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Introduction: Residual feed intake (RFI) is a indicator to evaluate animal feed. This experiment was explored to study the relationship between intestinal microbiome and metabolome of ducks with different residual feed intake during laying period.

Methods: A total of 300 Shaoxing ducks aged 42 weeks were randomly selected and fed a diet of 60 d. At the end of the trial, 20 samples were selected according to the phenotype of RFI and divided into two groups (HRFI and LRFI). The cecal microbiota composition was explored by 16S ribosomal RNA gene sequencing and rectal metabolomics uses liquid chromatography-mass spectrometry (LC–MS) to identify the composition of metabolites in a non-targeted manner.

Results: Results show feed intake and feed conversion ratio in the group HRFI were significantly higher than those in the group LRFI (p < 0.05). Chao1 indices were higher in the group LRFI than in the HRFI (p < 0.05), Shannon and Simpson indices were higher in the group LRFI than in the HRFI (p < 0.01). After linear discriminant analysis effect size (p < 0.05, LDA score > 3), Rikenellaceae, Rikenellaceae_RC9_gut_group, Lactobacillales and Ruminococcus_2, etc. were significantly enriched in the group LRFI at the genus level, while Prevotellaceae_NK3B31_group and Bacteria were significantly enriched in the group HRFI. After LC–MS analysis we found 338 metabolic difference products and 10 metabolic pathways, including the ABC transporter system, cysteine and methionine metabolism, arginine and proline metabolism, and vitamin B6 metabolism, were identified to be associated with the significantly differentially expressed between the groups LRFI and HRFI (p < 0.05). We hypothesize that the difference between ducks with different RFIs is mainly due to the fact that ducks with LRFI have more SCFAs-producing bacteria in their gut microorganisms, which regulate the RFI of animals. This process we found that Phascolarctobaterium and Anaerobiospirillum may provide energy for ABC transporter system by producing SCFAs, and regulate RFI to improve feed utilization efficiency.

Discussion: These results revealed the relationship between microbiome and metabonomics in laying ducks with different RFI, and provided theoretical basis for further study on the relationship between them.
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Introduction

Feed is the largest cost of production in the duck industry in China, and meeting feed requirements is very important for successful duck breeding (Zeng et al., 2016). The main components of the diet of laying ducks are corn, wheat, and soybean; due to the scarcity of biofuels, some countries are using farmland for biofuel production (Hill et al., 2006; Godfray et al., 2010), and climate change and other factors are driving up costs (Tigchelaar et al., 2018). The costs of duck production will consistently increase because of the reliance on the feed ingredients, and natural factors. Therefore, improving the efficiency of converting feed of ducks can greatly ameliorate this existing circumstances. Residual food intake (RFI) is the difference between the food intake of animals in actual production and the expected food intake calculated by people at this growth stage, which is used to evaluate the efficiency of animals on feed (Aggrey et al., 2010; Wen et al., 2018).

The intestinal microorganism is considered as an organ of the body and plays an important role in host feed digestion, nutrient absorption and energy supply (McCormack et al., 2017). Many studies have shown an important link between feed utilization efficiency and host gut microflora. Xu et al. (2021) found that the addition of 1 × 109 CFU/kg Clostridium butyricum to the diet significantly increased the relative abundance of Clostridium butyricum and Lactobacillus in the broiler intestine, up-regulated the expression levels of genes related to intestinal barrier function, and improved feed utilization efficiency. Wen et al. (2021) found that the contribution of flora to the RFI phenotype was different in different intestinal parts of chickens, with cecum microorganisms contributing up to 28%. It has also been shown that this difference is due to different genetic selection for digestive efficiency, but still the role of microbial regulation of RFI cannot be denied (Borey et al., 2020). It has been proved that microorganisms can degrade polysaccharide and fiber in feed and improve feed efficiency of chickens (Zhang et al., 2022). Li et al. (2021) study show that feed restriction could change the microbial community of duck intestines, it further indicates that the feed intake will affect the intestinal flora of animals. The gut microbiota has been shown to be closely related to feed efficiency in poultry (Stanley et al., 2016; Metzler-Zebeli et al., 2019). Metabolic processes play an important role in animals, involved in the breakdown or synthesis of many important molecules (Wang and Kadarmideen, 2019). Furthermore, compared to DNA, RNA, and proteins, metabolites are closer to observable phenotypes. Therefore, metabolites are highly correlated with RFI and can be used in the selection of low RFI animals (feed-efficient animals) for better saving cost of feed or breeding (Wang and Kadarmideen, 2019).

However, the relationship between the gut microbiome and metabolome of laying ducks with different residual feed intake, and the relationship between the two and poultry feed efficiency remains unclear (Mignon-Grasteau et al., 2015). Through comprehensive analysis of the intestinal microbiome and metabolome, the relationship between them and RFI can be better explained. Therefore, in this study, we assessed the effects of different RFIs on production performance, gut microbiota and metabolome of Shaoxing ducks, and investigated the association between them.



Materials and methods


Experimental design

A total of 300 Shaoxing ducks aged 42 weeks were randomly selected fed a diet for 60 d. Feed intake (FI) was the weight of feed taken by animals within 24 h. Egg mass laid (EML), body weight (BW, average weight before and after the trial), and ∆W (BW gain) were measured. We estimate that the MMW and RFI of ducks are relationship, and the specific methods and parameters are described in our previous articles (Zeng et al., 2016). At the end of the experimental period, we selected 10 extreme individuals (20 in total) according to different residual feed intake, and divided them into two groups to represent two different RFI performances (High RFI, HRFI and low RFI, LRFI). There was only significant difference in residual feed intake between the two groups, but no difference in other phenotypes.



Experimental materials and feeding management

The experiment was carried out at the national breeding site of Shaoxing Duck in Zhejiang Province, China. The ducks were kept in a three-story cage, and each cage position is separated by a partition to avoid experimental errors caused by pecking at each other’s feed. The basic feed of the experimental ducks combined with the needs of ducks during the egg-laying period met the nutritional requirements of the Chinese egg and duck standard (GB/T 41189–2021), and the basic composition of the feed was shown in Supplementary Table S1.



