG categories were significantly changed between HS and TN on Day 21. (E) A representative image of ROC curve analysis for differential metabolites in serum between HS and TN groups after 21-day heat exposure. More image of ROC curve analysis for differential metabolites among the three experimental groups is available in Supplementary Figure S7.


Next, we performed a pathway enrichment analysis on the SDMs using MetaboAnalyst 4.0, which could describe the key pathways involved in hens in response to CHE. As shown in Figure 7C, 16 pathways were identified with pathway impact values over 0.10 and p-value < 0.05. Among which, 4 pathways belonged to lipid metabolism (fatty acid metabolism, glycerolipid metabolism, steroid biosynthesis, synthesis and degradation of ketone bodies), 6 pathways were part of amino acid metabolism (alanine, aspartate, and glutamate metabolism; arginine and proline metabolism; cysteine and methionine metabolism; glycine, serine, and threonine metabolism; lysine degradation; and phenylalanine and tyrosine metabolism), 3 pathways were part of carbohydrate metabolism (glycolysis, inositol phosphate metabolism, and the TCA cycle), 2 pathways belonged to nucleotide metabolism (purine metabolism and pyrimidine metabolism), and one pathway was part of metabolism of other amino acids (D-glutamine and D-glutamate metabolism) (Figure 7A). Those findings correspond with the PICRUSt2 that predicted the microbial function, suggesting cecal microbiota may affect a host serum metabolic profile by exerting physiological functions linked to amino acid metabolism (Figure 7D). Finally, a metabolic network of all SDMs gotten in serum samples was drawn manually to visualize the association between these metabolites (Supplementary Figure S8).



Correlation Analysis of Microbial Genus Abundance With Serum Metabolites

Using random forest regression modeling (RF) and spearman correlations analysis, we further checked the contributions and interaction pattern of the relative abundances of distinct genera in cecal microbiota on the variation of serum metabolics profiles. The relative abundance of different gut microbial genera can explain the changes in serum metabolite patterns (Figure 8). For instance, the abundance of Faecalibacterium genus, which belong to Firmicutes phyla, was the strongest predictor for amino acid metabolism-related (AA-related) metabolites in serum, including L-Methionine, Creatinine, and Glycine; Lipid Metabolism-related metabolites (LP-related), including Arachidonic Acid, Palmitic acid, Stearic acid, and (R)-3-Hydroxybutyric acid; Carbohydrate Metabolism-related metabolites (CH related), including Fumaric acid, Glycerol 3-phosphate, and Aconitic acid. Similarly, the Methanobrevibacter genera played a pivotal role in determining the concentration of several metabolites in serum, including L-Phenylalanine, N-methyihydantoin and Urea (AA related), Heptanoic acid, and Palmitic acid (LP related). The abundance of the Bacteroides was an important factor in predicting the serum level of metabolites, including Stearic acid (LP related), D-Fructose and Aconitic acid (CH related). Spearman correlation analysis showed that the abundance of Faecalibacterium and Methanobrevibacter genera exhibited a tendency to positive correlation with amino acid metabolism and carbohydrate metabolism-related metabolites but displayed a negative correlation with lipolysis-related metabolites. We observed an inverse trend in the abundance of the Bacteroides genera related to the serum metabolic profiles (Figure 8). These results suggest that distinct microbial genera abundance influenced the serum metabolites accumulation patterns. In particular, the Faecalibacterium and Methanobrevibacter were important variables for predicting serum metabolic profiles in hens exposure to high-ambient temperature.


[image: Figure 8]
FIGURE 8. Potential biological contributions of the cecal microbial genera to a serum metabolic profile of the CHE hens based on correlation and the random forest model. Circle size represents the variable importance. Colors and sizes of squares represent R-value of Spearman's correlation. Bars in the right show the proportion of explained variability calculated via multiple regression modeling and variance decomposition analysis.





