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The emergence and spread of antibiotic resistance genes in pathogenic microorganisms have resulted in many countries restricting the use of antibiotics as growth promoters in animal feed. The combined use of essential oils and organic acids can help maintain intestinal health, improve animal growth performance, and alleviate the negative effects of banned antibiotics for certain economically important animals. Although the modes of action for the combined dietary supplementation of essential oils and organic acids such as thymol-citric acid (EOA1) and thymol-butyric acid (EOA2) remain unclear, it is speculated that their activities are achieved through beneficial modulation of gastrointestinal microbial communities and inhibition of pathogen growth. In this study, 16S rDNA amplicon sequencing was used to analyze the effects of treatment with EOA1 and EOA2 on the jejunal, cecal, and fecal microbial communities of Cobb broilers while also evaluating effects over different broiler ages. The intestinal microbial communities of broilers developed with increasing age, and Lactobacillus gradually came to dominate the intestinal communities of treated broilers. Further, the microbial communities of feces were more complex than those of the jejuna and ceca. We systematically elucidate that the longitudinal changes in the intestinal microbial communities of Cobb broiler chickens at different ages. Meanwhile, we found that the addition of EOA1 or EOA2 to the diet: (1) inhibited the proliferation of Ralstonia pickettii and Alcaligenaceae in the jejuna on day 28, (2) promoted the colonization and growth of beneficial bacteria such as Lactobacillus, Clostridia, and Bacteroidia at various growth stages, and (3) enriched the abundance of certain microbiota functions, including biological pathways related to metabolism (e.g., enzyme families). Taken together, the results of this study demonstrate that EOA1 and EOA2 dietary supplementation can affect various microbial metabolic pathways related to the metabolism and absorption of nutrients via regulation of the intestinal microbial community structures of Cobb broilers.
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INTRODUCTION

Antibiotics, such as penicillin, tetracycline, and streptomycin, at subtherapeutic levels, can prevent and treat potentially pathogen infections by affecting the compositions of intestinal microbial communities and colonization of pathogens (Goh et al., 2002; Pamer, 2016; Kim et al., 2017). However, antibiotics do not selectively influence colonization of intestines by pathogenic bacteria and can therefore interfere with other members of intestinal microbial communities (Sjölund et al., 2003). Moreover, the overuse of antibiotics causes environmental pollution in air, soil, and water, while also posing risks to human health through foodborne antibiotic residues and induction of selective resistance to antibiotics in some pathogens (Yang H. et al., 2019). In addition, the long-term use of antibiotics can create selective pressures that disrupt intestinal microbial communities and promote the development of resistance in pathogenic bacteria. These antibiotic-resistant strains can then carry antibiotic resistance genes enabling increased ability to resist antibiotic treatment and increasing the risk of infection or re-infection (Wright, 2010; Pamer, 2016). Therefore, there is an urgent need to stop antibiotic use and develop antibiotic substitutes for use in animal feeds.

The application of essential oils and organic acids in animal husbandry has gradually increased in recent years. Organic acids are well known as nutrients with acidifying effects, have antimicrobial activities and the ability to promote growth in broilers (Hajati, 2018). Lactic acid, citric acid, and fumaric acid can directly act on gastrointestinal tract, reduce pH value, prevent or inhibit the proliferation of acid-sensitive bacteria, so as to achieve bacteriostatic and bactericidal effects (Dittoe et al., 2018). In addition, Hajati (2018) reported that organic acids can freely penetrate bacterial cell membranes and enter cells, disrupt normal cellular functions, and inhibit the proliferation of pathogens, such as Salmonella, Clostridium perfringens and some coliforms. A recent study found that the abundance of multi-antibiotic-resistant Escherichia coli strains was significant increased after the administration of an antibiotic, but no increased after supplement with an organic acid-based feed additive in broilers (Roth et al., 2019). Essential oils are mixtures of volatile compounds isolated by physical methods from plants and are less toxic (Brenes and Roura, 2010; Zhai et al., 2018). They have been reported to stimulate the secretion of digestive enzymes (Khodambashi Emami et al., 2012), maintain the stabilization of intestinal microbiota (Fernandez et al., 2002), as well as possess antimicrobial (Si et al., 2009) and antioxidative (Pirgozliev et al., 2019) activities, which resulted in improved growth performance and health of broilers. Brenes and Roura (2010) showed that the antimicrobial mechanism of essential oils is largely depended on their hydrophobic property, which disrupts the structure and permeability of cells. Besides, essential oils can prevent the development of antimicrobial resistance by replacing conventional antibiotics in animal production, and when used as antibiotic adjuvants, they can help control bacteria that have developed resistance through regulating genes associated with resistance mechanisms (Evangelista et al., 2021), which in turn reduce human and animal infections by resistant pathogens. Thus, the organic acids have potential as possible alternatives to antibiotics in the poultry farming.

However, the use of individual feed additives as alternatives to antibiotics has some drawbacks. For example, individual additives are not sufficient for the complex and changing environments of livestock and poultry production environments (Diarra and Malouin, 2014; Suresh et al., 2018). Thus, the combined use of different feed additives has become a focus of research (Yang X. et al., 2018; Adewole et al., 2021). Organic acids can complement essential oils via synergistic effects that mediate antibacterial and bactericidal activities (Pham et al., 2020). For example, diets supplemented with thymol, fumaric acid, and sorbic acid can maintain intestinal morphology, significantly reduce the abundance of harmful bacteria (e.g., Escherichia coli), increase the concentrations of short chain fatty acids (SCFAs), increase digestive enzyme activity, and promote digestive and absorptive capacity, while also increasing intestinal barrier function in laying hens (Wang et al., 2019) or broilers (Yang X. et al., 2019). Further, thymol and benzoic acid complexes in conjunction with cinnamaldehyde and caproic acid complexes inhibit the proliferation of Salmonella (Zhang et al., 2019). Thus, the combined use of essential oils and organic acids can improve animal health via their effects on intestinal microbiota dynamics. We previously found that diets supplemented with thymol-citric acid (EOA1) or thymol-butyric acid (EOA2) positively affected Cobb broiler health with similar efficacy as antibiotics. However, nothing is known of the effects of EOA1 or EOA2 on the intestinal microbiota of Cobb broilers. In addition, there are differences in the chicken intestinal microbiome at different ages (Huang et al., 2018). Therefore, this study analyzed the effects of age (14, 28, 35, and 42 days old) on changes in intestinal (jejunal, cecal, and fecal) microbial communities in Cobb broilers. In addition, enramycin (EM) and virginiamycin (VM) were used to investigate the regulatory effects of EOA1 and EOA2 on Cobb broiler intestinal microbial communities. The results of this study provide a theoretical basis for application of these oils as alternatives to antibiotics in poultry diets.



MATERIALS AND METHODS


Animals, Diets, and Experimental Designs

A total of 1,680 1-day-old Cobb broilers exhibiting good health and similar body weights were randomly divided into 5 groups with 12 replicates per group and 28 Cobb broilers per replicate using a single-factor experimental design. The groups consisted of (1) a basal diet (control group), (2) a basal diet + 20 mg/kg virginiamycin (VM group), (3) a basal diet + 10 mg/kg enramycin (EM group), (4) a basal diet + 150 mg/kg thymol + 2 g/kg citric acid (EOA1 group), and (5) a basal diet + 150 mg/kg thymol + 2 g/kg butyric acid (EOA2 group). Experiments were conducted over 42 days. The basic diets and nutritional compositions are shown in Supplementary Table 1.

The experiment was conducted at a broiler facility in Hangu, Tianjin. All of the Cobb broilers were weighed and assigned to cages (70 cm × 70 cm × 40 cm), at a stocking density of 0.0175 m2/broiler during starter phase (days 1–14) and 0.07 m2/broiler during days 15–42. Twenty-eight broilers were housed in a cage during days 1–14, and seven broilers were housed in a cage during days 15–42. The chicken house was rigorously cleaned and disinfected before the experiment. During the experiment, all of the Cobb broilers were allowed free access to water and feed. The temperature of the chicken house was controlled at about 33°C for days 1–7 of the experiment, then gradually reduced to 23°C over days 7–21, where it was maintained for the remainder of the experiment. Light was provided 24 h per day on days 1–17 and 16 h per day thereafter. The house was well ventilated and routine immunization was conducted regularly according to standard protocols.



Sample Collection and Processing

On days 1 (before feeding), 14, 28, 35, and 42, the feces from Cobb broilers in different groups were collected and stored at -80°C until subsequent DNA extraction. After the impurities were removed from the surface of the feces, the lower fresh portion were collected. On days 1 and 14, fecal samples were collected from a cage, while on days 28, 35, and 42, fecal samples were collected from four cages (four cages of the same replicate in a row). Then, we collected feces randomly from 3 replicates within each treatment for subsequent experiment. The three healthy, randomly selected Cobb broilers with similar body weights in different groups were also sacrificed by cervical dislocation on days 14, 28, 35, and 42. The contents of the jejuna and ceca were then aseptically collected, and a sample of about 200 mg was used for later genomic DNA extraction.



16S rDNA Amplicon Sequencing

After the samples were thawed, the genomic DNA of the Cobb broiler intestinal contents was extracted using the cetyltrimethyl ammonium bromide (CTAB) method. The specific methods referred to Seelbinder et al. (2020). The concentrations and purity of DNA were then evaluated by agarose gel electrophoresis, after which the DNA was diluted to 1 ng/μL with sterile water and stored at -80°C until used in subsequent experiments. The 16S rRNA gene V3-V4 regions were amplified using the primers 341F: 5’-CCTAYGGGRBGCASCAG and 806R: 5’-GGACTACNNGGGTATCTAAT-3’ with barcodes attached. Reactions were conducted with Phusion High-Fidelity PCR Master Mix with GC Buffer (New England Biolabs, Ipswich, MA, United States) and high-fidelity enzymes. The purity and concentrations of PCR products were detected using 2% agarose gel electrophoresis and the PCR products of target bands were recovered with a Qiagen gel recovery kit (Qiagen, Hilden, Germany). A TruSeq DNA PCR-Free sample preparation kit was then used to construct an amplicon library. After the samples were assessed for quality, they were sequenced on an Illumina NovaSeq6000 platform (Novogene Biology Information Technology Co., Ltd., Beijing, China).



Bioinformatics Analyses

The Flash v.1.2.7 software program (Magoè and Salzberg, 2011) was used to splice PE reads after removing primer and barcode sequences, thereby obtaining raw sequence tags. The Qiime v.1.9.1 software program was then used to filter sequences to obtain high-quality clean tags. The Qiime software program (v.1.9.1) pipeline (Caporaso et al., 2010) was used for quality control of sequence tags. Chimeric sequences were removed by comparing sequences against a database as previously described (Haas et al., 2011). The Uparse V7.0.1001 software program (Edgar, 2013) was used to cluster clean sequence tags, after which those with over 97% nucleotide identity were classified into the same operational taxonomic units (OTUs). Classification was conducted using Mothur using the SSUrRNA database (Wang et al., 2007) of SILVA132 (Quast et al., 2013) to annotate and classify representative OTU sequences.

Shannon and Coverage indices were calculated using the Qiime software program. The relative abundance of different entities within a taxonomic level was calculated by normalizing feature counts to the total counts of a sample. OTU abundance information was used to construct histograms of species composition, conduct principal coordinates analysis (PCoA) in R (Version 2.15.3). The linear discriminant analysis (LDA) distribution histograms and linear discriminant analysis effect size (LEfSe) cladograms were plotted using LEfSe software. The default LDA score of 4.0 was used for these tests. The combined analyses were used to directly compare differences in microbial community composition among broiler intestines. Metabolic functions of microbial communities were predicted using Tax4fun (Aßhauer et al., 2015), and a cluster heat map of Tax4fun functional annotation was drawn at level 2 to reveal the effects of EOA1 and EOA2 on Cobb broiler intestinal microbial functions.



Statistical Analysis

Significant differences for Shannon and Coverage indices were analyzed using one-way analysis of variance (ANOVA) with Duncan’s method.




RESULTS


Changes in the Intestinal Microbiota of Cobb Broilers at Different Growth Stages

16S rDNA amplicon sequencing was used to analyze the intestinal microbiota within the feces, jejuna, and ceca of Cobb broilers at different growth stages. After merging quality-filtered reads obtained from Illumina NovaSeq sequencing, a total of 2,254,549 effective sequence tags (median: 59,722 per sample; range 36,084–69,463) were retained. The longitudinal changes in intestinal microbial community diversity within Cobb broilers of different ages are shown in Figures 1A–C. One-day-old Cobb broilers exhibited significantly lower fecal microbial diversity than those of other ages, reflecting an initial state of intestinal microbial community establishment. Feces exhibited high microbial diversity on day 14, which sharply decreased on days 28 and 35, then increased again on day 42. The jejunal communities exhibited relatively high microbial diversity on day 14, but decreased diversity on days 28, 35, and 42. Cecal communities exhibited similar microbial diversity levels on days 14 and 35 that were lower than those observed on days 28 and 42.
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FIGURE 1. Changes in the Cobb broiler fecal, jejunal and cecal microbial communities at different ages (28 Cobb broilers per replicate and 3 replicates per treatment for fecal samples, 3 Cobb broilers per treatment for jejunal and cecal samples). (A–C) Longitudinal changes in the microbial community diversity (Shannon index) of Cobb broilers at different ages. (D–F) Longitudinal changes in the microbial structures of Cobb broilers at different ages.


PCoA analysis of Bray-Curtis distances (Figures 1D–F) revealed similarity in the intestinal microbial community structures of Cobb broilers at different growth stages. Specifically, the fecal microbiota compositions of 42-day-old Cobb broilers were lower similarity from those of other ages. Additionally, the jejunal microbiota compositions were lower similarity between communities in the 14–28- and 35–42-day-old broilers. Further, the cecal microbiota communities exhibited differences across the four growth stages. The 10 most abundant phyla and genera were used to investigate differences in the means of taxonomic relative abundances within the fecal, jejunal, and cecal microflora among the five different treatment groups (Figure 2). At the phylum level, Firmicutes were dominant in the broiler intestinal microflora. This was followed by Proteobacteria, which accounted for relatively high proportions of the fecal and jejunal communities, and Bacteroidetes, which accounted for relatively high proportions of the cecal microflora. However, the abundances of the above taxa differed significantly among broiler growth stages. Firmicutes abundances in feces and ceca slowly increased from day 14 to 42. In addition, the Lactobacillus genus accounted for a relatively small proportion of the feces of 1-day-old broilers, which was significantly different from their abundance at other time points. In contrast, Lactobacillus was the dominant genus in broiler feces and jejuna from days 14 to 42, while they were only dominant in the ceca at day 35. Further, Faecalibacterium, Alistipes, and Bacteroides accounted for high proportions of the cecal communities, although their abundances differed significantly among broiler growth stages.
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FIGURE 2. Microbial species composition of Cobb broiler feces, jejuna and ceca at different ages (28 Cobb broilers per replicate and 3 replicates per treatment for fecal samples, 3 Cobb broilers per treatment for jejunal and cecal samples). (A,C,E) Histogram of species relative abundance at the phylum level. (B,D,F) Histogram of relative species abundance at the genus level.




Distinct Microflora Members Within Broilers of Different Growth Stages

An LDA score of 4.0 was used for LEfSe analysis at the phylum to species taxonomic levels to identify specific populations associated with broilers at different growth stages (Figure 3). 29 taxa with significantly different abundance were identified in the feces. Among these, 10 species, such as Enterococcus faecium, Sphingobacterium mizutaii, and Lactobacillus amylotrophicus, were significantly enriched in 1-day-old broiler feces. Ten microbial taxa were also significantly enriched in 14-day-old Cobb feces, such as Ralstonia pickettii, Klebsiella pneumoniae, and Lachnospiraceae. Only Lactobacillus johnsonii was significantly enriched in 28-day-old broiler feces. Lactobacillus salivarius was significantly enriched in 35-day-old broiler feces, and significant enrichment of a single lineage in 42-day-old broiler feces was observed for a lineage associated with the Firmicutes, Bacilli, Lactobacillales, Lactobacillaceae, Lactobacillus, and Lactobacillus aviarius. 12 taxa with significantly different abundance were observed for the jejunal communities. Enterobacterales and Lactobacillus reuteri were significantly enriched in 14-day-old broiler jejunal samples. Significant enrichment was observed for one lineage of organisms in the 28-day-old broiler jejunal communities comprising Gammaproteobacteria, Burkholderiales, Burkholderiaceae, Ralstonia, and Ralstonia pickettii. In addition, Acinetobacter radioresistens abundance was significantly enriched in 35-day-old broiler jejunal communities. Lactobacillus aviaries, Alistipes onderdonkii, Barnesiella, and DTU089 were significantly enriched in 42-day-old broiler jejunum communities. In the cecal communities, 34 taxa with significantly different abundance were identified. Among these, Bacteroidales and Clostridia were significantly enriched in 14-day-old broiler ceca. In addition, six microbial taxa, such as Alistipes inops, Bacteroides fragilis, and Oscillospiraceae, were significantly enriched in 28-day-old broiler ceca. Further, three lineages were significantly enriched in 35-day-old broiler ceca; namely: (1) Bacilli, Lactobacillales, Lactobacillaceae, Lactobacillus, and Lactobacillus aviaries; (2) Anaerolineae and unidentified Anaerolineae; and (3) Barnesiella. Similarly, two lineages were significantly enriched in 42-day-old broiler ceca; namely: (1) Tannerellaceae, Parabacteroides, and Parabacteroides sp. CT06; and (2) Clostridia, Oscillospirales, Ruminococcaceae, and Faecalibacterium. These results demonstrate that the intestinal microbial communities of Cobb broilers developed with age.
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FIGURE 3. Differences in the Cobb broiler fecal, jejunal and cecal microbial species composition at different ages. (A) LEfSe analysis of the microbial communities of Cobb broiler feces at the phylum to species taxonomic levels among day 1, 14, 28, 35, and 42 (28 Cobb broilers per replicate and 3 replicates per treatment). (B) LEfSe analysis of the microbial communities of Cobb broiler jejuna at the phylum to species taxonomic levels among day 14, 28, 35, and 42 (3 Cobb broilers per treatment). (C) LEfSe analysis of the microbial communities of Cobb broiler ceca at the phylum to species taxonomic levels among day 14, 28, 35, and 42 (3 Cobb broilers per treatment).


To further investigate differences in microbial communities among intestinal sites, the jejuna, ceca, and feces of 42-day-old broilers were used for LEfSe analysis with an LDA threshold score of 4.0 (Figure 4). There were more representative bacteria in ceca, with 19 taxa (such as Bacteroidales, Clostridia, and Helicobacter) significantly enriched in those communities. The feces exhibited the next highest abundance of representative taxa, with three lineages that were significantly enriched; namely: (1) Gammaproteobacteria, Enterobacterales, Enterobacteriaceae, Escherichia-Shigella, and Escherichia coli; (2) Lactobacillus johnsonii; and (3) Lactobacillus reuteri. Only one lineage of taxa was significantly enriched in the jejuna: Bacilli, Lactobacillales, Lactobacillaceae, Lactobacillus, and Lactobacillus aviarius.
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FIGURE 4. Differences in microbial communities among different intestinal sites (jejuna, ceca, and feces) of 42-day-old broilers (28 Cobb broilers per replicate and 3 replicates per treatment for fecal samples, 3 Cobb broilers per treatment for jejunal and cecal samples). (A,B) LEfSe analysis of microbial communities at the phylum to species levels among feces, jejuna and ceca on day 42.




Regulatory Effects of Thymol-Citric Acid and Thymol-Butyric Acid on Cobb Broiler Intestinal Microbiota

We previously found that diets supplemented with EOA1 or EOA2 could improve broiler growth performance, with effects similar to those of antibiotics (Supplementary Table 2). In this study, we investigated changes in the intestinal microbial community diversity of Cobb broilers at different time points after supplementing diets with EOA1 and EOA2. A total of 10,474,315 effective high-quality sequence tags (36,084–69,576 per sample) were obtained for subsequent analysis. The ɑ-diversity indices of fecal, jejunal, and cecal communities were analyzed for each group of broilers at 14, 28, 35, and 42 days of age (Table 1). The coverage index estimates for the broiler feces, jejunal, and cecal communities at different growth stages in each group were nearly 99%, indicating that the sequencing depth used here was sufficient for detection of native diversity within samples. At 14 days of age, the fecal community Shannon index values were significantly lower in the EOA1 group than in the control and VM groups (p < 0.05). The cecum Shannon index values were significantly higher in the EM group than in the other four groups (p < 0.05), while the cecum Shannon index values were significantly lower in the control group than in the other four groups (p < 0.05). At 28 days of age, the fecal community Shannon index values in the EM group were lower than in the EOA2 group (p < 0.05). In addition, the jejunal Shannon index values of the control, VM, and EOA2 groups were significantly lower than in the EOA1 group (p < 0.05). Further, the cecum Shannon index values in the EOA1 and EOA2 groups were significantly higher than in the other three groups (p < 0.05), while the cecum Shannon index values in the VM group were lower than in the control and EM groups (p < 0.05). In broilers 35 days of age, the fecal Shannon index values were significantly higher in the EOA2 group than in the control group (p < 0.05). In contrast, the jejunal Shannon index values were significantly lower in the control and VM groups than in the EM and EOA1 groups (p < 0.05), while the cecum Shannon index values were significantly higher in the EOA2 group than in the VM and EOA1 groups (p < 0.05). Among 42-day-old broilers, the lowest fecal Shannon index value was observed for the EM group. These results indicate that diets supplemented with EOA1 or EOA2 can significantly alter the cecal, jejunal, and fecal microbial community diversity in Cobb broilers, and that these effects are also influenced by broiler age.


TABLE 1. Effects of different treatment groups on intestinal microbial alpha diversity indices of broilers.1
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To identify specific intestinal taxa within broilers of different treatment groups, LEfSe analysis was used to compare communities among groups. At 14 days of age, 11 microbial taxa exhibited significantly different abundances in the feces of groups, with one microbial taxon significantly associated with the jejunum and 38 microbial taxa significantly associated with the ceca (Figures 5A, 6A, 7A). After supplementing diets with VM, 14-day-old broilers exhibited significantly higher abundances of Enterococcus faecium, Aerococcus, and Aerococcaceae in feces, Lactobacillus reuteri abundances in the jejuna were significantly lower, while significantly enriched flora in the ceca were associated with Clostridia [primarily Lachnospiraceae, Oscillibacter, Butyricicoccaceae, Ruminococcaceter, and the (Eubacterium) coprostanoligenes group]. Five microbial taxa were significantly enriched in the ceca of 14-day-old broilers in the EM group, including Faecalibacterium prausnitzii, Bifidobacterium, Bifidobacteriales, Bifidobacteriaceae and Actinobacteriota. When EOA1 group broilers were 14 days old, Enterococcaceae, Enterococcus, and Enterococcus cecorum were significantly enriched in feces, and significantly enriched taxa in the ceca were associated with Bacilli (including the Clostridia vadinBB60 group, UCG__005, Bacilli and Ruminococcaceae). Lactobacillus aviarius and Lactobacillus johnsonii were significantly enriched in the feces of 14-day-old broilers in the EOA2 group, while 10 taxa were significantly enriched in the cecal communities, such as Escherichia coli, Oscillospiraceae, and Faecalibacterium. Thirteen microbial taxa were significantly enriched in the feces of 28-day-old broilers, while 17 taxa were significantly enriched in the jejuna, and 32 taxa were significantly enriched in the ceca (Figures 5B, 6C, 7B). In the control group, four taxa (including Lactobacillus phage Sal3, Lactobacillus, Lactabacillaceae and Lactobacillus salivarius) were significantly enriched in the feces of 28-day-old broilers, eight taxa (including Lactobacillus reuteri, Ralstonia pickettii, Ralstonia, Burkholderiales, Gammaproteobacteria, Lactobacillus salivarius, Campylobacteria, and Alcaligenaceae) were significantly enriched in the jejuna, and five taxa (including Bacteria, Firmicutes, Clostridia, Oscillospirales and Alistipes) were enriched in the ceca. After diet supplementation with VM, the abundance of fecal Gordonibacter was significantly higher in 28-day-old broilers, while Lactobacillus aviarius was significantly enriched in jejunal communities, and four lineages were significantly enriched in the ceca; namely, (1) Alistipes sp. CHKCI003, (2) Lachnospirales, Lachnospiraceae; (3) Bacteroidota, Bacteroidia, Bacteroidales, Bacteroidaceae, Bacteroides, Bacteroides dorei; and (4) Lactobacillales, Lactobacillaceae, Lactobacillus. After diet supplementation with EM, 28-day-old broilers exhibited significant enrichment of Clostridium sp. AUH-JLC140, Lactobacillus aviaries, and unidentified Oscillospiraceae in the feces. In addition, seven taxa were significantly enriched in jejunal communities, while Bacteroidaceae, Bacteroides, and Bacteroides fragilis were significantly enriched in cecal communities. Tannerellaceae, Parabacteroides, Parabacteroides merdae, RF39, and Proteobacteria were more abundant in the ceca of 28-day-old broilers in the EOA1 group. When broilers in the EOA2 group were 28 days old, five microbial taxa (including Enterococcus, Kurthia sp. 11kri321, Enterococcaceae, Corynebacteriales and Corynebacteriaceae) were significantly enriched in feces, while only Lactobacillus johnsonii was significantly enriched in the jejuna, and seven microbial taxa (such as Alistipes inops, Coprobacter, and Rikenella microfusus) were significantly enriched in the ceca. At 35 days of age, two microbial taxa were significantly enriched in the fecal and jejunal communities, while 14 microbial taxa were significantly enriched in the ceca (Figures 5C, 6B, 7C). Four microbial taxa (including Lactobacillus aviarius, Barnesiella, Barnesiellaceae and Clostridia vadinBB60 group) were significantly enriched in the ceca of the 35-day-old broilers in the control group. When broilers that received VM supplemented diets were 35-days-old, Lactobacillus salivarius was significantly enriched in the feces and Lactobacillus aviarius was significantly enriched in jejuna. After diet supplementation with EM, five microbial taxa (including Oscillospiraceae, Gammaproteobacteria, Proteobacteria, Enterobacterales and Enterobacteriaceae) were significantly enriched in the ceca of the 35-day-old broilers. Similarly, 35-day-old broilers that received diets supplemented with EOA1 exhibited significant enrichment of Lactobacillus salivarius in the jejuna, as well as significant enrichment of Parabacterioides merdae and Bacterium ic1379 in their ceca. Furthermore, 35-day-old broilers that received diets supplemented with EOA2 showed significant enrichment of Lactobacillus aviarius in feces, but significant enrichment of Butyricicoccaceae, Butyricicoccus, and Butyricicoccus pullicaecorum in the ceca. No significantly enriched species were observed in the feces of 42-day-old broilers, while 13 taxa were significantly enriched in the jejuna, and 29 were significantly enriched in the ceca (Figures 6D, 7D). Four microbial taxa (including Oscillospirales, Faecalibacterium, Clostridia and Parabacteroides_sp_CT06) were significantly enriched in the ceca of 42-day-old control broilers. In 42-day-old broilers that received diets supplemented with VM, Lactobacillus salivarius were significantly enriched in the jejuna, and 13 microbial taxa (such as Alistipes, Parabacteroides merdae and Rikenella) were significantly enriched in the ceca. In 42-day-old broilers that received diets supplemented with EM, six microbial taxa were significantly enriched in the jejuna, while Alistipes inops, Bacteroides dorei, and Clostridia vadinBB60 groups were significantly enriched in the ceca. Forty-two day old EOA1 group broilers exhibited significant enrichment of one lineage (Firmicutes, Bacilli, Lactobacillales, Lactobacillaceae, Lactobacillus, and Lactobacillus johnsonii) in the jejuna, while the [Ruminococcus] torques group, Gammaproteobacteria, and Proteobacteria were significantly enriched in their ceca. Six microbial taxa were significantly enriched in the 42-day-old EOA2 broiler ceca, including Bacilli, Lactobacillaceae, Lactobacillales, Lactobacillus, Lactobacillus aviaries, and Pseudomonadales.


[image: image]

FIGURE 5. Differences in fecal microbial changes after dietary supplementation with VM, EM, EOA1, and EOA2 at different ages (28 Cobb broilers per replicate and 3 replicates per treatment). LEfSe analysis of fecal microbial communities from phylum to species levels among VM, EM, EOA1, and EOA2 groups on day 14 (A), 28 (B) and 35 (C). VM, virginiamycin; EM: enramycin; EOA1, thymol-citric acid; EOA2, thymol-butyric acid.
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FIGURE 6. Differences in jejunal microbial changes after dietary supplementation with VM, EM, EOA1 and EOA2 at different ages (3 Cobb broilers per treatment). LEfSe analysis of jejunal microbial communities at the phylum to species levels among VM, EM, EOA1 and EOA2 groups on day 14 (A), 28 (C), 35 (B), and 42 (D). VM, virginiamycin; EM, enramycin; EOA1, thymol-citric acid; EOA2, thymol-butyric acid.
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FIGURE 7. Differences in cecal microbial changes after the diet supplementation with VM, EM, EOA1 and EOA2 at different ages (3 Cobb broilers per treatment). LEfSe analysis of cecal microbial communities from phylum to species levels among VM, EM, EOA1 and EOA2 groups on day 14 (A), 28 (B), 35 (C), and 42 (D). VM, virginiamycin; EM, enramycin; EOA1, thymol-citric acid; EOA2, thymol-butyric acid.


To understand the effects of EOA1 and EOA2 dietary supplements on intestinal microbial community function, functional annotation of the fecal, jejunal, and cecal communities of 42-day-old broilers was performed. The 35 most microbial abundant functions were evaluated using level 2 annotations (Figure 8). Diets supplemented with VM led to lower inferred abundances of functions involved in the categories of xenobiotic biodegradation and metabolism, transcription, membrane transport, cellular community prokaryotes, and signal transduction. In contrast, several functional categories were enriched, including glycan biosynthesis and metabolism, transport and catabolism, biosynthesis of other secondary metabolites, and other biological processes in the ceca. Diets supplemented with EM led to lesser effects on fecal and cecal biological processes, but enhanced biological processes in the jejuna related to metabolism (e.g., metabolism of terpenoids and polyketides, energy metabolism, and metabolism of cofactors and vitamins). In contrast, these treatments were associated with decreased inferred biological process functions related to cellular processes, genetic information processing, and environmental information processing. Diets supplemented with EOA1 or EOA2 resulted in less enrichment of jejunal and cecal biological process functions, but increased abundances of functions involved in fecal lipid metabolism, enzyme families, and xenobiotics biodegradation and metabolism, as well as decreased enrichment of functions involved in replication and repair and nucleotide metabolism. Thus, EOA1 and EOA2 treatment generally enhanced certain biological pathways related to metabolism, but led to decreased abundances of inferred functions related to cellular processes, genetic information processing, and environmental information processing.
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FIGURE 8. Effects of different feed additives on microbial functions of Cobb broiler feces, jejuna and ceca on day 42 (28 Cobb broilers per replicate and 3 replicates per treatment for fecal samples, 3 Cobb broilers per treatment for jejunal and cecal samples). VM, virginiamycin; EM, enramycin; EOA1, thymol-citric acid; EOA2, thymol-butyric acid.





DISCUSSION

Intestinal microbiota are dynamic and highly complex ecosystems, and interactions of these populations with hosts play key roles in tissue and organ morphological development, immune and metabolic processes, and the overall health of host bodies (Sommer and Bäckhed, 2013; Yadav and Jha, 2019). Thus, the effects of different Cobb broiler growth stages and the combined use of essential oils and organic acids (EOA1 and EOA2) on jejunal, cecal, and fecal microbial communities were investigated to better understand the potential applications of EOA1 and EOA2 in broiler diets.

Microbial colonization of host intestines begins at birth, and their compositions change with host development (Sommer and Bäckhed, 2013). In this study, we analyzed changes in the jejunal, cecal, and fecal microbial communities of Cobb broilers at different growth stages. The microbial communities in all three intestinal components exhibited higher community diversity 14 days after hatch, suggesting that there is a high degree of competition for nutrient and ecological niche resources in the gastrointestinal tract during this period that likely leads to highly dynamic compositional changes (Jurburg et al., 2019). Firmicutes were the dominant phylum in the intestines of Cobb broilers across different growth stages, which is consistent with the results of previous studies (Wei et al., 2013). Firmicutes comprise beneficial bacteria (e.g., Clostridium scindens and Clostridium cluster IV–XIVa) as well as pathogenic bacteria (e.g., Clostridium difficile, pathogenic Streptococci and pathogenic Enterococci), all of which are components of normal intestinal microbiota (Becattini et al., 2016). The abundances of intestinal pathogenic bacteria are maintained at low levels, but increase when the host immune system is disturbed or bacteria migrate outward due to increased intestinal permeability, thereby leading to intestinal disease (Scarpellini et al., 2015). Proteobacteria accounted for a high proportion of broiler fecal and jejunal microbiota, although their relative abundances decreased with age. This could have been due to rapid changes in the intestinal environment of young broilers leading to unstable internal microbial intestinal structures that lack diversity. Such characteristics could provide opportunities for food-borne pathogens to colonize intestines. In contrast, increased diversity that arises with age leads to gradual maturation of the intestinal spatial environment, which promotes the colonization of commensal bacteria and maintains a dynamic balance of intestinal microbiota (Abbas Hilmi et al., 2007). Bacteroidetes are Gram-negative bacteria that are extremely well adapted to intestinal environments, wherein they are able to ferment indigestible carbohydrates and produce SCFAs (Becattini et al., 2016). In the present study, bacteroidetes accounted for a relatively high proportion of cecal microbiota communities, which is consistent with the cecum being the main site for microbial fermentation within hosts (Jozefiak et al., 2004). Lactobacillus was the dominant genus in the fecal and jejunal microbiota, and a series of strains or species successively colonized the intestines with broiler age. Notably, lactic acid produced by Lactobacillus can be converted to SCFAs that can negatively regulate the NF-κB signaling pathway used to maintain immune cell homeostasis and intestinal health (Oude Elferink et al., 2001; Thangaraju et al., 2009; Ren et al., 2016; Qiao et al., 2020). The ceca of birds have been described to play critical roles in metabolism, such as absorbing nutrients and water, and digesting cellulose, starch and other resistant polysaccharides (Gasaway et al., 1976; Clench and Mathias, 1995; Yan et al., 2019). These similarities may reflect the enrichment of diverse microbial flora in ceca. Overall, Lactobacillus gradually colonized broiler intestines with increased broiler age. Moreover, the intestinal microbial community trended toward maturation over time and the fecal microbial communities became more complex than the jejunal and cecal communities.

Supplementation of diets with feed additives has been widely applied to obtain optimal intestinal microbial communities for the ideal growth and health of broilers. In this study, the relative abundances of specific microbial populations in Cobb broiler feces, jejuna, and ceca were found to be affected by EOA1 and EOA2 dietary additives. For example, EOA1 and EOA2 treatment primarily influenced the relative abundances of Lactobacillales (including Enterococcus, Lactobacillus, and Aerococcus) in the feces and jejuna of broilers, and significantly reduced Proteobacteria abundances (including those of Ralstonia pickettii and Alcaligenaceae) after 28 days of age. The genera Enterococcus and Aerococcus contain opportunistic pathogens that can co-exist with their hosts and are resistant to antibiotics (Arias and Murray, 2012; Rasmussen, 2016), and their presence may be consistent with the instability of microbial communities during the early developmental stages of broilers (Abbas Hilmi et al., 2007). However, the flora that were enriched in broiler ceca after dietary supplementation with VM, EM, EOA1, and EOA2 were mostly Clostridia (primarily Lachnospiraceae, Oscillospiraceae, and Ruminococcaceae) and Bacteroidia (primarily including Bacteroides, Alistipes, Rikenella, and Parabacteroides). Clostridia and Bacteroidia are usually considered beneficial flora for intestines. Among the above taxa, Lachnospiraceae, Oscillospiraceae, and Ruminococcaceae can produce SCFAs including butyric acid, acetic acid, and propionic acid through fermentation. These SCFAs then provide energy for the regeneration and repair of intestinal epithelial cells, inhibit the proliferation of pathogens, and promote intestinal health (Kelly et al., 2015; Koh et al., 2016; Jacobson et al., 2018; Kriss et al., 2018). Alistipes and Rikenella belong to the Rikenellaceae family (Graf, 2014). Among these, Alistipes are potential SCFA-producing bacteria (Parker et al., 2020), whereas Rikenella are glucose and lactose producers (Graf, 2014). Bacteroides and Parabacteroides abundances are also closely related to host immune system function (Arpaia et al., 2013; Telesford et al., 2015). Chen et al. (2020) reported that both essential oil (including 78.3% cinnamaldehyde, 4% isophorone, and 2.7% eugenol) and VM treatment increased the relative abundances of Bacteroides, Alistipes, and other Bacteroidetes taxa in broiler ceca. Further, the addition of citric acid and butyric acid to broiler feed has been suggested to create acidic intestinal environments that are conducive to the proliferation of Lactobacillus as well as to the inhibition or killing of Gram-negative bacteria such as Escherichia coli and Salmonella (Chowdhury et al., 2009; Deepa et al., 2018). In summary, EOA1 and EOA2 dietary supplementation can effectively inhibit the proliferation of Ralstonia pickettii and Alcaligenaceae in Cobb broiler jejuna at specific growth stages, promote the colonization and growth of beneficial bacteria such as Lactobacillus, Clostridia, and Bacteroidia, and maintain intestinal microbiota balance.