Sample collection

The daily individual FI, egg laying weight, initial weight, and end weight were recorded, and the RFI was calculated. The highest ranked 10 and the lowest ranked 10 were assigned to the groups HRFI and LRFI, respectively. Measured the egg shape index (Vernier caliper, Deguqmnt), eggshell thickness (ETG-1061 eggshell thickness gauge, Robotmation), shell strength (EFG-0503 eggshell strength gauge, Robotmation, Tokyo, Japan), and egg weight, yolk color, albumen height, Haugh unit were used to define internal egg quality (EMT-5200 egg quality gauge, Robotmation) of the two groups of eggs, respectively. After euthanasia of each group of ducks, the contents of the cecum and rectum were collected and stored at −80°C for analysis.



Cecum microbiome

Extraction of DNA from Intestinal Contents Using the DNA Template Mini Kit (Qiagen, Hilden, Germany). The 16S rRNA gene was amplified by PCR with primers, and the detected region was V3-V4 region 341F: (5’-CCTACGGGNGGCWGCAG-3′) and the reverse primer 805R: (5’-GACTACHVGGGTATCTAATCC-3′). The construction of the gene library is based on Ion Plus Fragment Library Kit (48 rxns) (Thermo Fisher Scientific, United States). A single-ended sequencing platform is then used which performed using the IonS5 platform at Zhejiang Tianke Hi tech Development Co., Ltd. (Hangzhou, China).



Sequencing data analysis

The microbiome bio-information analysis section was performed using QIIME2 2019.4. The reads sequence is compared with the Gold database1 and UCHIME Algorithm2 to remove the chimeric sequence to obtain the clean data. Clustering was performed using Uparse (version 8.1.1861, http://drive5.com/uparse/) (Edgar et al., 2011) with 97% similarity, and representative operational taxonomic units (OTUs) sequences were selected (Wang et al., 2007). The phylogenetic affiliation of each 16S rRNA gene sequence was analyzed by the ribosome database project classifier3 against the Silva (version 138.1, http://www.arb-silva.de) 16S rRNA database using confidence threshold of 80% (DeSantis et al., 2006).

The rarefaction analysis based on Mothur (version 1.30.1) (Schloss et al., 2009) was conducted to reveal the diversity indices, including the Chao1, Shannon index, Simpson index, and Goods coverage diversity indices. The beta diversity analysis was performed using UniFrac (Oksanen et al., 2015) to compare the results of the principal component analysis (PCA). Linear discriminant analysis effect size (LEfSe) analysis was used to identify the different bacterial populations of the two groups (Ijaz et al., 2018).



Metabolomics profiling for rectal contents

Pre-frozen specimens were added 100 mg glass bead, placed in a tissue grinder mechanically ground, then added a mixture of CH2Cl2/MeOH (1:1, v/v) (stored at −20°C). After centrifugal filtration transfer into the detection bottle for liquid chromatography–mass spectroscopy (LC–MS) detection. The LC analysis was four times using hydrophilic-interaction chromatography (HILIC) and reverse phase liquid chromatography (RPLC) separation in both positive and negative ionization modes. Based on the non targeted metabonomics of Nexera UPLC Ultra High Performance Liquid Phase Tandem QE High Resolution Mass Spectrometer, combined with the metabonomics data processing software Progenisis QI v2.3, the qualitative and relative quantitative analysis of the original data was carried out, and the original data were standardized and preprocessed (Sun et al., 2021).



Statistical analysis

Feed efficiency traits and egg quality traits were analyzed in SPSS software package (SPSS version 22.0; IBM Corp, Armonk, NY, United States). Shapiro–Wilk test was used for phenotypic aspects of feed efficiency data, and Student’s t-test was used to analyze differences after compound normal distribution conditions. The Kruskal-Wallis rank sum test was used to select and demonstrate differentially abundant taxa between the groups LRFI and HRFI. Correlations between different cecal microbial genera and differentially expressed metabolites in the rectal samples were assessed using Spearman’s correlation test. p < 0.05 was considered significant.




Results


Differences in phenotypes of laying ducks with different RFI

Difference analysis showed (Table 1) that FI and FCR were significantly higher in the group HRFI than in the group LRFI (p < 0.05). There were no differences in EML, BW, and ∆W between the groups HRFI and LRFI (p > 0.05). There were no differences in the egg quality traits between the LRFI and HRFI ducks (p > 0.05).



TABLE 1 Means (±SE) of feed efficiency and egg quality traits in a duck population divergently selected for low (LRFI) or high (HRFI) residual feed intake.
[image: Table1]



Bacterial analyses of cecal contents

A total of 1,064,989 bases (Supplementary Table S2) were obtained from 20 samples. After quality inspection and removal of chimeric sequences, the average number of readings produced from each duck’s cecal sample was 41,162 (Supplementary Table S2). A total of 1,017 OTUs were obtained and successfully classified to the domain level using classifiers. Rarefaction analyses were performed to gauge for adequate sequencing depth per sample (Supplementary Figure S1). The α diversity assessed using Chao1, Shannon index, Simpson index, and Goods coverage indices is shown in Figure 1 (Supplementary Table S3). Chao1 indices were higher in the LRFI than in the group HRFI (p < 0.05) (Figure 1A), Shannon, and Simpson indices were higher in the LRFI than in the group HRFI (p < 0.01) (Figures 1B,C), suggesting that cecal microflora richness and diversity was higher in the group LRFI than in the HRFI.

[image: Figure 1]

FIGURE 1
 Measurements of alpha diversity in the cecal microbiota at the OTU level using Chao1, Shannon index, Simpson index, and Goods coverage indices in the groups HRFI and LRFI. Chao1 (A); Shannon index (B); Simpson index (C); Goods coverage (D).