DISCUSSION

Growing evidence showed chronic heat exposure impairs physiological processes of energy homeostasis in animals (45, 46), especially for avian species, resulting in lipid metabolic disorders, finally caused excessive fat accumulation (16, 47). The gut microbiota has been recognized as a risk pivotal factor contributing to obesity by affecting host energy harvest and storage (48, 49). Specially, the growing layer of hens is more sensitive to the high-temperature environment due to the immaturities in the anatomy and function of intestinal mucosa (50), which might be easily damaged by the heat exposure, resulting in unavoidable effect of the gastrointestinal microbiota (51, 52). Recent work by Cândido (53) has suggested that the temperature regulation systems in hens at the brooding phase (1–6 weeks of age) are not yet mature; high-humidity environment is requisite to avoid cold stress and improve chick survival. However, the thermoregulatory system becomes fully developed in growing-layer hens (7–17 weeks of age); thus, high-humidity environment changed to a prime risk factor to induce heat stress (53, 54). Although increasing studies have confirmed that high temperature is a contributor to the disorder of host metabolism and the gut microbiota disturbance, limited studies have investigated the interplay between hens and microbiota under high-ambient temperature (25, 55). To fill this gap of knowledge, the present study explored the potential interaction of the gut microbiota and serum metabolites in stressed-growing layer hens induced by the CHE using multi omics approaches.

The serum biochemical parameters respond to reflect the body to environmental stressors, and then they can be used as physiological biomarkers to know the situation of nutrient metabolism and organism health raised in stressed conditions (27, 56, 57). Here, we measured changes of some represented physiological biomarkers after 21 days of heat exposure in hens. Our results show that the lipid profiles (TG, TC, LDL, HDL) were significantly affected by the chronic heat exposure. This finding is consistent with previous studies, showing TG, TC, and LDL levels were significantly increased in chickens raised in CHE conditions; meanwhile, HDL was significantly decreased (27, 58). Lu et al. (20) stated that the excessive fat accumulation in birds under heat exposure is linked to chicken-breed-specific higher resistance to high-ambient temperature (20). Similar results were reported in mammals, where elevated ambient temperature can enhance lipid metabolism (59, 60). Another remarkable change observed in this study was the CHE can simultaneously affect multiple organ indexes (liver: ALT, AST, ALP, γ-GT, TBIL, DBIL, and IBIL; kidney: CREA-S and UA; heat: CK, LDH, and CK-MB), showing heat stress could cause dysfunction in multiple organs. These results concur with those of previous studies, suggesting response to CHE involves multiple organs and systems (23, 61). In the present study, we also examined molecular indices of oxidative stress; it showed that birds subjecting to chronic heat exposure increased oxidative stress, as shown by lower levels of T-AOC, SOD, and GSH-Px with higher MDA concentrations in serum. Paralleled with our findings, previous studies also reported that duration of thermal stress affects serum oxidative stress indices in a time-dependent manner (62). Lu et al. showed that CHE can cause damaged or malfunctioning mitochondria by generating reactive oxygen species (ROS), which may finally result in altered energy metabolism (47). HSP70 is considered as a reliable biological indicator of animal response to heat stress, which is the most abundant and temperature-sensitive heat shock protein (HSP) associated with heat exposure (63, 64). Consistent with previous studies, our results showed that not only the serum HSP70 level but also its expression in cecal tissue after CHE are significantly elevated, suggesting CHE success induced heat stress response in hens. Of note, compared with the TN group, no significant changes were observed in all of above physiological changes in the PF group, except for an inverse tendency observed in TG and TC, indicating that CHE-induced physiological function damage and metabolic disorders were partly independent from the reduced feed intake (65). Taken together, these results suggest the Candido HS model induced by CHE in hens was successfully established.