Intestinal microbiota is involved in the metabolism and absorption of many nutrients and play key roles in maintaining the integrity of the intestinal barrier structure, immune regulation, and defenses against pathogen invasion (Mu and Zhu, 2019; Yadav and Jha, 2019). These beneficial effects may rely on the activities of certain intestinal microbiota (e.g., Lactobacillus) that can ferment carbohydrates to produce vitamins, various enzymes and SCFAs, in addition to other substances (Pourabedin et al., 2015). These substances can directly migrate to colon, liver, and muscle tissues, after which they participate in host circulatory systems; however, they can also be metabolized by host enzymes to produce signal molecules that regulate host immune system and energy metabolism (Jin et al., 2021). For example, SCFAs can reduce intestinal pH to create an acidic environment that regulates host physiological processes (Arpaia et al., 2013), while various enzymes released into the intestinal lumen have potentially synergistic effects on digestion and can facilitate intestinal absorption of nutrients (Naidu et al., 1999). In this study, functional inference analysis inferred that both EOA1 and EOA2 enhanced the prevalence of biological pathways related to metabolism, including lipid metabolism, enzyme families, and energy metabolism, in 42-day-old broilers, while concomitantly attenuating functions related to cellular processes, genetic information processing, and environmental information processing. Butyric acid has been reported to improve the digestion and absorption processes of broilers, enhance anabolism, and improve growth performance (Kaczmarek et al., 2016; Deepa et al., 2018). Additionally, citric acid can improve protein digestion and absorption, reduce the production of growth-inhibiting microbial metabolites (e.g., ammonia), facilitate mineral absorption (Chowdhury et al., 2009), and directly participate in body metabolism via the immediate synthesis of adenosine triphosphate (ATP) through the tricarboxylic acid cycle in response to adverse environmental conditions (Judge and Dodd, 2020). Pham et al. (2020) demonstrated that a mixture of encapsulated essential oils and organic acids could improve broiler growth by modulating intestinal microbial communities, enhancing intestinal barrier functions, modulating immune responses, and improving necrotizing enterocolitis-induced intestinal damage. Therefore, we hypothesize that EOA1 and EOA2 can improve Cobb broiler growth by modulating the structure of their intestinal microflora and affecting multiple pathways related to nutrient metabolism and absorption. However, in this study, only three Cobb broilers selected for analysis has certain limitations. Thus, more replicate samples should be used to better support the current conclusions.



CONCLUSION

Changes in the jejunal, cecal, and fecal microbial communities of Cobb broilers were systematically investigated across different growth stages in this study. Lactobacillus was the dominant bacterial taxa in the fecal and jejunal communities, and it gradually came to dominate communities with increased broiler age. In addition, EOA1 and EOA2 dietary supplementation reduced the relative abundances of certain Proteobacteria in Cobb broiler jejuna for a specific period of time, promoted the colonization and growth of beneficial bacteria (e.g., Lactobacillus, Clostridia, and Bacteroidia) in the intestine, and influenced nutrient absorption and broiler growth by regulating biological processes related to metabolism. These data demonstrate that EOA1 and EOA2 supplementation have potential health benefits for Cobb broilers and can be applied as alternatives to antibiotics to improve the growth performance of broilers during production.
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The recent introduction of metagenome-assembled genomes (MAGs) has marked a major milestone in the human gut microbiome field (Almeida et al., 2019; Nayfach et al., 2019; Pasolli et al., 2019). Such reference-free, de novo-assembled genomes (Hugerth et al., 2015) have revealed a wide range of hitherto uncultured microbial species in human gut samples.

The significance of MAGs in unraveling human gut microbial diversity was supported by their overwhelming representation in a comprehensive human gut prokaryotic collection filtered by metagenome data dereplicated at 97.5% average nucleotide identity (ANI) (Hiseni et al., 2021). More than 90% of the collection consists of MAGs, while the rest of the collection mainly comprises RefSeq genomes (Figure 1A).
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FIGURE 1. (A) The process of filtering human gut-derived MAGs and RefSeq prokaryotic genomes against a pool of >3,500 non-redundant healthy human gut metagenomes. Only genomes sharing ≥95% average nucleotide identity (ANI)—a conventional threshold marking species delineation (Jain et al., 2018)—were kept for further processing. The qualified genomes dereplicated at 97.5% ANI were mostly represented by MAGs (>90%). Only 7% of MAGs harbored detectable 16S rRNA gene sequences, while the opposite was observed in RefSeq genomes (7% lacked detectable 16S). (B) The distribution of 16S copy numbers on complete RefSeq genomes vs. MAGs (upper panel); the intragenomic 16S rRNA gene heterogeneity on genomes with multiple 16S copies for the same groups (bottom panel). MAGs are associated with increased intragenomic variability across all positions compared to RefSeq genomes. (C) The average nucleotide identity of 16S sequences belonging to the same 97.5% ANI cluster. Each boxplot refers to one cluster. The upper panel depicts clusters made of pure complete RefSeq genomes, while the bottom panel shows the distribution of shared identities on clusters entirely comprising MAGs. RefSeq-derived 16S sequences within same clusters show high identity (average of 99.8%); MAG clusters contain highly variable 16S sequences, with an average identity of 93%.


A great challenge related to MAGs is their lack of 16S rRNA sequences. Skewed species abundance, high 16S sequence similarity, and high volumes of short-reads data cause major difficulties for assembling the sequences of this gene (Yuan et al., 2015), frequently rendering these genomes incomplete.

A barrnap search (https://github.com/tseemann/barrnap) revealed that from >270,000 qualified MAGs, only 7% yielded 16S sequences, while this gene was found in 93% of >106,000 other genome types. MAGs positive for 16S had a significantly lower copy number compared to complete RefSeq genomes (Figure 1B; top panel) and substantially higher intragenomic variance (Figure 1B; bottom panel). Challenges in obtaining multiple 16S copies from incomplete genomes are well-described in the literature (Perisin et al., 2016; Louca et al., 2018); however, to exacerbate the problem, their enormous intragenomic heterogeneity renders their overall quality questionable.

A multiple sequence alignment of 16S rDNA sequences extracted from members of identical 97.5% ANI clusters, followed by the computation of their distance [ape package in RStudio (Paradis and Schliep, 2018)], has revealed that clusters consisting purely of MAGs share on average 93% identity, as contrasted by 99.8% average 16S sequence identity in clusters made of pure, complete RefSeq genomes (Figure 1C).

Considering that 16S is a highly conserved gene, its identity among same-cluster genomes was expected to be higher than the threshold used for dereplicating them (>97.5%; Kim et al., 2014; Jain et al., 2018). The excessive 16S divergence among MAG-only clusters raises red flags, potentially reflecting issues related to their assembly, as previously reported (Nelson et al., 2020; Meziti et al., 2021).

All MAGs studied here were >95% complete with <5% contamination, a conventional criterion marking their high quality. Given the extreme importance of the 16S gene in microbial taxonomy and ecology, it seems unacceptable that MAGs can be labeled as such and at the same time contain low-quality information about this single most important gene that links the re-constructed genomes to the huge body of 16S-based microbiota studies conducted worldwide.

Furthermore, the acceptance of poor 16S rDNA quality in MAGs currently excludes a majority in the microbial research community that does not have the economic or computational resources to perform large-scale shotgun sequencing.
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The inclusion of macroalgae in the diets of farmed fish offers the opportunity for an added-value dietary ingredient to the nutraceutical feed. The composition of algae varies greatly among species. Several Ulva species have been considered in aquafeed formulations for different farmed fish, and Ulva ohnoi is being applied recently. However, the effects of seaweed dietary inclusion on the host must be evaluated. Considering the important role of the host intestinal microbiota, the potential effects of U. ohnoi dietary inclusion need to be studied. In this study, the characterization of the intestinal microbiome of Solea senegalensis, a flatfish with high potential for aquaculture in South Europe, receiving U. ohnoi (5%)-supplemented diet for 90 days has been carried out. In addition, the functional profiles of bacterial communities have been determined by using PICRUSt, a computational approach to predict the functional composition of a metagenome by using marker gene data and a database of reference genomes. The results show that long-term dietary administration of U. ohnoi (5%)-supplemented feed modulates S. senegalensis intestinal microbiota, especially in the posterior intestinal section. Increased relative abundance of Vibrio jointly with decreased Stenotrophomonas genus has been detected in fish receiving Ulva diet compared to control-fed fish. The influence of the diet on the intestinal functionality of S. senegalensis has been studied for the first time. Changes in bacterial composition were accompanied by differences in predicted microbiota functionality. Increased abundance of predicted genes involved in xenobiotic biodegradation and metabolism were observed in the microbiota when U. ohnoi diet was used. On the contrary, predicted percentages of genes associated to penicillin and cephalosporin biosynthesis as well as beta-lactam resistance were reduced after feeding with Ulva diet.

Keywords: microbiome, Ulva, algae, Solea senegalensis, aquafeed


INTRODUCTION

Macroalgae have been widely evaluated as a novel ingredient for aquafeed formulation in recent years (Guerreiro et al., 2019; Wang et al., 2019; Yeganeh and Adel, 2019; Naylor et al., 2021). Their nutritional composition include protein, lipids, and high levels of biologically active compounds such as polysaccharides, pigments, polyphenols, and vitamins that might exert beneficial effects on farmed fish (Yaakob et al., 2014; Wells et al., 2017; Moutinho et al., 2018). Firstly, Mustafa and Nakagawa (1995) summarized the role of macroalgae in fish nutrition and then numerous studies have evaluated their potential not only as dietary protein source, but also as functional ingredients in practical diets for a variety of fish species (Yildirim et al., 2009; Güroy et al., 2012; Peixoto et al., 2016, 2017; Zhu et al., 2016). However, the effects detected were dose-dependent and species-specific (Valente et al., 2006).

In this context, Ulva species are a good source of protein, minerals, and vitamins, especially vitamin C (Ortiz et al., 2006; García-Casal et al., 2007), and different studies aimed at assessing the dietary inclusion of Ulva in a wide range of farmed fish species have been carried out (Wassef et al., 2013; Silva et al., 2015; Valente et al., 2016; Vizcaíno et al., 2016; Magnoni et al., 2017; Kazemi et al., 2018) with positive results on growth performance, innate immune response, feed utilization and overall fish health status. Negative effects on growth have been reported with dietary levels of Ulva meal above 10% in aquafeed (Wassef et al., 2005; Diler et al., 2007; Azaza et al., 2008). On the contrary, when added to fish diet at low percentages, benefits such as improved growth, feed efficiency, nutrient utilization, modulation of immune response, and disease resistance have been described in several fish species (Mustafa and Nakagawa, 1995; Wassef et al., 2005; Valente et al., 2006; Ergün et al., 2009; Moutinho et al., 2018; Fumanal et al., 2020).

Although different Ulva species have been applied in several areas, the interest on the potential industrial use of Ulva ohnoi (Prabhu et al., 2019) and its applicability or its products in aquaculture is recent (Norambuena et al., 2015; Fernández-Díaz et al., 2017; Martínez-Antequera et al., 2021). U. ohnoi is widely distributed and easily grown, with fast growth rates even in recirculating fish farming systems (Oca et al., 2019; Kang et al., 2021). Several studies have described effects on the immune system after dietary inclusion of U. ohnoi (Fumanal et al., 2020; Kang et al., 2021; Martínez-Antequera et al., 2021). In addition, presence of nutraceutical components such as the polysaccharide ulvan has been identified in U. ohnoi extracts (Fernández-Díaz et al., 2017). Thus, this species was considered in the present study based on the possibility to easily obtain enough amounts of algal biomass and its potential use as source of nutraceutical components for Senegalese sole (Solea senegalensis).

Senegalese sole is a flatfish with great potential for marine aquaculture due to its high market value and consumer demand. Recent management and technical improvements in S. senegalensis culture are leading to important progress in productivity, but there are still unsolved questions regarding nutrition aspects under cultured conditions (Morais et al., 2016), and at present, inclusion of macroalgae in aquafeeds is being considered.

The gastrointestinal (GI) microbiota has a relevant role in animal nutrition, development, modulation of the immune system, and resistance against pathogens (Rawls et al., 2004; Salinas et al., 2006; Semova et al., 2012; Ingerslev et al., 2014a,b; Llewellyn et al., 2014; Wang et al., 2018) and its composition is shaped by different factors such as host species, trophic level, environment, and feeding habits (Romero et al., 2014; Eichmiller et al., 2016; Gonçalves and Gallardo-Escárate, 2017) variations in physiological parameters along the GI (Ye et al., 2014) and functional ingredients or nutraceuticals (Ringø et al., 2016). Composition of Ulva spp., as well as U. ohnoi, includes polysaccharides such as ulvan (Lahaye and Robic, 2007) and starch (Korzen et al., 2015; Farias et al., 2017). The hydrolysis of those compounds by bacteria has been documented (Michel and Czjzek, 2013; Reisky et al., 2019), so their metabolism by the intestinal microbiota of farmed fish deserve attention. In this context, recently, the administration during a short period of time of a low dietary level of U. ohnoi demonstrated to exert a modulation of the intestinal microbiota of farmed Senegalese sole specimens (Tapia-Paniagua et al., 2019). As far as we know, effects of long-term feeding of U. ohnoi on the GI microbiota and the potential implications on the functionality are not known. In order to achieve a better understanding of the role of gastrointestinal microbiota in fish health and digestion, further knowledge of the phylogenetic profile and functional capacities of the intestinal microbiota is necessary.

Furthermore, despite the fact that the microbial diversity of Senegalese sole has been described in a recent study (Tapia-Paniagua et al., 2019), there is no solid information about the functional capability of these microbial communities so far. In this sense, some bioinformatic tools can predict microbiome functionality, based on marker genes commonly used for diversity analysis, such as the 16S rRNA. In this work, the predictive software PICRUSt has been used for describing the effects of U. ohnoi 5% dietary supplementation on the main functional traits of S. senegalensis gut microbiome.

The aim of the present study was to investigate the effects of long-term feeding low dietary inclusion of U. ohnoi on the intestinal microbial composition of S. senegalensis. In addition, functional profiles of bacterial communities were evaluated by using phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) (Langille et al., 2013), and the potential relationship between changes in microbial composition and functionality after U. ohnoi feeding was assessed.



MATERIALS AND METHODS


Diet Composition and Preparation

U. ohnoi Hiraoka and Shimada, strain UOHN120810 was isolated from the outlet channel of IFAPA El Toruño (El Puerto de Santa María, Cádiz, Spain) fish facilities and vegetative clones maintained in culture. To obtain the U. ohnoi biomass needed for the feeding trial (1 kg m–3), U. ohnoi cultures were up-scaled to 1000-L tanks and grown in modified f/2 medium (Guillard, 1975) with 1.8 mM nitrate and 0.1 mM phosphate prepared with filtered (0.2 μm) natural seawater for 2 weeks under natural photoperiod light. Algae were harvested, rinsed with tap water, freeze-dried, and kept in a dry place until used as ingredient in the experimental diet.

Two isonitrogenous (55% on dry weight basis) and isolipidic (15% on dry weight) experimental diets were manufactured by LifeBioencapsulation SL (Spin-off, Universidad de Almeria, Spain). Ulva diet was formulated to include 5% (w/w) dry U. ohnoi biomass. An algae-free diet was used as control. The ingredient composition of experimental diets is shown in Table 1.


TABLE 1. Ingredient composition of the experimental diets used in the feeding trial.
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Feed ingredients were finely ground and mixed in a vertical helix ribbon mixer (Sammic BM-10, 10-L capacity, Sammic, Azpeitia, Spain) before fish oil and diluted choline chloride being added. All the ingredients were mixed together for 15 min, and, after, water (300 ml kg–1) was added to the mixture to obtain homogeneous dough. The dough was passed through a single screw laboratory extruder (Miltenz 51SP, JSConwell Ltd., New Zealand), to form 1–2 mm (diameter) and 2–3 mm (length) pellets. The extruder barrel consisted of four sections and the temperature profile in each section (from inlet to outlet) was 100, 95, 90, and 85°C, respectively. Finally, pellets were dried at room temperature for 24 h and kept in sealed plastic bags at −20°C until use.



Fish Maintenance

Juvenile Senegalese sole (S. senegalensis) (10.7 ± 2.9 g, mean initial body weight) were obtained from a commercial hatchery (Cupimar S.A., San Fernando, Cádiz, Spain) and transported to the research facilities of IFAPA El Toruño (El Puerto de Santa María, Cádiz, Spain). Fish were stocked at 1.5 kg m–2 in 6 tanks connected to a closed recirculation consisting of a mechanical filter, a skimmer, ultraviolet light, and a biofilter. Fish were fed daily at 2% fish biomass with an experimental diet considered as control diet for 10 days for acclimatizing the fish to the experimental conditions. After the acclimation period, experimental diets were randomly assigned to triplicate groups. Fish (12.3 ± 2.0 g mean body weight) of each set of three tanks were fed with two different experimental diets: control diet and diet containing U. ohnoi 5% (Ulva diet) for 90 days at a rate of 3% of their body weight. Different parameters were monitored during all the experimental period. The temperature, pH, salinity, and oxygen were maintained constant at 19.9 ± 0.7°C; 7.8 ± 0.2; 25.7 ± 1.5‰, and 7.0 ± 0.4 mg L–1, respectively. Nitrite and ammonia were checked once a week (values were below 0.1 mg L–1).

At the end of the feeding trial, fish were fasted for 12 h before sampling. Soles (n = 14) were carefully taken from their respective tanks and transferred to a new tank containing clove oil (200 ppm) to euthanize. Whole intestines of seven fish per treatment were aseptically removed, divided into two equal length sections (anterior and posterior), and stored separately in Trisure, −80°C, until further analysis.



Sampling Procedures and Sequence Analysis

Individual intestinal samples were collected from S. senegalensis specimens with 1 ml of PBS, pH 7.2, and 1 ml aliquot per sample (n = 28) was centrifuged (1,000 × g, 5 min). Total DNA was extracted from each sample according to manufacturer specifications using Trisure (Bioline, Spain). Afterward, 20 μl of total DNA was precipitated with 2 μl of sodium acetate 3 M and 46 μl isopropanol for purification. Then, DNA was centrifuged for 3 min at 12,000 × g, 4°C, supernatants were discarded, and the pellets were rinsed with cold 70% ethanol. After centrifugation for 5–15 min at 12,000 × g, 4°C, supernatants were discarded again and pellets were air dried. Finally, DNA was resuspended in water. DNA quality and integrity were visualized by gel electrophoresis. Concentration and purity were determined by using Qubit 2.0 fluorimeter (Thermo Scientific, Germany). Isolated DNA was stored at −20°C until further processing and 30 ng was used for subsequent analyses.

Libraries were constructed by the Ultrasequencing Service of the Bioinnovation Center (University of Malaga, Spain) using the Illumina® MiSeq Platform. Libraries were constructed by using the Illumina MiSeq Platform. Briefly, Illumina paired-end sequencing (2 × 300 bp) of each sample was carried out by using the primers 341F CCTACGGGNGGCWGCAG and 805R GACTACHVGGGTATCTAATCC, targeting V3–V4 regions of 16 S rRNA gene (Klindworth et al., 2013).

Illumina reads were analyzed with FastaQC software (Andrews et al., 2010) to assess sequence quality. Then, reads were processed using a pipeline based on the software package MOTHUR (version 1.39.5) (Schloss et al., 2009). Demultiplexed paired-end reads were merged and processed for primer sequence trimming according to amplicon size (400-600 bp). UCHIME version 4.2. (Effective Tags obtained)1 (Edgar et al., 2011) was used to detect and remove chimera; the remaining representative, non-chimeric sequences were aligned and clustered into operational taxonomic units (OTUs) in the Greengenes database (version 13.5) (McDonald et al., 2012) with 97% identity cutoff and the total count threshold was set at 0.005% (Bokulich et al., 2013).

After generating the taxonomic profile of microbiome samples, comparison of taxa present in the samples was carried out. The samples were normalized using the calculation of the rarefaction curves. All statistical analyses were performed using phyloseq and vegan libraries in R package (McMurdie and Holmes, 2013). To determine the level of sequencing depth, rarefaction curves were obtained by plotting the number of observed OTUs against the number of sequences and Good’s coverage coefficient was calculated. Alpha diversity was estimated based on Chao1, Shannon-Wiener, and Simpson indexes to determine taxonomic and phylogenetic structure diversity, respectively. The results are generally presented at phylum, class, family, and genus taxonomic levels.

Putative microbiota functions were predicted using PICRUSt (version 1.1.3), a tool designed to infer metagenomic information from 16S rRNA amplicon sequencing data using default values (Langille et al., 2013). The metagenomic data resulting from the clustering with the Greengenes database (version 13.5), were entered into the software. The metagenome prediction of the bacterial communities was carried out using the data set calculated after normalizing the number of copies of rRNA 16S to the size of the biome. Nearest Sequenced Taxon Index (NSTI) scores were obtained to assess the precision of predicted metagenomes and ranked at a 97% confidence value using the Kyoto Genome and Gene Encyclopedia Pathway Database (KEGG). All the functional categories were calculated (Kanehisa et al., 2014) and the bacterial functional profiles were compared up to level 3 of the KEGG modules.



Calculations and Statistical Analysis

Growth parameters and survival rates were calculated according to the following expressions:

Weight gain rate (WGR) (%) = 100 × (final body weight – initial body weight)/initial body weight; Feed conversion ratio (FCR) = Dry feed consumed (g)/wet weight gain (g) and Survival rate (%) = 100 × final fish number/initial fish number.

Normality (Shapiro–Wilk test) and homogeneity of variance (Levene’s test) were tested for all data before differences between the two experimental diets were determined and Student’s t-test comparison of means was used. All tests were performed with XLSTAT software and significance was set for p < 0.05.

Multivariate analysis of OTU data was performed via Principal Coordinate Analysis (PCoA) of OTU profiles using Bray–Curtis metric to depict differences between microbiota of each diet group. In addition, to test the hypothesis of no differences between the microbiota of the GI sections and diets assayed, dissimilarity matrices obtained with the Bray–Curtis index were analyzed by Permutation multivariate analysis of variance (PERMANOVA) with 999 permutations by using PAST software (Hammer et al., 2001) version 3.16.

Linear discriminant analysis (LDA) effect size (LEfSe) (Segata et al., 2011) was used to characterize microbial differences of biological relevance between the diets within the two different GI sections and between sections within the same diet. LEfSe analysis was performed using the Galaxy platform2. The taxa whose alpha value was less than 0.05 were selected as significant, first by the Kruskal–Wallis factorial rank-sum test and then by the Wilcoxon paired test, as well as a threshold of |2.0| for the LDA.

STAMP software (Statistical Analysis of Metagenomics Profiles) was used to analyze the differential abundances of predictive functions based on the microbiota of intestinal sections and diets researched, using ANOVA multiple-comparison test with post hoc Tukey–Kramer test (p corrected < 0.05).




RESULTS


Fish Growth and Microbiota Sequencing Overview

Fish mortality during the experimental period was below 5%. Significant decreased final body weight and weight gain rate values were obtained for fish fed with U. ohnoi 5%-supplemented diet; however, no differences in FCR were detected based on the diet supplied (see Table 2 for details).


TABLE 2. Growth performance of juvenile Solea senegalensis specimens.
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DNA was extracted from 28 fish intestinal samples, seven S. senegalensis specimens per diet and 2 intestinal regions per fish specimen. In total, 5,109,193 raw reads were obtained for both forward and reverse directions after sequencing. Non-specific amplicons not assigned amplicons to the target taxon, and chimeras were removed in the initial quality filtering, and a total of 1,453,999 reads were obtained, with 51,928.53 ± 17,165.22 (mean ± SD) sequences per sample that clustered in a total of 667 OTUs (97% similarity cutoff against the Greengenes database). Sequences were filtered by rarefaction curves to the minimum library size of 30,284 reads (Supplementary Figure 1) and singletons and doubletons were also removed. A total of 190 OTUs were obtained and used for subsequent analysis. Mean Good’s coverage estimator value was 99.94 ± 0.02 (mean ± SD) (ranging from 99.93 to 99.94%), indicating adequate sequencing depth.

Alpha diversity indices were calculated for microbiota data of fish fed both control and Ulva diets in section anterior and posterior. Statistical differences were not observed for microbiota species richness (Chao1) when Ulva diet was administered. Furthermore, no differences in Shannon and Simpson indices were observed between the microbiota of fish specimens fed control or Ulva diet regardless of the GI sections analyzed (see Tables 3A,B for details).


TABLE 3A. Alpha diversity of bacterial communities in anterior (A) intestinal tract sections of Solea senegalensis specimens.
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TABLE 3B. Alpha diversity of bacterial communities in posterior (P) intestinal tract sections of Solea senegalensis specimens.
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Composition of Solea senegalensis Gastrointestinal Microbiota

Intestinal microbiota of S. senegalensis fed with control and Ulva-supplemented diets was dominated by Proteobacteria, Tenericutes, and Firmicutes in both GI sections (Figure 1). In all the cases, Proteobacteria was the most abundant phylum, ranging from 68.8 to 91.7% relative abundance. In addition, Spirochetes was also present, it being a predominant phylum in the posterior GI microbiota of fish fed with both diets (13.5–13.7%).


[image: image]

FIGURE 1. Average of the samples of gut microbiota (relative OTU composition) at phylum level of the gastrointestinal tract of S. senegalensis fed control (Control) and Ulva ohnoi supplemented (Ulva) diet for 90 days. A, anterior region; P, posterior region. ETC < 1% indicates relative abundance below 1%.


At the class level (Figure 2 and Supplementary Figure 2), Gammaproteobacteria was the most abundant class in both GI sections (ranging from 66.6 to 88.9%), followed by Mollicutes (from 6.0 to 15.3%). Interestingly, microbiota of S. senegalensis specimens fed with Ulva diet showed Mollicutes decreased relative abundance jointly with increased Gammaproteobacteria, it being more evident in anterior sections, although these changes were not reported as statistically significant (Wilcoxon test, U = 19, p = 0.15) (Figure 2).
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FIGURE 2. Average of the samples of gut microbiota (relative OTU composition) at class level of the gastrointestinal tract of S. senegalensis fed control (Control) and Ulva ohnoi supplemented (Ulva) diet for 90 days. A, anterior section; P, posterior section. ETC < 1% indicates relative abundance below 1%.


The taxonomic analysis at the family level showed higher relative abundance of Pseudomonadaceae members, it being predominant in both intestinal sections when S. senegalensis specimens were fed with control diet (Figure 3 and Supplementary Figure 3). However, abundance of Vibrionaceae increased in both intestinal sections of fish fed with Ulva diet compared to those fed with control diet. Mycoplasmataceae, Xanthomonadaceae, and Brevinemataceae were detected in lower abundance percentages in all the samples regardless of the section and diet considered, though relative abundance of the two first was higher in fish receiving control diet. Finally, the study at the genus level (Figure 4 and Supplementary Figure 4) showed Vibrio as the most abundant member in the microbiota of specimens fed with Ulva diet, while OTUs identified as “Pseudomonadaceae_unclassified” family were the most frequent in the GI microbiota when control diet was supplied, regardless of the section analyzed.
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FIGURE 3. Average of the samples of gut microbiota (relative OTU composition) at family level of the gastrointestinal tract of S. senegalensis fed control (Control) and Ulva ohnoi supplemented (Ulva) diets for 90 days. A, anterior section; P, posterior section. ETC < 1% indicates relative abundance below 1%.



[image: image]

FIGURE 4. Average of the samples of gut microbiota (relative OTU composition) at genus level of the gastrointestinal tract of S. senegalensis fed control (Control) and Ulva ohnoi supplemented (Ulva) diet for 90 days. A, anterior section; P, posterior section. NA: OTUs not clustered with the database at the genus level. ETC < 1% indicates relative abundance below 1%.




Modulation of Intestinal Microbiota by Ulva ohnoi Diet

Beta diversity analysis was performed to explore differences in bacterial communities based on the diet received by the fish. Graphical representation of principal coordinate analysis (PCoA) based on Bray–Curtis distances among OTUs detected showed no separate clustering of anterior GI samples associated to the diet (Figure 5A). On the contrary, microbiota samples from posterior GI sections were clearly separated according to the diet received by S. senegalensis specimens (Figure 5B). Furthermore, PERMANOVA test confirmed the shift in posterior GI microbiota composition based on the diet, while no significant values were obtained for anterior GI sections used (PERMANOVA, F = 3.40, p = 0.005, and p = 0.49, respectively).
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FIGURE 5. Principal coordinate analysis (PCoA) of bacterial community composition at OTU level based on Bray–Curtis distance matrix. The individual samples are color-coordinated according to the diet received by S. senegalensis specimens: control (Control) and Ulva ohnoi supplemented (Ulva) diets for 90 days. (A) Anterior GI sections, (B) Posterior GI sections.


In order to determine the OTUs most likely to explain differences between experimental diets and GI sections, LEfSe analysis (Kruskal–Wallis and Wilcoxon test p < 0.05 and LDA effect size > | 2.00|) was carried out. Histograms of the LDA scores computing for differentially abundant OTUs in the GI microbiota of S. senegalensis specimens fed with control and Ulva diets and anterior and posterior GI sections are shown in Figure 6.
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FIGURE 6. LDA scores for OTUs differentially abundant in the microbiota GI tract of S. senegalensis specimens fed control (Control) and Ulva ohnoi supplemented (Ulva) diets for 90 days (Kruskal–Wallis and Wilcoxon test, p < 0.05 and LDA effect size > | 2.00|). (A) anterior section; (B) posterior section.


When comparing the microbiota of anterior sections of fish fed with control and Ulva diets, only Shewanella genus were detected as significative (Wilcoxon test, U = 7, p = 0.02) (Figure 6A). On the contrary, microbiota of the posterior GI sections of fish fed control diet showed significantly increased abundance in Stenotrophomonas genus (Xanthomonadaceae family, Xanthomonadales order) whereas Vibrio genus (previously named taxa, Wilcoxon test, U = 0, p = 0.001), including Vibrionales order (Wilcoxon test, U = 2, p = 0.003), was differentially more abundant in the microbiota of fish fed with the algae (Figure 6B).



Predicted Gastrointestinal Microbiota Function

PICRUSt analysis was performed to predict functional capabilities of intestinal microbial communities detected in S. senegalensis specimens receiving the two diets assayed. The low NSTI value (0.068 ± 0.068) obtained in the PICRUSt analysis indicated good accuracy of prediction. A total of 328 KEGG functions corresponding to level 3 KO entries was identified.

Significant differences in the functional composition of microbial communities of fish fed with both diets were only detected in posterior GI sections. Thus, microbiota of fish fed with U. ohnoi-supplemented diet showed increased percentages of genes involved in cellular processes and signaling (electron transfer carriers), energy metabolism (methane metabolism), and xenobiotic biodegradation and metabolism (dioxin, xylene, and nitrotoluene degradation) (see Figure 7 for details). On the contrary, decreased abundance of genes involved in biosynthesis of other secondary metabolites (penicillin and cephalosporin biosynthesis), lipid metabolism (arachidonic acid metabolism), metabolism of other amino acids (beta-lactam resistance), replication and repairs (chromosome and non-homologous end-joining), and transcription (transcription machinery) was predicted for posterior GI microbiota of fish fed with Ulva diet compared to those receiving control diet (see Figure 7 for details).
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FIGURE 7. Heatmap showing significant differences (ANOVA, F, p < 0.05) in microbial functionality (PICRUSt) between the posterior intestinal microbiota of S. senegalensis fed control (Control) and U. ohnoi supplemented (Ulva) diet for 90 days. Relative abundance of sequences associated with KEGG functions of the samples.





DISCUSSION

Marine macroalgae represent a promising source of sustainable protein and substances with nutraceutical values, with effects on fish physiology and immune system (Cerezuela et al., 2012; Packer et al., 2016; Fumanal et al., 2020; Ponce et al., 2020; Araújo et al., 2021).

In the present work, decreased growth and feed conversion rates observed in S. senegalensis receiving Ulva diet are in agreement with results obtained in previous studies carried out in farmed fish, such as rainbow trout (Yildirim et al., 2009) and S. senegalensis (Tapia-Paniagua et al., 2019). The reduced growth observed in fish fed the Ulva-supplemented diet has been attributed to the presence of antinutritive factors such as protease inhibitors (Sáez et al., 2013; Vizcaíno et al., 2016, 2019), which could have inhibited digestive proteases in the intestine and adversely affected nutrient uptake.

Microbial ecosystem function and stability are influenced by species and functional group richness (Bell et al., 2005), which, along with the biodiversity, are essential in protecting ecosystem functionality against perturbations (De et al., 2014; Gonçalves and Gallardo-Escárate, 2017). Different studies indicate that diet composition and changes are important factors in the modulation of the GI microbial communities in vertebrates (Askarian et al., 2012; Sullam et al., 2012; Ghanbari et al., 2015; Ringø et al., 2016; Gonçalves and Gallardo-Escárate, 2017). Our results show that the administration of U. ohnoi 5%-supplemented diet to S. senegalensis did not induce significant differences in the GI microbiota alpha-diversity indices. These results contrast with significantly increased Shannon diversity index values reported when a low U. ohnoi inclusion diet was administered to the same fish species for a shorter period (45 days) (Tapia-Paniagua et al., 2019). Shannon index reflects the diversity of the whole microbial community and differences based on the supplemented diet feeding period could be attributed to an adaptation period to the new diet in the microbial communities, it being possible to consider that the microbiota adjustment has been accomplished after 90 days. Thus, similar diversity index may be due to similar number of species and average or evenness of individual distribution among species, though species may be different. In this context, it has been reported that fish age had significant effects on the beta but not alpha diversity of gut microbiota in both freshwater and saltwater habitats (Zhao et al., 2020).

Overall composition detected in S. senegalensis GI microbiota in this study corroborate that members of Proteobacteria phylum dominate the microbiota of the GI tract in S. senegalensis specimens, whereas Tenericutes represents the second most abundant phylum in this environment (Tapia-Paniagua et al., 2019). Similarly, previous studies at class level have also identified γ-Proteobacteria and Mollicutes in S. senegalensis GI tract (Tapia-Paniagua et al., 2014, 2019). The taxonomic analysis at family level demonstrated that Pseudomonadaceae and Vibrionaceae were the most frequently Proteobacteria detected in the present work, like in the previous study carried out with younger Senegalese sole specimens by Tapia-Paniagua et al. (2019). These results demonstrate the presence of a long-term core microbiota in S. senegalensis GI tract.

Diet is considered one of the more relevant factors affecting intestinal microbiota (Webster et al., 2020). Though low-level dietary inclusion of U. ohnoi did not influence alpha diversity indices of S. senegalensis intestinal microbiota, results obtained indicate that changes in composition of microbial communities occur in posterior intestinal sections after long-term feeding with diet supplemented 5% of this macroalga. Thus, a shift in the presence of Stenotrophomonas (Xanthomonadaceae) members in favor of Vibrio genus was observed in the microbiota of fish fed with the macroalgae-supplemented diet.

Stenotrophomonas genus has been reported as a predominant member of the intestinal microbiota of farmed fish (Tapia-Paniagua et al., 2011; He et al., 2016; Puello et al., 2018), including S. senegalensis larvae, juvenile specimens (Tapia-Paniagua et al., 2014, 2019), and S. senegalensis specimens fed with U. ohnoi (Tapia-Paniagua et al., 2019). In addition, this genus has been identified as one of the main groups comprising microbiota of marine species such as rorquals (Toro et al., 2021). This genus includes species reported as fish opportunistic pathogens such as S. maltophilia (Geng et al., 2010; Abraham et al., 2016), while other strains isolated from microbiota of marine invertebrates (Reina et al., 2019) and fish (Torabi Delshad et al., 2018) have demonstrated the ability to degrade a broad range of N-acyl-homoserine signaling molecules essential for quorum sensing. This signaling system is involved in the control of the expression of genes related to virulence factors, and quenching signal molecules have been reported to result in attenuation of pathogen virulence (Reina et al., 2019). In this context, Stenotrophomonas strains have been reported as plant-probiotics showing abilities to degrade and reduce toxic compounds (Mukherjee and Roy, 2016; Zhang et al., 2017) and produce plant growth-promoting factors (Nevita et al., 2018). However, it would be interesting to check similar activities in strains of this genus isolated from fish. Since the libraries of our study were constructed using the V3V4 amplicon reconstruction with a size of 460 bp, the affinity of the taxa makes it very difficult to establish real phylogenetics.

LEfSe analysis showed differentially increased abundance of Vibrio in posterior intestinal sections of fish fed with Ulva diet. Vibrio genus members have been reported as abundant taxa in the intestinal microbiota of marine fish species (Nayak, 2010; Sullam et al., 2012; Tapia-Paniagua et al., 2019). Although sequences were not assigned to species level in our study, Tapia-Paniagua et al. (2019) observed that sequences related to Vibrio genus were mainly assigned to the chitinase-producing V. scophthalmi. Some Vibrio species are known as pathogenic for fish, but the presence of pathogens as part of the fish microbiome has been previously reported, though its presence did not imply any symptoms of disease (Roeselers et al., 2011; Xing et al., 2013; Wanka et al., 2018). Although it would be very interesting to know if the lineages found in this study are related to pathogenic strains or not, due to the reason explained above about the methodology, it is difficult to establish.

Analysis of the composition of microbial communities does not provide information on the metabolic functionality of the microbiota. PICRUSt analysis has been used to infer functional capabilities of the microbial communities in several studies carried out in fish (Eichmiller et al., 2016; Cornejo-Granados et al., 2017; Zhang et al., 2017; Huang et al., 2018; Kim et al., 2021). It has afforded to infer functional differences according to different intestinal sections (Zhang et al., 2017) and functional changes associated to the trophic level (Liu et al., 2016). As far as we know, this is the first work addressing the study of the functional potential of bacterial communities in the intestinal tract of S. senegalensis.

Predicted functions of microbiota did not show significant changes in anterior intestinal sections of fish fed control and U. ohnoi diets. However, along with differences in microbial composition, differences were predicted in microbiota functionality in the posterior intestinal tract. In these sections, predicted functionality of microbiota of fish receiving Ulva diet showed increased abundance of genes involved in xenobiotic biodegradation and metabolism (KEGG 2 level). Due to the limitation of the fishmeal to make aquafeeds, the dietary inclusion of higher levels of plant material is increasing. This substitution in the feed also introduces unwanted substances, some of them as xenobiotics (Sanden et al., 2018; Olsvik et al., 2019; Oliveira and Vasconcelos, 2020).