We identified top 10 bacterial phyla and genus in the cecal microflora of the duck (Figure 2). The community structure of cecal microflora in samples from the groups LRFI and HRFI was nearly identical at the phylum level. At the phylum level (Figure 2A), in the group HRFI, Bacteroidetes were the most abundant bacteria (52.21%), followed by Firmicutes (28.83%), Proteobacteria (5.82%), and Fusobacteria (6.22%). In the group LRFI, Bacteroidetes were the most abundant bacteria (48.49%), followed by Firmicutes (37.07%), Proteobacteria (6.41%), and Fusobacteria (2.25%). The abundances of Firmicutes and Proteobacteria in the group LRFI were higher than in the HRFI, and the abundances of Bacteroidetes and Fusobacteria in the group LRFI were lower than in the HRFI. At the genus level (Figure 2B), in the group HRFI, Bacteroides were the most abundant bacteria (35.95%), followed by Faecalibacterium (11.07%), Prevotellaceae_Ga6A1_group (7.68%), and Fusobacterium (7.52%). In the group LRFI, Bacteroides were the most abundant bacteria (26.92%), followed by Faecalibacterium (6.35%), Prevotellaceae_Ga6A1_group (5.99%), and Fusobacterium (5.47%). The abundances of Megamonas in the group LRFI were higher than in the HRFI, and the abundances of Anaerobiospirillum in the group LRFI were lower than in the HRFI.

[image: Figure 2]

FIGURE 2
 Taxonomic classification of the gut microbial composition in each group at the phylum and genus level: phylum level (A); genus level (B).


PCA analysis revealed a clear structural difference in the composition of gut microbiota between high and low RFI ducks (Figure 3A). Differentially abundant taxa between HRFI and LRFI were also identified using LEfSe analysis (p < 0.05, LDA score > 3). Rikenellaceae, Rikenellaceae_RC9_gut_group, Lactobacillales, Bacilli, Romboutsia, Streptococcaceae, Streptococcus, Eubacterium__coprostanoligenes_group, gir_aah93h0, Clostridium_sensu_stricto_1, Clostridiaceae_1, Ruminococcaceae_UCG_010, Eubacterium__hallii_group, Christensenellaceae, Christensenellaceae_R_7_group, Barnesiellaceae, and Ruminococcus_2 were enriched in LRFI (p < 0.05), Prevotellaceae_NK3B31_group and Bacteria were enriched in HRFI (p < 0.05) (Figure 3B).

[image: Figure 3]

FIGURE 3
 Principal coordinate analysis (PCA) of taxonomical classifications of cecal bacterial communities of ducks (A); LEfSe analysis with LDA threshold 3 (B).




Metabolomic analyses of rectal contents

Untargeted LC–MS identified 6,674 metabolites, including 40.70% lipids and lipid-like molecules, 12.24% organic acids and derivatives, and 12.00%, 8.80%, 7.27%, and 7.04 organoheterocyclic compounds, phenylpropanoids and polyketides, benzenoids, organic oxygen compounds and alkaloids and derivatives, respectively, and 6.62% undefined metabolites (Figure 4).

[image: Figure 4]

FIGURE 4
 The proportion of identified metabolites in metabolome analysis.


The score scatter plot of PCA and OPLS-DA models of rectal metabolism in laying ducks with different residual feed intake is shown in Figures 5A,B and Supplementary Table S4. R2X for PCA was greater than 0.5, showing noticeable separations between the groups LRFI and HRFI. Besides that, the Q2 on the Y-axis was negative (0.3947) in the random-permutation test (Figure 5C; Supplementary Table S4), indicating that the models did not overfit.

[image: Figure 5]

FIGURE 5
 The score scatter plot of PCA model for the groups LRFI vs. HRFI (A). The score scatter plot of the OPLS-DA model for the groups LRFI vs. HRFI (B). The permutation test of the OPLS-DA model for the groups LRFI vs. HRFI (C).


A total of 338 metabolites (158 in the negative mode and 180 in the positive mode) in rectal contents were remarkable differentially expressed between the groups LRFI and HRFI (Supplementary Table S5). Ten metabolic pathways, including the ABC transporter system, cysteine and methionine metabolism, arginine and proline metabolism, and vitamin B6 metabolism, were identified to be associated with the significantly differentially expressed metabolites between the LRFI and HRFI groups (Figure 6).

[image: Figure 6]

FIGURE 6
 The rectal metabolomics pathway of two groups of laying ducks with different residual feed intake was analyzed. The bubbles in the figure represent the effect of different residual feed intake on the metabolic pathway of the sample; the larger the bubbles, the redder the color, the greater the effect on the pathway.




Correlation between the cecal microbiome and rectal metabolome

The functional correlations between different microbial genera and the significantly differentially expressed metabolites in rectal samples were determined using Spearman’s correlation analysis (Figure 7). We found 93 differentially expressed metabolites to be correlated with 20 genera. The abundance of Phascolarctobaterium was significantly negatively correlated with Kaempferol 7-(6″-galloylglucoside), 4-Methoxybenzyl O-(2-sulfoglucoside), Prenyl glucoside, 5-Epi-7-isocucurbic acid glucoside and N-(1-Deoxy-1-fructosyl) threonine (p < 0.05). The abundance of Anaerobiospirillum was significantly positively correlated with Norsanguinarine, (3-[4-[2–3.5,7-trihydroxy-6-3,4-dihydro-2H-1-benzopyran-2-yllphenyl)oxidanesulfo-nic acid, (−)-11-hydroxy-9,10-dihydrojasmonic acid 11-beta-D-glucoside and (4-{2-hexatriaconta-16,24,26,28-tetraen-12-yl]propyl}-2-hydroxycyclohexyl)oxidanesulfonic acid Dextrin D-Ribose (p < 0.05). These data indicated that cecal microbial composition affected metabolite expression.

[image: Figure 7]

FIGURE 7
 Heat map showing the correlation between microbial species and metabolites. Positive correlation is shown in red; negative correlation is shown in blue. The darker the color, the stronger the correlation, + is used to indicate that “species-metabolite” and significant correlation (p < 0.05).