The avian gastrointestinal tract is populated by a diverse and complex microbial community (66), and the alterations in intestinal morphology and microenvironment are closely connected to the imbalance of gut microbiota (67, 68). Regarding the histopathological findings in the current work, severe damaging lesions were observed in the cecal tissues of hens after 21 days of heat exposure, and those intestinal morphology damages, meaning gut microbiome, might also have been affected by the CHE. Thus, we used 16S rRNA sequencing technology to determine whether the gut microbiota community in hens was affected by the CHE-induced heat stress. Our results show that the influence of heat stress was not manifested as changed alpha diversity of gut microbiome, but changed beta diversity in a time-dependent manner, showing that CHE could alter the structure and composition of cecal microbiota in hens (69). Going a step further, our result showed the two main dominant phyla altogether comprise above 80% of all the bacterial sequences at the end of the experiment, which agrees with previous studies of gut microbial profiles in birds (70, 71). The balance of Firmicutes and Bacteroidetes is measured as a ratio, Firmicutes/Bacteroidetes (F/B), which is a predictive marker reflecting gut microbiota dysbiosis (72, 73). Besides, the increment of the F/B ratio induced by the contraction of Bacteroidetes and/or expansion of Firmicutes is tightly associated with fat accumulation and potential for obesity both in humans and other animals (74, 75). Recently, several reports have suggested that the gut microbiota of stressed birds presented a significantly increased trend of the F/B ratio (76–78). In the current study, consistent with these previous reports, we observed an increase in Firmicutes and a decrease in Bacteroidetes after the CHE treatment at later two time points; meanwhile, the F/B ratio was incremented across all time points, showing the CHE can induce the gut microbiota dysbiosis and might further affect a lipid deposit in hens. However, a decrement of the F/B ratio was gotten in the PF group at each time point as compared to the TN group, which suggested that the changes of gut microbiota composition induced by the CHE are partly independent from the reduction of feed intake in hens. The result appears to contradict with Xing et al. (79), who noted the alterations in the gut flora of heat-stressed-laying hens are mainly linked with reduced feed intake (79). The discrepant chicken breeds, exposure time, and temperature of the study models may partly explain this divergence (20). These results have let us inferred the CHE can clearly induce dysbiosis of the gut microbial community reflected in the increment of the F/B ratio, which may consequently affect the lipid metabolism of hens.

According to the taxonomic analysis at the genus level, with increase of heat exposure time, the changing patterns of several genera were consistent across time points. Our results go further, showing that the relative abundance of Bacteroides decreased, whereas the relative abundance of Faecalibacterium and Methanobrevibacter increased after CHE treatment at all three time points. Methanobrevibacter, belongs to the phylum Euryarchaeota, is a common bacterial taxon inhabiting in the cecum of chickens (75), recognized as methane producing and energy-efficient genus (80). Wen et al. found that chickens with a higher Methanobrevibacter abundance had significantly higher abdominal fat content than those with a lower abundance of Methanobrevibacter (29). Recent original investigations have also highlighted the increment of genus Methanobrevibacter in heat-stressed animals might lead to excessive fat accumulation through enhanced energy capture of the host (75, 81). As for Faecalibacterium that belongs to the phylum Firmicutes, it was likely to be a biomarker for predicting the intestinal and systemic host health through its potential anti-inflammatory capability (82, 83). However, Niu et al. (84) reported that Faecalibacterium genus presents a positive relation with the abdominal fat and subcutaneous fat thickness in broiler chickens, and similar finding has been reported in the study of Gallardo-Becerra et al. (85), who observed Faecalibacterium was significantly increased in obesity and positively correlated to BMI in humans (85). Besides, Niu et al. (84) also reported that one taxon from the Bacteroidetes, genus Bacteroides related negatively with fat accumulation in broiler (84). Unsurprisingly, the altered patterns of genera in the PF group differed from the HS group as compared to the TN group, and it agrees to our results at the phylum level, which further confirmed that the gut microbiota dysbiosis caused by CHE treatment is partly independent from the reduced feed intake. Collectively, we hypothesized that the CHE treatment could alter the cecal microbial community composition by affecting the relative abundance of several specific genera, and it might further contribute to the lipid metabolism disturbance in hens.