Gut microbiome has an important role not only on dietary nutrient digestion, but also on xenobiotics metabolism. Thus, activity of intestinal microbiota may result in the inactivation of xenobiotics or, on the contrary, lead to bioactivation of some compounds resulting in increased toxicity (Collins and Patterson, 2020). On the other hand, it has been reported that exposure to dioxin-type polychlorinated biphenyls (PCB) results in disrupted gut microbiota and host metabolism as well as intestinal inflammation (Petriello et al., 2018; Sun et al., 2019). The influence of xenobiotics on fish microbiota composition has already been documented. In fathead minnow (Pimephales promelas), the exposure to benzo[a]pyrene results in shifts in microbial composition and enrichment in hydrocarbon-degrading taxa (DeBofsky et al., 2020).

In the present study, the enrichment in microbial communities capable to degrade xenobiotics in S. senegalensis fed with U. ohnoi diet may be considered a positive trait. In this way, improved intestinal mucosa has been reported in S. senegalensis fed with this macroalgae (Vizcaíno et al., 2019). Similarly, Tarnecki et al. (2019) suggested that greater xenobiotic degradation ability of microbiota may contribute to increased Common snook (Centropomus undecimalis) survival in larvae treated with probiotics.

On the other hand, decreased abundance of genes related to beta-lactam resistance (KEGG 3 level) was predicted in the microbiota of fish fed with Ulva-supplemented diet compared to the control diet group. In a recent study, Kokou et al. (2020) have reported the existence of a core microbiota in European seabass (Dicentrarchus labrax) intestinal tract after treatment with antibiotics, though they did not elucidate if these populations contained increased numbers of antibiotic resistance genes. Increasing microbial resistance to antibiotics represents a global concern due to their potential transmission not only to animal but also to human pathogens. In addition, discharge of aquaculture waste containing antibiotic-resistant bacteria results in environmental impact, highlighting the importance of the presence of antibiotic resistance genes in the fish gut microbiome (Kokou et al., 2020). Lower abundance of antibiotic resistance genes predicted in the microbiota of S. senegalensis receiving dietary U. ohnoi could contribute to reduced antimicrobial resistance dispersion in aquaculture environments.

This finding was accompanied with higher abundance of genes related to penicillin and cephalosporin biosynthesis in fish fed with diet devoid of U. ohnoi. It may be considered that lower levels of antibiotics can be expected to be jointly found with lower resistance levels thanks to a selection pressure process.

On the other hand, presence of antibiotics in an ecosystem influences the populations comprising microbial communities. Whether differences observed in the microbiota composition of fish fed with control and Ulva diet may also reflect the presence of genes involved in antibiotic biosynthesis needs to be elucidated.

In summary, long-term dietary inclusion of U. ohnoi results in modulation of S. senegalensis intestinal microbiota, especially in posterior intestinal sections. In addition, influence of the diet on the intestinal functionality of this fish species has been studied for the first time. Increased abundance of predicted genes involved in xenobiotic biodegradation and metabolism has been observed in the microbiota when U. ohnoi diet was used. On the contrary, predicted percentages of genes associated to penicillin and cephalosporin biosynthesis as well as beta-lactam resistance were reduced after feeding Ulva diet. Results reported represent the starting point in the study of the effects of diets on potential changes in S. senegalensis intestinal tract microbial community functionality.
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The objective of this study was to investigate associations between gastrointestinal microbiota and protein metabolism of lambs infected with Haemonchus contortus. Sixteen male Ujumqin lambs (initial body weight = 32.4 ± 3.9 kg) were dewormed and randomly assigned to 2 equal groups, to be infected or not infected with Haemonchus contortus (GIN and CON, respectively). The experiment lasted 77 days. The GIN lambs had lower packed cell volume (PCV) and increased wormegg count (WEC) after 14 days. Furthermore, in infected lambs, there were decreases in apparent digestibility of dry matter (P = 0.011), crude protein (P = 0.004) and ether extract (P = 0.007), as well as decreased ruminal pepsin (P < 0.001) and lipase (P = 0.032) activity but increased ruminal α-amylase (P = 0.004) and cellulase activity (P = 0.002), and decreased jejunal α-amylase activity (P = 0.033). In addition, infection with H. contortus decreased alpha diversity of the gastrointestinal microbial community in the rumen, abomasum and duodenum, although microbiota associated with carbohydrate and proteolytic metabolism were increased and up to 32 KEGG pathways in the duodenum were predicted to be significantly affected. In conclusion, H. contortus infection in lambs altered the gastrointestinal microbial community composition and disturbed protein digestion and allocation of absorbed amino acids. These results provided insights into consequences of H. contortus infection in lambs and could facilitate development of novel nutritional strategies to improve animal health.
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INTRODUCTION

Gastrointestinal nematodes (GINs) have been confirmed to be an important constraint to efficient ruminant production of worldwide (Wang et al., 2017). In particular, the nematode Haemonchus contortus of Trichostrongylidae family, a voracious abomasal blood feeder, has many deleterious effects on ruminants, including blood loss and inducing life-threatening anemia, which represent the primary constraint to profitable sheep and goat production in many regions of the world (Albers et al., 1990). It is well known that parasitism and malnutrition often occur concurrently, especially with inadequate dietary protein (amino acids). Altered protein metabolism in ruminants infected with GINs has been reported (Coop and Holmes, 1996). Furthermore, GIN infections decreased dietary protein utilization associated with tissue deposition, bone growth and wool production of sheep (Coop and Kyriazakis, 1999; Yu et al., 2000) but increased protein metabolism associated with tissue repair and immune responses (Ramanan et al., 2016). Furthermore, individual amino acids are also disturbed by GIN infections in sheep. For instance, the small intestine’s irreversible loss rate of methionine (Met) and cysteine (Cys) decreased in sheep infected with Trichostrongylus colubriformis, although the whole-body irreversible loss rate of Cys and valine (Val) was not affected (Bermingham, 2000). In addition, effects of GIN infections on host amino acid metabolism varied with the duration of infection (Yu et al., 2000). Mechanisms of altered dietary protein metabolism in lambs infected with H. contortus remain unclear, but may be related to the host’s gastrointestinal microbiota (Dai, 2011; Wu et al., 2020).

Countless microbes, including bacteria, archaea, fungi, protozoa, and viruses inhabit the gastrointestinal tract of ruminants and constitute the gut microbiota. This complex microbial community has an important role in ruminant physiology, including nutrient metabolism, immune system development and defense against pathogens (Peachey et al., 2017). Furthermore, the gastrointestinal tract is also home to various species of GINs (Wang et al., 2017). Parasitic GINs not only decrease host ruminant productivity, but also significantly alter the structure and function of their symbiotic gastrointestinal microbiome. Briefly, GIN infection increases the bacterial load but decreases the abundance of archaea in the abomasum and changes the function of microbiota, such as immunological pathways, energy homeostasis and nutrition metabolism (Li et al., 2016; Allison et al., 2018). Furthermore, these effects on gastrointestinal microbiota vary with duration of infection (Cortés et al., 2020). Increasing evidence, particularly in human and rodent models of helminth infection, indicate a multitude of interactions between parasites and gut microbiota, with profound impacts on host immunity and nutritional metabolic potential (Peachey et al., 2017). However, exploration of the relationship between the changes of gastrointestinal microbiota and the effects of nutritional metabolism in ruminants infected by GINs is fragmentary and not systematic, so, further research is needed.

The objective was to investigate effects of GIN infection on host lambs’ protein digestion and amino acid profiles, as well as gastrointestinal microbiota composition, biological pathways, and functional categories, to provide insights into how GIN affect gastrointestinal microbiota and protein metabolism in their hosts.



MATERIALS AND METHODS


Ethical Approval

The animal study was reviewed and approved by the Animal Care Committee of the Institute of Geography and Agroecology, Chinese Academy of Sciences, Jilin, China (Protocol No. 2019003).



Lambs, Diets, and Experimental Design


Third-Stage Infectious Larvae Preparation

Third-stage (L3, infectious stage) H. contortus larvae were prepared by an egg hatching trial, as described (Hansen and Perry, 1990). In brief, 2 kg of fresh feces were collected from grazing sheep infected with GINs, as confirmed by microscopy. These feces were placed into a hatching basin which was put at ∼25°C and ∼70% relatively humidity to hatch mixed nematode eggs for 15 d. During hatching, the development status of larvae was assessed (light microscopy) based on their shape changes, to determine when most larvae reached the infectious L3 stage (oval eggs had just hatched into thread-like nematodes). After hatching, feces were wrapped with four layers of gauze and L3 larvae moved from the feces into water. The development status of larval and the species of mixed L3 mixed larvae were determined by light microscopy, as described (Hansen and Perry, 1990).



Lambs

Sixteen male Ujumqin lambs, 3–4 months old with an average live weight of 32.4 ± 3.9 kg, were reared under helminth-free conditions (verified and confirmed by parasitological examination of individual fecal samples prior to the beginning of the trial). All lambs were dewormed using a combination of abamectin (0.2 mg/kg BW), levamisole (7.5 mg/kg BW), and albendazole (5 mg/kg BW) (Pyrimide®, Novaritis Animal Health Co., Ltd., Shanghai, China). After 28 d of deworming, all lambs were randomly allocated into 2 groups (control group, CON and gastrointestinal nematode infection group, GIN), each with eight lambs, and GIN lambs were orally dosed L3 H. contortus. Before oral dosing of L3 H. contortus, the worm egg count (WEC) was checked to make sure zero egg burden for all lambs. Infection was induced by drenching each GIN lamb with ∼10,000 mixed L3 larvae (89 ± 4% H. contortus, 8 ± 4% Teladorsagia circumcincta and some other species of nematodes, as assessed by light microscopy (Classica 102M, China, Beijing), which were hatched in one batch before infection. In contrast, CON lambs were orally dosed tap water. After GIN lambs were infected, the formal feeding experiment was started and lasted 77 days.



Diets and Management

During the post-infection feeding period, each lamb was housed in a separate pen (140 cm long, 100 cm wide and 124 cm high) with ad libitum access to fresh water. All lambs were fed the same diet (Table 1) twice daily at 06:00 and 18:00. At each feeding, according to different feed intake of each lamb during adaption period, each lamb was generally given 700∼900 g concentrate. Then, sufficient corn straw was provided to ensure that each lamb would have no more than ∼10% refusal.


TABLE 1. Ingredients and chemical composition of experimental diets.
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Sample Collection and Analysis Procedures

The daily feed supply and feed refusal for each lamb were recorded to calculate feed intake. Before the morning feeding on days 1, 7, 21, 42, 63, and 77 of the post-infection feeding period, all lambs were weighed and average daily gain (ADG) of each lamb was calculated during the feeding period. A digestibility trial started on day 35 and consisted of 5 days for adaption, followed by 5 days of sampling (total feces) to determine apparent digestibility of feed nutrients. All fresh feces of each lamb from each separate metabolism pen were collected daily (from 06:00 the first day to 06:00 the next day) by picking up each feces particle, sub-sampled (100 g/kg), and stored at −20°C. After 5 d of collection, five subsamples were mixed into a composited sample and stored at −20°C for further analysis. Dietary and fecal samples were dried at 65°C to determine dry matter (DM) and then forced through a 0.425 mm screen to facilitate analysis. Nitrogen content was analyzed (method no. 968.06; AOAC, 1990) and crude protein (CP) content was calculated as 6.25 × nitrogen content. The Van Soest detergent fiber analysis method was used to determine neutral detergent fiber (NDF) and acid detergent fiber (ADF) (Van Soest et al., 1991). Ash content was measured using the methods of the Association of Official Analytical Chemists (method 924.05; AOAC, 1990) and ether extract (EE) content was measured as described (AOAC, 1995).

On days 1, 3, 7, 14, 28, 42, 56, 63, and 77 post-infection, WEC was determined by the modified McMaster’s technique (Whitlock, 1948) and expressed as eggs per gram (EPG) of feces. Briefly, 2 g of crushed feces which was collected from the rectum was mixed with 28 mL of saturated saline and this solution was aspirated into the McMaster’s egg counting plate, the WEC was determined through a light microscope (Classica 102M, China, Beijing) in lab. At last, EPG was calculated from WEC (EPG = FEC × 50).

On days 1, 3, 7, 14, 21, 42, 63, and 77 post-infection, 7 mL of blood was collected from the jugular vein of each lamb, with 2 mL put into a sterile tube containing EDTA-K2 and PCV determined with a blood cell analyzer (Sysmex XE-2100, Shanghai, China). The remaining 5 mL of blood was put into a tube containing heparin sodium and the tubes were centrifuged at 2,500 × g for 15 min. Plasma free amino acid concentrations were determined as described (Jiao et al., 2020), using an automatic amino acid analyzer (Hitachi L-8900, Tokyo, Japan).

At 77 d after infection, all lambs fasted for 12 h, electrically stunned, and exsanguinated under commercial conditions. The current was delivered at a constant voltage of 220 V, 1.0 A for 3 s with scissor tongs applied using a head-only stunner, with electrodes between the eyes and ears on either side of the head. Lambs were exsanguinated within 20 s after stunning. Chyme in the rumen, abomasum, duodenum, jejunum, ileum and colon of each lamb was collected and immediately stored at −80°C for microbiome sequencing and assessment of gastrointestinal digestive enzyme activity.

Microbiome sequencing was done as described (El-Ashram et al., 2017). The ruminal, abomasal and duodenal chyme were centrifuged at 5,000 rpm for 5 min, and the supernatant was centrifuged at 12,000 rpm for 10 min. Total genomic DNA of the microbiota was extracted from each chyme sample using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany) according to manufacturers’ instructions. DNA concentration was quantified using a QuantiFluor fluorometer (Promega, United States). The region of bacterial 16S rRNA was used to characterize microbial populations in chyme samples. Universal primers were used to amplify the V3 and V4 hypervariable regions of the 16S rRNA gene library. The primers were 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) (Lin et al., 2019). The PCRs were performed as follows: initial denaturation was 95°C for 5 min, followed by 30 cycles of 98°C for 10 s, 50°C for 30 s and 72°C for 30 s, with a final extension step at 72°C for 5 min. Pooled amplification products were purified with QIAauick Gel extraction Kit (Qiagen) according to manufacturer’s instructions. Subsequently, the amplicon library was prepared with TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, United States) and quantified with QuantiFluor™-ST (Promega, United States). The library pool was sequenced using an Illumina MiSeq Reagent Kit on an Illumina MiSeq sequencer, with NovaSeq6000 used for on-board sequencing. Pepsin, chymotrypsin, trypsin, cellulase, lipase and α-amylase activity were measured with a UV spectrophotometer (Shimadzu UV-1,800, Beijing, China), using commercial kits (Jianchen, Nanjing, China).




Statistical Analyses

Data for feed nutrient apparent digestibility and digestive enzyme activity were analyzed using a General Linear Model, followed by Duncan’s multiple range tests (SAS, 2002). Data for PCV, EPG and free amino acid profiles were analyzed with a MIXED model, as described (Littell et al., 1996). The model consisted of treatments, post-infection days, treatments × post-infection days interactions as fixed effects, and animals as the random effect. Measurements obtained from each lamb on various sampling days were treated as repeated measures. Means were separated using the least squares mean and presented with the standard error of the mean. Differences were considered significant if P ≤ 0.05. Figures were made with OriginPro 2021.

QIIME pipeline (Version 1.9.1) was used to calculate indexes of Observed OTUs, Chao1, Shannon, Simpson, ACE, Goods-coverage and PD whole tree. The software R (Version 2.15.3) was used to draw the rarefaction curve and analyze the statistical significance of Alpha diversity index by Wilcoxon rank sum test. The OTU relative abundance values were analyzed using the LEfSe algorithm to identify taxa with significant differences between treatments. Furthermore, Tax4Fun was used to predict gene contents and metagenomic functional information based on SILVA SSU Ref NR database. Differences were considered significant when P < 0.05.




RESULTS


Packed Cell Volume, Dry Matter Intake, Average Daily Gai, and Digestibility

Infection with H. contortus decreased packed cell volume (PCV) and increased EPG. Briefly, the PCV in GIN was lower than in CON lambs during 14∼77 days post-infection (P < 0.05) (Figure 1A). Furthermore, EPG of GIN lambs increased after 28 d infection (P < 0.05) and remained higher than in CON lambs during 28∼63 days post-infection, although not significantly different. Finally, the EPG of GIN lambs reduced to a similar level with CON lambs on day 77 (P > 0.05) (Figure 1B).
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FIGURE 1. The PCV (A) and WEC (B) of lambs infected with Haemonchus contortus.*P < 0.05.


H. contortus infection decreased dry matter intake (DMI) of lambs by 20.7% (P < 0.001), reduced average daily gain (ADG) (P < 0.001) (Table 2) and decreased the apparent digestibility of dietary DM (P = 0.011), CP (P = 0.004), and EE (P = 0.007), but did not change the apparent digestibility of dietary NDF, ADF, or ash (P > 0.05).


TABLE 2. Growth performance and dietary nutrient apparent digestibility of lambs infected with Haemonchus contortusa.
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Digestive Enzyme Activities

For protein-degrading enzymes, H. contortus infection decreased activity of ruminal pepsin (P < 0.001) and ileac trypsin (P = 0.025) but did not affect chymotrypsin activity in any part of the gut (Table 3). For starch digestion, H. contortus infection increased activity of ruminal α-amylase (P = 0.004) but decreased its activity in the jejunum (P = 0.033). For lipid and fiber digestion, H. contortus infection decreased ruminal (P = 0.032) and duodenal (P = 0.040) lipase activity, increased ruminal cellulase activity (P = 0.002), but did not affect their activity in other parts of the gastrointestinal tract (P > 0.05).


TABLE 3. Activity of gastrointestinal digestive enzymes of lambs infected with Haemonchus contortus.
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Amino Acid Profiles

H. contortus infection altered plasma amino acid profiles and for most amino acids, their concentrations were significantly different between treatments on days 7, 42, and 63 post-infection (Figure 2). Plasma concentrations of essential amino acids (EAA) decreased after 42 days post-infection but did not reach significance (P > 0.05). Similarly, there was no difference between CON and GIN (P > 0.05) in concentrations of non-essential amino acids (NEAA). However, concentrations of aspartic acid (Asp) (P = 0.003) and glutamine acid (Glu) (P = 0.008) in GIN were higher than those in CON on day 7. Concentrations of Met (P = 0.045), alanine (Ala) (P = 0.036) and conditional EAA (proline and hydroxyproline) (CEAA, Pro + Hyp, P = 0.020) were lower in GIN than in CON on day 42. On day 63, concentrations were lower in GIN than in CON for the following: Met (P = 0.001), phenylalanine (Phe) (P = 0.001), threonine (Thr) (P = 0.007), leucine (+ isoleucine) (Leu + Ile)(P = 0.017), histidine (His) (P = 0.024), tyrosine (Tyr) (P = 0.008), Ala (P = 0.008), Asp (P < 0.001), serine (Ser) (P = 0.007), EAA (P = 0.011) and CEAA (Pro + Hyp) (P = 0.011); however, there were no differences for concentrations of valine (Val), lysine (Lys), arginine (Arg), glycine (Gly), Glu, and NEAA (P > 0.05). In addition, plasma Val concentrations were higher in GIN than CON on day 21. Notably, plasma Thr concentrations in GIN were lower than in CON from days 7 to 77 (P < 0.05).


[image: image]

FIGURE 2. Changes in the plasma free amino acids profile of lambs infected with Haemonchus contortus. *P < 0.05; **P < 0.01; ***P < 0.001.




Microbiota Profile

A total of 529,532/579,319/584,093 high-quality reads were obtained from the ruminal/abomasal/duodenal chyme samples which were collected from 12 lambs, with a mean of 44,128/48,277/48,674 reads per sample from the rumen, abomasum and duodenum, respectively. The number of OTUs detected in each ruminal sample ranged from 838 to 2,207 with a mean of 1,587; the number of OTUs detected in each abomasal sample ranged from 546 to 2,286 with a mean of 1,540; and the number of OTUs detected in each duodenal sample ranged from 574 to 1,915 with a mean of 1,296. The OTUs in the rumen, abomasum and duodenum of CON/GIN were 1950.67 ± 569.62/1559.33 ± 623.16, 1920.50 ± 488.85/1651.00 ± 651.83, and 1617.50 ± 519.03/1392.50 ± 651.36, respectively. There were 2,739, 2,789, and 2,311 shared OTUs in the rumen, abomasum and duodenum of both groups, respectively, and 33.94/28.91, 28.80/24.27, and 32.05%/30.20% unique OTUs in the rumen, abomasum and duodenum of CON/GIN, respectively (Figure 3). Rarefaction curves generated for the OTU number nearly reached asymptotes at read depths of 30,000 for all samples, indicating the sampling depth provided sufficient coverage for comprehensive analysis of bacterial composition. Furthermore, good’s coverage was > 0.97 for all samples, implying that depth of coverage met requirements of subsequent measurements.
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FIGURE 3. Venn diagrams of rumen, abomasum and duodenum is (A–C), respectively and rarefaction curves of rumen, abomasum and duodenum is (D–F) of lambs infected with Haemonchus contortus.


Based on rarefaction curves, species richness of ruminal, abomasal, and duodenal chyme were lower in GIN vs. CON (Figure 3). However, based on a comparison between treatments of observed species values of chyme in abomasum (Wilcoxon rank sum test: P = 0.220), rumen (P = 0.452) and duodenum (P = 0.615), species richness reduction was not obvious by GIN infection. Similarly, there were no significant differences between treatments in Chao1, Shannon, good coverage and PD whole tree indexes of ruminal, abomasal and duodenal chyme, and the Simpson indices of ruminal and duodenal chyme were not affected by H. contortus infection (P > 0.05). By contrast, for abomasal chyme, the Simpson value differed between treatments (P = 0.034) (Table 4).


TABLE 4. Alpha diversity index of microbiota in rumen, abomasum and duodenum of lambs infected with Haemonchus contortus.
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A diverse range of bacterial phyla were identified in all chyme samples, including Firmicutes, Bacteroidota, Euryarchaeota, Actinobacteriota, Proteobacteria, and Spirochete (Figure 4). Relative proportions of these phyla differed between treatments (P < 0.05) in the abomasum and duodenum, but not in the rumen. In the GIN treatment, abomasal Spirochete (P = 0.013), Verrucomicrobiota (P = 0.025), Campilobacterota (P = 0.028) and Synergistota (P = 0.041) were lower, whereas in the duodenum, Firmicutes was higher (P = 0.041).
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FIGURE 4. The top 10 phyla and other phyla of the rumen, abomasum and duodenum of lambs infected with Haemonchus contortus. (A–C) The top 10 phyla in the rumen, abomasum and duodenum; (D) significantly different phyla in the duodenum; (E–H) significantly different phyla in abomasum. *P < 0.05.


There was a clear shift in microbial proportions at the family level, with specific families of taxa increasing or decreasing in abundance during the course of infection (Figure 5). H. contortus infection changed a variety of abomasal microbial families, with an increase in abomasal Lactobacillaceae (P = 0.026) and decrease in Spirochaetaceae (P = 0.005) and Synergistaceae (P = 0.041). In addition, in the GIN treatment, the family of duodenal Lactobacillaceae (P = 0.030) and Ruminococcaceae (P = 0.041) increased, whereas duodenal Anaerofustaceae decreased (P = 0.041).
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FIGURE 5. The top 10 families and significantly different families of rumen, abomasum and duodenum. (A–C) The top 10 families of rumen, abomasum and duodenum; (D–F) significantly different families in abomasum; (G–I) significantly different families in duodenum. *P < 0.05.


Microbial community composition at the genus level also differed between treatments (Figure 6). In the GIN treatment, the genus of Family XIII AD3011 group in rumen decreased (P = 0.048), but there was increased UCG-002 (P = 0.009) and Lactobacillus (P = 0.030) in duodenal chyme. H. contortus infection caused a variety of genus changes in the abomasal chyme microbial community, with declines in Treponema, Fretibacterium, Lachnospiraceae XPB1014 group, Quinella, Family XIII AD3011 group, Butyrivibrio and Pseudobutyrivibrio (P < 0.05). However, the genus Lactobacillus increased (P = 0.026).
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FIGURE 6. The top 10 genus and significant different genus of rumen, abomasum and duodenum. (A–C) The top 10 genus of rumen, abomasum and duodenum; (D) significantly different genus in rumen; (E–L) significantly different genus in abomasum; (M,N) significantly different genus in duodenum. *P < 0.05, **P < 0.01.


Regarding proteolytic bacteria in duodenal chyme, samples in the GIN treatment also differed from those in the CON treatment at the genus level (Figure 7). In the GIN treatment, there were significant increases in: the genus of Prevotella, Propionibacterium, and Streptococcus in ruminal chyme; the genus of Bacteroides, Propionibacterium, and Streptococcus in abomasal chyme; and the genus of Prevotella, Bacteroides, and Streptococcus in duodenal chyme.
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FIGURE 7. The proteolytic bacteria of rumen (A–E), abomasum (F–J) and duodenum (K–O) at genus level.


The KEGG pathways of duodenum microbiota are shown (Table 5). It is noteworthy that some pathways closely related to metabolism of amino acids, carbohydrate and lipids were changed by H. contortus infection (P < 0.05).


TABLE 5. KEGG pathways of the duodenum microbiota significantly affected by Haemonchus contortus infection in lambs.
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DISCUSSION


Effects of Haemonchus contortus Infection on Packed Cell Volume, Growth and Digestion

The WEC and PCV are preferred parameters to indicate GIN infection status. Our present results were consistent with previous reports that H. contortus infections consistently increase WEC and decrease PCV due to their blood sucking (Khan et al., 2017; Silva et al., 2019). The reason for the WEC to go back to zero at 77 days may be connected with cold temperature (Lucius et al., 2017). Furthermore, DMI and ADG of GIN lambs decreased by 20.7 and 113.1%, respectively, when compared to CON lambs, consistent with reports that H. contortus infections reduce growth performance of host ruminants, attributed to the infection decreasing feed intake, resulting in anorexia (Jones et al., 2006) and suppressing digestion and absorption of dietary nutrients (Angulo-Cubillan et al., 2007).

In the present study, dietary protein and lipid metabolism were altered by the H. contortus infection. Many studies concluded that GIN infection had negative effects on feed intake and nutrient digestibility (Coop and Holmes, 1996; Coop and Kyriazakis, 1999; Cardia et al., 2011). Meanwhile, GIN infection in sheep has been reported to impair rumen function and metabolism, increase the pH of rumen and decrease the degradability of the feed (Doyle et al., 2011). Furthermore, Bown et al. (1991) reported that GIN (T. colubriformis and O. circumcincta) infection alters metabolism of protein more than other components. In addition, based on higher α-amylase activity, H. contortus infection increased carbohydrate metabolism in the rumen, compensating for the loss of energy supply from depressed protein and lipid metabolism and a potential reason why protein metabolism was largely affected by infection rather than fiber metabolism (Houdijk et al., 2012). Rumen function of infected lambs may be altered in response to H. contortus infection. Doyle et al. (2011) showed that sheep infected with H. contortus had an increase in fluid outflow, turnover rate, and a decrease in propionic acid concentration which may be the reason why sheep develop resistance to H. contortus infection.



Amino Acid Profiles

Plasma amino acid profiles were measured to elucidate effects of H. contortus infection on host protein metabolism. Some amino acids, especially some EAA, were preferentially used for regulating immune responses, tissue repair, and to support H. contortus growth which reflects that the redistribution of amino acid resources may related with the development of GIN (Coop and Holmes, 1996; Colditz, 2010; Doyle et al., 2014).

In the present study, plasma Thr concentrations were markedly decreased in infected lambs. H. contortus infections damage the host’s gastrointestinal mucosa, causing enteritis (Hoste et al., 2006). Furthermore, Thr is abundant in the mucin that lines the gut (Zhang et al., 2019). Expression of protein regulated genes related to mucin secretion in the gastrointestinal tract of animals decreased when dietary Thr was deficient (Emadinia et al., 2020). Besides, Thr has an important role in preventing the bite of nematodes and inhibiting the colonization of nematodes in parasitic habitats (Emadinia et al., 2020). Perhaps decreased plasma Thr concentrations were due to synthesizing mucin repairing gastrointestinal damage. Furthermore, there was an inverse relationship between plasma Thr concentrations and WEC, so the former may be an indicator to judge the severity of H. contortus infection in small ruminants.

WEC peaking on day 42 post-infection indicated that the parasitic larvae had developed into adults and reached peak spawning. Concurrently, there were decreases in plasma Pro and Arg concentrations, two amino acids required for nematode establishment, reproduction, and survival. Nematode eggs are composed of proline-rich proteins and each egg is enclosed by a stratum corneum, forming a barrier between itself and the host’s gastrointestinal environment (Page et al., 2014). In addition, Pro is also involved in regulation of nematode osmotic pressure (Barrett, 1991). Consequently, adult nematodes derive a large amount of Pro from host blood to support growth and reproduction (Page et al., 2014). In addition, Arg can promote attachment and growth of GINs and act as a nematode-secreted protein interaction factor to initiate the host’s non-specific defense mechanisms (James, 1995).

In the present study, severe shedding of wool occurred in most GIN lambs. Wool protein has a relatively high requirement for Met and Cys, the sulfur amino acids (Adams and Liu, 2003). Furthermore, the irreversible loss rate (an index reflecting effects of parasitic infection on protein turnover) of Met and Cys, was reduced by 13∼15% in GIN lambs (Bermingham, 2000; Liu et al., 2002). Therefore, changes in plasma Met and Cys concentrations were consistent with wool loss in GIN lambs. Furthermore, Met and Cys are involved in activation of immune responses. In that regard, Cys is the substrate of some immune proteins and inflammatory factors, e.g., glutathione (GSH) (Grimble, 2006).

Changes in plasma EAA concentrations appeared to be associated with immune functions during parasitic infections (Houdijk et al., 2012). In addition to Met and Cys, there is increased utilization of His, Phe and Asp in production of proteinaceous immune response components, enhancing host immune responses and promoting growth of intestinal mucosa (Liu et al., 2008; Zhang et al., 2013). Increased plasma Asp concentration on day 7 post-infection in the present study was in contrast to the decrease at day 63; and perhaps its function changes in different stages of H. contortus infection. We inferred that increased Asp on day 7 was due to its primary role for synthesis of Thr, which is in high demand during infection, as noted above (Emadinia et al., 2020). There are reports of similar changes in utilization of amino acids of animals infected by GINs. For example, Leu utilization differed at 18∼20 week of GIN infection compared to 5∼7 or 11∼13 week (Yu et al., 2000). In addition to Asp, plasma concentrations of Glu, Ser and Tyr increased during H. contortus infection. It is noteworthy that Glu cannot be synthesized by the host and has an important role in maintaining host nitrogen balance and biosynthesis of Gln, Arg and Pro. In addition, Glu contributes to energy generation and production of host gastrointestinal tract mucosa (Reeds, 2000). Consistent with the findings in lambs infected with T. colubriformis (Roy et al., 2003), the current results of increased plasma Glu and Asp content from days 1 to 21 indicated that the host might mobilize more Glu to be absorbed into the blood to prevent against parasitic larvae colonization. Therefore, the urgent need of Asp and Glu seem to be an important marker of invasion by H. contortus.

Increased Ser may be associated with nutrient transfers caused by H. contortus infection. Infections with GIN infection can trigger the transfer of nutrients from production sites to other tissues to synthesize key proteins (Cardia et al., 2011), causing significant increases in concentrations of amino acids (e.g., Ser) related to skeletal muscle formation (Rowe et al., 1978). Decreased plasma Tyr concentrations may be due to Tyr being used to synthesize Phe.

In summary, H. contortus infection increased protein requirements for maintenance, repair of parasite-induced damaged tissue, production of proteinaceous immune response components, for nematode establishment, fecundity and survival. Therefore, plasma amino acid concentrations changed with increased requirements to meet demands.



Microbiota Composition

GIN infections may change the composition of the host’s gastrointestinal microbial community (Li et al., 2016; Wang et al., 2019). Alpha diversity is defined as the average species diversity within a microbial population (Tuomisto, 2010). Increased alpha diversity in the gastrointestinal microbiota is usually related to healthy gastrointestinal homeostasis. In contrast, many inflammatory responses, e.g., gastrointestinal diseases and GIN infection, decrease alpha diversity (Bak et al., 2015; Cattadori et al., 2016). Similarly, in the present study, microbiota associated with host health decreased, including the genus of Lachnospiraceae XPB1023 group, Treponema, Butyrivibri, and Pseudobutyrivibrio (the so-called butyrate-producer bacteria) in the abomasum. Butyrate, with its involvement in the energy supply and gastrointestinal tract epithelial health, is a major microbial fermentation product in gastrointestinal tract. Our results were in accordance with reports of a lower abundance of butyrate-producing bacteria in goats infected by H. contortus (Li et al., 2016) and Cryptosporidium parvum (Mohamed et al., 2020). However, in some studies, alpha diversity did not change or increase during GIN infection (Li et al., 2012; McKenney et al., 2015). These apparent differences may be due to different animal or parasite species, as well as sampling times. Acute inflammatory episodes after parasite invasion of the gastrointestinal tract are likely accompanied by decreased microbial diversity, which may subsequently be restored.

Despite decreased microbiome diversity in the rumen, abomasum, and duodenum, the abundance of some key microbiota increased in the GIN group. These increased microbiotas may restore nutrient metabolism in the host lambs. There was an increase in microbiota associated with cellulose breakdown, e.g., phylum of Firmicutes (including the genus of UCG-002) in duodenum and the family of Ruminococcoceae. The latter, and Firmicutes, degrade cellulose and hemicellulose (Jennifer et al., 2009; Biddle et al., 2013), is consistent with the absence of a decrease in NDF and ADF apparent digestibility in the GIN treatment. Higher abundance of fiber-degrading microbiota could have compensated for the disruption of digestion and absorption caused by mucosal damage.

Fermentability and physical properties of host dietary carbohydrates affect establishment, distribution and fecundity of GINs (Petkevicius et al., 2007). In the present study, some microbiotas associated with starch and other carbohydrates metabolism increased, including the family of Lactobacillaceae, the genus of Lactobacillus (and the species of Lactobacillus amylovorus, Lactobacillus reuteri) and Treponema appeared in the abomasum and duodenum rather than the rumen. Furthermore, L. amylovorus and L. reuteri are the most abundant species among Lactobacillus spp. (Splichal et al., 2019). Lactobacillus are called probiotics; in vitro, Lactobacillus released antimicrobial substances (Foster et al., 2003; Tierney et al., 2004), and end products of carbohydrate fermentation, including short-chain fatty acids (such as butyrate and acetate) which can enhance functions of epithelial cells. Adding probiotics increased glucose absorption in pig small intestines during Ascaris suum infection, which can in turn promote expelling of GIN (Li et al., 2012). So, increased Lactobacillus has a therapeutic role. Furthermore, increased Lactobacillus and Treponema are non-pathogenic, carbohydrate-metabolizing bacteria that can enhance the supply of nutrients needed in response to GIN infection (Flint et al., 2012; Allison et al., 2018; Zúiga et al., 2020). In addition, KEGG pathways related to carbohydrate metabolism were enhanced in infected lambs. Therefore, we inferred those compensatory signatures were induced to degrade carbohydrates to supply nutrients and energy needed by hosts.

Carbohydrate metabolism is related to protein metabolism, as common metabolic intermediates from protein metabolism are also involved in carbohydrate metabolism, e.g., tricarboxylic acid cycle, pentose phosphate pathway and glycolysis (Mu et al., 2015). In theory, carbohydrate metabolism promotes uptake and utilization of nitrogen-containing substances by hosts. Infected animals have increased gastrointestinal protein leakage and increased shedding of epithelial tissues, resulting in increased gastrointestinal protein losses and requirements (Poppi et al., 1986; Bown et al., 1991). However, the host has compensatory abilities to reabsorb and utilize nutrients, e.g., increased rumen protein digestion and/or reabsorption and utilization of rumen by-pass protein in the duodenum when protein digestion in the abomasum is suppressed due to parasite infection (Poppi et al., 1986). Furthermore, we inferred that microbiota composition may also have an important role in compensating for protein metabolism of lambs infected by H. contortus. In the present study, microbiota associated with protein metabolism increased in the GIN treatment. Prevotella (the most important proteolytic bacteria for ruminants) increased in the rumen and duodenum, but decreased in the abomasum, opposite to the results of Li et al. (2016). The genus of Bacteroides, Propionibacterium, Clostridium, Streptococcus, Staphylococcus, Bacillus, Prevotella, and the family of Ruminococcaceae are the main proteolytic bacteria (Mafra et al., 2013; Wu et al., 2020; Zhao et al., 2021). Increases in these bacteria may improve reabsorbtion and utilization of protein and amino acids and thus influence production of key metabolites. In addition, KEGG pathways of amino acid metabolism were increased in the GIN treatment. Therefore, although H. contortus in the abomasum reduced protein uptake, there was increased protein utilization in the host gastrointestinal tract to address requirements.

In addition, there was also an association between protein/amino acid metabolism and changes in composition of gastrointestinal microbiota. Whereas the host provides nutrients to gastrointestinal microbiota and nutrient deficiencies will cause microbial changes, microbiota also produce amino acids that can be used by the host and compensate for amino acid deficiencies caused by infection. There are variations among gut bacteria synthesis and metabolism of amino acids and proteins. For instance, Clostridium perfringens lacks genes for biosynthesis of various amino acids (e.g., Glu, Arg, His, Lys, Met, Ser, Thr as well as aromatic and branched-chain amino acids) (Portune et al., 2016), whereas other Clostridium species such as Clostridium acetobutylicum have a complete set of genes for amino acid biosynthesis (Nölling et al., 2001). Therefore, we inferred that the microbiota composition changes in the present results were closely related to changes in plasma amino acid concentrations and biosynthesis of amino acids by gastrointestinal microbiota. This may regulate amino acids homeostasis in a host infected with nematodes, although regulation mechanisms of amino acid homeostasis by the microbiota in the host has not been well characterized.