Discussion

In recent years, with the improvement of breeding environment and the acceleration of breeding process, feed efficiency has been greatly improved (Bezerra et al., 2013; Zeng et al., 2018). This experiment refers to previous research methods and groups according to different RFI (Baker et al., 2006; Nkrumah et al., 2007). We found that the FI and FCR of egg duck in the group LRFI were significantly lower than that of egg duck in the group HRFI, indicating that LRFI feed wastes were less and feed conversion rates were higher. This is consistent with previous research (Yuan et al., 2015; Zeng et al., 2016). The shell thickness, shell strength, yolk color and Haugh unit are important indicators of egg quality (Ahammed et al., 2014). In our experiment, there were no differences in the egg quality traits between the LRFI and HRFI ducks.

The cecal microbiota composition significantly impacts the growth and health of poultry (Lunedo et al., 2019; Wang et al., 2021). The intestinal microflora of poultry mainly exists in the cecum, so the cecum plays an key role in the digestion and absorption of poultry (Liu et al., 2016). We found that Chao1, Shannon index, Simpson indices were higher in the group LRFI than in the HRFI. Therefore, cecal microflora richness and diversity were higher in the group LRFI.

Bacteroidetes and Firmicutes were predominant in the cecum microbiome of the groups LRFI and HRFI, consistent with previous studies (Yadav and Jha, 2019; Liu et al., 2021). The abundances of Firmicutes and Proteobacteria in the LRFI group were higher than in the HRFI, and the abundances of Bacteroidetes and Fusobacteria in the group LRFI were lower than in the HRFI. Firmicutes and Bacteroidetes have been shown to be the most important microbial phyla in the intestines of poultry (Lyu et al., 2021). In our study, FI and FCR were lower in the group LRFI than in the HRFI, but the abundance of Firmicutes were higher in the group LRFI than in the HRFI. It may be that Firmicutes plays a role in increasing the absorption of nutrients, and the FI and FCR of ducks in group LRFI are lower than those in HRFI. The metabolite of Firmicutes is mainly butyric acid, including members of the Ruminococcus and Spirulina, which can promote energy absorption in the gut (Chen and Xu, 2015; Komaroff, 2017; Louis and Flint, 2017), and metabolites of the genus Bacteroides can affect the absorption of nutrients by animals (Pittayanon et al., 2019; Robles-Vera et al., 2020). Butyric acid, a key substance for colon health and integrity, is the main metabolic substrate for coliforms, providing at least 60%–70% of their energy requirements for proliferation and differentiation (Sun et al., 2022). At the genus level, the abundances of Megamonas in the group LRFI were higher than in the HRFI and the abundances of Anaerobiospirillum in the group LRFI were lower than in the HRFI. A study speculate that Megamonas and Anaerobiospirillum may be involved in fat deposition and energy metabolism (Wang and Kadarmideen, 2019; Li et al., 2022). In our experiment, Rikenellaceae and Ruminococcus_2, etc. were significantly enriched in the group LRFI at the genus level, while Prevotellaceae_NK3B31_group and Bacteria were significantly enriched in the group HRFI. Rikenellaceae has been shown to have its metabolites involved in the degradation process of carbohydrates (Rowland et al., 2018), Ruminococcus has a similar function, regulating the degradation of polysaccharides and the production of short fatty acids (SCFAs) (Zhang et al., 2017), SCFAs stimulate the expression and secretion of appetite-affecting hormones in intestinal cells (Qin et al., 2021). Regulation of appetite and food intake induces satiety through neural and humoral pathways (Borgmann et al., 2021). It is hypothesized that in this experiment, gut microorganisms and their secondary metabolites (mainly SFACs) regulate the satiety of the animal organism, thus regulating the RFI of animals and improving feed utilization efficiency.

Metabolomics is the quantification of metabolites in the body, which can accurately reflect the changes in metabolic responses of organisms (Lao et al., 2009). In our study, the untargeted LC–MS approach assessed 6,674 metabolites in all samples and identified a total of 338 differentially expressed metabolites (158 in the negative mode and 180 in the positive mode) between the groups LRFI and HRFI. PCA and OPLS-DA results analysis confirmed that different RFI had a significant effect on the metabolism of ducks. The differentially expressed metabolites between the groups LRFI and HRFI were found to be associated with ten metabolic pathways, including the ABC transporter system, cysteine and methionine metabolism, arginine and proline metabolism, and vitamin B6 metabolism. A previous study showed that ABC transporters are effective in removing cholesterol from macrophages (Chen et al., 2021). Atherosclerosis intervention has also been shown to benefit from the upregulations of ABC transporters and Mer tyrosine kinase (Wang et al., 2022). Other researchers also suggest that inefficient animals are primarily associated with increased oxidative metabolism, which is possibly stimulated by increased oxidative stress (Alexandre et al., 2015; Tizioto et al., 2015). Vitamin B6 plays a key auxiliary role in multiple oxidative stress and metabolism (Johnstone et al., 2019; Ramos et al., 2019; Gholizadeh et al., 2020). In our study as the KEGG enrichment pathway map showed indicating that different RFI will affect the metabolic pathways of ABC transporters and Vitamin B6 metabolism in duck. Presumably because the intestinal SCFAs-producing bacteria supply energy to ABC transporters pathway, which in turn increases the intestinal absorption of nutrients to further improve feed utilization efficiency.