To shed light on the results of biochemical level changes in serum of hens after 21 days of the CHE treatment, a sensitive untargeted approach for metabolomics study involved in the UHPLC-QTOF-MS method was used for global characterization of metabolic profiling of serum samples. The results showed that the serum level of D-glucose was considerably decreased in both HS and PF groups as compared to the TN group at the end of the experiment. Consistently, evidence has accumulated that heat stress can let various animal species into a state of negative energy balance (NEB), and this mainly associated with the reduced feed intake (86–89). Regarding this scenario, it results in the intense depletion of body energy reserves (90). However, Liao et al. (21) reported that the different breeds of cattle in the patterns of mobilized body reserves (body fat or muscle-derived proteins) to compensate for the heat stress-caused energy deficit may differ. In avian species, under the NEG state caused by HS, the energy output in broilers was increased by promoting the decomposition of muscle-derived proteins and mobilization of amino acids as fuel to meet their energy demands (12, 91). In parallel to these findings, we found that 10 metabolites were remarkably increased after the CHE treatment, which were mainly implicated in the amino acid metabolic process, including alanine, aspartate, and glutamate metabolism; arginine and proline metabolism; cysteine and methionine metabolism; glycine, serine, and threonine metabolism; phenylalanine and tyrosine metabolism; lysine degradation; and D-glutamine and D-glutamate metabolism (12). Among them, the concentration of eight metabolites was also increased in the PF group as compared to the TN group, such as creatinine, L-asparagine, Ornithine, Hydroxyproline, urea, L-tyrosine, L-phenylalanine, and L-glutamine. In addition, our results of the serum biochemical, which revealed the concentration of serum TG in hens was highest in the HS group among the three groups, could further support these findings. The similar results have been reported in the studies of heat-stressed pigs (92–94). Considering the above results, to meet the energy deficit caused by the CHE, we inferred the alterations of the serum metabolic profiles in CHE hens mainly involving the increased proteolysis rather than lipolysis, and this tendency could be a specific metabolic adaptation of the poultry.

The microorganisms inhabiting the intestine live in close contact rather than isolation with each other, and the complex interconnected microbial networks reflect the structure and functioning of gut microbial communities (95). Thus, the correlation network analysis was constructed to assess the structure of complex microbial communities and the potential interactions among microbial members. Our results revealed the inter-genus interaction pattern of gut microbiota in CHE hens differed from the other two groups, in conformity with previous observation that heat exposure can alter the potential interaction within the gut microbial communities of the host (96). Generally, the higher interaction network complexity can provide a more stable biological buffer to microbial communities against the changing environment (97). In the present study, the analysis of correlation network emphasized that there were sparser interconnections among genera belonging to different phylum in the hens chronically exposed to high temperature. This finding suggests that the gut microbial community in CHE hens might be more sensitive to the habitat environmental pressures. Conversely, we also found that the genera under phylum Firmicutes in CHE hens have more complex interactions with each other, and it probably attributed to the high-temperature exposure that substantially increased the abundance of phylum Firmicutes in the gut microbial community of hens. Previous studies revealed that the gut microbial community formed with a high F/B ratio and the interactions of specific relevant microbial members may contribute to obesity development and associated metabolic deteriorations of the host (98). Based on the above, we deduced the CHE treatment could simplify the inter-genus interactions among genera belonging to different phyla but complexify the interaction of genera within the phylum Firmicutes.