CONCLUSION

In our study, H. contoutus infection decreased feed intake, inhibited apparent digestibility (especially of dietary protein and lipids) and reduced growth performance. In addition, protein absorption was disturbed, plasma amino acid profiles were altered, and ruminal pepsin and ileac trypsin activity decreased. However, infected lambs redistributed absorbed amino acids, with decreased plasma concentrations of Trp, Pro and Arg and increased plasma concentrations of Asp, Glu, Ser and Tyr, to compensate for protein and amino acids losses due to H. contortus colonization, development and reproduction. These physiological and metabolic changes in H. contortus infection lambs were closely associated with changes in gastrointestinal microbial community composition. The most important finding was an increase in carbohydrate and proteolytic bacteria genus. The present study provided new insights into physiological consequences of H. contortus infection in ruminants, which not only improved ruminant gastrointestinal health regulation theories and technologies, but also facilitated establishment of novel indicators, such as plasma amino acid profile, to evaluate or diagnose infection status in small ruminants.
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Fatty-type (FT) Pekin ducks exhibit higher lipid deposition than lean-type (LT) ducks. The gut microbiota plays an important role in modulating fat metabolism. We compared the growth performance, slaughter performance, and cecal microbiota of FT and LT Pekin ducks and analyzed the role of cecal microbiota in lipid deposition in Pekin ducks. A total of 140 1-day-old FT and LT Pekin ducks with similar body weights were randomly assigned to 10 cages, with 14 ducks in each replicate. All ducks were fed commercial diets from 28 to 42 days of age. Results showed that the average body weight and feed intake of FT ducks were higher than those of LT ducks. The breast muscle and eviscerated percentages of LT ducks were higher than those of FT ducks; the abdominal fat and sebum percentages of LT ducks were lower than those of FT ducks at 6 weeks of age (P < 0.01). 16S DNA sequencing of the cecal microbiota revealed that the bacterial abundance differed between FT and LT ducks at 4 and 6 weeks of age. The abundance of Firmicutes was higher, while that of Fusobacteria and Fusobacterium was lower in LT ducks than in FT ducks at 4 weeks of age. The abundance of Spirochaetes was higher, while that of Firmicutes and Bacteroides was lower in LT ducks than in FT ducks at 6 weeks of age. The abundance of Spirochaetes and Brachyspira in LT ducks was higher at 6 weeks than at 4 weeks of age. Interestingly, the abundance of Firmicutes and Bacteroides in FT ducks was higher at 6 weeks of age than at 4 weeks of age, while that of Fusobacteria and Fusobacterium was lower at 6 weeks than at 4 weeks of age. Linear discriminant analysis effect size analysis showed that Spirochaetes, Brachyspira, Alistipes, Campylobacter, Megamonas, Butyricicoccus, and Fusobacteria may be involved in the fat metabolism pathway as specific markers. We reveal the differences in microbial abundance in the cecal microbiota between FT and LT Pekin ducks and provide an insight into the role of cecal microbiota in lipid deposition in Pekin ducks.
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INTRODUCTION

Pekin duck is a popular indigenous Chinese duck species characterized by rapid growth, excellent fattening, and a high reproductive rate. Additionally, roasted Pekin duck is a globally recognized dish that requires Pekin ducks with increased fat deposition, referred to as fatty-type (FT) Pekin ducks. With an increasing demand for meat production, a new line of Pekin ducks with a low subcutaneous fat content and high muscle percentage (lean type, LT) is required for consumption. Therefore, in recent decades, continuous genetic selection has been used to breed LT Pekin ducks in China (Hou and Hu, 2005). FT and LT Pekin ducks exhibit significant differences in meat production, sebum, and abdominal fat contents (Zheng et al., 2014). A previous study showed that under conditions of Thr deficiency, both FT and LT ducks had similar body weights at 35 days of age; however, FT ducks had higher abdominal fat and sebum percentages and a lower hepatic lipid content (Jiang et al., 2020). To explore the underlying mechanism of the different lipid profiles between FT and LT Pekin ducks, we performed transcriptome analysis to compare differentially expressed genes in the liver, sebum, and abdominal fat. We previously found that, compared to LT ducks, FT ducks exhibit a high expression of genes involved in lipid synthesis in the liver and sebum and low expression of genes involved in lipid degradation in abdominal fat (unpublished data).

The gut microbiota is a key factor in lipid deposition. A healthy diet influences the degradation potential of intestinal microbial plant polysaccharides, lipid metabolism into short-chain fatty acids and pectin metabolism, and is positively correlated with producers of dietary fiber metabolites and short-chain fatty acids (Wang D.D. et al., 2021). The combined analysis of the oral and gut microbiome and lipid metabolome of COVID-19 patients and recovered patients showed that lipid molecules were closely associated with changes in the oral and gut microbial communities (Ren et al., 2021). The mouse gut microbiome exhibits specific changes during the progression of perimenopausal atherosclerosis and is significantly associated with lipid metabolites, and estrogen supplementation may have beneficial effects on gut bacteria and lipid metabolism (Meng et al., 2021). In terms of the proportion of intestinal microbiota, obese humans show a low abundance of Bacteroidetes and a high abundance of Firmicutes compared to lean humans, with the relative proportion of Bacteroidetes increasing with weight loss (Ley et al., 2007). Gut microbial shifts were observed across pre-pregnancy, gestation, and lactation in lean and high-fat/sucrose diet-induced obese rats. Lactobacillus and Bifidobacterium spp. in the gut microbiota of lean rats were present in higher levels than in obese rats. Clostridium cluster XI and Clostridium cluster I abundance was higher in obese rats than in lean rats (Paul et al., 2018). Additionally, obese horses have more diverse gut microbiome communities, with a higher relative abundance of Firmicutes and lower numbers of Bacteroidetes and Actinobacteria than those in lean horses; Butyrivibrio spp., Prevotellaceae, and Blautia spp. are positively associated with obesity in the host (Biddle et al., 2018). Furthermore, the gut microbiota and its metabolic products act as a bridge between the diet and host and maintain body health (Nicholson et al., 2012). Their main functions include mediating physiological metabolic activities and the consumption, storage, and redistribution of energy. Transferring fecal microbiota from adult chickens with high body weight into one-day-old chickens improved growth performance and fat metabolism in liver by remodeling the gut microbiota (Zhang et al., 2021). Gut microbes can degrade polysaccharides and oligosaccharides into simple metabolites, such as short-chain fatty acids, which function as energy sources for tissues and cells, can enhance intestinal barrier function, and promote glucose and lipid biosynthesis and metabolism in the liver (Kelly et al., 2015). In addition, intestinal microorganisms can regulate lipid biosynthesis by affecting fatty acid metabolism (Bjursell et al., 2011). Lactic acid, acetic acid, and butyric acid, produced by Lactobacillus and Bifidobacterium as the main metabolites (Picard et al., 2005), are important energy sources for intestinal epithelial cells and regulate the growth and differentiation of intestinal epithelial cells (Boffa et al., 1992; Bugaut and Bentéjac, 1993). Therefore, changes in the gut microbial ecology can lead to significant changes in body weight and the energy balance (Flegal and Troiano, 2000). The difference of microbiota improved the growth performance of broilers, which may be due to the difference in enteric microbiota between cage and floor rearing systems (Wang L.D. et al., 2021). The caeca microbial communities of broiler chicken were more diverse in comparison to ilea. Distinction in functions and roles of gut microbiota such as gene pathways related to nutrient absorption (e.g., sugar and amino acid metabolism), and bacterial proliferation and colonization (e.g., bacterial motility proteins, two-component system, and bacterial secretion system) were observed in caeca, respectively (Barnes et al., 1972; Such et al., 2021; Xiao et al., 2021).

In addition, the degradation products of dietary nutrients, such as monosaccharides and short-chain fatty acids (Cho et al., 2012; Zhao et al., 2018), stimulate triglyceride synthesis in the liver and promote lipid deposition in the adipose tissue (Bäckhed et al., 2004). Intestinal microorganisms can also promote fat deposition by influencing the expression of genes related to lipid metabolism in the host (Tilg and Moschen, 2014). Bacterial strains are a major internal factor promoting the development of intestinal microbiota in pigs and mice (Ley et al., 2005; Bian et al., 2016). In one study, the relative abundance of Bacteroides in fatty mice was lower than that in lean mice, whereas the proportion of Firmicutes was higher. Differences in lipid deposition between fat and lean mice were not attributed to different feed consumption, but rather in part to differences in gut microbes (Ley et al., 2005). Therefore, the differences in lipid deposition between FT and LT ducks may be related to the cecal microbiome. This study was conducted to compare the predominant microbial community between FT and LT Pekin ducks via random shotgun sequencing of their cecal microbial DNA in the V3 and V4 domains and investigate the role of cecal microbiomes in lipid deposition in Pekin ducks.



MATERIALS AND METHODS


Experimental Design and Diets

A completely randomized design involving two duck strains (FT Pekin ducks and LT Pekin ducks) was used. At 1 day of age, 280 Pekin ducks [140 FT ducks (high-sebum percentage) and 140 LT ducks (low-sebum percentage)] were assigned to 20 cages with 14 ducks per cage. All birds were housed in raised wire floor pens (200 × 100 × 40 cm) from birth to 6 weeks of age, and their feed intake was recorded from 28 to 42 days of age. The cages were equipped with nipple drinkers and tubular feeders, and the house was maintained under constant light. The room temperature was maintained at 30°C from 1 to 3 days of age; it was then gradually reduced to 20°C until 21 days of age and maintained until the end of 6 weeks. Feed pellets and water were provided ad libitum. All experimental ducks were fed a commercial diet.

Commercial duckling compound feed at 1 to 21 days of age was purchased from Hope Feed Co., Ltd., (Fangshan District, Beijing, China), and the main raw materials were corn, soybean meal, corn gluten meal, stone powder, calcium bicarbonate, manganese sulfate, vitamin A, and vitamin B2. Product guarantee value composition analysis showed the following values: crude protein, ≥19.0%; crude ash, ≤8.0%; crude fiber, ≤6.0%; calcium, 0.5–1.5%; phosphorus, ≥0.3%; sodium chloride, 0.2–0.8%; methionine, ≥0.3%; and moisture, ≤14.0%. Commercial duck compound feed at 22 to 42 days of age was purchased from Hope Feed Co., Ltd., (Fangshan District, Beijing, China), and the main raw materials were: corn, corn gluten powder, stone powder, calcium bicarbonate, manganese sulfate, vitamin A and vitamin B2. Product guarantee value composition analysis showed the following values: crude protein, ≥16.0%, ash, ≤9.0%, crude fiber, ≤6.0%, calcium, 0.9–1.5%, total phosphorus, ≥0.3%, sodium chloride, 0.2–0.8%, methionine, ≥0.2%, moisture, ≤14.0%.



Performance Parameters, Sampling, and Data Processing

At 4 and 6 weeks of age, the body weight (BW) and feed intake of ducks in each cage were recorded after a 12 h fast. At 6 weeks of age, two ducks were selected according to the average body weight (ABW) of the cage and then weighed. At the initial age of the 14 one-day-old ducks per cage, two ducks per cage were slaughtered at 4 weeks of age and two ducks per cage at 6 weeks of age. Blood samples were collected from each bird, via wing vein puncture, in 5 mL heparinized vacuum-tube syringes with stainless-steel needles. The blood samples were centrifuged at 1000 × g for 15 min at 4°C to separate the plasma. The plasma samples were stored at −20°C until analysis of biochemical parameters. The ducks were immediately sacrificed via cervical dislocation after carbon dioxide anesthesia. The extracted breast muscles, thigh muscle, abdominal fat, and sebum were used to calculate slaughter performance. Cecum contents were collected into 1.5 mL tubes, quickly frozen in liquid nitrogen, and then stored at −80°C.



Plasma Parameters

Ten cages were used for each of the two Peking duck strains. During weeks 4–6, blood samples were collected from three ducks in each cage according to the ABW of the remaining ducks. After centrifuging the blood samples, the upper transparent, faint yellow plasma was collected. The plasma was divided into 1.5 mL centrifuge tubes and stored at −20°C; the samples were thawed at room temperature before analysis. The plasma concentrations of cholesterol (CHOL), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) were measured using an automatic analyzer (7080, Hitachi, Tokyo, Japan) and commercial kits (Maccura Biotechnology Co., Ltd., Chengdu, Sichuan Province, China).



Preprocessing of Sequencing Data

Genomic DNA of the samples was extracted using the cetyltrimethyl ammonium bromide or sodium dodecyl sulfate methods, and the purity and concentration of DNA were determined using agarose gel electrophoresis. An appropriate amount of sample DNA was diluted to 1 ng/L with sterile water and used as a template. Based on selection of the sequencing region, a specific primer with a barcode, Phusion® high-fidelity PCR Master Mix with GC Buffer (New England Biolabs, Ipswich, MA, United States), and high-fidelity Taq polymerase were used for polymerase chain reaction (PCR) to ensure amplification efficiency and accuracy. The V3-V4 primer pair of 16S is 341F-806R (CCTAYGGGRBGCASCAG-GGACTFACNNGGGTATCTAAT).

Polymerase chain reaction products were detected using 2% agarose gel electrophoresis. Equal amounts of samples were mixed according to the concentrations of PCR products; after full blending, 2% agarose gel electrophoresis was performed to detect the PCR products. The target bands were recovered using a gel recovery kit (Qiagen, Hilden, Germany). The TruSeq® DNA PCR-Free Sample Preparation Kit was used to construct the library, which was quantified using a Qubit and quantitative PCR. After qualified control of the library, a NovaSeq6000 platform (Illumina, San Diego, CA, United States) was used for on-board sequencing. Ten samples were used from the LT and FT groups, except for the FT group at 4 weeks of age, as one sample was contaminated.



Statistical Analysis of the Sequencing Data

Based on barcoding and PCR amplification of the sequences from all of the sample data, the sequences were truncated using FLASH (Magoč and Salzberg, 2011). The raw reads were spliced using QIIME (Caporaso et al., 2011), and quality control (Rognes et al., 2016) was performed to obtain the final valid data. The following operations were used: (A) tag interception: truncate raw tags from the first low-quality base site with a continuous low-quality value (default quality threshold is ≤19) number of bases reaching the set length (default length was 3); (B) tag length filtering: the tag data set obtained after the tags were intercepted, further filtering out tags with a continuous high-quality base length of less than 75% of the tag length. The tags obtained after these steps were processed to remove chimeric sequences. Tag sequence was compared with sequences in the species annotation database to detect the chimeric sequence, and the chimeric sequence was removed to obtain the final effective tags.

The UPARSE software (Haas et al., 2011) was used to cluster all effective tags in all samples, and by default, sequences were clustered into operational taxonomic units (OTUs) with 97% consistency (identity) (Wang et al., 2007). To annotate the OTUs, Mothur and the SILVA 132 database (Edgar, 2013), along with SSUrRNA database species annotation analysis (setting threshold of 0.8–1), were used to acquire taxonomic information at each classification level: kingdom (community), phylum (door), class (class), order (mesh), family (family), genus (genus), and species (kind of) statistics community composition of each sample (Quast et al., 2013). MUSCLE software was used for fast multi-sequence alignment to homogenize the data from each sample, after which diversity analyses were performed based on sequence alignments. OTU-level alpha diversity indices, such as the Chao richness estimator, ACE metric (abundance-based coverage estimator), Shannon diversity index, and Simpson index, were used to investigate the richness and evenness of microbial communities among the four groups and were calculated using the OTU table in QIIME. Linear discriminant analysis (LDA) effect size (LEfSe) analysis was performed to reveal the significant ranking of abundant modules in the experimental group. A size-effect threshold of 4.0, based on the logarithmic LDA score, was used for discriminative functional markers. Tax4Fun function prediction maps were used to annotate prokaryotic genome-wide function information to the SILVA database for functional annotation.



Data Analysis

Data were analyzed using the SAS software (version 9.4, SAS Institute, Cary, NC, United States) for t-tests, and the results were expressed as mean ± standard deviation. The level of statistical significance was set at P < 0.05. Multiple comparative analyses were performed using the SPSS 22.0 software (SPSS, Inc., Chicago, IL, United States).

The control group was labeled as L.WK4, which comprised 4-week-old LT Peking ducks; F.WK4, which comprised 4-week-old FT Peking ducks; L.WK6, which comprised 6-week-old LT Peking ducks; and F.WK6, which comprised 6-week-old FT Peking ducks.

The alpha diversity index was described as follows. The Chao and ACE indices were used to calculate the abundance of bacteria. The Shannon and Simpson indices were used to calculate the diversity of bacterial communities. The R software (The R Group for Statistical Computing, Vienna, Austria) was used to analyze differences in the alpha diversity index between groups. Difference analysis between groups based on the alpha diversity index was conducted using parametric and non-parametric tests. If there were only two groups, t-test and Wilcoxon test were used; for more than two groups, Tukey test and Agricolae package Wilcox test were used.

Beta variation calculation methods included the unweighted pair group method with arithmetic mean (UPGMA), principal component analysis (PCA), and partial least squares discriminant analysis (PLS-DA). The Qiime software (version 1.9.1) was used to calculate the UniFrac distance and build the UPGMA sample cluster tree. PCA and PLS-DA diagrams were drawn using the R software (version 2.15.3). The Ade4 and GGploT2 packages in R were used for PCA. The Mixomics package of R was used for PLS-DA. Furthermore, the R software was used to analyze differences in the beta diversity index between groups. Parametric and non-parametric tests were also conducted. If there were only two groups, t-test and Wilcoxon test were used; for more than two groups, Tukey test and Agricolae package Wilcox test were used.

Linear discriminant analysis effect size analysis was performed using the LEfSe software, and the default value of the LDA score was 4. First, the non-parametric Kruskal-Wallis rank sum was used to detect species with significantly different abundance between different groups, and the Wilcoxon rank sum was used to determine the consistency of differences in the different subgroups of different species from the previous step; finally, LDA was used to estimate the magnitude of the effect of the abundance of each component (species) on the differential effect.

ANOSIM is a non-parametric test used to evaluate whether the difference between groups is significantly greater than the difference within the group to determine whether the grouping is meaningful (Chapman and Underwood, 1999). ANOSIM was conducted using the R vegan package ANOSIM function, and a significance test of the difference between groups was performed based on the rank of the Bray-Curtis distance value.

Tax4Fun functional prediction was performed using the nearest neighbor method based on the minimum 16S rRNA sequence similarity. Specifically, we extracted the 16S rRNA gene sequence of the whole genome of prokaryotes from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database and compared the results with the SILVA SSU Ref NR database (BLAST bit score >1500), using the BLASTN algorithm, to establish a correlation matrix. The whole-genome functional information of prokaryotes annotated using UProC and PAUDA in the KEGG database corresponded to that in the SILVA database to realize functional annotation of the SILVA database. SILVA database sequence was used as a reference to cluster OTUs and obtain functional annotation information.

Regularized canonical correlation analysis is used to highlight correlations between datasets. MixOmics is an R package used for statistical analyses of large biological datasets. MixOmics focuses on data visualization to better interpret the results. Correlation circle plots and clustered image maps were used as input by-products of the integrative approaches implemented in the MixOmics package (González et al., 2012).




RESULTS


Growth Performance

Fatty-type ducks had higher (P < 0.01) initial BW at 4 weeks of age, ABW at 6 weeks of age, and average daily feed intake from 4 to 6 weeks than LT ducks (Table 1). However, the feed/gain and average daily gain between FT and LT ducks were not significantly different (P > 0.05).


TABLE 1. Growth performance of lean-type and fatty-type Pekin ducks from 4 to 6 week of age.
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Carcass Traits

The results of slaughter performance of LT and FT Pekin ducks at 6 weeks of age are listed in Table 2. The percentages of breast muscle and evisceration in LT Pekin ducks were significantly higher than those in FT ducks; however, the percentages of abdominal fat and sebum in LT ducks were lower than those in FT ducks (P < 0.01). There were no significant differences in the percentage of leg muscle and eviscerated yield (P > 0.05).


TABLE 2. Slaughter performance of lean-type and fatty-type Pekin ducks at 6 weeks of age (%).
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Blood Biochemical Indices

The plasma CHOL, HDL-C, and LDL-C contents of FT Pekin ducks at 4 weeks of age were significantly higher than those of LT Pekin ducks (P < 0.01), but there was no significant difference in the plasma TG content (P > 0.05). In contrast, the plasma CHOL, TG, HDL-C, and LDL-C contents of FT Pekin ducks at 6 weeks of age were significantly higher than those of LT Pekin ducks (Table 3).


TABLE 3. Comparison of plasma biochemical indexes between fatty-type and lean-type Pekin duck at 4 and 6 weeks of age.
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16S rRNA Sequences of Lean-Type and Fatty-Type Pekin Ducks

We amplified the DNA from the cecal microbiota of ducks at 4 and 6 weeks of age (n = 10). Paired-end sequencing was performed using the Illumina Nova sequencing platform to construct a PCR-free library. Through read splicing, an average of 94,127 tags was measured per sample. After quality control, 89,491 effective data points were obtained on an average. A 97% consistency (identity) was used to cluster the sequences into OTUs, generating 1,108 OTUs based on 97% species similarity, after which species annotation was performed using OTU sequences from the SILVA 132 database. The 1,108 OTUs were classified into 20 phyla, 29 classes, 51 orders, 90 families, and 178 genera (Table 4). A Venn diagram was used to show the common and unique OTUs among the four groups (Figure 1). We identified 6,249 and 6,253 OTUs in the LT and FT ducks at 4 weeks of age, respectively, and 6,254 and 6,163 OTUs in the LT and FT ducks at 6 weeks of age, respectively.


TABLE 4. The quantity of taxons of cecal microbiota of lean-type and fatty-type Pekin ducks at 6 weeks of age.
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FIGURE 1. Effects of different age and strain on cecal microbial OUT. Venn diagrams for microbial OTU compositions. Control group: L.WK4, Four-week-old lean-type Pekin duck; F.WK4, Four-week-old fatty-type Pekin duck; L.WK6, Six-week-old lean-type Pekin duck; F.WK6, Six-week-old fatty-type Pekin duck.




Cecal Microbiota Diversities in Lean-Type and Fatty-Type Pekin Ducks

Alpha diversity was analyzed to determine the dynamics of the cecal microbiota of LT and FT ducks at 4 and 6 weeks of age. The Shannon and Simpson indices of LT ducks were higher than those of FT ducks at 4 weeks of age (Figures 2A,B). The Chao1 index of LT ducks was higher than that of FT ducks at 6 weeks of age (Figure 2C). At 6 weeks of age, the ACE index of LT ducks was higher than that of LT ducks at 4 weeks of age and FT ducks at 6 weeks of age (Figure 2D). Furthermore, beta variation was calculated to evaluate the variations in cecal microbiota community. PCA revealed significant differences in LT ducks at 4 and 6 weeks of age and in FT ducks at 4 and 6 weeks of age (Figure 2E). Supervised analysis with PLS-DA focused on discrimination of the four groups (Figure 2F). The intergroup and intragroup β distances are shown in a box plot in Figure 3. The results revealed extremely significant differences in bacterial communities (P < 0.01) between the L.WK4 and L.WK6 groups (Figure 3A), between the F.WK4 and L.WK4 groups (Figure 3B), between the F.WK4 and F.WK6 groups (Figure 3C), and between the F.WK6 and L.WK6 groups (Figure 3D). The difference between groups was significantly greater than that within the group. Thus, this grouping was meaningful.
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FIGURE 2. Effects of different age and strain on the diversities in the cecal microbial. (A) Shannon index. (B) Simpson index. (C) Chao1 index. (D) ACE index. (E) The principal component analysis. PCA plot about the cecal microbiota. (F) PLS-DA sample plot with confidence ellipse plots. Control group: L.WK4, Four-week-old lean-type Pekin duck; F.WK4, Four-week-old fatty-type Pekin duck; L.WK6, Six-week-old lean-type Pekin duck; F.WK6, Six-week-old fatty-type Pekin duck (data are mean ± SD).



[image: image]

FIGURE 3. (A) Box plot of inter-group and intra-group beta distance (ANOSIM analysis) of L.WK4 and L.WK6. (B) Box plot of inter-group and intra-group beta distance (ANOSIM analysis) of F.WK4 and L.WK4. (C) Box plot of Inter-group and Intra-group Beta distance (ANOSIM analysis) of F.WK4 and F.WK6. (D) Box plot of inter-group and intra-group beta distance (ANOSIM analysis) of F.WK6 and L.WK6. L.WK4, four-week-old lean-type Pekin duck; F.WK4, four-week-old fatty-type Pekin duck; L.WK6, six-week-old lean-type Pekin duck; F.WK6, six-week-old fatty-type Pekin duck.




Differences in Community Diversity Between Lean-Type and Fatty-Type Pekin Ducks

The beta-diversity index of the OTU community structure between samples showed a high level of similarity among the four groups (L.WK4, F.WK4, L.WK6, and F.WK6) despite the difference in the genetic backgrounds (Figure 4A). The UPGMA clustering tree based on Weighted Unifrac distance revealed that the dominant bacterial phyla in the four groups were Firmicutes, Bacteroidetes, Fusobacteria, Proteobacteria, Spirochaetes, Deferribacteres, Elusimicrobia, Verrucomicrobia, and Melainabacteria (Figure 4B).
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FIGURE 4. Comparison of cecal microbial community structure between lean-type and fatty-type Pekin duck. (A) The beta-diversity index (weighted UniFrac distance) was not significant among the 4 groups (P > 0.05). The box shows the quartiles above and below the median, with a dark line at the center of the box denoting the median and black dots outside the box showing the outlier. (B) The UPGMA Cluster Tree displaying the relative abundance of predominant bacteria at the phylum level in each group (weighted UniFrac distance). L.WK4, Four-week-old lean-type Pekin duck; F.WK4, Four-week-old fatty-type Pekin duck; L.WK6, Six-week-old lean-type Pekin duck; F.WK6, Six-week-old fatty-type Pekin duck.




Differences in Microbial Community Composition Between Lean-Type and Fatty-Type Pekin Ducks

The top 10 phyla and top 10 genera in terms of relative abundance of the cecal bacteria in LT and FT Pekin ducks are shown in Figure 5. Firmicutes and Bacteroidetes were the most prevalent phyla in both LT and FT Pekin ducks, followed by Fusobacteria and Proteobacteria. Fusobacteria and Proteobacteria accounted for 75.56 and 18.27% of the total sequence, respectively. Other phyla included Spirochaetes, Deferribacteres, Elusimicrobia, Verrucomicrobia, and Melainabacteria. Only 0.25% of sequences were unclassified at the phylum level. At the genus level, Bacteroides was dominant in FT and LT ducks, whereas Fusobacterium, Desulfovibrio, Campylobacter, Brachyspira, Mucispirillum, Butyricicoccus, Erysipelatoclostridium, Megamonas, and Alistipes. These genera accounted for more than 41.97% of the total sequences. These results suggest that the microbial community is influenced by strain and age. The abundance of the top 10 phyla in different groups and the corresponding P-values are listed in Supplementary Table 1. The abundance of the top 10 genera in different groups and the P-values are listed in Supplementary Table 2.
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FIGURE 5. The top 10 relative abundance of microbiota community (level phylum and level genera) indicate by histogram. (A) The top 10 phylum with the highest abundance. (B) The top 10 genera with the highest abundance. L.WK4, Four-week-old lean-type Pekin duck; F.WK4, Four-week-old fatty-type Pekin duck; L.WK6, Six-week-old lean-type Pekin duck; F.WK6, Six-week-old fatty-type Pekin duck.


The top 20 bacterial phyla and top 35 genera in terms of relative abundance differed among the four groups. The abundance of some phyla and genera differed between LT and FT ducks. The most abundant phyla were Nitrospirae, Gemmatimonadetes, Chloroflexi, and Proteobacteria at 4 weeks of age and Spirochaetes, Synergistetes, Verrucomicrobia, and Acidobacteria at 6 weeks of age. Elusimicrobia and Fusobacteria were the most abundant phyla in FT ducks at 4 weeks of age and Euryarchaeota at 6 weeks of age. FT ducks showed a lower abundance of Actinobacteria at 4 weeks of age and Bacteroidetes and Melainabacteria at 6 weeks of age (Figure 6A).
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FIGURE 6. Phylum and genus level OTU analysis taxa heatmap cluster group. (A) Heatmap of the top 20 most abundant phyla. (B) The top 35 most abundance genera in microbial samples in each group. (C) Heatmap of the top 20 most abundant phyla. (D) The top 35 most abundance genera in two kinds of strains of microbial samples. The phylum and genera with higher abundance are shown in red, whereas those with lower abundance are shown in blue. L.WK4, Four-week-old lean -type Pekin duck; F.WK4, Four-week-old fatty-type Pekin duck; L.WK6, Six-week-old lean-type Pekin duck; F.WK6, Six-week-old fatty-type Pekin duck.


At the genus level, the abundance of Blautia and Desulfovibrio in LT ducks at 4 weeks of age was higher than that in the other three groups. The abundance of Elusimicrobium, Fusobacterium, Fournierella, and Succinivibrio in FT ducks at 4 weeks of age was higher than that in the other three groups. Moreover, the abundance of Faecalibacterium in FT ducks at 4 weeks of age was lower than that in the other three groups. The abundance of Alloprevotella, Akkermansia, Helicobacter, Erysipelatoclostridium, and Brachyspira was higher in LT ducks at 6 weeks of age than in the other three groups, and Megamonas abundance in LT ducks at 6 weeks of age was lower than that in the other three groups. The abundance of Tyzzerella and Ruminiclostridium in FT ducks at 6 weeks of age was higher and lower, respectively, than that in the other three groups (Figure 6B).

At the phylum level, the abundance of Proteobacteria, Verrucomicrobia, Acidobacteria, Actinobacteria, Nitrospirae, Gemmatimonadetes, Melainabacteria, Chloroflexi, Bacteroidetes, Spirochaetes, Synergistetes, and Cyanobacteria in LT ducks was higher than that in FT ducks. The abundance of Tenericutes, Deferribacteres, Fusobacteria, Firmicutes, Deinococcus–Thermus, Elusimicrobia, and Euryarchaeota in FT ducks was higher than that in LT ducks (Figure 6C).

At the genus level, the abundance of Desulfovibrio, Faecalibacterium, Anaerobiospirillum, Ruminiclostridium, Pha scolarctobacterium, Sellimonas, Megasphaera, Subdoligranulum, Sutterella, Alistipes, Campylobacter, Oscillospira, Alloprevotella, Intestinimonas, Brachyspira, Erysipelatoclostridium, Helicobacter, Parabacteroides, and Blautia in LT ducks was higher than that in FT ducks. In contrast, the abundance of Negativibacillus, Mucispirillum, Bacteroides, Anaerofilum, Butyricicoccus, Four nierella, Romboutsia, Megamonas, Tyzzerella, Succinivibrio, Rikenella, Elusimicrobium, and Fusobacterium in LT ducks was lower than that in FT ducks (Figure 6D).

Linear discriminant analysis effect size analysis identified 27 OTUs as biomarkers at a threshold of LDA score >4, with significant differences in the cecal microbiota in LT and FT ducks at 4 and 6 weeks of age (P < 0.05). Analysis at the phylum and genus levels revealed two biomarker bacteria (Spirochaetes and Brachyspira) in LT ducks at 6 weeks of age, two biomarker bacteria (Alistipes and Campylobacter) in LT ducks at 4 weeks of age, two biomarker bacteria (Megamonas and Butyricicoccus) in FT ducks at 6 weeks of age, and one biomarker bacterium (Fusobacteria) in FT ducks at 4 weeks of age (Figure 7). In addition, we compared species with significant differences between different strains of the same age and different ages of the same strains (Supplementary Figure 1).
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FIGURE 7. Biomarkers of discriminative bacteria (from phylum to genus) in different temperature groups identified by LEfSe analysis (LDA score ≥ 4). The length of the bar chart represents the influence size of the different species (i.e., LDA score). L.WK4, Four-week-old lean-type Pekin duck; F.WK4, Four-week-old fatty-type Pekin duck; L.WK6, Six-week-old lean-type Pekin duck; F.WK6, Six-week-old fatty-type Pekin duck.




Microbial Functional Characteristics and Prediction Based on Tax4Fun

To further understand the metabolic profile of the microbial community, we analyzed the metagenomic functions of bacteria. The top 35 functions based on functional annotations were ranked for each sample and selected for heat map generation. Clustering was conducted based on the level of functional differences (Figure 8A). Metabolic functions in LT cecal microbiota were mainly concentrated in metabolism, xenobiotic biodegradation and metabolism, carbohydrate metabolism, and energy metabolism, whereas FT cecal microbiota were more closely associated with amino acid metabolism, lipid metabolism, transport and catabolism, metabolism of other amino acids, nucleotide metabolism, endocrine system function, metabolism of cofactors and vitamins, biosynthesis of other secondary metabolites, and glycan biosynthesis and metabolism. To further predict how the enriched bacteria promote host phenotypic differences between the two groups, TAX4Fun (Aßhauer et al., 2015) function prediction analysis was performed. KEGG pathway annotation showed that the genes were mainly concentrated in seven categories: cellular processes, environmental information processing, genetic information processing, human diseases, metabolism, organizational systems, and unclassified (Figure 8B). Particularly, carbohydrate metabolism and amino acid metabolism were the most concentrated and closely related to growth and fat generation.
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FIGURE 8. Function Prediction. (A) Tax4Fun features annotated clustering heat maps. According to the functional annotations and abundance information of the samples in the database, the top 35 functions and their abundance information in each sample were selected to draw a heat map, and the clustering was conducted from the level of functional differences. (B) KEGG pathway annotation. Statistical map of genetic prediction results.




Correlation Between Performance Indices and Gut Microbiota Diversity

The plot shown in Figure 9 depicts the correlation between performance indices and the gut microbiota. Variable vectors in close proximity to one another are highly correlated. An acute angle between vectors connected by an acute angle (less than 90°) indicates a positive correlation. An obtuse angle (greater than 90°) indicates a negative correlation. A right angle indicates a correlation of zero (Rohart et al., 2017). Thus, the correlation between two features is equal to the cosine of the angle between their vectors (which begin at the origin). Melainabacteria was positively correlated with HDL-C, negatively correlated with LDL-C, and not correlated with CHOL levels. Spirochaetes was negatively correlated with HDL-C, LDL-C, and CHOL levels (Figure 9A). The clustered image map displayed a good correlation between the performance indices and gut microbiota diversity. ABW was positively correlated with Spirochaetes. TG had little correlation with various bacteria. LDL-C was positively correlated with Elusimicrobia and Fusobacteria and negatively correlated with Spirochaetes. CHOL levels were positively correlated with Elusimicrobia and Fusobacteria (Figure 9B).
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FIGURE 9. Correlation between performances indices and gut microbiota diversity. (A) Correlation Circle plot representing each type of selected features for the Peking duck. The correlation between two variables is positive if the angle is sharp, negative if the angle is obtuse, and null if the vectors are perpendicular. The longer the distance to the origin, the stronger the relationship between the variables. For the sake of interpretability, variables are not represented as vectors but as the end points of the vectors in MixOmics. Two circles are usually represented, of radii 0.5 and 1, to better visualize the “important” variables. (B) Clustered Image Map (Euclidean Distance, Complete linkage). Samples are represented in rows, selected features on the first component in columns.





DISCUSSION

In recent decades, continuous genetic selection has been used to breed FT and LT Pekin ducks in China, resulting in significant differences in meat production, sebum, and abdominal fat content (Zheng et al., 2014). FT ducks have higher abdominal fat and sebum percentages, and LT ducks have a higher breast muscle percentage. A previous study demonstrated that obese and lean humans have different gut microbiota (DiBaise et al., 2008). Thus, we compared the differences in growth performance, plasma biochemical indices, and intestinal microbial diversity between LT and FT Pekin ducks to investigate the effects of cecal microbiota on fat deposition.

We fed LT and FT ducks with the same commercial feed from 4 to 6 weeks of age. The ABW and average daily feed intake of FT Pekin ducks were significantly higher than those of LT ducks. The high average daily feed intake in FT Pekin ducks may explain the higher sebum and abdominal fat percentages. The results of previous studies differed from this study because of the addition of threonine (Jiang et al., 2020). We also found that the abdominal fat percentage and sebum percentage in FT Pekin ducks were significantly higher than those in LT Pekin ducks. A previous study showed that FT ducks have higher abdominal fat and sebum percentages than LT ducks (Zheng et al., 2014). Furthermore, the plasma concentrations of CHOL, HDL-C, LDL-C, and TG were higher in FT ducks than in LT ducks. A previous study demonstrated that FT ducks have a higher LDL-C content than LT ducks (Jiang et al., 2020). FT chickens were also shown to have higher total CHOL, TG, and lipoprotein concentrations than LT ducks (Musa et al., 2007). LDL-C concentrations are positively correlated with lipid deposition and adiposity in female Pekin ducks (Weyer and Pratley, 1999). In addition, obese rats exhibit elevated serum HDL-C levels compared to their lean counterparts (Jeyakumar et al., 2007). The present study showed that FT ducks have a greater ability to store lipids.

The differences in fat deposition between FT and LT ducks may be attributed to cecal microbial diversity, which potentially regulates fat deposition by affecting gene expression. We showed that the alpha diversity of the microbiota increased with age. The abundance of taxa in the cecal microbiota of different strains of Pekin ducks of the same age was significantly different. Previous studies revealed that varieties and strains affect the abundance of the intestinal microbiota (Bian et al., 2016). Accordingly, the difference in the abundance of cecal microbes between FT and LT ducks may explain the fat deposition in FT ducks.