Through the integrated analysis of the microbiome and metabolome of Shaoxing ducks, we identified 93 differentially expressed metabolites to be correlated with 20 genera. We found 93 differentially expressed metabolites to be correlated with 20 genera. The abundance of Phascolarctobaterium was significantly negatively correlated with Kaempferol 7-(6″-galloylglucoside), 4-Methoxybenzyl O-(2-sulfoglucoside), Prenyl glucoside, 5-Epi-7-isocucurbic acid glucoside and N-(1-Deoxy-1-fructosyl) threonine. Phascolarctobacterium can produce SCFAs, including acetate and propionate, and may be related to the metabolic state of the host (Bajer et al., 2017). It also has anti-inflammatory roles (Trompette et al., 2014). Different RFI egg-type chickens have microbial communities in the cecum were significantly different (Yan et al., 2017). The abundance of Anaerobiospirillum was significantly positively correlated with Norsanguinarine, (3-[4-[2–3.5,7- trihydroxy-6-3,4-dihydro-2H-1-benzopyran-2-yllphenyl) oxidanesulfo-nic acid, (−)-11-hydroxy-9,10-dihydrojasmonic acid 11-beta-D-glucoside and (4-{2-hexatriaconta-16,24,26,28-tetraen-12-yl]propyl}-2-hydroxycyclohexyl) oxidanesulfonic acid Dextrin D-Ribose. Anaerobiospirillum may reduce fat deposition (Li et al., 2022), and studies have found that it is significantly enriched in the cecum of lean ducks compared to Peking ducks (Yang et al., 2022). Lactobacillus can improve the feed efficiency of chickens (Gao et al., 2017). These findings suggest that the gut microbial can regulate the feed efficiency of animals. Different gut microbial communities in different intestinal segments determines their different functions, and cecal microbiota has the greatest impact on RFI (Gao et al., 2017). Wen et al. found that the abundance of Akkermansiamuciniphila, Parabacteroides, Lactobacillus, and Slackia was significantly associated with RFI (Wen et al., 2021). We identified that Phascolarctobaterium and Anaerobiospirillum may further regulate RFI and improve feed utilization efficiency by producing SCFAs to provide energy for ABC transporter proteins.



Conclusion

In summary, the production performance and cecal microflora composition of Shaoxing ducks and subsequently, their metabolome was analyzed. Difference analysis showed that FI and FCR were significantly higher in the group HRFI than in the LRFI. We found that cecal contents of ducks with better feed efficiency showed a diverse microbial community. However, as an important index, the relative abundance of Firmicutes, which is related to energy metabolism, was higher in the LRFI than in the HRFI group. We assessed 6,674 metabolites in all samples using the untargeted LC–MS approach and identified 338 significantly differentially expressed metabolites in rectal contents of the groups LRFI and HRFI. Integrated analysis of the microbiome and metabolome revealed 93 differentially expressed metabolites correlated with the relative abundance of 20 genera. We identified that Phascolarctobaterium and Anaerobiospirillum may further regulate RFI and improve feed utilization efficiency by producing SCFAs to provide energy for ABC transporter proteins. These results revealed the relationship between microbiome and metabonomics in laying ducks with different residual feed intake, and provided theoretical basis for further study on the relationship between them.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Ethics statement

Animals used in this study were raised in accordance with the national standard of Laboratory Animal Guidelines for ethical review of animal welfare. All experiment procedures were approved by the Animal Use Committee of Zhejiang Academy of Agricultural Sciences (2022ZAASLA40). Written informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

HS prepared the manuscript and collected some data. WX, TG, JS, CL, LC, YT, and GL collected the samples. LL and TZ were responsible for the design and direction of the experiment. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Zhejiang Provincial Natural Science Foundation of China under Grant No. LZ23C170001, the National Key Research and Development Program of China (2022YFD1300100), the China Agriculture Research System of MOF and MARA (CARS-42) and Zhejiang Province Agricultural New Breed Breeding Major Science and Technology Special Project (2021C02068).



Conflict of interest

CL was employed by Hubei Shendan Health Food Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1138914/full#supplementary-material



Footnotes

1   
http://drive5.com/uchime/uchime_download.html


2   
http://www.drive5.com/usearch/manual/uchime_algo.html


3   
http://rdp.cme.msu.edu/index.jsp




References

 Aggrey, S. E., Karnuah, A. B., Sebastian, B., and Anthony, N. B. (2010). Genetic properties of feed efficiency parameters in meat-type chickens. Genet. Sel. Evol. 42:25. doi: 10.1186/1297-9686-42-25 

 Ahammed, M., Chae, B. J., Lohakare, J., Keohavong, B., Lee, M. H., Lee, S. J., et al. (2014). Comparison of aviary, barn and conventional cage raising of chickens on laying performance and egg quality. Asian-Australas. J. Anim. Sci. 27, 1196–1203. doi: 10.5713/ajas.2013.13394 

 Alexandre, P. A., Kogelman, L. J., Santana, M. H., Passarelli, D., Pulz, L. H., Fantinato-Neto, P., et al. (2015). Liver transcriptomic networks reveal main biological processes associated with feed efficiency in beef cattle. BMC Genom. 16:1073. doi: 10.1186/s12864-015-2292-8 

 Bajer, L., Kverka, M., Kostovcik, M., Macinga, P., Dvorak, J., Stehlikova, Z., et al. (2017). Distinct gut microbiota profiles in patients with primary sclerosing cholangitis and ulcerative colitis. World J. Gastroenterol. 23, 4548–4558. doi: 10.3748/wjg.v23.i25.4548 

 Baker, S. D., Szasz, J. I., Klein, T. A., Kuber, P. S., Hunt, C. W., Glaze, J. J., et al. (2006). Residual feed intake of purebred Angus steers: effects on meat quality and palatability. J. Anim. Sci. 84, 938–945. doi: 10.2527/2006.844938x 

 Bezerra, L. R., Sarmento, J. L., Neto, S. G., de Paula, N. R., Oliveira, R. L., and Do, R. W. (2013). Residual feed intake: a nutritional tool for genetic improvement. Trop. Anim. Health Prod. 45, 1649–1661. doi: 10.1007/s11250-013-0435-y 

 Borey, M., Estellé, J., Caidi, A., Bruneau, N., Coville, J. L., Hennequet-Antier, C., et al. (2020). Broilers divergently selected for digestibility differ for their digestive microbial ecosystems. PLoS One 15:e232418:e0232418. doi: 10.1371/journal.pone.0232418 

 Borgmann, D., Ciglieri, E., Biglari, N., Brandt, C., Cremer, A. L., Backes, H., et al. (2021). Gut-brain communication by distinct sensory neurons differently controls feeding and glucose metabolism. Cell Metab. 33, 1466–1482.e7. doi: 10.1016/j.cmet.2021.05.002 