Emerging evidence suggests that alterations in the gut microbiome composition and functions are associated with physiological disorders of the host (99, 100). Mantel correlation analysis between gut microorganisms and physiological indicators in CHE hens showed that most bacterial phyla had a positive influence on host physiological processes. For example, we observed that the relative abundance of phylum Firmicutes was significantly and positively associated with serum TG. A recent study of Mahfuz et al. has shown the elevated level of serum TG involves a closely linked excessive fat accumulation in chickens (101). Moreover, the increased ratio of Firmicutes/Bacteroidetes has been reported to have a positive relation with obesity. In the present study, there was no significant correlation between the phylum Bacteroidetes and any of the physiological indicators, suggesting that the lipid metabolism disorder in our CHE hens might be attributed to the increase in abundance of phylum Firmicutes (102). Supportive of this, Armougom et al. demonstrated that specific enzymatic activities of obese individuals were found in the phylum Firmicutes rather than in Bacteroidetes (103). Additionally, LDL can inhibit the transportation of serum cholesterol by forming an oxidized ox-LDL, which is one of the primary risk factors causing atherosclerosis and coronary heart disease (104). Our results revealed that the phylum Euryarchaeota was significantly and positively associated with the serum level of LDL, suggesting it might also contribute to the excessive fat accumulation in CHE hens. Taken together, we concluded that the phylum Firmicutes and Euryarchaeota have a potential interaction with a serum lipid parameter, suggesting it might affect the lipid regulation and metabolism in the CHE hens.

Recent studies have suggested that the alterations in serum metabolome could mirror the discrepancies about the gut microbiome in animals under many disease progressions (105, 106). In our study, we were also curious about the interactions between the serum metabolites and cecal bacterial genera in CHE hens. Random forest analysis showed that both genus Faecalibacterium and Methanobrevibacter were important predictors of the CHE-induced lipid metabolism disorder. As aforementioned, Faecalibacterium belongs to Firmicutes, and it is a dominant member of gut microbiota, which might have a positive impact on fat synthesis and increased risk of excess lipid deposition in the chickens (82–84). We also observed that the hens under NEB condition caused by CHE, rather than initiated by lipolysis, increased the proteolysis to fill the energy deficit. Given this information, it is not surprising that the spearman correlations analysis showed Faecalibacterium negatively associated with lipolysis-related metabolites but positively associated with proteolysis metabolites in CHE hens. Our results also revealed a similar trend in the Methanobrevibacter, which agrees with the results of a previous study reporting that it positively related to abdominal fat content in chickens (75). In addition, the genus Prevotella might play a negative role in lipolysis, although the trends were not significant in metabolism of the CHE hens. This finding is consistent with a recent contribution, describing that Prevotella increases fat accumulation in pigs fed with formula diets (107). Putting together, we speculated that the Faecalibacterium and Methanobrevibacter were the important contributors to the CHE-induced disorders of lipid metabolism in hens.



CONCLUSION

In summary, we developed a CHE-induced model in growing layer hens to investigate the effect of prolonged exposure to high-ambient temperature on the gut microbiome and serum metabolome, as well as potential interactions between these two datasets. 16S rRNA gene sequencing analysis showed that the CHE can clearly induce dysbiosis of gut microbial community reflected in the increment of the F/B ratio, which may consequently affect the lipid metabolism of hens. Supportive of this observation, the serum metabolome analysis revealed the CHE caused an energy deficit in hens, and, to meet this gap, the alterations of the metabolites mainly involve the increased proteolysis rather than lipolysis, and this tendency could be a specific metabolic adaptation of the poultry. We also found that the above changes induced by CHE were partly independent from the reduction in feed intake. Mantel correlation analysis between gut microorganisms and physiological indicators showed that the phylum Firmicutes and Euryarchaeota have a potential interaction with a serum lipid parameter, suggesting it might affect the lipid regulation and metabolism in CHE hens. Random forest analysis showed that both genus Faecalibacterium and Methanobrevibacter were important predictors of the CHE-induced lipid metabolism disorder. However, there are several limitations in this study that need to be addressed in future pieces of research. First, because of the limited sample size, additional research using a larger hen sample size needs to be conducted to validate our findings. Second, the potential interaction observed between gut microbiome, host serum physiological indicators, and metabolic profiles needs further validation. Despite the limitations, our findings may contribute to a better understanding of the metabolic mechanisms underlying the energy metabolism imbalance caused by the CHE and provide novel insights into the host-microbes interactions and their effects on the metabolic adaptation of hens under chronic heat exposure.
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