In the present study, the abundance of Bacteroides, Oscillospira, and Parabacteroides was higher in LT ducks than in FT ducks. Previous studies reported higher abundance of Oscillospira, Rikenellaceae, Parabacteroides, and Bacteroides fragilis in patients with non-alcoholic fatty liver disease (Edgar, 2013; Del Chierico et al., 2018; Liu et al., 2018). The average abundance of Parabacteroides was negatively correlated with BW but positively correlated with the feed conversion ratio. Fats are easy to store, with a low feed conversion ratio and high BW (Hong et al., 2019; Chen and Yu, 2020). The relative abundance of Oscillospira significantly decreased in chickens exposed to fungicides, which altered the structure of the gut microbiota and affected the regulatory mechanism of liver lipid metabolism. The results showed that fungicide exposure increased blood lipid parameters and body fat deposition (Kong et al., 2020). Similarly, the abundance of Oscillospira decreased in the intestinal tracts of broilers with a high BW (Lee et al., 2020). Bacteroides produce short-chain fatty acids by fermenting dietary indigested polysaccharides and pectin. Short-chain volatile fatty acids (SCFAs), such as acetic acid, propionic acid and butyric acid, are produced by microbial fermentation of the sugars released from non-starch polysaccha-rides and are found in the chicken cecal (Meimandipour et al., 2010). The cecal metagenome encodes several fermentation pathways leading to the production of short-chain fatty acids, including some with novel features. A dozen uptake hydrogenases encoded in the metagenome was found and speculate that these provide major hydrogen sinks within this microbial community and might explain the high abundance of several genera within this microbiome, including Campylobacter, Helicobacter and Megamonas (Sergeant et al., 2014). Gut microbiota contains a rich collection of genes encoding enzymes necessary for decomposition of dietary polysaccharides and oligosaccharides, nitrogen metabolism, fatty acid and lipid metabolism, and pathways involved in a hydrogen sink. Poultry, like most animals, lake the genes for glycoside hydrolase, and carbohydrate esterse enzymes that are necessary to facilitate the degradation of non-starch polysaccharides. During the decomposition of dietary polysaccharides, bacteria produce short-chain (volatile) fatty acids (SCFAs), such as acetic, propionic, and butyric acid. These SCFASs are absorbed transepithelial and serve as a source of energy for the host. the accumulation of molecular hydrogen released during fermentation leads to fermentation slowdown or to the production of less energy-efficient substance, such as ethanol. butyrate and propionate. The presence of bacteria that act as a hydrogen sink result in a switch to the more productive fermentation into acetate and increased production of SCFAs. Such activity could lead to a significant improvement in poultry production and the associated economics (Binek et al., 2017).

Short-chain fatty acids can regulate host body energy homeostasis, protect the host from inflammation, and inhibit fat mass development (He et al., 2016). When swine diets were supplemented with Glu + Arg, the colonic butyrate and propionate concentrations and Actinobacteria abundance increased, and body fat weight in finishing swine decreased. Actinobacteria, which are negatively associated with both average and waist backfat, produce many bioactive metabolites, including antibacterial and antiviral agents for growth-promoting substances in plants and animals. Therefore, we predicted that the higher abundance of Oscillospira, Parabacteroides, and Bacteroides would inhibit fat deposition in LT ducks.

Increasing evidence shows that the gut microbiota affects fat metabolism and helps to harvest energy and increase host fat storage (Samuel et al., 2008; Goldsammler et al., 2018). Firmicutes and Bacteroidetes are dominant among the intestinal microorganisms of various animals, such as humans, horses, rabbits, and beef cattle (Larsen et al., 2010; Shanks et al., 2011; Shepherd et al., 2012; Zou et al., 2016). An increased ratio of gram-positive Firmicutes and gram-negative Bacteroidetes can lead to obesity, whereas their decreased ratio can lead to weight loss (Bell, 2015; Mathur and Barlow, 2015; Riva et al., 2017). High levels of Firmicutes and low levels of Bacteroidetes in the gut may increase fat synthesis and storage (Ding et al., 2016). Alterations affecting the dominant phyla, Firmicutes and Bacteroidetes, were first described in obese animals and subjects with increased abundance of Firmicutes at the expense of Bacteroidetes (Ley et al., 2007). When these subjects were fed a calorie-restricted diet for 1 year, the abundance of Bacteroidetes increased and the Firmicutes/Bacteroidetes ratio normalized in parallel with weight loss. These studies were supported by other studies in animals fed high-fat or high-fiber diets showing higher Firmicutes and Bacteroidetes abundance, respectively (de Wit et al., 2012). In this study, these two bacterial phyla were dominant. From 4 to 6 weeks of age, the Firmicutes/Bacteroidetes ratio in FT Pekin ducks showed an increasing trend. However, this ratio showed little change with age in LT Pekin ducks. Therefore, an increase in the ratio of these two bacteria may increase fat deposition in FT Pekin ducks compared to that in LT Pekin ducks. These results indicate that the intestinal microbiome greatly helps the host to obtain energy from food and promotes fat deposition. Large amounts of TGs are transported to the abdomen via the blood, leading to the deposition of abdominal fat in Pekin ducks.

Verrucomicrobia, Bacteroidetes, Proteobacteria, and Elusimicrobia were less abundant in patients with both obesity and type 2 diabetes mellitus (Hildebrandt et al., 2009; Ahmad et al., 2019). In the present study, HDL-C was positively correlated with Melainabacteria and negatively correlated with Spirochaetes. LDL-C was positively correlated with Elusimicrobia and Fusobacteria and negatively correlated with Spirochaetes and Melainabacteria. CHOL levels were positively correlated with Elusimicrobia and Fusobacteria and negatively correlated with Spirochaetes. ABW was positively correlated with Spirochaetes. The correlation between the above-mentioned bacteria and fat deposition indicates the regulatory role of these bacteria in fat deposition, which should be confirmed in further studies.



CONCLUSION

In conclusion, our results showed that FT ducks had higher percentages of sebum and abdominal fat than LT ducks. These positive effects may be associated with the altered gut bacterial microbiota, particularly an increased Firmicutes/Bacteroidetes ratio and reduced cecal abundance of Oscillospira, Parabacteroides, and Bacteroides in FT ducks, which are known to affect lipid deposition.
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Calcium propionate is one kind of good source for preventing and treating hypocalcemia and ketosis for dairy cows in early lactation. However, little is known about the effects of different feeding levels of calcium propionate on the ruminal bacterial community of early lactation dairy cows. This study aimed to explore the effects of different calcium propionate feeding levels on the ruminal fermentation and bacterial community composition of early lactation dairy cows. Twenty-four multiparous cows were randomly allocated into control (CON), low calcium propionate (LCaP), medium calcium propionate (MCaP), and high calcium propionate (HCaP) groups with six cows per group after calving. The CON group cows were fed the normal total mixed ration (TMR), and the cows of the LCaP, MCaP, and HCaP groups were fed TMR supplemented with 200, 350, and 500 g/day calcium propionate for 35 days after calving, respectively. The rumen fermentation parameters were measured every week, and the ruminal bacterial community composition of the last week was analyzed by 16S rRNA gene sequencing. Under the same diet, the rumen pH showed no difference among the four groups, but the content of microbial crude protein (MCP) and ammonia nitrogen quadratically decreased and linearly increased with calcium propionate supplementation, respectively. The feeding of calcium propionate linearly increased the concentrations of total volatile fatty acid (VFA), acetate, propionate, butyrate, iso-valerate, and valerate in the rumen. In all the treatment groups, Bacteroidetes, Firmicutes, and Proteobacteria were the dominant phyla, and Prevotella_1 and Succiniclasticum were the dominant genera in the rumen. Compared with the CON group, the addition of calcium propionate to the early lactation dairy cows quadratically improved the alpha diversity index of Chao1 estimator and observed species, but had little effect on the relative abundance of the major bacterial at phyla and genera level. These results suggested different levels of calcium propionate supplementation improved the rumen fermentation and the ruminal bacterial diversity but had little impact on the major ruminal bacterial community composition of dairy cows in early lactation.

Keywords: calcium propionate, dairy cows, early lactation, rumen fermentation, negative energy balance, ruminal bacterial community composition


INTRODUCTION

The most important challenge for early lactation dairy cows is the difficulty of nutrient intake to meet the nutritional requirements of rapidly increasing milk production. Dairy cows in this period presented complicated metabolic challenges with blood calcium defects and negative energy balance (NEB), especially high-performing dairy cows. Hypocalcemia is a known risk for many diseases, including milk fever, dystocia, uterine prolapse, retained placenta, metritis, displaced abomasum, ketosis, and mastitis (Couto Serrenho et al., 2021). Cows with severe NEB are susceptible to fatty liver, ketosis, and other metabolic disorders. Therefore, hypocalcemia and NEB play etiological roles in the reduction in dry matter (DM) intake and milk production, reproductive disorders development, fertility problems, and infectious diseases (Kara, 2013), which should be prevented and treated immediately for the periparturient cows. Increasing dietary calcium and energy feeding levels is a common method to prevent and treat hypocalcemia and ketosis for early lactation dairy cows. In ruminants, propionate serves as an energy source that contributes to 60–74% of hepatic gluconeogenesis (Aschenbach et al., 2010). Calcium propionate, which can be hydrolyzed into propionic acid and calcium ions in the rumen, is widely used to correct the metabolic problem in dairy cows (Zhang et al., 2017). Goff et al. (1996) observed dairy cows administered with one calcium propionate tube (each containing 37 g of calcium) respectively at calving and again 12 h after calving was beneficial in reducing subclinical hypocalcemia and the incidence of milk fever. Liu et al. (2010) reported that different amounts of calcium propionate (100, 200, and 300 g/day) supplementation improved the nutrient digestibility and energy status of dairy cows in early lactation. In the study conducted by Martins et al. (2019), Holstein cows fed calcium propionate (200 g/day) increased milk yield during early lactation. In addition, we reported that dietary supplementation with calcium propionate to the dairy cows in early lactation quadratically increased milk yield and DM intake, and the optimum amount of calcium propionate was 350 g/day (Zhang et al., 2022). We speculated that the benefit of improved lactation performance after feeding calcium propionate might be related to the process of rumen microbial fermentation.

In ruminants, a wide range of microorganisms carry out extensive and complex metabolic activities, fermenting plant proteins and polysaccharides to produce nutrients for ruminant maintenance, growth, and lactation (Liu et al., 2019). The rumen microbiome directly or indirectly contributes to animal production and is susceptible to changes in feed types and components of the diet (Kataev et al., 2020). The profile of the rumen microbial community and the abundance of metabolites (including the rumen fermentation index) play key roles in the health status and production performance of dairy cows (Wang et al., 2021b). A better understanding of the changes of rumen microbial community compositions is crucial to invest the impact of calcium propionate feed additive in dairy cows. Many studies about the application of calcium propionate in dairy cows focused on lactation performance and metabolic properties, whereas the effect of calcium propionate on rumen fermentation and ruminal bacterial community composition had received less attention (Goff and Horst, 1993; Pehrson et al., 1998; Liu et al., 2010). As one of the major fermentation productions of rumen microbiota from carbohydrates, the supplementation of propionate-related production might affect the rumen fermentation profiles and ruminal bacterial communities. The 16S rRNA sequencing is a well-tested, fast and cost-effective method for analyzing the differential abundance of microbial communities (Liu et al., 2019). Therefore, this study aimed to evaluate the application of calcium propionate as a calcium source and glycogenic precursor during early lactation on rumen fermentation and ruminal bacterial community composition in high-yielding dairy cows.



MATERIALS AND METHODS

The animals used in the study were approved by the Animal Care Committee of the Chinese Academy of Agricultural Sciences (Beijing, China; No. IAS2020-93), and all experimental procedures were following the guidelines of the academy for animal research.


Animals and Diets

This study was performed at the China-Israel demonstration dairy farm (Beijing, China) from September to December 2020. Twenty-four multiparous Holstein cows in early lactation were randomly divided into four blocks (n = 6 per treatment) based on parity (2, n = 4; 3, n = 12; and 4, n = 8), previous lactation corrected 305-days milk yield (12,672 ± 312 kg), and anticipated calving date. All the dairy cows were fed the same basal total mixed ration diet (TMR), which was formulated according to the National Research Council (NRC, 2001) recommendation. The ingredients and chemical composition of the diet are shown in Table 1. The four treatments of control (CON), low calcium propionate (LCaP), medium calcium propionate (MCaP), and high calcium propionate (HCaP) groups were oral drenched with 0, 200, 350, and 500 g/day calcium propionate (Jiangsu Runpu Food Technology Co. LTD., Lianyungang, Jiangsu, China) per cow from calving to days 35 postpartum, respectively. The calcium propionate was oral drenched three times a day in equal amounts after milking. During the experiment, the cows were milked three times a day at 6:00, 14:00, and 22:00, and the TMR was fed ad libitum after milking. The TMR was adjusted according to the orts and made sure there were 5% ~ 10% orts every day. The cows were housed in individual stalls and had free access to water.



TABLE 1. Composition and nutrient levels of the experiment diet [dry matter (DM) basis].
[image: Table1]

The TMR samples were collected from the trough weekly on 2 consecutive days, composited to get one sample per week. The obtained samples were dried at 55°C for 48 h in an oven, and ground through a 1-mm screen for chemical composition analysis. The composition and nutrient levels of TMR were analyzed according to the methods of the Association of Official Analytical Chemists (AOAC, 2005). The DM was measured by drying the samples at 105°C for 3 h (method 934.01; AOAC, 2005). The nitrogen (N) content was determined by the Kjeldahl method and crude protein (CP) was calculated as 6.25 × N (method 954.01; AOAC, 2005). Ether extract (EE) was measured by the weight loss of DM after extraction with diethyl ether in a Soxhlet extraction apparatus for 8 h (method 920.39; AOAC, 2005). The content of ash was measured in a muffle furnace for 6 h at 550°C (method 942.05; AOAC, 2005). The calcium (Ca) was measured by an M9W-700 atomic absorption spectrophotometer (Perkin-Elmer Corp, Norwalk, CT, United States; method 968.08; AOAC, 2005). Total phosphorus (P) was analyzed by the molybdovanadate colorimetric method (method 946.06; AOAC, 2005). The neutral detergent fiber (NDF) was analyzed with heat-stable α-amylase and expressed inclusive of residual ash (Van Soest et al., 1991). The acid detergent fiber (ADF) content in TMR was determined according to the method 973.18 of AOAC (2005).



Ruminal Sample Collection and Chemical Analyses

Ruminal fluid was collected from six cows of each group at days 7, 14, 21, 28, and 35 of parturition. Cows were sampled by an oral stomach tube and 200 ml syringe before morning feeding. The initial 150 ml was discarded to minimize saliva contamination. The ruminal pH value was measured immediately using a pH meter (Model 144 PB-10, Sartorius Co., Germany). The rumen fluid was filtered through four layers. The filtered liquid sample of about 10 ml was collected in a 15 ml centrifuge tube, acidified with 25% (w/v) metaphosphoric acid (5:1), and stored at −20°C for analysis of ruminal fermentation parameters. The concentrations of volatile fatty acids (VFA) profile were measured by the Agilent 6890 N gas chromatograph (Agilent Technologies Inc., Santa Clara, CA, United States) fitted with a capillary column (HP-FFAP19095F-123, 30 m × 0.53 mm diameter and 1 mm thickness, Agilent Technologies, Inc., Santa Clara, CA, United States; Jia et al., 2018). The ammonia nitrogen (NH3-N) was measured by the colorimetric method described by Lv et al. (2019) and microbial crude protein (MCP) was analyzed according to the method of Makkar et al. (1982). Then, 2 ml of the rumen fluid for each cow in the last time (days 35 postpartum) was collected in one sterile Eppendorf tube and stored in liquid nitrogen for DNA extraction.



DNA Extraction, Amplification, and 16S rRNA Gene Sequencing

The microbial DNA of the ruminal fluid samples (days 35 postpartum) was extracted using a commercial DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, United States) according to the manufacturer’s instructions. The quality and purity of the genomic DNA were checked on 1% agarose gels and a NanoDrop 2000 UV spectrophotometer (ThermoFisher, Waltham, MA, United States). The V3-V4 hypervariable region of the bacterial 16S rRNA gene was amplified with the primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′; Cui et al., 2019). For each ruminal sample, an eight-digit barcode sequence was added to the 5′ end of the forward and reverse primers (Allwegene Company, Beijing, China). The PCR was performed in a 25 μl reaction volumes, containing 12.5 μl 2 × Taq PCR Master Mix, 3 μl BSA (2 ng/μl), 1 μl Forward Primer (5 μM), 1 μl Reverse Primer (5 μM), 2 μl template DNA, and 5.5 μl dd H2O. The PCR cycling conditions were used as follows: 95°C for 5 min, followed by 28 cycles of 95°C for 45 s, 55°C for 50 s, and 72°C for 45 s with a final extension at 72°C for 10 min. The PCR amplicons products were extracted from 2% agarose gels and purified using an Agencourt AMPure XP Kit (Beckman Coulter, Brea, CA, United States). The purified amplicons were pooled in equimolar and paired-end sequenced (2 × 300) on an Illumina MiSeq platform (Illumina, San Diego, CA, United States).



Statistical and Bioinformatics Analysis

The raw sequences data were first screened and the sequences were discarded if they were shorter than 120 bp, had a quality score (≤20) over a 50 bp sliding window, any contained ambiguous bases, or did not exactly match to primer sequences and barcode tags. Only sequences that overlapped >10 bp and had <10% mismatches were assembled (Bi et al., 2018). The assembled sequences were clustered into operational taxonomic units (OTUs) at a similarity level of 97% (Edgar, 2013). After splicing, we use VSEARCH (v2.7.1) software to remove tags with a length of less than 230 bp. The Ribosomal Database Project (RDP) Classifier tool was used to classify all sequences into different taxonomic groups against the SILVA128 database (Cole et al., 2009). Alpha diversity values including observed species, Chao1, PD_whole_tree, Shannon index, and Simpson index of the ruminal bacterial communities were calculated using the QIIME software (v1.8.0) based on the OTU information. Based on the results of taxonomic annotation and relative abundance, R (v3.6.0) software was used for bar-plot diagram analysis. The principal coordinate analysis (PCoA) and nonmetric multidimensional scaling analysis (NMDS) were performed based on Bray-Curtis distance by QIIME1 (V1.8.0) and R packages vegan (v3.6.0) software (Ran et al., 2021). The raw sequencing data of this study were available in the NCBI SRA database with the BioProject ID of PRJNA791506.1



Statistical Analysis

Data about rumen fermentation parameters, the alpha diversity indices, the relative abundance of phylum and genus were analyzed using the MIXED procedure in SAS 9.4 (SAS Institute Inc., Cary, NC, United States). The repeated measures about rumen fermentation parameters included the fixed effects of treatment, lactation week, the interaction between diet treatment and lactation week, and the random effect of the block. The model about ruminal microbial data was analyzed with treatment as a fixed effect, and block as a random effect. The compound symmetry was used as the variance–covariance error structure in the process of analysis. Duncan’s multiple range tests were used to examine the significance among treatments. Orthogonal polynomial contrasts were used to determine the linear and quadratic responses to the increasing calcium propionate supplementation levels. The IML procedure of SAS was used to generate coefficients adjusted for the unequal spacing of calcium propionate supplementation in the diet. The data were presented as the least square mean and SEM. Statistical significance was assumed at p ≤ 0.05 and 0.05 < p ≤ 0.10 was designated as a tendency for all analyses.




RESULTS


Rumen Fermentation Parameters of Different Dietary Treatments

The effects of calcium propionate supplementation on rumen fermentation of the 5 weeks were shown in Table 2. The calcium propionate supplementation did not affect the rumen fermentation of rumen pH, iso-butyrate, and the ratio of acetate to propionate. The concentration of MCP decreased quadratically (p = 0.02) with the increasing supplementation of calcium propionate. With the increasing feeding of calcium propionate, the content of NH3-N (p = 0.01) and total VFA (p = 0.05) increased linearly. Dietary supplementation with calcium propionate linearly increased the concentration of rumen acetate (p = 0.05), iso-valerate (p = 0.03), and valerate (p = 0.007), with the highest values in the HCaP group. Furthermore, a linear trend increase appeared in the concentration of propionate (p = 0.07) and butyrate (p = 0.07) as the calcium propionate dose increased. The molar proportions of individual rumen fluid VFA were shown in Supplementary Table S1. The molar proportions of acetate, propionate, and butyrate were not changed by the calcium propionate addition. However, the valerate proportion increased linearly (p = 0.004) with the dietary addition of calcium propionate.



TABLE 2. Effects of dietary supplementation with calcium propionate on ruminal pH and fermentation parameters of dairy cows in early lactation.
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Sequencing Depth, Coverage, and Index of Bacterial Community

A total of 1,642,279 high quality V3-V4 16S rRNA sequences were obtained from the 24 rumen samples, with an average of 68,428 sequence reads per sample (minimum 35,721; maximum, 163,397) after data quality checking, filtering, and removing of primers, chimeras, short sequences, and ambiguous bases. The length of the sequence reads was major distributed in 420–440 bp (Supplementary Table S2). In total, 3,442 OTUs were detected based on a similarity level ≥ 97%. The OUT numbers of CON, LCaP, MCaP, and HCaP groups were 2,938, 3,096, 3,025, and 2,928, respectively. The detailed common and unique OTUs numbers of ruminal bacteria among the four groups were shown in the Venn diagram (Supplementary Figure S1). The rarefaction curves (Supplementary Figure S2) of the rumen sample showed that the sequencing depth was sufficient and accurate to assess the diverse bacterial communities. The alpha diversity index analysis indicated that the supplementation of calcium propionate quadratically increased the Chao1 estimator (p = 0.02) and observed species (p = 0.03), but had no effect on the PD_whole_tree, Shannon index, and Simpson index (Figure 1; Supplementary Table S3).

[image: Figure 1]

FIGURE 1. Alpha diversity of the rumen bacterial communities in dairy cows given different calcium propionate levels in early lactation. CON: control group, basal diet; LCaP: low calcium propionate, basal diet plus 200 g/day calcium propionate; MCaP: medium calcium propionate, basal diet plus 350 g/day calcium propionate; and HCaP: high calcium propionate, basal diet plus 500 g/day calcium propionate.


The β-diversity was performed to compare the differences in microbial diversity among the treatments (Supplementary Figure S3). The PCoA and NMDS plots showed that the separation among the treatments of microbial diversity was not obvious at the OUT level.



Rumen Bacterial Community Composition of Different Dietary Treatments

A comparison of the effects of calcium propionate supplementation on the rumen bacterial composition of early lactation dairy cows was performed by the taxonomic analysis. A total of 19 bacterial phyla were obtained from the 24 rumen samples. The most predominant phyla were Bacteroidetes (55.41% ± 1.56%, mean ± the SEM), Firmicutes (35.75% ± 1.34%), Proteobacteria (3.95% ± 0.58%), and Tenericutes (1.20% ± 0.17%) among the four groups (Figure 2A).

[image: Figure 2]

FIGURE 2. Distribution of the ruminal bacterial community composition across the four treatments. (A) Phylum level; (B) genus level. CON: control group, basal diet; LCaP: low calcium propionate, basal diet plus 200 g/day calcium propionate; MCaP: medium calcium propionate, basal diet plus 350 g/day calcium propionate; and HCaP: high calcium propionate, basal diet plus 500 g/day calcium propionate.


At the genus level, 254 genera belonging to 19 phyla were deleted in the samples. There were 16 most abundant shared genera with a relative abundance >1% in all the samples of the different treatments. Among these genera, Prevotella_1 (40.46% ± 1.76%), Succiniclasticum (5.03% ± 0.42%), Ruminococcaceae_NK4A214_group (3.15% ± 0.21%), Christensenellaceae_R-7_group (2.65% ± 0.21%), Prevotellaceae_UCG-001 (2.19% ± 0.16%), Rikenellaceae_RC9_gut_group (2.11% ± 0.16%), Lachnospiraceae_NK3A20_group (2.04% ± 0.16%), Ruminococcus_2 (1.84% ± 0.19%), Succinivibrionaceae_UCG-002 (1.74% ± 0.32%), Ruminococcaceae_UCG-014 (1.50% ± 0.11%), Succinivibrionaceae_UCG-001 (1.40% ± 0.48%), Butyrivibrio_2 (1.40% ± 0.14%), Prevotellaceae_UCG-003 (1.26% ± 0.08%), Ruminococcus_1 (1.25% ± 0.10%), Selenomonas_1 (1.10% ± 0.10%), and Acetitomaculum (1.10% ± 0.11%) were predominant across the four groups (Figure 2B).

As shown in Tables 3
, 4, different dietary calcium propionate supplement levels had little impact on the relative abundance of the major rumen bacteria compositions at phylum and genus level under the same basal dietary condition. The relative abundance of Prevotellaceae_UCG-003 (p = 0.09) showed a trend linear decrease with the increasing calcium propionate supplementation to the early lactation dairy cows.



TABLE 3. Effects of dietary supplementation with calcium propionate on the relative abundance of ruminal bacterial communities at phylum level (average relative abundance ≥ 0.5% for at least one treatment) of dairy cows in early lactation.
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TABLE 4. Effects of dietary supplementation with calcium propionate on the relative abundance of ruminal bacterial communities at genera level (average relative abundance ≥ 0.5% for at least one treatment) of dairy cows in early lactation.
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DISCUSSION

Calcium propionate is widely used as a food and feed additive to inhibit mold or as a nutrition additive. Ruminal fermentation and rumen bacterial community play key roles in the production performance and health of dairy cows. The purpose of the study was to evaluate the effects of different dietary calcium propionate feeding levels, with the same TMR, on ruminal fermentation parameters and bacterial community composition in Holstein dairy cows by 16S rRNA high-throughput sequencing technology.

The fermentation characteristics of ruminal pH, MCP, NH3-N, and VFA concentration can reflect the function and the stability of the internal environment in the rumen. The ruminal pH is an important indicator of proper rumen fermentation and health (Zhang et al., 2018). Lee-Rangel et al. (2012) and Zhang et al. (2018) reported similar results that rumen pH was not affected by calcium propionate supplementation. The increased total VFA concentration is commonly associated with lower rumen pH (Fregulia et al., 2021). But in this study, the increasing total VFA concentration did not change the rumen pH may be related to the weakly alkaline properties of calcium propionate aqueous solution (Zhang et al., 2020). The unchanged rumen pH indicated that the calcium propionate supplementation did not affect the rumen normal function.

Ruminal NH3-N concentration is the balance between dietary protein degradation, and microbial utilization (Jiao et al., 2021). Liu et al. (2009) found that the ruminal CP degradability of concentration mix was linearly and quadratically increased with greater calcium propionate supplementation in finishing steers. The increased CP degradation resulted in a higher ruminal NH3-N concentration (Unnawong et al., 2021). The linearly increased concentration of ruminal NH3-N and the quadratically decreased MCP concentration in the calcium propionate treatment groups indicated that less ruminal NH3-N was incorporated into MCP or the MCP consumption increased in the treatments. Propionate is a great contributor to gluconeogenesis and supports milk synthesis for dairy cows (Reynolds et al., 2003). Miettinen and Huhtanen (1996) and Sheperd and Combs (1998) observed propionate infusion improved the milk and protein yield. The dairy cows fed calcium propionate had more milk yield and milk protein levels (Martins et al., 2019; Zhang et al., 2022), which improved the protein requirement during early lactation. Therefore, it was speculated that improving milk and protein yield might result in increasing MCP consumption by improving MCP flow to small intestines.

The VFAs, also known as short-chain fatty acids, are produced by microbial fermentation of carbohydrates and endogenous substrates and supply approximately 70% of the energy required to ruminants (Bergman, 1990). The increased ruminal VFAs concentration in the calcium propionate treatment groups stimulated the capacity for VFA absorption (Dieho et al., 2017), which was beneficial to alleviate NEB for early lactation dairy cows. It was reported that calcium propionate supplementation in calves could increase the rumen acetate, propionate, and butyrate concentrations (Zhang et al., 2018). Similarly, in the present study, it was found that the concentrations of acetate, propionate, butyrate, iso-valerate, and valerate were increasing in the calcium propionate supplementation groups. As a precursor of glucose, the advantage of propionate feeding to dairy cows is that it can improve milk production and feed intake (McNamara and Valdez, 2005). Cifuentes-Lopez et al. (2021) also observed the rumen total VFA increased linearly as dietary calcium propionate increased in fishing lambs. Liu et al. (2009) indicated that the calcium propionate supplementation improved the rumen fermentation and the in situ ruminal degradation of organic matter, NDF, and CP in beef cattle. Our previous study also showed that the dry matter intake of dairy cows showed a quadratic increase with the increasing supplementation of calcium propionate (Zhang et al., 2022). It was accepted that the increased feed intake and rumen nutrient digestibility improved the ruminal VFAs concentration of dairy cows in early lactation.

Calcium propionate is dissociated to Ca2+ and propionic acid in rumen aqueous solutions (Zhang et al., 2018). In this study, the exogenous supplementation of calcium propionate did not improve the molar proportion of propionate. Propionate acted as a gluconeogenic precursor (Kennedy et al., 2020) and a signaling molecule to stimulate rumen development (Sakata and Tamate, 1979; Zhang et al., 2018). The growth and integrity of the rumen epithelium were important for the absorption of VFAs (Zebeli et al., 2015). Therefore, it was speculated that the unchanged molar proportion of propionate may be related to the sampling time and the improvement of rumen epithelium absorption capacity. The rapid ruminal propionate absorption resulted in a brief increase in propionate molar proportion after feeding, but not changed at the sampling time (before morning feeding). With the increasing absorption of propionate as glucose precursors, we had found that feeding calcium propionate improves milk production of dairy cows in the previous study (Zhang et al., 2022). Lee-Rangel et al. (2012) also indicated the proportion of rumen acetate, propionate, and butyrate were not affected by the addition of calcium propionate in the diet of lambs. The increased total concentration of VFA and the unchanged molar proportion of acetate, propionate, and butyrate indicated that calcium propionate supplementation can improve rumen VFA production, but had minimal effects on fermentation mode.

There was little reported previously about the effects of calcium propionate feeding levels on the ruminal bacterial community of dairy cows in early lactation by pyrosequencing of the 16S RNA gene. The alpha diversity of bacterial communities was evaluated by quantitative methods. It showed that the calcium propionate feeding quadratically increased the Chao 1 index and the observed_species, which suggested that the 350 g/day calcium propionate feeding level may improve bacterial diversity and richness in the rumen. However, compared with the MCaP group, the Chao 1 index and the observed_species in the HCaP group were decreasing, indicating the feeding level of 500 g/day exceeded the optimal feeding level. The relative abundance of rumen bacterial genera has a significant correlation with the apparent digestibility of nutrients and rumen fermentation characteristics (He et al., 2018). Feeding calcium propionate improved the alpha diversity of the rumen bacterial community, which explained the increases in rumen NH3-N and the total VFA concentration of the calcium propionate treatment groups.

The PCoA and NMDS results also verified no significant differences in ruminal bacterial community structures among the four groups. In this study, the relative abundance of dominant phyla and the majority of the genera with the relative abundance ≥ 0.5% were not affected by the calcium propionate treatments. He et al. (2018) found that calcium salt of long-chain fatty acids increased microbial diversity index, but no significant difference in bacteria abundance at the genus level was found in Holstein bulls. The data of Yao et al. (2017) suggested that the ruminal bacterial community composition was nearly unchanged by calcium propionate supplementation in finishing bulls. The dietary changes have important impacts on rumen bacterial communities, but the dietary forage to concentrate ratio was the main factor affecting the rumen microbial population structure under the same diet ingredients and processing conditions (Bi et al., 2018). It was reported the rapid transition to a high-grain diet resulted in dynamic changes in the sheep rumen microbiome (Seddik et al., 2019). Bi et al. (2018) reported that an 8% difference in dietary energy levels had little impact on rumen bacterial community composition in heifers. In contrast, Cao et al. (2020) indicated calcium propionate supplementation decreased the diversity of bacteria and altered the ruminal microbiota in calves both pre- and postweaning. The difference may be related to the experimental animals and basal diet. Propionic acid and calcium ions were normally present in rumen. The early lactation dairy cows required large amounts of propionic acid and calcium ions for alleviating NEB and hypocalcemia, respectively. After calcium propionate was rapidly absorbed by the rumen of dairy cows for milk synthesis, the composition of rumen fluid remained relatively balanced. Therefore, the relative abundance of the majority rumen microbiota composition was not affected by the different calcium propionate feeding levels. This study showed no difference was found in the relative abundance of ruminal bacterial community composition among the different calcium propionate feeding levels, which was also consistent with the similar molar proportions of VFA among the treatments.

The Bacteroidetes, Firmicutes, and Proteobacteria were the dominant phyla in the rumen of the study, which was similar to the previous study (Wang et al., 2019, 2021c). The sequence analysis of the reads from the four treatments showed the phylum Bacteroidetes was the dominant bacteria, which was mainly composed of the genus Prevotella_1. Many reports suggested that the Prevotella genus was the dominant ruminal genus in the abundance of dairy cows (He et al., 2018; Mu et al., 2021), which was similar to the results of ours. Prevotella, which can degrade starch and protein, had many OTUs strongly associated with feed efficiency (Fregulia et al., 2021). In our study, the relative abundance of Prevotella_1 increased with the supplementation of calcium propionate, but there were no significant differences among the four groups. The NH3-N concentration was significantly positively correlated with the relative abundance of Prevotella_1 (Bi et al., 2018; Cao et al., 2020), and the numerical increase in relative abundance was likely linked to the higher degradation of protein and greater NH3-N production (He et al., 2018). Succiniclasticum was another prevalent genus in this study. And the high relative abundance of Succiniclasticum was commonly observed in dairy cows fed high levels of concentration (Bi et al., 2018; Wang et al., 2021a). The results of the present study were similar to the report of Yao et al. (2017), in which, the relative abundance of Succiniclasticum was also not affected by calcium propionate supplementation. The dominant rumen microorganisms were not significantly different among the four groups eventually led to no changed molar proportions of VFA.

In general, there was no significant change in the abundance of microbial community composition at phyla and genus levels, which may be due to the same dietary TMR, indicating that dietary calcium propionate feeding level did not affect the rumen bacterial community.



CONCLUSION

This study demonstrated that the supplementation of calcium propionate to the dairy cows in early lactation had no significant impact on major rumen bacterial community composition under the same basal TMR diet. Furthermore, Bacteroidetes, Firmicutes, and Proteobacteria were the dominant phyla in all the treatments. However, the calcium propionate supplementation increased the alpha diversity of the rumen bacterial communities and improved rumen fermentation of the dairy cows. This study is useful to guide future research on investigating the calcium propionate application in alleviating NEB and hypocalcemia of early lactation dairy cows.
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We investigated the effect of photoperiod on ileal morphology, barrier function, short-chain fatty acid (SCFA) contents, microbial flora, melatonin expression, and synthesis in laying ducks. After adaption, a total of 180 Jinding laying ducks (252 days old) were randomly divided into three treatments, receiving 12L (hours of light):12D (hours of darkness), 16L:8D, or 20L:4D. Each treatment had six replicates with 10 birds each. The formal experiment lasted 58 days. Compared with 12L:12D, the significantly higher values of villus height and goblet cell percentage (GCP) were observed in 16L:8D treatment, accompanied with the higher mRNA relative expression of zonula occludens-1, zonula occludens-2, zonula occludens-3, claudin-1, occludin, and mucin 2 (P < 0.05). Besides, significantly higher values of acetate and propionate, butyrate and total SCFA concentrations were simultaneously observed in ileal chyme of 16L:8D treatment (P < 0.05). For the ileal microbial community, the results of principal coordinate analysis (PCoA) visually presented that three photoperiod groups were mainly scattered into three clusters, indicating that the microbiota composition in different photoperiod treatments were quite dissimilar. Lower values of Shannon indicators were observed in the 20L:4D treatment (P < 0.05), meaning that the microbiota α-diversity decreased in the 20-h photoperiod. The relative abundance of Actinobacteria, Fusobacteria, and Proteobacteria at phylum level and Fusobacterium, Clostridium_sensu_stricto_1, and Pectobacterium at genus level kept an appropriate balance in the 16L:8D photoperiod. Melatonin level in serum decreased with the increasing photoperiods at 6:00 and 12:00, which was consistent with melatonin receptor expressions in the hypothalamus and ileal tissue. Meanwhile, the adenosine 3′,5′-cyclic phosphate (cAMP) contents were significantly downregulated in the pineal gland (P < 0.05), in response to the increase in photoperiod. In conclusion, an appropriate photoperiod could improve ileal morphology, barrier function, SCFA profile, and microbial flora, which may be attributed to the appropriate regulation of the circadian rhythm through melatonin as well as its receptor expression, and 16 h could be an adequate photoperiod for laying ducks.
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INTRODUCTION

Laying duck production is an important industry in China, as evidenced by a yield of 3,070,000 tons of eggs in 2018, equivalent to 42.3 billion yuan (Liu and Xu, 2019). The health conditions of ducks have attracted more and more attention in recent years. Among them, intestinal health has become a hot topic, which includes intestinal morphology, barrier function, short-chain fatty acid (SCFA) contents, etc. (Kogut, 2019). As is known to all, photoperiod is the most important environmental factor regulating the circadian rhythm of birds. During this process, melatonin serves as the most important regulator (Berra and Rizzo, 2009). Melatonin receptors have been observed in the ileum and colon of rodents (Chen et al., 2011), which indicated that intestinal motility and ecology could be affected by the circadian rhythm. However, most research paid attention to the effect of photoperiod on reproductive and productive performance (Chen et al., 2007; Geng et al., 2014), and there were almost no reports concerning the effect of photoperiod on intestinal health and microbial community. Therefore, more work is needed to evaluate the effect of photoperiod on intestinal morphology, barrier function, SCFA content, and microbial flora and to further explore the optimal photoperiod for intestinal health of laying ducks.

Photoperiod is supposed to be the most important environmental factor regulating the circadian rhythm of birds (Appenroth et al., 2021). Meanwhile, melatonin was regarded as the foremost modulator in the regulation of biological rhythm in birds (Berra and Rizzo, 2009). It can be speculated that photoperiod could probably have a huge effect on melatonin expression in birds. However, the current reports rarely involved the effects of different photoperiods on melatonin synthesis and secretion. Besides, massive changes in melatonin concentration over 1 day were observed in the plasma of quails (Voigt et al., 2016). To accurately evaluate the effect of photoperiod on the biological rhythm and melatonin expression in birds, the melatonin levels at different timepoints need to be investigated.