 Chen, W., Li, L., Wang, J., Zhang, R., and Xing, D. (2021). The ABCA1-efferocytosis axis: a new strategy to protect against atherosclerosis. Clin. Chim. Acta 518, 1–8. doi: 10.1016/j.cca.2021.02.025

 Chen, M., and Xu, H. (2015). Parainflammation, chronic inflammation, and age-related macular degeneration. J. Leukoc. Biol. 98, 713–725. doi: 10.1189/jlb.3RI0615-239R 

 DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K., et al. (2006). Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ. Microbiol. 72, 5069–5072. doi: 10.1128/AEM.03006-05 

 Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011). UCHIME improves sensitivity and speed of chimera detection. Bioinformatics 27, 2194–2200. doi: 10.1093/bioinformatics/btr381 

 Gao, P., Ma, C., Sun, Z., Wang, L., Huang, S., Su, X., et al. (2017). Feed-additive probiotics accelerate yet antibiotics delay intestinal microbiota maturation in broiler chicken. Microbiome. 5:91. doi: 10.1186/s40168-017-0315-1 

 Gholizadeh, M., Fayazi, J., Asgari, Y., Zali, H., and Kaderali, L. (2020). Reconstruction and analysis of cattle metabolic networks in normal and acidosis rumen tissue. Animals (Basel) 10:469. doi: 10.3390/ani10030469 

 Godfray, H. C., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence, D., Muir, J. F., et al. (2010). Food security: the challenge of feeding 9 billion people. Science 327, 812–818. doi: 10.1126/science.1185383 

 Hill, J., Nelson, E., Tilman, D., Polasky, S., and Tiffany, D. (2006). Environmental, economic, and energetic costs and benefits of biodiesel and ethanol biofuels. Proc. Natl. Acad. Sci. U. S. A. 103, 11206–11210. doi: 10.1073/pnas.0604600103 

 Ijaz, M. U., Ahmed, M. I., Zou, X., Hussain, M., Zhang, M., Zhao, F., et al. (2018). Beef, casein, and soy proteins differentially affect lipid metabolism, triglycerides accumulation and gut microbiota of high-fat diet-fed C57BL/6J mice. Front. Microbiol. 9:2200. doi: 10.3389/fmicb.2018.02200 

 Johnstone, D. L., al-Shekaili, H. H., Tarailo-Graovac, M., Wolf, N. I., Ivy, A. S., Demarest, S., et al. (2019). PLPHP deficiency: clinical, genetic, biochemical, and mechanistic insights. Brain 142, 542–559. doi: 10.1093/brain/awy346 

 Komaroff, A. L. (2017). The microbiome and risk for obesity and diabetes. JAMA 317, 355–356. doi: 10.1001/jama.2016.20099

 Lao, Y. M., Jiang, J. G., and Yan, L. (2009). Application of metabonomic analytical techniques in the modernization and toxicology research of traditional Chinese medicine. Br. J. Pharmacol. 157, 1128–1141. doi: 10.1111/j.1476-5381.2009.00257.x 

 Li, X., Hu, S., Wang, W., Tang, B., Zheng, C., Hu, J., et al. (2022). Effects of cage versus floor rearing system on goose intestinal histomorphology and cecal microbial composition. Poult. Sci. 101:101931. doi: 10.1016/j.psj.2022.101931 

 Li, J. P., Wu, Q. F., Ma, S. C., Wang, J. M., Wei, B., Xi, Y., et al. (2021). Effect of feed restriction on the intestinal microbial community structure of growing ducks. Arch. Microbiol. 204:85. doi: 10.1007/s00203-021-02636-5 

 Liu, J., Stewart, S. N., Robinson, K., Yang, Q., Lyu, W., Whitmore, M. A., et al. (2021). Linkage between the intestinal microbiota and residual feed intake in broiler chickens. J Anim Sci Biotechnol. 12:22. doi: 10.1186/s40104-020-00542-2 

 Liu, L., Zhao, X., Wang, Q., Sun, X., Xia, L., Wang, Q., et al. (2016). Prosteatotic and protective components in a unique model of fatty liver: gut microbiota and suppressed complement system. Sci. Rep. 6:31763. doi: 10.1038/srep31763

 Louis, P., and Flint, H. J. (2017). Formation of propionate and butyrate by the human colonic microbiota. Environ. Microbiol. 19, 29–41. doi: 10.1111/1462-2920.13589

 Lunedo, R., Furlan, L. R., Fernandez-Alarcon, M. F., Squassoni, G. H., Campos, D., Perondi, D., et al. (2019). Intestinal microbiota of broilers submitted to feeding restriction and its relationship to hepatic metabolism and fat mass: fast-growing strain. J. Anim. Physiol. Anim. Nutr. (Berl). 103, 1070–1080. doi: 10.1111/jpn.13093 

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

 McCormack, U. M., Curião, T., Buzoianu, S. G., Prieto, M. L., Ryan, T., Varley, P., et al. (2017). Exploring a possible link between the intestinal microbiota and feed efficiency in pigs. Appl. Environ. Microbiol. 83:e00380-17. doi: 10.1128/AEM.00380-17 

 Metzler-Zebeli, B. U., Siegerstetter, S. C., Magowan, E., Lawlor, P. G., Petri, R. M., O’Connell, N. E., et al. (2019). Feed restriction modifies intestinal microbiota-host mucosal networking in chickens divergent in residual feed intake. mSystems. 4:e00261-18. doi: 10.1128/mSystems.00261-18 

 Mignon-Grasteau, S., Narcy, A., Rideau, N., Chantry-Darmon, C., Boscher, M. Y., Sellier, N., et al. (2015). Impact of selection for digestive efficiency on microbiota composition in the chicken. PLoS One 10:e135488. doi: 10.1371/journal.pone.0135488 

 Nkrumah, J. D., Basarab, J. A., Wang, Z., Li, C., Price, M. A., Okine, E. K., et al. (2007). Genetic and phenotypic relationships of feed intake and measures of efficiency with growth and carcass merit of beef cattle. J. Anim. Sci. 85, 2711–2720. doi: 10.2527/jas.2006-767 

 Oksanen, J., Blanchet, F. G., and Kindt, R. (2015). Vegan: community ecology package. R package: 2.3.

 Pittayanon, R., Lau, J. T., Yuan, Y., Leontiadis, G. I., Tse, F., Surette, M., et al. (2019). Gut microbiota in patients with irritable bowel syndrome-a systematic review. Gastroenterology 157, 97–108. doi: 10.1053/j.gastro.2019.03.049 

 Qin, W., Ying, W., Hamaker, B., and Zhang, G. (2021). Slow digestion-oriented dietary strategy to sustain the secretion of GLP-1 for improved glucose homeostasis. Compr. Rev. Food Sci. Food Saf. 20, 5173–5196. doi: 10.1111/1541-4337.12808 

 Ramos, R. J., Albersen, M., Vringer, E., Bosma, M., Zwakenberg, S., Zwartkruis, F., et al. (2019). Discovery of pyridoxal reductase activity as part of human vitamin B6 metabolism. Biochim. Biophys. Acta Gen. Subj. 1863, 1088–1097. doi: 10.1016/j.bbagen.2019.03.019

 Robles-Vera, I., Toral, M., de la Visitación, N., Sánchez, M., Gómez-Guzmán, M., Romero, M., et al. (2020). Probiotics prevent dysbiosis and the rise in blood pressure in genetic hypertension: role of short-chain fatty acids. Mol. Nutr. Food Res. 64:e1900616. doi: 10.1002/mnfr.201900616 

 Rowland, I., Gibson, G., Heinken, A., Scott, K., Swann, J., Thiele, I., et al. (2018). Gut microbiota functions: metabolism of nutrients and other food components. Eur. J. Nutr. 57, 1–24. doi: 10.1007/s00394-017-1445-8 

 Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B., et al. (2009). Introducing mothur: open-source, platform-independent, community-supported software for describing and comparing microbial communities. Appl. Environ. Microbiol. 75, 7537–7541. doi: 10.1128/AEM.01541-09 

 Stanley, D., Hughes, R. J., Geier, M. S., and Moore, R. J. (2016). Bacteria within the gastrointestinal tract microbiota correlated with improved growth and feed conversion: challenges presented for the identification of performance enhancing probiotic bacteria. Front. Microbiol. 7:187. doi: 10.3389/fmicb.2016.00187 

 Sun, H., Du, X., Zeng, T., Ruan, S., Li, G., Tao, Z., et al. (2021). Effects of compound probiotics on cecal microbiome and metabolome of Shaoxing duck. Front. Microbiol. 12:813598. doi: 10.3389/fmicb.2021.813598 

 Sun, H., Liu, Y., Zeng, T., Li, G., Tao, Z., Zhou, X., et al. (2022). Effects of coated sodium butyrate and polysaccharides from Cordyceps cicadae on intestinal tissue morphology and Ileal microbiome of squabs. Front. Vet. Sci. 9:813800. doi: 10.3389/fvets.2022.813800 

 Tigchelaar, M., Battisti, D. S., Naylor, R. L., and Ray, D. K. (2018). Future warming increases probability of globally synchronized maize production shocks. Proc. Natl. Acad. Sci. U. S. A. 115, 6644–6649. doi: 10.1073/pnas.1718031115 

 Tizioto, P. C., Coutinho, L. L., Decker, J. E., Schnabel, R. D., Rosa, K. O., Oliveira, P. S., et al. (2015). Global liver gene expression differences in Nelore steers with divergent residual feed intake phenotypes. BMC Genom. 16:242. doi: 10.1186/s12864-015-1464-x 

 Trompette, A., Gollwitzer, E. S., Yadava, K., Sichelstiel, A. K., Sprenger, N., Ngom-Bru, C., et al. (2014). Gut microbiota metabolism of dietary fiber influences allergic airway disease and hematopoiesis. Nat. Med. 20, 159–166. doi: 10.1038/nm.3444 

 Wang, J. M., Gan, X. M., Pu, F. J., Wang, W. X., Ma, M., Sun, L. L., et al. (2021). Effect of fermentation bed on bacterial growth in the fermentation mattress material and cecum of ducks. Arch. Microbiol. 203, 1489–1497. doi: 10.1007/s00203-020-02145-x 

 Wang, Y., Gao, H., Huang, X., Chen, Z., Kang, P., Zhou, Y., et al. (2022). Cyclodextrin boostered-high density lipoprotein for antiatherosclerosis by regulating cholesterol efflux and efferocytosis. Carbohydr. Polym. 292:119632. doi: 10.1016/j.carbpol.2022.119632 

 Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/AEM.00062-07 

 Wang, X., and Kadarmideen, H. N. (2019). Metabolomics analyses in high-low feed efficient dairy cows reveal novel biochemical mechanisms and predictive biomarkers. Metabolites 9:151. doi: 10.3390/metabo9070151 

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

 Wen, C., Yan, W., Zheng, J., Ji, C., Zhang, D., Sun, C., et al. (2018). Feed efficiency measures and their relationships with production and meat quality traits in slower growing broilers. Poult. Sci. 97, 2356–2364. doi: 10.3382/ps/pey062 

 Xu, L., Sun, X., Wan, X., Li, K., Jian, F., Li, W., et al. (2021). Dietary supplementation with Clostridium butyricum improves growth performance of broilers by regulating intestinal microbiota and mucosal epithelial cells. Anim. Nutr. 7, 1105–1114. doi: 10.1016/j.aninu.2021.01.009 

 Yadav, S., and Jha, R. (2019). Strategies to modulate the intestinal microbiota and their effects on nutrient utilization, performance, and health of poultry. J. Anim. Sci. Biotechnol. 10:2. doi: 10.1186/s40104-018-0310-9 

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

 Yang, T., Jiang, Y., Tang, J., Chang, G., Zhao, W., Hou, S., et al. (2022). Comparison of cecal microbiota and performance indices between lean-type and fatty-type Pekin ducks. Front. Microbiol. 13:820569. doi: 10.3389/fmicb.2022.820569 