Melatonin (N-acetyl-5-methoxytryptamine) is synthesized and secreted in the pineal gland at night. Melatonin receptors have been observed in the hypothalamus of birds (Chowdhury et al., 2010), which contains the suprachiasmatic nuclei. The latter serves as a biological clock regulating the circadian rhythm. The physiological function exerted by melatonin on circadian rhythm regulation is mediated by its receptors (Wu et al., 2006). Hence, melatonin receptors should be investigated to further reveal the effect of photoperiod on the way that melatonin works. Moreover, the variation of melatonin expression in birds can be traced upstream to the change of the synthetic process in the pineal gland (Jiang et al., 2020). Melatonin synthesis mainly derives from tryptophan, forming 5-hydroxytryptophan, serotonin, and N-acetylserotonin and finally generating melatonin (Ge et al., 2021). This process is complicated, and the effect of changes in photoperiods on melatonin synthesis is still unclear. Therefore, more work is required to explore how different photoperiods impact the generation of melatonin in the pineal gland of laying birds.

The target of this research was to evaluate the effect of photoperiods from 12 to 20 h on intestinal morphology, barrier function, SCFA profile, and microbial flora in laying ducks. An appropriate photoperiod for Jinding laying ducks is expected to be obtained. Moreover, the expression of melatonin also needs to be investigated to explore the manner in which photoperiod regulates intestinal health through the biological rhythm.



MATERIALS AND METHODS


Ethics Statement

All experimental protocols were approved by the Animal Care and Use Committee of the Feed Research Institute of the Chinese Academy of Agricultural Sciences (ACE-CAAS-20180915), and the methods were carried out in accordance with the relevant guidelines and regulations.



Birds, Treatments, and Husbandry

A total of 180 Jinding laying ducks (252 days old) were randomly allocated into three treatments with a corn–soybean meal diet for 58 days (Cui et al., 2021a). Each group had six replicates with 10 ducks per replicate. An individual room (200 × 90 × 60 cm; length × width × height), containing adjustable light intensity, temperature, and ventilation as well as automatically controlled light timers (Cui et al., 2019), was prepared for each replicate. Birds received three lighting programs: 12L (hours of light):12D (hours of darkness), 16L:8D, and 20L:4D. During the light hours, all the ducks received light-emitting diode light with an average intensity of 20 (± 1.0) lux at eye level. A programmed ventilation of the whole aviary and cleaning of litters twice a day were used to guarantee air quality. Water and diet (in pellet form) were provided ad libitum, and feed intake was limited every day.



Sample Collection

At 57 days of the treatment (309 days of age), the serum samples were collected at 0:00, 6:00, 12:00, and 18:00. At the end of the experiment (310 days of age), 12 ducks from each treatment were randomly selected (two birds per replicate) and quickly killed by an overdose of anesthesia (pentobarbital sodium). Segments (about 1.5 cm in length) in the middle portion of the ileum (approximately 5 cm from Meckel’s diverticulum) were collected, washed with PBS, and fixed in 10% neutral-buffered formalin for histology analysis. The remainder of the ileum was removed, opened longitudinally, and gently rinsed with PBS. The hypothalamus, pineal gland, ileal tissue, and chyme samples were collected, immersed in liquid nitrogen, and then stored at −80°C for subsequent measurement.



Ileal Morphology

Ileal samples were washed, dehydrated, clarified, and embedded in paraffin. Serial sections were cut into 5 μm thickness, deparaffinized in xylene, rehydrated, stained with hematoxylin and eosin, fixed with neutral balsam, and observed by light microscopy (BX51, Olympus Co., Tokyo, Japan). The intestinal morphometry was evaluated by villus height (VH; from the tip of villus to the villus–crypt junction), crypt depth (CD; from the base up to the crypt–villus transition region), and the villus height-to-crypt depth ratio (VCR; Forte et al., 2016). The goblet cell percentage (GCP) was counted on 100 columnar cells of villus mucosa at × 400 magnification.



Quantification of Melatonin Receptors and Tight Junction Protein With Real-Time PCR

Total RNA was obtained from the hypothalamus and ileal tissue samples using the TRIzol reagent (TIANGEN Biotech Co., Ltd., Beijing, China). The yield and integrity of RNA were measured with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA) and agarose-ethidium bromide electrophoresis. Expression quantification was tested with a two-step reaction process, containing reverse transcription (RT) and PCR using a FastQuant RT kit (KR106, TIANGEN, Beijing, China), according to the description of Cui et al. (2019). The relative mRNA expression levels were normalized to avian β-actin with the 2–ΔΔCt method (Livak and Schmittgen, 2001). Primer sequences of zonula occludens-1, zonula occludens-2, zonula occludens-3, claudin-1, claudin-2, occludin, mucin 2, melatonin receptor 1A, melatonin receptor 1B, and melatonin receptor 1C are detailed in Table 1. The β-actin was used to standardize the results because it was found that β-actin mRNA expression did not change significantly (P > 0.05) in response to different photoperiods (12L:12D, 16L:8D, and 20L:4D) in this research.


TABLE 1. Primer sequence of target and reference genes.
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Short-Chain Fatty Acid Profile

SCFA concentrations were measured according to the method of Wielen et al. (2021). Frozen ileal digesta (about 0.5 g) was thawed at 4°C and diluted fourfold with double-distilled water. After thawing, samples were centrifuged (10 min at 12,000 rpm), and 12.5 ml of a xylitol solution (0.586 M in 1.5 M HCl; internal standard) was added. Then, samples were centrifuged again (10 min at 12,000 rpm) before analysis using HPLC. Samples (20 μl) were injected into the HPLC with a Spark Holland autosampler (Emmen, the Netherlands). The HPLC was equipped with a Waters 2,996 Photodiode Array Detector and an organic acid column HPX-87H ion exclusion column (300 mm × 7.8 mm, Bio-Rad Laboratories Inc., Hercules, CA, United States). The column was operated at 40°C, with 5 mM NH2SO4 at 0.6 ml/min as the eluent.



Melatonin Concentration in Serum

At the end of 309 days of age, two ducks from each group were fasted for 12 h, and then ∼3 ml of blood was extracted from a wing vein using evacuated tubes with coagulant. Blood sample acquisition was limited to 1 h, at 0:00, 6:00, 12:00, and 18:00. Serum samples were collected according to the method reported by Cui et al. (2019) and then stored at −20°C for the subsequent analysis. After thawing at 4°C overnight, the levels of melatonin were measured using ELISA kits for ducks (Shanghai Meilian, Bioengineering Institute, Shanghai, China; Li et al., 2015), with horseradish peroxidase marking the second antibody and tetramethylbenzidine serving as a chromogenic reagent.



DNA Extraction and PCR Amplification of 16S rRNA Gene Sequences

Microbial DNA was extracted from ileal content samples (about 0.3 g) taken from laying ducks using the E.Z.N.A. Soil DNA Kit (Omega Bio-tek, Norcross, GA, United States). The integrity and quality of DNA samples were evaluated with 1% agarose gel electrophoresis and a NanoDrop D-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). Microbial 16S rDNA sequences spanning the hypervariable regions v3–v4 were amplified using forward primer 338F (5′-ACTCCTACGGGA GGCAGCA-3′) and reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The PCR conditions were as follows: 2 min of denaturation at 95°C; 25 cycles containing denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s; and a final extension of 5 min at 72°C. Amplicons were extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) to remove superabundant primer dimers and dNTPs. Purified amplicons were qualified and sequenced using the MiSeq platform at Beijing Biomarker Biotechnology Co., Ltd. (Beijing, China). The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database (accession number: PRJNA761001).



Metabolomic Profiling

On 310 days of age, pineal gland samples were collected from laying ducks, immersed in liquid nitrogen, and stored at −80°C before metabolite analysis. Metabolomic analysis was conducted using an ultraperformance liquid chromatography (UPLC) system (Waters Corporation, Milford, MA, United States) with a Waters Atlantis T-3 column (100 mm × 2.1 mm; 1.8 μm particle size) at 35°C and an injection volume of 5 μl. The UPLC system was equipped with a high-resolution tandem mass spectrometer Xevo G2-XS QTof (MS) (Waters Corporation, Milford, MA, United States). The mobile phases (flow rate of 0.5 ml/min) contained 0.1% formic acid (v/v) in double-distilled water (eluent A) and 0.1% formic acid (v/v) in acetonitrile (eluent B). The MS was adopted to test metabolites eluted from the column in both positive and negative ion modes. In the positive ion mode, the capillary and sampling cone voltages were 3.0 kV and 40.0 V, respectively. In the negative ion mode, the capillary and sampling cone voltages were 2.0 kV and 40.0 V, respectively. The mass spectrometry data were acquired through the centroid MSE mode. The scan time was 0.2 s, and the TOF mass range varied from 50 to 1,200 Da. Before MS/MS measurement, all precursors were made into fragments using 20–40 eV, and the scan time was 0.2 s. During the acquisition process, the LE signals were captured every 3 s to ensure mass accuracy. Besides, in order to assess the stability of the UPLC-MS during this acquisition process, a quality control sample was detected after every 10 samples.



Statistical and Bioinformatic Analysis

Data of short-chain acids, morphology, and barrier melatonin in the ileum were analyzed with SAS, version 9.2. The homogeneity of variances and normality of the data were evaluated first. The Shapiro–Wilk test was adopted to measure the normality. Then, a one-way ANOVA and Duncan’s multiple range test were used for data analysis. Differences were considered to be statistically significant at P < 0.05. Data were presented as the mean and pooled SEM.

In microbial community analysis, raw paired-end sequences were conducted in Illumina HiSeq 2500. After sequencing, raw data were converted to raw reads through base calling. After filtration (Trimmomatic v0.33) and screening (Cutadapt 1.9.1), high-quality reads were obtained. Then, they were pieced through overlap (FLASH v1.2.7) to get clean reads. The chimera sequences were identified and removed to obtain effective reads by using the UCHIME (v4.2). The effective reads were clustered into operational taxonomic units (OTUs) with 97% sequence identity by Usearch (Edgar, 2013). Rarefaction curves and α-diversity analysis, containing Shannon, Simpson, ACE, and Chao1 indices, were calculated using QIIME 1. β-Diversity was estimated by computing the weighted UniFrac distance and visualized using principal coordinate analysis (PCoA), and the results were plotted using R package in R software (Liu et al., 2021). The significance of differentiation of microbial structure among treatments was assessed using the R package “microeco” (Liu et al., 2021).

In metabolite analysis, the raw data were corrected and filtrated by Progenesis QI software package (Progenesis QI v.2.2, Non-linear Dynamics, Newcastle, United Kingdom). Spectral deconvolution and normalization of the total ion amount generated a data matrix containing tR, m/z, and normalized peak area. The analytical variation was adjusted with the quality-control-based (QC) robust LOESS signal correction algorithm. All data were generalized logarithm-transformed and Pareto-scaled before multivariate statistical analysis, which contained an unsupervised principal component analysis (PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA; R package ropls). The discrepant metabolites were determined through a variable importance in the projection (VIP) value > 1 of the OPLS-DA model and the P-values (< 0.05) from the Kruskal–Wallis test on the normalized peak intensities. Fold changes were calculated as the binary logarithm of average normalized peak intensity ratio between two treatments. HMDB and KEGG databases were used to confirm and annotate the differential metabolites.




RESULTS


Ileal Morphology and Barrier Function

The changes in intestinal morphology and barrier indicators are listed in Tables 2, 3. Tight junction proteins, including zonula occludens-1 (ZO-1), zonula occludens-2 (ZO-2), zonula occludens-3 (ZO-3), claudin-1, claudin-2, and occludin, are intercellular–junctional molecules that could control intestinal permeability, thus restraining the entry of pathogens and maintaining intestinal health (Barekatain et al., 2019). Hence, the mRNA relative expressions of these tight junctions were investigated in this study. Different photoperiods had no significant effects on crypt depth, villus height/crypt depth, and the mRNA relative expression of claudin-2 (P > 0.05). Compared with the 12L:12D treatment, the significantly higher values of villus height and GCP were observed in 16L:8D, accompanied by the higher mRNA relative expression of ZO-1, ZO-2, claudin-1, occludin, and mucin 2 (P < 0.05). Besides, the significantly higher values of mRNA relative expression in ZO-3 occurred in 16L:8D and 20L:4D treatments (P < 0.05), compared with the control.


TABLE 2. Effect of photoperiod on ileal morphology of laying ducks at 310 days of age.1
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TABLE 3. Effect of photoperiod on the relative mRNA expression of tight junction protein and mucin 2 in the ileum of laying ducks (310 days of age).1
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Short-Chain Fatty Acids

The effects of photoperiod on SCFA concentrations in the ileum are shown in Table 4. No significant changes were observed in isobutyrate, valerate, and isovalerate concentrations (P > 0.05), in response to different photoperiods. Compared with those in the control (12L:12D), significantly higher values of acetate, propionate, butyrate, and total SCFA concentrations were simultaneously observed in 16L:8D treatment (P < 0.05).


TABLE 4. Effect of photoperiod on SCFA concentrations (μmol/g wet digesta) in the ileum of laying ducks (310 days of age).1
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Intestinal Microbial Diversity and Community

After filtering, an average of 57,262 reads per sample was obtained. The rarefaction curve for richness and numbers of shared OTUs were plotted to examine the sequencing depths. And most of the samples reached plateaus, which indicated that the sampling depth was adequate. The effect of photoperiod on ileal microbial α-diversity of laying ducks is detailed in Table 5. No significant differences in Simpson, ACE, and Chao1 indices were observed among all the treatments. Compared with those in 12L:12D, the significantly lower values of Shannon estimators were observed in the 20 h photoperiod (P < 0.05).


TABLE 5. Effect of photoperiod on microbial diversity in the ileum of laying ducks (310 days of age).1
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β-Diversity analysis was conducted to compare the microbial profiles among all the treatments as illustrated in Figure 1. PCoA was first performed to show a holistic perception of the microbiota. The results visually presented that these groups were mainly scattered into three clusters, which indicated that the microbiota compositions were quite dissimilar to each other.
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FIGURE 1. PCoA representing the similarity of ileal microbiota in laying ducks (310 days of age). Data are the mean of six replicates. L, hours of light; D, hours of darkness.


To explore the effect of photoperiod on the bacterial community members of ileal microbiota, the taxonomic compositions were investigated at the phylum and genus levels. Six (Firmicutes, Epsilonbacteraeota, Fusobacteria, Bacteroidetes, Proteobacteria, and Actinobacteria) major phyla (relative abundance > 1%) dominated the bacterial community (Figure 2A). Meanwhile, these phyla could be allocated into 13 major genera (relative abundance > 1%; Figure 2B). Compared with the control (12L:12D), the significantly higher values of the Fusobacteria phylum and Fusobacterium and Clostridium_sensu_stricto_1 genera occurred in 20L:4D (P < 0.05; Table 6). Besides, the significantly lower values of the Proteobacteria phylum and Pectobacterium genus were observed in both 16L:8D and 20L:4D treatments (P < 0.05), while the significantly lower relative abundance of the Actinobacteria phylum was observed in 20L:4D treatment (P = 0.020), compared with 12L:12D. There were no significant differences in the other microbes among these three treatments (P > 0.05).
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FIGURE 2. Composition of ileal microbiota of laying ducks (310 days of age) at genus (A) and phylum (B) levels. Data are the mean of six replicates. L, hours of light; D, hours of darkness.



TABLE 6. Effect of photoperiod on microbial relative abundance components in the ileum of laying ducks (310 days of age).1
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Correlations Between Microbiota and Intestinal Morphology

To investigate the intestinal bacteria associated with intestinal health, the correlations between the relative abundance of microbiota and intestinal morphology indicators were explored based on Spearman’s correlation coefficients (Figures 3A,B). The heatmap reflected that no significant correlations were observed between ileal morphology indicators (VH, CD, VH/CD, and GCP) and ileal bacteria at both phylum and genus levels (P > 0.05).
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FIGURE 3. Heatmap of Spearman’s correlation between intestinal microbiota and intestinal morphology (A) at genus level, (B) at phylum level) in laying ducks (310 days of age). VH, villus height; CD, crypt depth; VH/CD, villus height/crypt depth; GCP, goblet cell percentage. Data are the mean of six replicates. L, hours of light; D, hours of darkness.




Melatonin Concentration and Its Receptors mRNA Relative Expression

Serum samples were extracted from laying ducks at 0:00, 6:00, 12:00, and 18:00 (309 days of age), and the melatonin concentrations in serum are demonstrated in Figure 4A. The melatonin concentrations changed significantly (P < 0.05) in response to the increasing photoperiods at 0:00, 6:00, and 12:00. The values of melatonin concentration numerically increased with increasing photoperiods at 0:00 and decreased at 6:00 and 12:00. Besides, compared with those in the control, the significantly higher levels of melatonin were observed in the 20L:4D group at 0:00 and 12:00 (P < 0.05); the significantly lower values of melatonin occurred in the 20L:4D group at 6:00 (P < 0.05).
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FIGURE 4. Melatonin content in serum (A) and its receptor relative mRNA expression in the hypothalamus (B) and ileum (C) in laying ducks (310 days of age). Data are the mean of six replicates (two ducks in each replicate). L, hours of light; D, hours of darkness. Data were expressed as mean ± SD. a,bValues at the same timepoint or melatonin receptor type with no common superscripts differ significantly (P < 0.05).


The mRNA relative expression levels of melatonin receptors, including melatonin receptors (MTNR) 1A, 1B, and 1C, in response to different photoperiods can be seen in Figures 4B,C. Compared with that in the 12L:12D treatment, the MTNR (1A, 1B, and 1C) mRNA relative expression levels numerically increased with increasing photoperiods in the hypothalamus and ileal tissues. Furthermore, the significantly higher values of MTNR 1A and 1B were observed in 20L:4D treatments in both of these tissues (P < 0.05). No significant differences were observed in the mRNA relative expression levels of MTNR 1C (P > 0.05), in response to different photoperiods.



Metabolomic Analysis

To characterize the metabolite change responses to different photoperiods, LC-MS/MS-based metabolomic analysis in the pineal gland from laying ducks was conducted. A total of 2,658 metabolites were analyzed in this study. Based on OPLS-DA analysis, R2Y were 0.998 and 0.991, while Q2Y were 0.805 and 0.632 (Figures 5A,B), which indicated that this model was effective and reliable and VIP could be used in discrepant metabolite screening. The filter criteria were as follows: P < 0.05 and VIP > 1. Based on these conditions, 162 metabolites were significantly upregulated and 370 metabolites were significantly downregulated in 16L:8D, compared with 12L:12D (Figure 5C). Meanwhile, 181 metabolites were significantly upregulated and 201 metabolites were significantly downregulated in 16L:8D (Figure 5D). Furthermore, clustered heatmaps based on discrepant metabolites showed that samples in one treatment (including 12L:12D, 16L:8D, and 20L:4D) occurred in the same cluster through clustering. And the metabolites of samples from the same treatment exhibited good similarity (Figures 5E,F).
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FIGURE 5. OPLS-DA (A,B), volcano plot (C,D), and clustered heatmap (E,F) of metabolites in the hypothalamus tissue of laying ducks (310 days of age). Data are the mean of five replicates. VIP, variable importance in projection; L, hours of light; D, hours of darkness.


The differential metabolites among different photoperiods in the pineal gland of laying ducks are demonstrated in Table 7. Compared with that in the control (12L:12D), adenosine 3′,5′-cyclic phosphate and adenosine monophosphate were significantly downregulated in 16L:8D and 20L:4D (P < 0.05, VIP > 1). Furthermore, adenosine 3′,5′-cyclic phosphate is a crucial factor in the synthesis pathway of melatonin.


TABLE 7. Differential metabolites in the pineal gland of laying ducks (310 days of age) among different photoperiods.a
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DISCUSSION

In the year 2021, we reported the effect of photoperiod on laying performance, ovarian morphology, reproductive hormone secretion and its receptor gene mRNA expression, eggshell quality, and the quality characteristics of the tibia, femur, and ulna in ducks during the laying phase (Cui et al., 2021a,b). Independent from previous publications, this study reported the effect of photoperiod on ileal morphology, barrier function and microbiota, and melatonin expression and synthesis in laying ducks. The photoperiod serves as a crucial environmental factor in poultry production and health, which has biological and physiological significance through regulating the circadian rhythm and changing the time for rest or regeneration (Malleau et al., 2007). However, most of the current research concerning photoperiod in birds focused on health and productivity (Chen et al., 2007). There are very few reports involving the effect of photoperiod on intestinal morphology, barrier function, and microbiota. Meanwhile, melatonin receptor expression levels were observed in intestinal tissue (Feng et al., 2018), which indicated that intestinal morphology and microbiota could probably be affected by different photoperiods, due to melatonin serving as the most important hormone in circadian rhythm regulation. Hence, changes of intestinal morphology in response to different photoperiods were investigated, and the superior intestinal morphology indicators occurred in 16L:8D treatment, evidenced by the higher values of villus height and GCP. Intestinal morphology is supposed to be closely related to animal performance because an expanded absorptive surface area means greater digestion and absorption, which was consistent with the results in our previous report that higher average daily feed intake was observed in 16L:8D treatment compared with the control (Cui et al., 2021a). Goblet cells are differentiated from intestinal epithelial stem cells and play a vital role in intestinal mucosal barrier maintenance through the secretion of mucus (Knoop and Newberry, 2018). Among mucus, mucin 2 is the main component, which plays a crucial role in the colonization process of intestinal beneficial bacteria (Johansson et al., 2011). Hence, a higher GCP meant superior intestinal health status. Besides, the ileal barrier function in response to different photoperiods was also investigated in this study, and the tight junction proteins (including ZO-1, ZO-2, ZO-3, claudin-1, and occludin) and mucin 2 were upregulated in 16L:8D treatment. Tight junction proteins are intercellular–junctional molecules that could control intestinal permeability, thus restraining the entry of pathogens and maintaining intestinal health (Barekatain et al., 2019). Hence, higher tight junction protein expression meant more superior morphology and health status of the intestine. A higher level of mucin 2 expression was consistent with more goblet cell numbers in ileal tissue, which indicated that more beneficial microorganisms could colonize in the ileal tract. Based on the ileal morphology and barrier indicators, 16L:8D was supposed to be an appropriate photoperiod for laying ducks.

Short-chain acids serve as the main fuel for the proliferation and differentiation of intestinal epithelial stem cells (Park et al., 2016), which is supposed to be beneficial for the intestinal morphology and barrier (Xie et al., 2020). Thus, the changes of SCFA concentrations in response to different photoperiods were further investigated in this research. Higher levels of acetate, propionate, butyrate, and total SCFAs in ileal digesta were observed in 16L:8D treatment, which was consistent with the higher values of villus height and GCP occurring in this group. These results indicated that an increase in SCFAs might be responsible for the improvement in ileal morphology, which was consistent with the results of Liao et al. (2020). The improved SCFA content may be due to the optimization of microbiota in the intestine (LeBlanc et al., 2017), while the increased goblet cell number and mucin 2 expression could create the conditions for the colonization of beneficial intestinal bacteria.

Hence, the changes of intestinal microbiota in response to different photoperiods were investigated in this study. In the α-diversity analysis, the Shannon and Simpson estimators were adopted to evaluate the microbiota diversity, while the ACE and Chao1 indices reflected the microbiota richness (Ballou et al., 2016). In our results, lower values of Shannon indicators were observed in the 20L:4D treatment, which meant that the microbiota α-diversity in the ileum of laying ducks would decrease when the photoperiod reached 20 h/day. A higher level of species diversity means a more stable microbiota community, which can prevent the colonization of pathogens and thus will be beneficial to the productivity of the host bird (Han et al., 2017). Hence, lower microbiota α-diversity indicated poor productivity, which was consistent with a previous report that the productive performance of laying ducks significantly decreased in the 20L:4D treatment (Cui et al., 2021a). In addition, PCoA was adopted to investigate the β-diversity of ileal microbiota. The results showed significant clustering according to experimental groups, which demonstrated that the ileal microbial community structure was significantly affected by different photoperiods. Therefore, we speculated that the ileal microbiota of laying ducks could probably vary significantly in response to different photoperiods, and variations in microbial composition and some specific taxon in this present research were further analyzed. Data showed that, at the phylum level of ileal microbial composition, Fusobacteria increased, while Proteobacteria and Actinobacteria decreased, with the increasing photoperiods from 12 to 20 h. Given the adverse effects of Fusobacteria and Proteobacteria as well as the beneficial effect of Actinobacteria (Shin et al., 2015; Kelly et al., 2018; Massot-Cladera et al., 2020), these results indicated that an appropriate photoperiod between 12 and 20 h probably had a balanced ileal microbiota composition, including helpful and unhelpful microorganisms. Ileal microbial composition at the genus level exhibited a similar law, as evidenced by the relative increase in Fusobacterium and Clostridium_sensu_stricto_1 (supposed to be unbeneficial) and decrease in Pectobacterium (supposed to be beneficial) with increasing photoperiods from 12 to 20 h (Ma et al., 2018; Wang et al., 2018; Hertel et al., 2021). Hence, a 16 h photoperiod could be considered an appropriate photoperiod between 12 and 20 h. Moreover, Bacteroides and Megamonas were the preponderant genera in the 16L:8D photoperiod treatment, and they exhibited a positive correlation with higher production of propionate and butyrate (Yang et al., 2013; Liang et al., 2021). These findings coincided with the above results that the 16L:8D photoperiod treatment had better SCFA production. Taking the ileal morphology, barrier, SCFA concentrations, and microbial composition into consideration, 16 h of light time per day could be a suitable photoperiod for laying ducks.

Change of intestinal microbial community may be due to the variation in the biological rhythm (Voigt et al., 2016). However, the level of melatonin in serum was reported to vary with time for 1 day (Chowdhury et al., 2010). Hence, melatonin levels in serum at four timepoints during 1 day were explored in this research, and the results showed that the melatonin contents changed significantly in response to different photoperiods. The physiological actions of melatonin are mainly mediated by its receptors (Wu et al., 2006). Hence, the expression levels of melatonin receptors in the hypothalamus and ileal tissue were also investigated in the present study. The consistent decrease of melatonin receptor expressions with the increasing photoperiods was observed in the hypothalamus and ileal tissue, which was similar to the level of melatonin variation in serum at 6:00 and 12:00 a.m. Given that the hypothalamus and ileal tissue were collected from birds between 10:00 and 11:00 a.m., these results may be due to the fact that hormone receptors could be induced by the release of the hormone itself (Ing and Tornesi, 1997). The level of melatonin increased with increasing photoperiods from 12 to 20 h at 0:00 and decreased at 6:00 and 12:00 in this research, and 16 h may be a moderate photoperiod for melatonin synthesis and secretion. Besides, melatonin was supposed to stimulate the release of the gonadotropin-inhibitory hormone by the avian hypothalamus (Chowdhury et al., 2010), which was coincident with our previous report (Cui et al., 2021a). In that study, the gonadotropin-inhibitory hormone increased from 12 to 20 h photoperiods (sample collection between 11:00 and 12:00), while melatonin levels decreased from 12 to 20 h photoperiods at 12:00 in this study. The changes of the gonadotropin-inhibitory hormone as well as other reproductive hormones in response to different photoperiods (Cui et al., 2021a) also indicated that the changes of melatonin in response to different photoperiods in the current study could be reliable. As is known to all, melatonin was supposed to be the most important hormone in the circadian rhythm regulation of birds (Berra and Rizzo, 2009). Hence, the appropriate level of melatonin and its receptors meant a suitable circadian rhythm for laying ducks. It can be speculated that the superior ileal morphology, barrier function, SCFA concentration, and microbial community in the 16L:8D photoperiod could be due to the appropriate circadian rhythm regulated by melatonin.

Melatonin was supposed to be mainly synthesized and secreted in the pineal gland of birds (Jiang et al., 2020). Hence, the regulation of melatonin generation by photoperiod was further investigated in the pineal gland using metabonomics in this research. The results showed that the concentrations of AMP and cAMP were significantly downregulated in the pineal gland of laying ducks with the increasing photoperiods from 12 to 20 h. These results indicated that the increase in light time could decrease the level of cAMP in the pineal gland of ducks. Reduction of cAMP could cause the downregulation of key enzyme synthesis (such as Aanat) in the pinealocyte and reduce the generation of N-acetylserotonin (Ge et al., 2021). The latter is a crucial precursor for melatonin synthesis. Therefore, the increase in melatonin level could be ascribed to the decrease in cAMP level with the increasing photoperiods.



CONCLUSION

In conclusion, an increment in photoperiod could improve ileal morphology, barrier function, microbial flora, and SCFA profile, and 16L:8D was supposed to be the appropriate photoperiod for laying ducks. These results may be attributed to the moderate expression of melatonin and its receptors, and the increase in melatonin could further be traced upstream to the decreased level of cAMP in the pineal gland with the increasing photoperiods.
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The symbiosis between a host and its microbiome is essential for host fitness, and this association is a consequence of the host’s physiology and habitat. Sinocyclocheilus, the largest cavefish diversification of the world, an emerging multi-species model system for evolutionary novelty, provides an excellent opportunity for examining correlates of host evolutionary history, habitat, and gut-microbial community diversity. From the diversification-scale patterns of habitat occupation, major phylogenetic clades (A–D), geographic distribution, and knowledge from captive-maintained Sinocyclocheilus populations, we hypothesize habitat to be the major determinant of microbiome diversity, with phylogeny playing a lesser role. For this, we subject environmental water samples and fecal samples (representative of gut-microbiome) from 24 Sinocyclocheilus species, both from the wild and after being in captivity for 6 months, to bacterial 16S rRNA gene profiling using Illumina sequencing. We see significant differences in the gut microbiota structure of Sinocyclocheilus, reflective of the three habitat types; gut microbiomes too, were influenced by host-related factors. There is no significant association between the gut microbiomes and host phylogeny. However, there is some microbiome related structure at the clade level, with the most geographically distant clades (A and D) being the most distinct, and the two overlapping clades (B and C) showing similarities. Microbes inhabiting water were not a cause for significant differences in fish-gut microbiota, but water quality parameters were. Transferring from wild to captivity, the fish microbiomes changed significantly and became homogenized, signifying plastic changes and highlighting the importance of environmental factors (habitat) in microbiome community assembly. The core microbiome of this group, at higher taxonomic scale, resembled that of other teleost fishes. Our results suggest that divergent natural environments giving rise to evolutionary novelties underlying host adaptations, also includes the microbiome of these fishes.

Keywords: fecal microbiome, Sinocyclocheilus, 16S rRNA, phylosymbiosis, core-microbiome, habitat, captive, wild


INTRODUCTION

The gastrointestinal tract of an animal is occupied by a microbiome, a staggering diversity of microbial colonies that are in a symbiotic association with the host (Hooper and Gordon, 2001). These commensal gut-bacterial relationships influence many vital aspects of the host, such as immune function, nutrient absorption, development, and behavior (Mazmanian et al., 2005; Nicholson et al., 2005; Mcfall-Ngai et al., 2013). Hence, the gut microbiome is considered an extension of the host genome, and these microbes are thought to have served as a “bridge” between the host and the external environment during evolution (Shapira, 2016). Therefore, the microbiome of an organism is the result of an interplay between the host’s phylogeny and its environment (Gill et al., 2006). Hence, the microbiome of a host is dynamic system (Talwar et al., 2018), where microbe communities change depending on the environment and host physiology (Nayak, 2010).

The phylogenetic relationships of hosts is associated with the diversity of their microbiota (Brucker and Bordenstein, 2012). The term “phylosymbiosis” has been used to encapsulate this idea (Lim and Bordenstein, 2020), which has been supported through controlled laboratory experimentation and analyses of wild populations (Kohl et al., 2017; Ingala et al., 2018), but a pattern of phylosymbiosis is still weakly supported or absent in some host systems (Wong et al., 2013; Brooks et al., 2016; Grond et al., 2020). However, large diversification-scale studies addressing correlates of host evolutionary history and microbial community diversity are few (Ross et al., 2018).

A related idea extending from phylosymbiosis is that of the “core-microbiome,” which was initially introduced in a narrower sense in human host studies (Turnbaugh et al., 2009, 2010; Qin et al., 2010). Since then, a plethora of core-microbiomes, ranging from single species to higher taxonomic groups, has manifested, reinforcing the association between host phylogeny and gut microbiome composition. The selective-mechanisms that contribute to the establishment of a core-microbiome in hosts, however, are unclear. Differential selection pressures in the form of host-physiology (linked to host phylogeny) and environment on microbiota in large diversifications occupying contrastingly different habitats, can shed light on gut-microbe and host associations. Such a system exists in species that have evolved to occupy caves.

Various vertebrate groups have occupied caves by adapting to conditions of low availability of food, oxygen, and light, leading to repeated evolution of troglomorphic adaptations such as lowered metabolism, specialized behaviors, specialized sensory systems, and loss of eyes and pigmentation (Zhao and Zhang, 2006; Gross et al., 2008). This accelerated enhancement or regression of certain traits in troglomorphic forms is a useful model system to study the process of natural selection in response to cave-associated selective regimes (Yang et al., 2016; Hart et al., 2020; Zhao et al., 2021). Though rarely tested, cave systems provide opportunities to test hypotheses pertaining to microbiome community assembly in response to phylogeny and environment. Although large troglomorphic diversifications are rare, one such radiation exists in a group of freshwater fishes in China. Sinocyclocheilus (Cyprinidae, Barbinae), the largest cavefish diversification in the world, represents an emerging model system for evolutionary novelty (Jiang et al., 2019; Mao et al., 2021, 2022; Zhao et al., 2021), provides an invaluable opportunity for examining the associations between host evolutionary history, environment and gut-microbial community diversity. With almost 75 extant species, Sinocyclocheilus is a monophyletic group of cyprinid cavefishes endemic to the expansive southwestern karstic region of China, the largest limestone area in the world, with an area ca. 620,000 km2 (Jiang et al., 2019). Having first evolved during the late-Miocene, these fishes show morphology-to-habitat correlation in a staggering array of adaptations to subterranean life. Interestingly, they also show several independent events of cave occupation. The microbiome of Sinocyclocheilus has not been subjected to a diversification-scale study so far.

Recent mt-DNA based phylogenies of Sinocyclocheilus suggest four major clades, Clades A – D, each with distinct morphologies, habitat-occupation strategies and geographic ranges (Zhao and Zhang, 2009; Jiang et al., 2019; Mao et al., 2021). They extend from the Eastern Guangxi autonomous region to the South-Eastern Guizhou and Eastern Yunnan Provinces of China. The earliest emerging clade (Clade A) is restricted to Guangxi, at the Eastern fringes of the distribution of the genus. Clades B and C, which have overlapping distributions, are restricted to the middle of the range of the genus (Guizhou, North-Central and North-Western Guangxi), and species of Clade D are found mostly in lotic habitats associated with hills to the west. They are classified into three major habitat types as Troglobitic (exclusively cave species, Stygobitic), Troglophilic (associated with caves, Stygophilic), and Surface (non-cave dependent species). Exceptionally, some of the Normal-Eyed surface fishes living in Guangxi and Guizhou can be found in both caves and surface rivers depending on the season (personal observations) and are therefore considered to be seasonal surface dwellers, while others living in the Yunnan region are considered to be permanent surface dwellers. These habitat types are correlated with their morphological adaptations, especially of their eye condition: Normal-Eyed (Surface), Micro-eyed (Troglophilic) and Blind (Troglobitic) (Mao et al., 2021).

While earlier gastrointestinal tract related microbiome studies focused mostly on fishes of economic importance, recent studies have focused on species of evolutionary, ecological or conservation significance (Sullam et al., 2015; Talwar et al., 2018; Rennison et al., 2019; Sevellec et al., 2019; Harer et al., 2020). Sinocyclocheilus is identified with the later (recent) group of studies. However, very little is known of the feeding ecology and the microbiome of Sinocyclocheilus. Cave-inhabiting species feed on cave insects, bat excrement and debris carried by the water flow (Zhang et al., 2015). A previous study on the gut microbiota of Sinocyclocheilus showed abundance of cellulose-degrading bacteria such as Bacillus, Clostridium, and Planctomyces, in the cave dwelling species compared to the surface species (Chen et al., 2019).

Water chemistry has been associated with the gut microbiome of hosts in a different cavefish system. The dissolved oxygen content in cave water was shown to alter the beta-diversity of gut microbiota in Astyanax mexicanus, the well-known single-species cavefish model system (Ornelas-Garcia et al., 2018). This suggests that cavefish species and populations living in different aquatic environments have distinct microbial communities. However, such data do not exist for Sinocyclocheilus.

Furthermore, the changes of the bacterial microbiome when cavefish populations are transferred from various wild habitat types to captivity has not been documented so far. This can be used to study the changes in microbiome community in the short run, helping further understand the acquired microbiome for the life of these fish and the factors that may influence such microbiome assembly. Knowledge of the changes in the microbiome is also useful for conservation breeding, reintroduction and study of these rare and threatened cavefishes. As a part of our explorations into cavefishes, we have maintained 40 Sinocyclocheilus species in captivity from 1 to 3 years, with many of them still thriving (personal observations). Since the microbiome is dependent on external factors, such as water conditions and diet, we presume, given proper care, that they are adaptable, together with plastic changes to their gut microbiota.

Here we carry out a diversification-scale analysis of Sinocyclocheilus using 24 representative species of the phylogeny (phylogeny has a strong association with geography) and habitat representation to understand the host-microbiome relationships of these fishes, including that in captivity. We formulate our hypothesis based mainly on the following observations: (i) these fishes have repeatedly evolved to occupy caves, independent of the phylogeny (ii) given appropriate water conditions and diet, these fishes can survive in captivity over long periods, hence they are adaptable with changes to their gut microbiome. From these observations, we hypothesize that the microbiome of Sinocyclocheilus is dependent primarily on habitat associations (Troglobitic – Blind; Troglophilic – Micro-Eyed; Surface – Normal), with phylogeny playing a secondary role. We test this hypothesis through the following predictions: (i) That the microbiomes of troglobitic species are more similar to one another than to surface species, with the troglophilic species in between. Since there are independently derived blind (troglobitic) species, we predict that they will have similar microbiomes. (ii) That the microbiomes of the four clades will be dissimilar, except Clades B and C as they overlap in geographic distribution. (iii) Since Sinocyclocheilus is monophyletic, that there will be a core microbiome characteristic of the group. (iv) Since we have maintained these fishes in captivity for more than 3 years, we predict that they can survive on an acquired microbiome that is different from the wild one.