 Yuan, J., Dou, T., Ma, M., Yi, G., Chen, S., Qu, L., et al. (2015). Genetic parameters of feed efficiency traits in laying period of chickens. Poult. Sci. 94, 1470–1475. doi: 10.3382/ps/pev122 

 Zeng, T., Chen, L., du, X., Lai, S. J., Huang, S. P., Liu, Y. L., et al. (2016). Association analysis between feed efficiency studies and expression of hypothalamic neuropeptide genes in laying ducks. Anim. Genet. 47, 606–609. doi: 10.1111/age.12457 

 Zeng, T., Zhang, H., Liu, J., Chen, L., Tian, Y., Shen, J., et al. (2018). Genetic parameters of feed efficiency traits and their relationships with egg quality traits in laying period of ducks. Poult. Sci. 97, 758–763. doi: 10.3382/ps/pex337 

 Zhang, Y., Mahmood, T., Tang, Z., Wu, Y., and Yuan, J. (2022). Effects of naturally oxidized corn oil on inflammatory reaction and intestinal health of broilers. Poult. Sci. 101:101541. doi: 10.1016/j.psj.2021.101541 

 Zhang, J., Yang, G., Wen, Y., Liu, S., Li, C., Yang, R., et al. (2017). Intestinal microbiota are involved in the immunomodulatory activities of longan polysaccharide. Mol. Nutr. Food Res. 61, 3–9. doi: 10.1002/mnfr.201700466 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Association of residual feed intake with intestinal microbiome and metabolome in laying period of ducks



		Introduction



		Materials and methods



		Experimental design



		Experimental materials and feeding management



		Sample collection



		Cecum microbiome



		Sequencing data analysis



		Metabolomics profiling for rectal contents



		Statistical analysis









		Results



		Differences in phenotypes of laying ducks with different RFI



		Bacterial analyses of cecal contents



		Metabolomic analyses of rectal contents



		Correlation between the cecal microbiome and rectal metabolome









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References



















OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

Association of residual feed intake
with intestinal microbiome and
metabolome in laying period of

ducks












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






OPS/images/fmicb-14-1138914-g005.jpg
scares pCA)

I

[

|

/

/

/ .
.

.
Ml

\:

R2:2(00,08869)02 =(0.0, 0.3931)

o

0 02 o o o
200 permutation 2 comporents






OPS/images/fmicb-14-1138914-g006.jpg
Vitamin B6 metabolism .
Tyrosine metabolism{
-log10(pvalue)
Tryptophan metabolism{ ®
3
Terpenoid backbone biosynthesis. .
2
Pentose phosphate pathway - 1
number
Galactose metabolism . 2
e 3
o 4
D-Amino acid metabolism ° o
® s
[ B
Cysteine and methionine metabolism @
®:
Arginine and proline metabolism )
ABC transporters [
004 005 006 007

Rich factor





OPS/images/fmicb-14-1138914-g003.jpg
* HREI
2000 = « LRFI

1000

PC217.72%

~1000 /

2000

-3000

[
PC1 41.23%

Rikenellaceac | [ HRF
Rikenellaceae_RC9_gut_group B LRFI
Lactobacillales
Bacill |
Unclassified
Rorbeutsa I —
Streptococcaceac

Streptococcus
_Eubacterium_coprostanoligenes_group
O ——

m_sensu _stricto_1 [

Rummococcaceae_UCG_UlO
_Eubacterium_hallii_group
Christensenellaceae
Christensenellaceae_R_7_group EEG_—
Barnesieilaceae N

Ruminococcus_2

I Prevotellaceae_NK3B31_group
S ©octcria
i i
-a 3 i 1 0 1 2
LDA SCORE (log 10)





OPS/images/fmicb-14-1138914-g004.jpg
031% -\ 0.07%
0%

- 003%

Ligids and lipid-fike molecules.

= Organic acids and derivatives

= Organoheterocyclic compounds

= Phenylpropanoids and polyketides.
Benzenoids.

= Organic oxygen compounds

= Alkaloids and derivatives

= Nucleosides, nucleotides, and analogues

= Organooxygen compounds

= Organic nitrogen compounds

= Organosulfur compounds

= Lignans, neolignans and related compounds
Hydrocarbons

= Organic compounds

= Homogeneous non-metal compounds
Homogeneous metal compounds.
Unclassified





OPS/images/fmicb-14-1138914-g007.jpg
-

vt

p—






OPS/images/fmicb-14-1138914-t001.jpg
Traits® HRFI groups  LRFI groups P

(n =10) (n=10)  value®
Feed efficiency traits
RFI (g/day) 201436 258423 /
FI (g/day) 1846408 1418429 <001
EML (g/day) 664413 660+2.1 0.63
BW (g) 135484385 133834447 042
AW (g/day) 17208 L4%10 037
FCR 28401 22501 <001
Egg quality traits.
Daily egg mass () 75384176 73124149 073
Egg shape index (%) 1344001 1364002 021
Shell thickness (mm) 0514002 052£001 053
Shell strength (kg/cm’) 493017 519+0.11 019
Yolk color 1714009 1L88:40.11 037
Albumen height (mm) 6824031 6424017 0.20
Haugh unit 7692+ 2.15 7513+ 117 048

FI, feed intakes EML egg mass laids BW, body weights AW, body weight gain; FCR, feed
conversion ratio; RF1, residual feed intake.
p-value obtained by t-test.





OPS/images/fmicb-14-1138914-g001.jpg
700|

00|

500

400

AR TRFT

0.9

0.97|

0.95|

093

0.0015

HRFT TRFT

W HRFI
- LRF

W HRFI
LRI

54| 000032
45]
| F
351
HRFT TRFT
04
———y
0.9965|
0.9960|
0.9955]
0.9950|
HRFT TRFT

W HRFI
8 LRFI

. HRFI
. LRFI





OPS/images/fmicb-14-1138914-g002.jpg