MATERIALS AND METHODS


Sample Collection, Captive Care and Animal Ethics

To address the questions of phylosymbiosis, influence of the environment, captive altered and the core microbiome in this cavefish system, we inventoried the gut microbial communities of 24 species of Sinocyclocheilus from provenance to domestication, as well as collecting bacterial samples from cave water. Sinocyclocheilus species (N = 24) were collected from Guangxi Zhuang Autonomous Region, Guizhou Province and Yunnan Provinces during the period of May, 2020 – December, 2020 (Figure 1). Majority of fishes were collected from caves and few from surface rivers, depending on the species. For each species, live specimens were sampled (N = 3–5) using umbrella nets and placed in sterile container and water until a fresh fecal sample was collected (wild-sample). Fecal samples were collected using disposable sterile pipettes and placed in sterile vials. These were immediately frozen and stored in liquid nitrogen at −80°C until DNA extraction. The collection time for the fecal sample was less than 10 min as the excitement after being caught made the fish defecate quickly. Then the fish were placed in polythene bags containing water from the habitat, filled with medical grade oxygen, and transported to laboratory in heat-proof boxes. Due to the rarity of these fishes, note that we used fecal samples as a surrogate for the gut samples to facilitate subsequent captive studies as well.
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FIGURE 1. Distribution of 24 Sinocyclocheilus species and geographic context of phylogenetic clades. Colored dots represent the species. The four phylogenetic clades are represented by the colored ellipses. Clades A (East) and D (West) are geographically disjunct and Clades B and C are overlapping.


Water samples from 13 caves were collected from the areas where fishes inhabit. Water samples from seven caves were not collected due to complex (often deep) habitats. One liter of water sample was collected from three sites of a particular area (three liters in total) and stored in sterile bottles. Upon collection, the water samples were filtered through 0.22 μm filter membranes using a portable vacuum pump and immediately frozen and stored in liquid nitrogen at −80°C until DNA extraction. A portable multi-parameter water quality analyzer (MACH HQ30d) was used to measure conductivity, dissolved oxygen (DO), pH and water temperature, directly from the cave water (ca. 50 cm below the surface).

Fishes collected from field were brought to laboratory and were conditioned for long term captive rearing. They were placed in independent isolation tanks for 2 weeks before being introduced into the main system. Fish that were injured and whose condition deteriorated over the 2 weeks were not introduced into the main system. The test subjects whose fecal samples were collected were placed in an ESEN aquarium system, a recirculating filtered water system with separate fish rearing tanks. Each species of Sinocyclocheilus were kept in separate box, with a common water circulation system. All captive fishes were kept at 18–20°C, fed ad libitum by a diet based on protein (about 45%) and fat (about 10%). Fecal samples in captivity were collected after 6 months after being captured. For this, each fish was placed in a sterile plastic box and the fecal sample collected using a sterile dropper as soon as the fishes defecated. Samples collected were again placed in a sterile vial and immediately frozen at −80°C until DNA extraction.

The present study was conducted in accordance with the recommendations of Institutional Animal Care and Use Committee of Guangxi University (GXU), Nanning-China. All fish were cared for at a fish-room of the Eco.Evo.Devo Group in Forestry college (GXU2019-071).



DNA Extraction, PCR Amplification, and Sequencing

Bacterial genomic DNA was extracted from fecal and water samples according to the protocol set by Novogene Corporation (Beijing, China). Total genomic DNA from samples was extracted using SDS (Sodium Dodecyl Sulfate) method. Concentration of DNA and its purity was monitored on 1% agarose gels. DNA was further diluted to 1 ng/μL using sterile water.

Hyper-variable regions (V3–V4) of the 16S rRNA gene were PCR-amplified from genomic DNA, by using the bacteria-specific universal barcode-primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNN GGGTATCTAAT-3′). All polymerase chain reactions were performed using 15 μL of Phusion® High-Fidelity PCR Master Mix (New England Biolabs, Ipswich, MA, United States), 0.2 μM of each forward and reverse primer and 10 ng of DNA template. Thermal cycling conditions were as follows: initial denaturation at 98°C for 1 min, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, elongation at 72°C for 30 s and final extension at 72°C for 5 min.

PCR products were mixed in equal volumes of 1× loading buffer containing SYB green and further electrophoresis was operated on 2% agarose gel for detection. PCR products were mixed in equal ratios. The PCR products were further purified using Qiagen Gel Extraction Kits (Qiagen, Germany). Sequencing libraries were generated with NEBNext® Ultra™ IIDNA Library Preparation Kit (Cat No. E7645). Quality of library generated was evaluated on a Qubit@ 2.0 Flurometer (Thermo Scientific, Waltham, MA, United States) and Agilent Bioanalyzer 2100 system. The library was sequenced on an Illumina NovaSeq platform and 250 bp paired-end reads were generated. Paired-end reads were assigned to samples based on their unique barcodes and were truncated by cutting off the barcodes and primer sequences. Paired-end reads were merged using FLASH (Version 1.2.11) which resulted in raw tags (Magoc and Salzberg, 2011). To obtain high quality clean tags, quality filtering on raw tags was performed using fastp software (Version 0.20.0). To detect the chimera sequences, the clean tags were compared with Silva database using Vsearch (Version 2.15.0). The chimera sequences were further removed to obtain effective tags. Raw sequences generated were submitted to the National Center for Biotechnology Information (NCBI) BioProject database (accession number PRJNA772569).



Amplicon Sequence Variants Denoise and Taxonomic Annotation

To obtain initial ASVs (Amplicon Sequence Variants) denoise was performed using DADA2 in QIIME2 software (Version 2021.4). ASVs with abundance less than five were filtered out. Taxonomic annotation was performed within Silva Database using QIIME2 software (Version 2021.4). Further, to examine the phylogenetic relationship of individual ASV and the differences of the dominant species among different samples, multiple sequence alignment was performed using QIIME2 software (Version 2021.4). The absolute abundance of ASVs was further normalized using standard sequence number corresponding to the samples with least sequences. The standard sequence numbers of the three ASV tables used sequentially in this paper are 6,240, 8,799, and 7,437. Subsequently the alpha and beta diversity analysis were performed based on the output of the normalized data.



Data Analysis and Visualization

Alpha diversity indices and beta diversity distances were calculated using QIIME2 software (Version 2021.4). To analyze the diversity, richness and uniformity of communities in each groups, we used box plots to show the Shannon index in R (4.1.1, amplicon package) (Liu et al., 2021). The Tukey’s honestly significant difference test (Tukey’s HSD), Analysis of Variance (ANOVA) test were used for significance testing. To evaluate the effect of different factors on the assembly of bacterial communities, we compared beta diversity using Bray–Curtis distances and performed Canonical Analysis of Principal Coordinates (CAP) in R (4.1.1, amplicon package). To explain the effect of environmental factors on the structure of gut microbial communities Canonical Correspondence Analysis (CCA) was carried out using Canoco software. Venn and Upset diagrams were plotted using TBtools (Chen et al., 2020). Manhattan plot were used to display the ASVs enriched or reduced between the wild group and captive group in R (4.1.1, edgeR and ggplot2 packages). To determine the biomarker, Linear discriminant analysis effect size (LEfSe) was implied using LEfSe software (Version 1.0). The taxa with a log Linear discriminant analysis score (LDA) more than four orders of magnitude were considered. To evaluate the functions of communities in the samples and different groups, PICRUSt2 software (Version 2.4.1) was used for the function annotation analysis.

Extent of phylosymbiosis for these fishes can be tested using the association between host phylogenies and metagenomic relationships of the gut bacterial microbiome. For this we used data from the most recent phylogeny for Sinocyclocheilus. We aligned cytochrome b (cytb) and NADH dehydrogenase subunit 4 (ND4) gene fragments independently in MUSCLE, implemented in MEGA-X. Then both gene fragments were also concatenated in MEGA-X. We inferred the maximum likelihood phylogenetic tree with IQTREE software by using Model Finder with the TIM3 + F + I + G4 substitution model and 1,000 rapid bootstrap replicates. We estimated genetic distance matrices for cytb and ND4 gene fragments using Mega X software for 24 species of Sinocyclocheilus. Also, some data was derived from a published paper from our laboratory (Mao et al., 2021). Phylogenetic distance matrix was used to perform Mantel tests (R package – vegan 2.5.7) with the host microbial similarity distance matrix. To generate UPGMA cluster trees, Unifrac distance across each microbial sample (Unweighed Pair Group Method with Arithmetic Mean) was used (base R function “hclust”). R package phangorn (Version 2.7.1) was used to test phylogenetic congruence between the host phylogeny and microbiome structure, using Robinson Foulds metric to estimate topological similarity. Finally, using the data of standard eye diameter (sED) and gut microbial alpha diversity, we performed a phylogenetic independent contrasts analysis (PIC, Felsenstein, 1985), which enabled us to understand how microbiome diversity divergence is linked to the three habitat types by removing the effect of species phylogenetic relationships in trait analysis.




RESULTS

We collected 24 species of Sinocyclocheilus from the wild, together with their fecal samples and water samples from their habitat, they were then raised in captivity (Figure 1). They represented the four main phylogenetic clades with the following clade associations: Clade A (3 species – Seasonal Surface); Clade B (4 species – Troglobitic, 7 species – Troglophilic); Clade C (2 species – Seasonal Surface, 2 species – Troglophilic); Clade D (6 species – Permanent Surface). After 6 months in captivity, we sampled their feces again (17 species). Our sequence library contained microbiomes from 75 wild fecal samples, 46 captive fecal samples, and 19 water samples (Supplementary Table 1). According to the rarefaction curves, the estimations of species richness were steady and unbiased for all samples (Supplementary Figure 1).


Composition of Gut Microbiomes in Sinocyclocheilus

We used wild populations to demonstrate the natural gut microbial community structure of cavefish (Supplementary Table 2). The predominant phyla composing the gut microbes of Sinocyclocheilus were Proteobacteria, Fusobacteria, Firmicutes, Bacteroidetes, and Verrucomicrobiota, with relative abundances of 57.4, 31.6, 6.1, 2.7, and 0.4%, respectively. As expected, there are differences between Sinocyclocheilus species, mainly in the abundance of Proteobacteria and the Fusobacteria (Figure 2). Individual species in the same clade (Clade A, Clade C, and Clade D) had similar gut microbiota, while individual species in Clade B had a diverse gut microbiota (Figure 2). At level of taxonomic order, considering all wild-samples, the most abundant taxa were Fusobacteriales (31.6%), Aeromonadales (32.7%), Enterobacterales (10.9%), Burkholderiales (5.4%), Pseudomonadales (2.9%) and Bacteroidales (1.8%) (Supplementary Figure 2A). In addition, the gut microbiota of all these cavefish were dominated by eight genera (Supplementary Figure 2B), Cetobacterium (31.6%), Aeromonas (31.2%), Acinetobacter (2.2%), Shewanella (1.5%), ZOR0006 (1.4%), Deefgea (1.3%), Enterobacter (1.0%), and Crenothrix (0.9%).
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FIGURE 2. Phylogenetic relationships and microbial affinities of Sinocyclocheilus species (N = 24). (Left) The maximum likelihood phylogenetic tree based on concatenated cytb and ND4 gene fragments of 24 Sinocyclocheilus species, with 1,000 bootstrap replicates. Filled circles on the node represents bootstrap support is 100; (Middle) phylum level composition of the gut microbiome. The microbial community for each species is displayed as the sum of all individuals within a given species; (Right) images of representative species from the four main phylogenetic clades.




The Association of Gut Bacterial Communities With the Host Phylogeny

We used Mantel tests to assess whether between-species gut microbial distance is correlated with between-species genetic and geographic distances. There was no significant correlation between-species gut microbiota and geographical distance (Bray–Curtis Mantel R = −0.035, P = 0.568; unweighted UniFrac R = 0.065, P = 0.23; weighted R = 0.065, P = 0.263). And the gut microbiota and Sinocyclocheilus genetic divergence were insignificant irrespective of geographical distance (Bray–Curtis Mantel R = −0.119, P = 0.823; unweighted UniFrac R = −0.038, P = 0.601; weighted R = −0.195, P = 0.895). To test for signatures of host phylogeny on metagenomic community composition, we first constructed phylogenetic trees using the maximum likelihood estimation for cytb and ND4 gene fragments from 24 species of Sinocyclocheilus, and then used unweighted Unifrac distance matrices to construct UPGMA trees. We found that the phylogenetic tree and the similarity distance clustering tree appeared to be unrelated (Bray–Curtis, Robinson–Foulds distance = 36.0; unweighted UniFrac, Robinson–Foulds distance = 38.0; weighted UniFrac, Robinson–Foulds distance = 38.0).

Next, we investigated the variation of intestinal flora at a lower scale, i.e., under different phylogenetic clades and habitats. We classified wild populations of Sinocyclocheilus into four groups based on their clades and three groups based on their habitats, which have been reported by other authors (Yang et al., 2016; Mao et al., 2021) (Supplementary Table 1). Simpson index revealed that within-sample diversity (alpha diversity) of Clade D differs from those of Clade A and Clade B, while Clade C was not significantly dissimilar from the other groups (Figure 3A and Supplementary Table 3). Overall, the gut microbiota of Clade A and Clade B had higher diversity than that of Clade D. Furthermore, a Constrained Principal Coordinate Analysis (CPCoA) of the full dataset revealed that the host phylogeny has a significant impact on bacterial communities, accounting for 11.5% of the variation (Figure 3B). We found a clear separation between Clade A and Clade D from the first component, as well as an overlap between Clade B and Clade C (Figure 3B). It indicated that Clade A and Clade D were each inhabited by a distinctive bacterial community, while the Clade B and Clade C had similar microbiomes. Further, the metagenomic relationships of four groups inferred by computing unweighted Unifrac distance matrices indicated that the microbial composition of the four clades were consistent with phylogenetic relationships (unweighted UniFrac, Robinson–Foulds distance = 0.0) (Figure 3C). Bacterial composition varied across clades at the phylum level, as evidenced by a decrease in Proteobacteria and an increase in Fusobacteria from A to D (Figure 3C). However, this change was not linear, as pattern for Clade C changed before Clade B (Figure 3C). Moreover, we identified 29 ASVs using the LDA Effect Size (LEfSe) method, which are specific bacteria that play an important role in the four phylogenetic clades (Biomaker). Six ASVs were found in the Clade A group, thirteen in the Clade B group, five in the Clade C group, and five in the Clade D group (FDR adjusted P < 0.05, LDA score > 4.0; Supplementary Figure 3).
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FIGURE 3. The gut microbiomes of Sinocyclocheilus species (N = 24) in context of phylogenetic clades and habitats. (A) Simpson index. The bottom and top of the box are the first and third quartiles, the band inside the box is the median, and the ends of the whiskers represent the minimum and maximum. Different letters indicate significant difference between groups (ANOVA, Tukey HSD test). (B) CPCoA of Bray–Curtis dissimilarity showing host phylogeny has significant effect on gut microbiome (11.5% of total variance was explained by the phylogenetic clade, P < 0.001). Total number of fishes used: clade A (N = 8), clade B (N = 36), clade C (N = 11) and clade D (N = 20). The ellipses include 68% of samples from each group. (C) The UPGMA tree with unweighted Unifrac distance matrices representing bacterial community composition of phylogenetic clades at phylum level indicated with bar plots. (D) CPCoA of Bray–Curtis dissimilarity showing living habitat has significant effect on gut microbiome (5.27% of total variance, explained by the phylogenetic clade, P < 0.001). Total number of fishes analyzed: Surface (N = 35), Troglobitic (N = 12), Troglophilic (N = 28). The ellipses include 68% of samples from each group.




Microbiome Community Structure Associations With Host Habitat

According to the degree of connection with caves, cavefish living habitats were classified as surface, troglophilic, or troglobitic. We evaluated beta diversity (diversity among samples) using Bray–Curtis distances and did a Canonical Analysis of Principal Coordinates (CAP) to examine the influence of different living habitats on the assembly of Sinocyclocheilus cavefish bacterial communities. This analysis revealed that significant differences between samples came from the Surface, Troglobitic and Troglophilic environments, explaining 5.27% of the variation in wild populations (Figure 3D, P < 0.001). Troglobitic group is clearly separated from Troglophilic group and the Surface group on the second axis (35.22% variance), while the Surface group is clearly separated from Troglophilic group on the first axis (64.78% variance). CAP analysis showed that the gut microbiota of seasonal surface species (green squares) are more similar to the Troglophilic group compared to Permanent Surface species (green circles). It demonstrates that seasonal Surface species from Clade A and Clade C are similar in gut microbiome structure to Troglophilic species despite their similarity in appearance to permanently Surface species from Yunnan province.

As the habitat type reflects the eye condition of each species, we used standard eye diameter (sED) in a phylogenetic comparative analysis to infer the correlation between habitat type (sED as a proxy for habitat type) and the fish gut microbial community alpha diversity. The Pearson correlation among these two variables were statistically insignificant (Chao1 index: r2 = 0.032, p = 0.198; Shannon index: r2 = −0.017, p = 0.448). To ascertain the effect of phylogeny on microbial community diversity, we performed a phylogenetic independent contrasts (PIC) analysis. This enabled us to account for potential confounding effects by the Sinocyclocheilus phylogeny on the result. The PIC results also only showed a weak negative correlation between Chao1 index and sED (r2 = −0.027, p = 0.537), as well as a weak positive correlation between Shannon index and sED (r2 = −0.025, p = 0.523), which were statistically insignificant (Supplementary Figure 4). This further suggests that the connection between fish habitat and gut microbial diversity may be only a random pattern.



Influence of Surrounding Water on the Host Microbiome

We quantified the contribution of variations in cave water-associated microbiota to the composition of the cavefish gut microbiota. This could signal the effect of a major environmental factor on the assembly of cavefish microbiome.

We analyzed the 19 cave water samples with their corresponding fish samples (Supplementary Table 4). There were 9,350 ASVs in the water samples and 4,224 ASVs in the fecal samples. The gut microbial ASVs shared with the cave water microbial community accounted for 22.1% (Figure 4A). Next, we used fast expectation-maximization microbial source tracking (FEAST) (Shenhav et al., 2019) to estimate how much of the Sinocyclocheilus cavefish gut microbiota derives from cave water. This shows that 52.13% of fish gut microbes came from water sources, while 47.87% came from unknown sources (Figure 4B). Furthermore, the water microbial communities in the 19 caves were also found to be different (Figure 4C). A corollary question is whether the differences in fish gut flora we discovered are attributable to varied microbial exposures in the environment. We assume the causal relationship between these two discrepancies and find two approaches to verify this prediction. First, we focus on whether the cavefish gut microbiota is more similar to the water microbiota of their location, compared to the water microbiota from other locations. The one-tailed t-test, did not show similarity between Sinocyclocheilus cavefish gut microbiota and local water flora (Bray–Curtis t = −0.094, P = 0.5378). Second, we assessed whether the cavefish gut microbiota distance matrix of (18 species, 19 locations) correlated with the distance matrix of the water microbiota between sites. We observed no link between cavefish gut microbiota distance and water microbiota distance using the partial Mantel test, which was adjusted for geographic distance as a confounding variable (Bray–Curtis R = 0.066, P = 0.275). In conclusion, microbes in cave water serve as a source of gut microbiota for cavefish, but they are not significant enough to explain the differences in gut microbiota among Sinocyclocheilus populations in different caves.
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FIGURE 4. Influence of cave water on the gut microbiome in Sinocyclocheilus species. (A) Number of ASVs shared among cavefishes and water microbiotas. (B) Fast expectation-maximization microbial source tracking. Colors within the circle and area occupied indicate different source in the fecal sample. (C) Unconstrained Principal Coordinate Analysis (Unconstrained PCoA- for principal coordinates PCo1 and PCo2) with Bray–Curtis distance, showing difference between the cave water microbiotas (N = 19). (D) Water chemistry related changes in the microbial community explained using Canonical correlation analysis (CCA).


In addition to the microbes in water, water chemistry also may affect the variation of cavefish gut microbiota. We next evaluated the association between physiochemical variables of water and fish gut flora diversity by CCA (Figure 4D). In the CCA analysis, dissolved oxygen (DO), pH and temperature were significantly correlated to cavefish gut microbiota, while conductivity was not (Figure 4D and Supplementary Table 5). In this analysis, the individual samples show greater separation in the first axis, while DO too, has a higher correlation with the first axis. However, although three physicochemical indicators were related to the shaping of the cavefish gut microbiota, they had a low interpretation rate of 4.3% for DO, 4.2% for pH and 3.2% for Temperature (Supplementary Table 5).



Changes in the Bacterial Assemblages From Wild to Captivity

We collected 24 species of Sinocyclocheilus from the wild. Fecal samples were collected from each specimen prior to transfer to captivity. After 6 months in captivity, fecal samples were again collected from the 17 species that survived over this period. To find changes in bacterial assemblages from wild to captivity, fecal samples from both groups were analyzed (Supplementary Table 6). Measurement of within-sample diversity (alpha diversity) revealed a significant difference between wild and captive populations (P < 0.001, Tukey HSD test) (Figure 5A and Supplementary Table 7). The fecal microbiota of the captive group, except for three species, had lower richness and diversity than those of the wild group (Figure 5A), indicating that cavefish lost some bacterial species while in captivity. Further, we used non-metric multidimensional scaling (NMDS) analysis with Bray–Curtis distance to investigate the effect of captivity on the intestinal flora of cavefish (Figure 5B and Supplementary Figure 5). The results revealed that the intestinal microbiota of the wild and captive groups divided along the first MDS axis into two distinct clusters: the cluster of captives was more cohesive (Figure 5B), indicating that captivity altered cavefish gut microbiota and, to a certain extent, homogenized the gut bacteria across species.
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FIGURE 5. Effect of captivity on the gut microbiota of Sinocyclocheilus species (N = 24). (A) Chao1 and Shannon indices for gut samples from wild and captive populations. Letters represent significant difference between the groups (P < 0.05, ANOVA, Tukey HSD test). Data bars represent mean and error bars represent the standard error of the mean. (B) Non-metric multidimensional scaling (NMDS) analysis with Bray–Curtis distances, showing gut bacterial composition across the captive and wild cavefishes (P < 0.001, ANOSIM test). The ellipses cover 80% of data for each fish sample. (C) Venn diagram showing unique and shared ASVs between the captive and wild fish populations. (D) Distribution of gut bacterial taxa in captive and wild fishes at phylum level. (E) Manhattan plot showing ASVs enriched in the gut of captive and wild fish populations. Each dot or triangle represents a single ASV. ASVs enriched in captive and wild groups are represented by filled or empty triangles, respectively [false discovery rate (FDR) adjusted P < 0.05, Wilcoxon rank-sum test]. ASVs are arranged in taxonomic order and colored according to the phylum; counts per million reads mapped. Replicated samples are as follows: wild group (N = 46), captive group (N = 46). A total of 17 species of Sinocyclocheilus.


We discovered not only that captive populations generally had fewer ASVs than wild populations, but also that more than one-third of their ASVs overlapped with wild populations. Hence, in captivity, species of Sinocyclocheilus lost a significant portion of their wild-microbiome, but acquired some new ASVs also over the period of 6 months (Figure 5C and Supplementary Table 7). The total sequences of the captive cavefish group were classified into five major phyla, Proteobacteria, Fusobacteria, Firmicutes, Bacteroidetes, and Verrucomicrobiota (Figure 5D). The number of Fusobacteria and Bacteroidetes increased, while the number of Proteobacteria and Firmicutes decreased when compared to the field populations (Figure 5D and Supplementary Table 7). Next, using Manhattan plots, we analyzed the enrichment of ASVs in the wild and in captivity according to their taxonomy (Figure 5E and Supplementary Table 7). ASVs enriched in the captive group belonged to a wide range of bacterial phyla, including Bacteroidetes, Cyanobacteria, Fusobacteria, Spirochaetota, and Verrucomicrobiota (FDR adjusted P < 0.05, Wilcoxon rank sum test; Figure 5E and Supplementary Table 7). The wild group had a high abundance of enriched ASVs belonging to Actinobacteriota, Firmicutes, and Proteobacteria (FDR adjusted P < 0.05, Wilcoxon rank sum test; Figure 5E and Supplementary Table 7). These results suggested that captivity might change the structure of microbial communities in two ways: by removing some ASVs and changing the abundance of shared ASVs. In order to find fecal microbiota biomarkers that could be used to distinguish wild and captive cavefish, we used the LDA Effect Size (LEfSe) to create a model to test the correlations of wild and captive populations with fecal microbiota data at the phylum, class, order, family, genus, and ASV levels (Supplementary Figure 6). Finally, we also considered the variation of gut bacteria in species from the four phylogenetic clades following captivity. In these fish, there was no significant variability in alpha diversity (mainly Chao1 index and Shannon index) of intestinal microbes. PCoA analysis using unweighted_unifrac distance showed that Clade D is separated from clade A and Clade C, however, the weighted_unifrac distance shows that the four groups are clustered together (Supplementary Figure 7 and Supplementary Table 8).



Functional Prediction of Intestinal Microbiota and Core Bacteria in Sinocyclocheilus

We used PICRUSt2 software to perform microbiome functional analysis on 75 fecal samples from wild populations and annotated the MetaCyc Metabolic Pathway Database to gain pathway information for 24 species of gut bacteria from provenances (Supplementary Table 9). We further showed the top 35 pathways in relative abundance using a heatmap plot (Figure 6A). These were involved in three types of biological metabolic pathways: generation of precursor metabolites and energy, biosynthesis and degradation/utilization/assimilation (Figure 6A and Supplementary Table 9). Surprisingly, gut microbiota in different Sinocyclocheilus species appeared to have diverse metabolic pathways, but species from the same phylogenetic clade except for Clade B showed similar pathway abundance (Figure 5A). Among them, Clade A was comparable to Clade C group, whereas Clade D group was distinct from the other clades.
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FIGURE 6. Functional characteristics of main bacterial taxa and the core microbiome in Sinocyclocheilus species (N = 24). (A) Heatmap illustrating the metabolic and ecological functions of gut bacteria in different species of cavefishes based on MetaCyc database. The color scale of higher (red) and lower (blue) shows the functional characteristics in the fish species. (B) Venn diagram showing the number of shared and unique ASVs among the Sinocyclocheilus species (N = 24) belonging to four clades. (C) Diagram representing the core microbiome in Sinocyclocheilus species (N = 24).


A follow-up question is whether each phylogenetic clade had a unique microbiota resulting in functional differences. We first identified specific bacteria (Biomaker) important in distinguishing among four phylogenetic clades using LDA Effect Size (LEfSe) method (Supplementary Figure 3). Next, microbiota common to species within each phylogenetic clade are of interest. Species in Clade A shared 131 ASVs, Clade B shared 13 ASVs, Clade C shared 5 ASVs and Clade D shared 46 ASVs (Figure 6B). Combined Figure 6A with Figure 6B, functional prediction of the gut flora showed that the more shared microbiomes the group had the more similar functional prediction of the samples within the group. Note that each phylogenetic clade has an uneven number of species, which may contribute to differences in the number of shared bacteria.

Despite the fact that groups of core microbes have been shown in a variety of vertebrates, especially at a higher taxonomic scale, it is worthwhile to ascertain whether specific microbial communities exists in guts of multiple species at a lower taxonomic scale, such as within a genus. To ascertain the core gut microbes of Sinocyclocheilus, we evaluated the shared ASVs across 22 Sinocyclocheilus species. Here, we did not use the single samples from Sinocyclocheilus cyphotergous and S. lugdunensis as they would have caused us to overlook several microorganisms important to Sinocyclocheilus in general. Using the Upset plot, we discovered 10 ASVs across all 22 species, and classifier analysis revealed that 6 ASVs belong to the genus Aeromonas, while the other 4 ASVs are f_Enterobacteriaceae, g_Cetobacterium, g_Clostridium_sensu_stricto_1 and s_Cetobacterium_sp. (Supplementary Figure 8 and Supplementary Table 10). These shared microbes might constitute the ‘core microbiota’ of the Sinocyclocheilus intestine. We next plotted the relative abundance of these 10 ASVs according to their occurrence for the 22 Sinocyclocheilus species (Figure 6C and Supplementary Table 10). We found that although several of these 10 ASVs were discovered in low abundance, in combination, they accounted for around one-third of all gut microbial content (Figure 6C).




DISCUSSION

We considered the influence of phylogenetic, habitat and environmental factors, including transfer to captivity in shaping the microbiome in Sinocyclocheilus cavefishes. From these results, we evaluated the ecological and evolutionary correlates and the plasticity of the microbiome assemblages across the Sinocyclocheilus diversification. We hypothesized that the microbiome of Sinocyclocheilus is dependent primarily on habitat associations (Troglobitic – Blind; Troglophilic – Micro-Eyed; and Surface – Normal) and that phylogeny plays a secondary role. The knowledge from this study is foundational, as a diversification scale analysis of microbiome associations, in which hosts share a MRCA but diverge into multiple novel habitat types, has not been carried out so far.

Despite being a monophyletic and deeply divergent genus of freshwater fishes, the microbiome of Sinocyclocheilus showed similarities to the microbiomes of other known fish taxa at a higher taxonomic level. The Sinocyclocheilus cavefish gut microbes at the phylum level consisted mainly of Proteobacteria, Fusobacteria, and Firmicutes, representing 90% of the community. Others included smaller percentages of Bacteroidetes, Actinobacteria, Verrucomicrobia, Cyanobacteria, and Campilobacterota. Our results shows that composition and proportions of the gut microbiota of Sinocyclocheilus are similar to those of other Teleost fishes (Llewellyn et al., 2014). Despite the obvious differences in composition among Sinocyclocheilus species, the major phyla are still Proteobacteria, Fusobacteria, and Firmicutes. This is not unexpected, since the Fusobacteria phyla have been demonstrated to be the dominant amongst most freshwater and marine fish studied to date (Qian et al., 2021; Xin et al., 2021; Zhang et al., 2021).

It has been shown that host phylogeny influences microbial community structure (Brucker and Bordenstein, 2012). Previous studies have demonstrated the existence of “phylosymbiosis” in some species under laboratory or wild conditions (Brooks et al., 2016; Kohl et al., 2017; Ingala et al., 2018). Yet, in these studies, the habitats were not markedly different from each other. For example, genetic differences between populations of three-spine sticklebacks (Gasterosteus aculeatus) living in different lakes were positively correlated with differences in their gut microbiota (Smith et al., 2015). As predicted, differences in gut microbiota among Sinocyclocheilus cavefish species appear to be independent of host genetic differences. We have evaluated several possible explanations for this result: (i) In Sinocyclocheilus, even sister species occupy different habitats; hence, it appears that the ecological signature overrides the phylogenetic signal of microbiome diversity. (ii) “phylosymbiosis,” as understood at present, is explained at a higher taxonomic level of the host species, or in different populations of the same species (Phillips et al., 2012). At these two extreme scales, especially under similar habitat conditions among the species considered, it is expected to see a pattern of phylosymbiosis. (iii) Microbes that are in a close association to host phylogeny maybe absent or rarely present in fecal collections. For example, a study comparing fecal and intestinal sampling methods noted that the topology of the host phylogenetic tree and the microbiota similarity clustering tree were identical in the gut contents samples and diverged in the fecal samples (Ingala et al., 2018). Taken as a group, there is only weak support for “phylosymbiosis” among Sinocyclocheilus cavefish species, but we found that species within the same phylogenetic clade share a similar microbiome and the phylogenetic relationships between phylogenetic clades were consistent with metagenomic microbial similarity clustering relationships. However, these clades also have a distinct geographic distribution context. Of the four clades, A is at the eastern end of the Sinocyclocheilus distribution and D is at the Western end, with B and C overlapping each other in the center of the distribution. If the microbiomes of clades A and D are very different from each other, and clades B and C are similar, one would expect that distribution of the clade is important for the determination of the microbiome, rather than the phylogeny per se. And this is indeed what we observed. That is, from east to west, Proteobacteria decreases and Fusobacteria increases. Thus, the “phylosymbiosis” exists between phylogenetic clades of Sinocyclocheilus cavefish rather than species, and the geographic distribution rather than phylogeny seems to explain abundance of microbial composition.

Habitat occupation is a significant determinant of the microbiome of the cavefishes, and it seems to override the phylogeny and geographic distribution. Previous studies show that habitat type is reflected in eye condition, but with a clear distinction, where one group of Surface fish (Clade D) are permanently surface dwelling (due to lack of caves in the habitats they live in), but in the others (Clade A) where caves are available, they enter caves seasonally when the surface water dries out. Sinocyclocheilus have access to more resources as they progress from Troglobitic to Surface (Clade D); hence, the cave environment is thought to have a direct impact on the abundance of food sources available to Sinocyclocheilus species. The previous study on the relationship between gut microbial diversity and feeding habits in Sinocyclocheilus showed that the gut microbiota of cave dwelling (Troglobitic) species is more conducive to protein digestion and bile secretion, while Surface species has a preference for plant food sources (Chen et al., 2019). Our results demonstrate that there are significant differences in the gut microbiota structure of Sinocyclocheilus reflective of the three habitats, but patterns of diversity in cavefish microbiomes may not mirror habitat diversity seen in independent cave-dwelling populations. As we hypothesized, Troglobitic species have a different gut microbiome structure compared to Troglophilic and Surface species, and there is a continuous weak association in the differentiation of the microbiota from obligate Surface to Troglophilic to Troglobitic species, which is independent of the Sinocyclocheilus phylogeny. However, we point out that representative taxon sampling for the few Troglobitic species from Clade – D is lacking. When these independently derived Troglobitic taxa are added in future analyses, we presume that the PIC will show a greater independence of the microbiome diversity patterns from the phylogeny. Hence, the unique gut microbiota of the troglobitic forms can be considered as another line of evidence of their adaptation to the cave environment.

Water may have an impact on the assembly of the fish gut microbial community in two ways: (i) colonization of the fish gut by aquatic microbes (Giatsis et al., 2015) and (ii) the immediate influence of physicochemical parameters of water (Sylvain et al., 2016). Our results suggest that effects from both pathways may exist between cave water and cavefish gut microbiota differences. Because the feeding behavior of Sinocyclocheilus cavefish has not been recorded, our study did not analyze food as a source of microbiota of other potential environmental sources (for example, sediment and bat guano). Surprisingly, our results suggest that about half of the cavefish gut microbiota is formed by colonization with water-associated microbes, and demonstrate the existence of interactions between cave water-associated microorganisms and cavefish-associated microorganisms. A previous study using Bayesian community-level source tracking to estimate the source of gut microbiota in sticklebacks revealed that an average of 12.6% of fish gut microbes were of aquatic origin (Smith et al., 2015), which is markedly lower than our results. The use of fish fecal samples may be one of the reasons for the discrepancy, and it cannot be denied that microbes in fish excreta differ from those in the whole fish intestine (Nielsen et al., 2017). It is worth considering whether fact that more water-derived microbes were present in the feces than water-derived microbes in the gut suggests that some water-derived microbes have not successfully colonized in the fish gut and were excreted (evidence of rejection). Dissolved oxygen (DO), pH and Temperature were demonstrated to influence the assembly of Sinocyclocheilus cavefish gut microbes in our data. Coincidentally, DO was also an influential factor in the difference in gut microbiota between the cave population and the surface population of Astyanax mexicanus (Ornelas-Garcia et al., 2018). That is, gut microbial community diversity of cavefish appears to be sensitive to water DO concentration.

We considered captivity as an extension of the habitat where changes in the microbiome took place as an adjustment to captivity. By comparing wild and captive populations, we found that not only the observed ASV and diversity of the fish gut microbiota were significantly reduced after captivity, but also that the microbiota structure was altered. A plausible explanation is that the fish gut microbiota responded to the environmental change from complex and diverse provenances to a homogeneous environment of the laboratory. We also found that each of the 17 captive species still had a distinct, yet diminished microbiota, despite being in the same recirculating water system and fed on a similar diet. However, the differences in gut microbiota are less evident in laboratory fishes than in wild fishes. For example, NMDS analysis revealed a more similar gut microbial community structure in laboratory fishes, while in the wild fishes the microbial community structure was relatively dispersed. Since 17 species of Sinocyclocheilus cavefishes thrived under laboratory conditions, acquiring a similar microbiome over a long period of time, we conclude that these fishes are adaptable.

On the other hand, differences in the biodiversity of gut microbiota from species of the four phylogenetic clades seem to disappear following captivity (Supplementary Figure 7). Only beta diversity analysis using unweighted_unifrac distances showed that Clade D was clearly separated from Clade A and C. It should be highlighted that the number of captive species from each of the four phylogenetic clades utilized in this study is unbalanced, which could lead to bias in the results. A previous study suggested that the effects of captivity on the alpha diversity of fish gut microbes may be species-dependent, such that some species did not change after captivity (Eichmiller et al., 2016). Our results found a decrease in alpha diversity (Chao1 and Shannon indexes) for most species, but an increase in S. tianlinensis, S. lingyunensis and S. maitianheensis. We observed that there is an approximate alpha diversity index range in captive species: the Chao1 index from 100 to 150 and the Shannon index from 3 to 3.5 (Supplementary Figure 9).

A closer observation of the bacterial phyla also suggests a functional adjustment toward captivity related changes of the microbiome. In captivity, the diversity of Fusobacteria and Bacteroidetes increased, while Proteobacteria and Firmicutes decreased; in fact, Fusobacteria became the most abundant phylum of microorganisms in laboratory fish. Bacteroidetes has been shown to produce digestive enzymes and members of Bacteroidetes have a greater competitive advantage in the gut during periods of relative food deprivation (Xia et al., 2014). Captive fishes were offered food that consisted mainly of protein and fat; this may be responsible for the increase of Bacteroidetes in the intestine. Several studies of the gut microbiota in Cyprinidae have again observed that Fusobacteria is more prevalent in captive fish (Ni et al., 2014; Eichmiller et al., 2016), so the various microorganisms belonging to Fusobacteria may be more suited to the homogeneous environment of the laboratory. Thus, we concur with the opinion that not only the fish but also their gut microbiota can be domesticated.

In addition to the diverse gut microbiota of Sinocyclocheilus cavefish, our fecal bacteria related data from 22 species (nearly one-third of recorded species) point toward 10 ASVs that are shared across Sinocyclocheilus cavefish species. Functional roles of these 10 ASVs suggests that they may be important for cavefish to extract essential vitamins and maintain homeostasis. For example, Cetobacterium is a symbiotic bacterium that occupies an important ecological niche in the intestinal tract of freshwater fish (Tsuchiya et al., 2008; Ramirez et al., 2018). Members of the genus Cetobacterium have been shown to be associated with vitamin B12 synthesis in freshwater fish, as well as in aiding carbohydrate utilization by modulating glucose homeostasis (Wang et al., 2021; Xie et al., 2021). Aeromonas is a major colonizer in the gastrointestinal tract in freshwater fish (Trust et al., 1979; Haruo et al., 1985) and these release numerous proteases, thus aiding in digestion (Pemberton et al., 1997). However, some members of the genus Aeromonas, such as Aeromonas hydrophila, are conditionally pathogenic bacteria (Muduli et al., 2021). Although our results did not indicate harmful species of Aeromonas, we found a significant reduction of Aeromonas abundance in the cavefish gut after captivity.

The bacteria represented by the core microbiome constituting of 10 ASVs did not disappear following captivity, but their compositional abundance increased or decreased. Furthermore, by comparing to a study on the intestinal flora of Sinocyclocheilus cavefish, it was found that the bacteria represented by these 10ASVs were also found in the intestines of three species from a previous study (Sinocyclocheilus qujingensis, Sinocyclocheilus aluensis, and Sinocyclocheilus lateristritus) that were not used in our study (Chen et al., 2019). Therefore, a member of family Enterobacteriaceae, six members of the genus Aeromonas, two members of the genus Cetobacterium and a member of the genus Clostridium_sensu_stricto_1 represent a “core microbiota” in Sinocyclocheilus cavefish. Given that different species of Sinocyclocheilus cavefish contain these glucose homeostasis-regulating and protein-degrading microbes, there may be strong selective pressure to maintain these “core microbes.” Although Sinocyclocheilus is monophyletic, its core-microbiome does not seem to be specialized at a higher taxonomic level, contrary to what we expected.

Sinocyclocheilus species are difficult to sample due to inaccessibility of their habitats, made worse by their small population sizes. Many of the species are known only from their type locality, from a few specimens or drawings from when they were first discovered. Hence an ethical way of sampling adequate numbers of these fishes is through fecal sampling, which we resorted to here. Though fecal sampling does not capture the entire gut microbiome, it allows repeated sampling of the same population. Since Sinocyclocheilus fishes are extremely sensitive to stress, we did not attempt abdominal-stroking to force collect feces as some studies of larger and more robust fishes have done (Eichmiller et al., 2016).

Sinocyclocheilus allowed us to study microbiome community in the largest diversification of freshwater cavefishes in the world. We hypothesized habitat to be the most important determinant of microbiome diversity for this group of fish. Our results show that habitat is indeed important, as is, to a lesser extent, the phylogeny, in determining their gut microbiome. Phylogeny has a geographic context, and we showed that the most divergent clades (A and D) at the Eastern and the Western ends of the Sinocyclocheilus distribution, respectively, show the most divergent microbiomes; the two clades that overlap (B and C) have a similar microbiome. We also show that they acquire a common microbiome in captivity, irrespective of their phylogenetic position, region of origin and habitat, indicating that they are plastic in the context of microbe related changes in their environment. This further reinforces the importance of habitat as a determinant of the gut microbiome. Finally, the core microbiome of Sinocyclocheilus at a higher taxonomic level is remarkably similar to the other teleost fishes, indicating that freshwater fishes maintain a similar microbiome to achieve their physiological needs related to the aquatic realm.
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The maternal intestinal microbial community changes dramatically during pregnancy and plays an important role in animal growth, metabolism, immunity and reproduction. However, our understanding of microbiota compositional dynamics during the whole pregnancy period in donkey is incomplete. This study was carried out to evaluate gut microbiota alterations as well as the correlation with serum biochemical indices, comparing pregnant donkeys to non-pregnant donkeys. A total of 18 pregnant (including EP, early-stage pregnancy; MP, middle-stage pregnancy and LP, late-stage pregnancy) and six non-pregnant (C as a control) donkey blood samples and rectum contents were collected. The results showed that pregnant donkeys had higher microbial richness than non-pregnant donkeys and that the lowest microbial diversity occurred at the EP period. Moreover, the relative abundances of the families Clostridiaceae and Streptococcaceae were significantly higher in the EP group (p < 0.05) than that in the C and MP groups, while the relative abundances of the families Lachnospiraceae and Rikenellaceae were significantly lower in the EP group (p < 0.05) than that in the C group. The predicted microbial gene functions related to the inflammatory response and apoptosis, such as Staphylococcus aureus infection, the RIG-1-like receptor signaling pathway and apoptosis, were mainly enriched in EP. Furthermore, pregnant donkeys had higher glucose levels than non-pregnant donkeys, especially at EP period. EP donkeys had lower triglyceride, total protein and albumin levels but higher malondialdehyde, interleukin 1β, interleukin 6 and tumor necrosis factor-α levels than those in the C and MP groups. Additionally, there were strong correlations between inflammatory cytokine levels and the relative abundances of genera belonging to the Clostridiaceae and Streptococcaceae families. This is the first comparative study performed in donkeys that indicates that pregnancy status (especially in the early pregnancy period) alters the gut microbiota composition, which was correlated with serum biochemical parameters. These results could provide useful information for improving the reproductive management in Dezhou donkeys.
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INTRODUCTION

Pregnancy is a unique physiological condition wherein various dramatic physiological changes (including metabolism and immunity) occur compared to the non-pregnant state (Koren et al., 2012; Nair et al., 2017). In regard to physiological changes, biochemical changes in the blood of normal pregnant animals are required, and are important markers reflecting the health status of animals (Shao et al., 2020). In the metabolic state, insulin sensitivity is commonly reduced, especially in the late pregnancy stage (Barbour et al., 2007). Additionally, oxidative stress (Toboła-Wróbel et al., 2020) and immunological challenges (Mor and Cardenas, 2010; Nair et al., 2017) might also occur during the pregnancy period. It has been reported that physiological biochemical changes occur during pregnancy in humans (Dai et al., 2018; Stokkeland et al., 2019), rats (Corvino et al., 2015) and sows (Shao et al., 2020). In the equine ass, several studies have also reported blood biochemical changes during pregnancy, including in horses and donkeys (Vincze et al., 2015; Bonelli et al., 2016; Gloria et al., 2018; Liao Q. et al., 2021), but every species has particular blood biochemical changes related to gestation (Gloria et al., 2018) due to different anatomy and metabolic conditions in different species. Therefore, it is necessary to investigate the species-specific changes in blood biochemical profiles throughout the entire pregnancy period in donkeys. These data could provide a practical basis for the management and diagnosis of gestation in certain donkey breeds.

The gut microbiota has been a topic of great interest due to its important role in body metabolism and immune and physiological functions; thus, it is closely related to host health (Turnbaugh et al., 2006; Kamada et al., 2012; Osbelt et al., 2020). Factors affecting the composition of the gut microbiota and the relationship with the host are of considerable complexity. However, pregnancy, which is a common physiological state, is considered a classical factor that alters the gut microbiota. A significant shift in the gut microbiota during the pregnancy period has been shown (Santacruz et al., 2010; Koren et al., 2012; Huang X. et al., 2019). For example, an increase in the relative abundances of Actinobacteria and Proteobacteria from the first to the third trimester of pregnancy was reported by Koren et al. (2012). Changes in community structure could result in functional changes, and then affect host health. For instance, adiposity and insulin insensitivity were increased in germ-free mice receiving the intestinal microbiota from women in late pregnancy compared to those in mice inoculated with the gut microbiota of women in early pregnancy (Koren et al., 2012), thus affecting innate immune function and fetal development and health (Gomez de Agüero et al., 2016; Lee et al., 2021) by regulating the incipient microbial biomass and communities of offspring (Perez-Muñoz et al., 2017; Bi et al., 2021). Furthermore, gut microbiota changes may directly influence maternal metabolic alterations related to pregnancy (Koren et al., 2012). Based on association analysis, in humans, it has been indicated that the gut microbiota is correlated with the body weight, weight gain and blood biochemical indices of pregnant women (Santacruz et al., 2010). Regarding the relationships between the gut microbiota and blood biochemical parameters, an increasing number of studies have been carried out. In laboratory animals, Hua et al. (2018) showed that the relative abundances of Romboutsia and Phascolarctobacterium were positively associated with the serum triglyceride (TG) level in a high-fat diet-fed rat model. In addition, it has been reported that blood urea nitrogen levels were negatively correlated with Ruminococcaceae in a sow model (Shao et al., 2020). However, in breeding donkeys, information regarding how the gut microbiota varies throughout pregnancy is limited. Likewise, little information is known about whether and how the gut microbiota contributes to serum biochemical changes during the normal pregnancy period compared with the non-pregnancy state. To address this deficiency, we hypothesized that the mother donkey exhibits blood physiology changes and dramatic changes in the gut microbiota during the pregnancy period and that blood metabolic disorders and immune injury are caused by microbial composition changes.

The aim of the present study was to evaluate the dynamic changes in the gut microbiota in donkeys during the pregnancy period. Biomarker monitoring was conducted to assess metabolic functional and health status across different pregnancy stages. Moreover, the association between changes in the levels of biomarkers and gut bacteria was also identified. Data obtained from this study will provide useful information for improving the reproductive management in Dezhou donkeys.



MATERIALS AND METHODS


Animal Selection, Husbandry and Sample Collection

A total of 24 healthy donkeys ranging between 3 and 5 years of age were selected for this study. According to their pregnancy stages, the donkeys were divided into four groups: the non-pregnant (C, as a control), early stage of pregnancy (EP, between 1 and 3 months), middle stage of pregnancy (MP, between 6 and 9 months) and late stage of pregnancy (LP, 1 month before parturition) groups. Each group consisted of six animals. All donkeys were raised under the same conditions at a Dezhou donkey original breeding farm authorized by Shandong Province (Dezhou city, Shandong, China). Female donkeys were fed a commercial concentrate diet (Hekangyuan Group Co., Ltd., Shandong, China). Non-pregnant and pregnant donkeys were administered twice daily (08:00 and 16:00) at 0.25 and 1.5% of their body weight, respectively. Wheat straw (ratio of 60:40) and water were provided ad libitum throughout the rearing period. Additionally, none of the donkeys had received antibiotics for at least 3 months before sampling. The animal care protocol in this study followed commercial management practice and was approved by the Animal Welfare Committee of Liaocheng University.

All the samples were collected between 9 and 11 am on the same day. Blood samples were collected in tubes (5 mL) from a jugular vein before feeding. Serum samples were obtained after centrifugation at 3,000 × g for 10 min at 4°C and then snap frozen in liquid nitrogen. Fecal samples were obtained from donkey rectum content, transferred to separate sterilized 5 mL tubes, and then stored immediately in liquid nitrogen for DNA extraction. Then, all frozen samples stored in dry ice were transported to the laboratory and stored at −80°C for further analysis.



Physiological Analyses of the Serum

The analysis of glucose (GLU), TG, total protein (TP), albumin (ALB), total cholesterol (TC), total bilirubin (T-BIL), aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), gamma-glutamyl transferase (γ-GT), and creatine kinase (CK) levels in serum was carried out using a BS-420 automated chemical analyzer (Mindray, China). Furthermore, malondialdehyde (MDA), total superoxidase dismutase (T-SOD), and glutathione peroxidase (GSH-Px) levels and total antioxidant capacity (T-AOC), as biomarkers of oxidation and antioxidation states, were determined with a chemistry analyzer (Commercial Kit, Nanjing Jiancheng Bioengineering Institute, China) in accordance with the manufacturer’s recommended procedures. In addition, the interleukin 1β (IL-1β), interleukin 6 (IL-6) and tumor necrosis factor-α (TNF-α) levels, as biomarkers of inflammation, were measured with the corresponding equine-specific ELISA kits (CUSABIO Biotech, Wuhan, China) according to the manufacturer’s instructions.



DNA Extraction and PCR Amplification

Samples were obtained from the rectum content of donkeys in different gestation periods (n = 6) and then used for bacterial composition analysis. Genomic DNA was isolated using an E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross, GA, United States) according to the manufacturer’s instructions. DNA yield and quality were tested with a NanoDrop2000 (Thermo Scientific, Wilmington, United States). The V3-V4 region of the bacterial 16S rRNA gene was amplified by a thermocycler PCR system (Gene Amp 9700, ABI, United States) using the primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). PCRs were performed in triplicate in a 20 μL mixture containing 4 μL of 5 × FastPfu Buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of FastPfu Polymerase, 0.2 μL of BSA, and 10 ng of template DNA. The PCR conditions were as follows: 95°C for 3 min to allow DNA denaturation, with amplification lasting 27 cycles (95°C for 30 s, 55°C for 30 s and 72°C for 45 s) and a final extension period lasting for 10 min at 72°C.



Illumina MiSeq Sequencing and Bioinformatic Analysis

The purified amplicons were pooled in equimolar amounts and paired-end sequenced on an Illumina MiSeq platform (Illumina, San Diego, United States) according to standard protocols by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). Raw fastq files were quality filtered by Trimmomatic and merged by FLASH (Magoè and Salzberg, 2011). Operational taxonomic units (OTUs) were clustered with a 97% similarity cutoff using UPARSE (version 7.1) with a novel “greedy” algorithm that simultaneously performs chimera filtering and OTU clustering (Edgar, 2013). The taxonomy of each 16S rRNA gene sequence was analyzed by the RDP Classifier algorithm against the Silva (SSU123) 16S rRNA database using a confidence threshold of 70%. To minimize the effects of sequencing depth on alpha and beta diversity measure, the number of reads from each sample was rarefied to 24,581. OTUs diversity and richness estimators were determined on the basis of the Shannon index and Simpson index (diversity) and the abundance-based coverage estimator (ACE) and bias-corrected Chao estimator (Chao 1) (richness) using the MOTHUR (version 1.30.2) program. A Venn diagram shows the number of OTUs shared among the groups. β-diversity was calculated by measuring the Bray-Curtis distance using QIIME (version 1.9.1) software, and visualized using principal coordinate analysis (PCoA). Taxonomic community composition was analyzed through the visualization of the data sets of the relative abundances in different samples. By performing linear discriminant analysis coupled with effect size (LEfSe), we identified the most differentially abundant taxa between different groups (LDA > 3.5). Finally, microbial functions were predicted using phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) (Langille et al., 2013). Additionally, raw data of high throughput sequencing have been deposited to the NCBI Sequence Read Archive with accession no. PRJNA784020.



Bacterial DNA Quantitative PCR

16S rRNA gene copies of the phyla Firmicutes and Bacteroidetes were determined in the rectum contents of donkeys by real-time quantitative PCR (qPCR) as previously described (Li et al., 2018). In detail, the genes were quantified with a standard curve for gene copy number by cloning specific primer sequences into pMD18-T plasmids. Standard curves were constructed from 108 to 100 (10-fold serial dilutions) copies of amplified bacterial 16S rRNA genes from reference strains. The primer information for specific bacteria is listed in Supplementary Table 1. The qPCR assay was performed with an ABI7300 PCR Detection System (Applied Biosystems) with a ChamQ SYBR Color qPCR Master Mix (2X) Kit (Vazyme Biotech Co., Ltd., Nanjing, China). The PCR results were expressed as 16S rRNA gene copies per gram (copies g–1) of wet fecal sample. All measurements were performed in duplicates.



Statistical Analyses

Data on the serum biochemical parameters and qPCR results (16S rRNA gene copies of the phyla Firmicutes and Bacteroidetes) were subjected to one-way ANOVA followed by Duncan multiple comparison using the SPSS statistical software package (version 22). The variability of the results is expressed as the mean ± standard error. Means were considered significantly different at p < 0.05. The results were performed using the GraphPad Prism 6.0 version.

Gut bacterial data were analyzed on the online platform of Majorbio Cloud Platform1. We used a Wilcoxon rank-sum test to determine the variance of α diversity index of gut microbiota. PCoA and NMDS plots based on the Bray-Curtis distance were used to visualize differences in bacterial community composition among samples. R 4.0.3 was used perform the differences in PICRUSt between groups. Finally, connections between biochemical indices and microbial abundances at the family and genus levels were evaluated by Spearman’s correlation coefficients based on the heatmap analysis and visualized using R (version 3.3.1), and p < 0.05 were considered to be significantly correlated.




RESULTS


Serum Biochemical Parameters in Donkeys

The EP group had the highest GLU content, while the MP and LP groups showed a higher trend than the C group (Table 1). The EP group showed significantly lower levels of TG, TP, ALB and T-BIL in serum than the other groups (p < 0.05; Table 1). The TC level during pregnancy (EP, MP and LP) was significantly lower than that in non-pregnancy (C group), which was opposite to the change in AST activity. The activity of serum ALP was significantly highest in the LP group, while there was a higher trend in the C and EP groups than in the MP group (Table 1). The activity of serum CK was significantly higher in the EP and LP groups than in the C and MP groups (p < 0.05; Table 1). Moreover, the activities of ALT and γ-GT in serum presented no differences among the four groups (Table 1).


TABLE 1. Serum biochemical parameters in Dezhou donkeys during different gestation stages.

[image: Table 1]
There was no change in SOD activity among the four groups (Figure 1A). GSH-PX activity in serum was significantly higher in the EP and LP groups than in the MP group (p < 0.05; Figure 1B) but had a higher trend than that in the C group. However, the T-AOC levels during pregnancy (EP, MP and LP) were significantly lower than those during non-pregnancy (C group; p < 0.05; Figure 1C). In addition, the level of MDA in serum was significantly highest in the EP group, whereas the trend was lower in the LP group than in the C group (p < 0.05; Figure 1D).
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FIGURE 1. Serum oxidative status and inflammation in Dezhou donkeys during different gestation stages. (A) SOD (superoxide dismutase); (B) GSH-PX (glutathione peroxidase); (C) T-AOC (total antioxidant capacity); (D) MDA (malondialdehyde); (E) IL-1β (interleukin-1 beta); (F) IL6 (interleukin 6); and (G) TNF-α (tumor necrosis factor alpha). C, non-pregnancy as a control; EP, early-stage pregnancy; MP, middle-stage pregnancy; LP, late-stage pregnancy. Data indicate means ± SEM (n = 6). a,b,cMeans with different letters are significantly different, p < 0.05.


The levels of the proinflammatory cytokines IL-6 and IL-1β were highest in EP (p < 0.05; Figures 1E,F). Moreover, the level of TNF-α was significantly higher in the EP and LP groups than in the C and MP groups (p < 0.05; Figure 1G). Therefore, our data suggest that metabolic disorders and low-grade inflammation might exist in donkeys during the gestation period, especially at the early stage (in the EP group).



Diversity Changes in the Gut Microbiota

To evaluate the effect of pregnancy status on the donkey fecal microbiota, we collected 24 rectum content samples from donkeys in different pregnancy periods and non-pregnancy and analyzed the bacterial community structure by 16S rRNA high throughput sequencing. After quality control, a total of 1,250,751 high-quality sequences were obtained from 24 samples with an average of 52,114 ± 6007 sequences per sample. In addition, 2,499 OTUs were obtained based on the 97% sequence similarity level, 1,399 of which existed in all groups and were thus defined as core OTUs (Supplementary Figure 1). The core OTUs comprised 56.0% of the total OTUs, whereas 65, 44, 52, and 64 OTUs were uniquely identified in the C, EP, MP, and LP groups, respectively (Supplementary Figure 1). Diversity differences between groups were assessed. The abundance and α-diversity of the microorganisms among the pregnancy periods were observed. The observed ACE and Chao 1 indices were lowest in the C group (Figures 2A,B). No remarkable change was noted in the observed Chao 1 and ACE indices among the EP, MP, and LP donkeys. The Shannon index in the EP group was lower than that in the MP and LP groups, and there was no change between the C and EP groups (Figure 2C). Moreover, the Simpson index in the EP group was higher than that in the C, MP, or LP groups (Figure 2D). The dramatic changes in the four indices indicated that the community richness and diversity of the four groups were varied. In addition, through PCoA based on Bray–Curtis dissimilarity, we found that the fecal microbiota of donkeys was obviously segregated in the non-pregnant group (control) and pregnant groups, especially between in the control and EP groups, but was less dispersed in the MP and LP groups (Figure 2E). Moreover, the results of the non-metric multidimensional scaling (NMDS) revealed a similar change pattern (Figure 2F). Taken together, the fecal bacterial components and diversity of donkeys is profoundly altered during pregnancy.
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FIGURE 2. The biodiversity of the gut microbiota is significantly changed during different gestation stages. Richness determined by the Ace (A) and Chao 1 indices (B) and α diversity determined by the Shannon (C) and Simpson indices (D). Principal coordinate analysis [PCoA; (E)] and non-metric multidimensional scaling [NMDS; (F)] analyses based on Bray-Curtis distance showing the differences in the gut microbiota in different gestation stages. C, non-pregnancy as a control; EP, early-stage pregnancy; MP, middle-stage pregnancy; LP, late-stage pregnancy. Data indicate means ± SEM (n = 6), *p < 0.05, **p < 0.01.




Composition Changes of the Fecal Microbiota

We then further studied the changes in fecal community phylotypes among the four groups. The relative abundance (%) of the gut microbiota in the four groups at the phylum and family levels is shown in Figure 3. As expected, we found that the dominant bacterial phyla in the feces in all donkeys were Firmicutes and Bacteroidetes (Figures 3A,B), which accounted for more than 80% of the relative abundance. After comparing the differences among the four groups, it was found that the relative abundance of Firmicutes in the EP group was significantly higher than that in the C group (p < 0.05; Figure 3B) but had a higher tendency at the LP stage. However, the relative abundance of the phylum Bacteroidetes was the lowest at EP stage (p < 0.05; Figure 3B). Furthermore, we quantified their abundances by using qPCR and observed a similar result (Supplementary Figure 2). The increased abundance of Firmicutes in the EP group was mainly attributed to the enrichment of Clostridiaceae and Streptococcaceae, whereas the decreased abundance of Bacteroidetes was primarily due to the depletion of Rikenellaceae (Figures 3B,D). The family Lachnospiraceae also belongs to the phylum Firmicutes, but its relative abundance at the EP stage was significantly lower than that in the C and MP groups (p < 0.05; Figure 3D). At the genus level, the abundances of Clostridium_sensu_stricto_1 and Streptococcus in the EP group were the highest (p < 0.05; Supplementary Figure 3). Moreover, LEfSe confirmed the above results (Figure 4). Overall, these results indicate that the gut microbiota composition of donkeys is profoundly altered during the pregnancy period, especially at the EP stage.
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FIGURE 3. The distinct bacterial composition of the gut microbiota in Dezhou donkeys during different gestation stages. (A) The gut bacterial composition at the phylum level in donkeys during different gestation stages. (B) The relative abundance of the phylum Firmicutes and Bacteroidetes in donkeys during different gestation stages. (C) The gut bacterial composition at the family level in donkeys during different gestation stages. (D) The relative abundances of the families Clostridiaceae, Lachnospiraceae, Streptococcaceae, and Rikenellaceae in donkeys during different gestation stages. C, non-pregnancy as a control; EP, early-stage pregnancy; MP, middle-stage pregnancy; LP, late-stage pregnancy. Data indicate means ± SEM (n = 6), a,bMeans with different letters are significantly different, p < 0.05.
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FIGURE 4. LEfSe analysis of the gut microbial composition of Dezhou donkeys during different gestation stages. (A) Cladogram obtained from the LEfSe method, indicating the phylogenetic distribution of the gut microbiota. (B) Histogram of the LDA scores, showing the most differentially abundant taxa among different gestation stages (LDA score > 3.5, n = 6). C, non-pregnancy as a control; EP, early-stage pregnancy; MP, middle-stage pregnancy; LP, late-stage pregnancy.




Metabolic Functional Changes of the Fecal Microbiota

Based on the significant changes in the bacterial composition of the fecal microbiota, we then analyzed metabolic functional differences. PICRUSt was used to predict the metabolic function of the microbiome based on the results from the 16S rRNA gene sequencing at KEGG taxonomy level 3. We observed the important bacterial functions (top 25) identified by random forest analysis and a heatmap based on the KEGG data (Figures 5A,B). Sixteen pathways (e.g., the proteasome, PPAR signaling, cancer, zeatin biosynthesis, protein processing in endoplasmic reticulum, cellular antigens, other glycan degradation, secondary bile acid biosynthesis, electron transfer carriers, renal cell carcinoma, and adipocytokine signaling pathways) were significantly more abundant in the C group. Ten pathways (e.g., the Staphylococcus aureus infection, RIG-1-like receptor signaling pathway, ether lipid metabolism and apoptosis pathways) were enriched in the EP group. Eight pathways (e.g., the proteasome, PPAR signaling, cancer, and zeatin biosynthesis pathways) were more abundant in the MP group, while two other pathways (e.g., type II polyketide product biosynthesis and stilbenoid, diarylheptanoid and gingerol biosynthesis) were more abundant in the LP group. Altogether, these data suggest that pregnancy alters the metabolic functions of the fecal microbiota and therefore deserves further exploration. Additionally, the fecal microbial functions were clearly separated between the C and EP groups and were similar between the MP and LP groups, which was consistent with the β-diversity analysis (Figures 2E,F).
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FIGURE 5. Important bacterial functions identified using random forest analysis. (A) The top 25 important bacterial functions according to random forest analysis. (B) The distribution of the important bacterial functions in different groups. C, non-pregnancy as a control; EP, early-stage pregnancy; MP, middle-stage pregnancy; LP, late-stage pregnancy.




Correlation of the Gut Microbiota With Biochemical Parameters

The gut microbiota plays a critical role in host metabolism and immune function. Thus, Spearman correlation analysis was performed to evaluate potential associations between the changes in the gut microbiota at the family and genus levels and biochemical parameters included among the sixteen significantly altered profiles in the four groups, and these correlations are represented in heatmaps (Supplementary Figure 4 and Figure 6). Interestingly, the Clostridiaceae_1 and Streptococcaceae families displayed a very similar pattern of correlations with most serum biochemistry parameters, and these correlative patterns were in contrast to the patterns observed for the Lachnospiraceae and Rikenellaceae families (Supplementary Figure 4). At the genus level (Figure 6), two genera were positively associated with serum proinflammatory cytokines (IL-6, IL-1β and TNF-α), implying a positive correlation with the inflammatory response. Conversely, ten genera were negatively correlated with serum IL-6, IL-1β and TNF-α levels, suggesting that these genera were negatively correlated with inflammation status. However, nine genera were positively associated with serum lipids and protein metabolism, and two genera were negatively associated with TG, TC, TP and ALB. Notably, genera abundantly enriched in the EP groups included Streptococcus and Clostridiaceae_sensu_stricto_1, which were significantly, positively correlated with increased serum IL-6, IL-1β and TNF-α levels but negatively correlated with decreased serum lipid content and protein content. The abundances of Rikenellaceae_RC9_gut_group, unclassifized_f_lachnospiraceae, Lachnospiraceae_UCG_009, Prevotellaceae_UCG_003, Ruminococcaceae_UCG_005 and Prevotellaceae_UCG_003 were significantly (p < 0.05) negatively associated with serum IL-6, IL-1β and TNF-α levels but positively associated with serum lipid content and protein content. The abundance of Akkermansia was significantly, positively associated with serum T-AOC and TC contents but negatively (p < 0.05) associated with serum AST content. In addition, the abundances of Streptococcus, Clostridiaceae_sensu_stricto_1 and [Eubacterium]_coprostanoligenes_group were positively associated with fecal LPS concentration. However, the abundances of Lachnospiraceae_AC2044 _group, norank_f_Lachnospiraceae and Prevotellaceae_UCG_003 were negatively correlated with fecal LPS concentration, and serum IL-6 and MDA levels.
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FIGURE 6. Correlation plot showing Spearman’s correlations among serum metabolism, oxidative status and inflammation, fecal LPS and core genera (top 30). *p < 0.05, **p < 0.01, ***p < 0.001.





DISCUSSION

Pregnancy is a period of dramatic shift and adaptation as a mother. It is believed that the gut microbiota plays a fundamental role in responding and adapting to the host environment, and then supports host health and normal reproduction. In addition, serum physiological biochemical parameters are also considered as useful biomarkers for monitoring physiological responses and host health. Remarkable changes occur in the gut microbiota during the pregnancy period in humans, rats and several domestic animals. However, little is known about whether the donkey exhibits similar changes in the gut microbiota and serum biochemical parameters during the whole pregnancy period. Therefore, we first investigated the difference of gut microbiota composition as well as the association with serum biochemical indices in different stages of pregnant donkeys. Our results suggest the dramatic changes in fecal microbiota diversity and composition as well as serum biochemical parameters in donkeys during the pregnancy period, especially at the early stage of pregnancy.

In this study, pregnant donkeys (EP, MP and LP) exhibited increased gut microbial richness. However, with regard to evenness, we observed that the Shannon index was lower and the Simpson index was higher in the EP group than in the other three groups, indicating that the additional richness was not evenly distributed during the pregnancy period, especially in the EP group. This finding is similar to the result reported by Koren et al. (2012) who noted that the diversity of the gut microbial community decreased at 1 month postpartum (Koren et al., 2012). This similarity may be because donkeys exhibit foal heat breeding, which results in the simultaneous existence of pregnancy and breastfeeding in the early stages of pregnancy. Moreover, the β diversity results demonstrated significant differences in the microbial composition between the non-pregnant (C) and pregnant donkeys (EP, MP and LP), while the MP and LP groups mostly clustered together. The change indicated that the composition of gut microbes was prone to modulation by the early stage of pregnancy and then gradually stabilized. The greatest effects on α and β diversity were exhibited in the early stage of pregnancy compared to those during the other stages (MP and LP), which is consistent with the change in serum biochemical indices in the study subjects.

In addition to gut microbial diversity, the microbial community composition in donkeys also shifts during different stages of pregnancy. In this study, the dominant phyla found in the donkey fecal microbiota in all groups were Firmicutes and Bacteroidetes (Figure 3A), consistent with previous studies showing that the most abundant phyla were Firmicutes and Bacteroidetes with respect to the breeding stages (Kong et al., 2016; Cheng et al., 2018; Shao et al., 2020). In the equine gut, Firmicutes generally displays the highest relative abundance, followed by Bacteroidetes (Venable et al., 2016; Hashimoto-Hill and Alenghat, 2021), which is similar to our study. Furthermore, we found that the relative abundance of the phylum Firmicutes was highest in EP, whereas Bacteroidetes showed the opposite result. The LP group had a higher trend in the relative abundance of the phylum Firmicutes than the C and MP groups. We next quantified their abundances by using qPCR. A previous study showed that an increase in Firmicutes abundance is considered to support the fetal growth by enhancing energy metabolism (Cheng et al., 2018). In addition, we found lower serum concentrations of TG, TP, and ALB in the EP group (lactating donkeys) than in the other groups (C, MP and LP), which is similar to previous results in Chinese Liaoxi donkeys (Liao Q. et al., 2021). Based on its foal heat breeding character, as we mentioned, these results could be explained by the increase in energy metabolism, nutrition (such as lipid and protein) transfer for milk yield in the mammary glands and fetal development during EP. Similarly, we also found an increase in inflammation and a decrease in total antioxidant ability in EP and LP. However, the inflammatory response in the MP group did not change compare to that in the C group. These findings regarding inflammation were consistent with an earlier report by Mor and Cardenas (2010). The first trimester and third trimester of pregnancy are associated with an inflammatory response, which is necessary for blastocyst implantation and labor, respectively. The second trimester is commonly characterized by an anti-inflammatory status, which is required for fetal growth (Mor and Cardenas, 2010). Accounting for this information, we should consider adopting different management modes according to the different aspects of metabolism, immunity and the microflora during pregnancy, especially in EP in donkeys. On the other hand, the shift in the gut microbiota might be closely linked with physiological changes.

Remarkably, bacteria in the phylum Firmicutes were EP biomarkers (Figure 4B). Likewise, the genera Streptococcus (order Lactobacillales) and Clostridium_sensu_stricto_1 (order Clostridia) were also enriched in EP. A previous study showed that compared with prepartum mares, postpartum mares had an increased relative abundance of the Firmicutes phylum (specifically family Streptocococcaceae) and a corresponding decrease in the relative abundance of the family Lachnospiraceae (also in the Firmicutes phylum) (Weese et al., 2015). Generally, Clostridium sensu stricto and Streptococcus commonly considered two opportunistic pathogens of the animal intestine (Milinovich et al., 2008; Boyle et al., 2018; Liang et al., 2018; Li et al., 2021). For instance, enrichment of Streptococcus spp. has been linked with a disturbance in the microbial community in oligofructose-induced laminitis (Milinovich et al., 2008). Notably, we also observed that the serum proinflammatory cytokine (IL-6, IL-1β and TNF-α) concentrations in donkeys were increased in EP, and Spearman correlation analysis showed that the relative abundances of Streptococcus and Clostridium_sensu_stricto_1 were positively correlated with the levels of biomarkers of systemic low-grade inflammation. In contrast, recent evidence suggests that the decreased abundance of Clostridium_sensu_stricto_1 in intrauterine growth restricted (IUGR) piglets is negatively correlated with plasma proinflammatory cytokine (IL-1β, TNF-α, and IFN-γ) levels (Huang S. et al., 2019). This difference might be explained by the fact that Clostridium has been identified as a highly diverse genus, that contains both potential pathogens and beneficial species (Venable et al., 2016). In addition, Streptococcus, one of the major genera in the horse gut (Venable et al., 2016), was the predominant genus in the feces of donkeys at EP in this study. Streptococcus, a starch-utilizing bacterium observed in the horse gastrointestinal tract (Goodson et al., 1988), is also considered beneficial to animal health due to its complex interaction with the host. However, although these changes occur in donkeys in EP, the implication of causality and their interplay between enrichment of Streptococcus and Clostridium_sensu_stricto_1 and low-grade inflammation in donkeys remain to be further confirmed. In addition to potential opportunistic pathogens, the abundances of some beneficial bacteria were also influenced in EP. For instance, Lachnospiraceae, which has been associated with maintaining gut health (Vojinovic et al., 2019) and strongly negatively correlated with intestinal inflammation (Zhao et al., 2017), was less abundant on average in EP. Furthermore, Spearman correlation analysis showed that the abundances of Lachnospiraceae_XPB1014_group, Lachnospiraceae_AC_2044 and Lachnospiraceae_UCG-009 (family Lachnospiraceae) were negatively correlated with the increased levels of serum biomarkers of inflammation of in donkeys in EP. Lachnospiraceae and Ruminococcaceae were mainly enriched in MP. Genera from the families Lachnospiraceae and Ruminococcaceae exhibit anti-inflammatory functions including Ruminococcaceae_UCG-005, and are also reported to be involved in the production of short-chain fatty acids (SCFAs) (Liu et al., 2019; Vojinovic et al., 2019; Li et al., 2021; Liao R. et al., 2021), which are essential for the regulation of intestinal microbiota balance and the maintenance of intestinal epithelium integrity (Tan et al., 2014; Kelly et al., 2015). Moreover, Ruminococcaceae bacteria have the ability to degrade cellulose and starch, which is closely related to feed efficiency in herbivorous animals (Zhao et al., 2018). The main biomarkers of LP belonged to the Proteobacteria phylum and Burkholderiales order. It has been reported that the enrichment of Proteobacteria is also closely related to gut dysfunction (Litvak et al., 2017), although Proteobacteria play a minor role in maintaining gut balance (Eckburg et al., 2005). This finding is similar to the results of another study showing that the abundance of the order Burkholderiales (phylum Proteobacteria) in LP of Meishan sows was higher than that in EP and confirmed that elevated Burkholderiales abundance also contributes to inflammation (Xue et al., 2017). We also observed that the level of the proinflammatory cytokine TNF-α was increased in LP. Similarly, a significant relative increase in Proteobacteria abundance was found in women during LP, which caused inflammatory responses in germ-free mice (Koren et al., 2012). Although we found the pregnant donkeys might undergo metabolic disturbances including in fat and protein metabolism and low-grade inflammation, during pregnancy, especially in EP, any interpretation is limited due to small sample number.

PICRUSt was used to observe the metabolic functional changes among the four groups. Microbial gene functions such as Staphylococcus aureus infection, the RIG-1-like receptor signaling pathway and apoptosis were enriched in EP, and were related to the inflammatory response and apoptosis. The enrichment of the Sraphylococcus aureus infection pathway is related to aggravated intestinal inflammation and hence leads to impaired intestinal barrier function (Hauck and Ohlsen, 2006). The RIG-I-like receptor is an intracellular pattern recognition receptor that specifically recognizes viruses (Yoneyama and Fujita, 2009), which indicates the risk of viral or bacterial infection at EP. Our microbial function results imply that changes in metabolic disorders and the inflammatory response are closely related to the shifts in the gut microbiota at EP. However, functions linked with anti-inflammatory pathways, such as the PPAR pathway and zeatin biosynthesis, were significantly enriched in the gut microbiome in MP. In addition, the predicted pathways involved in the type II polyketide product biosynthesis and stilbenoid, diarylheptanoid and gingerol biosynthesis were enriched in LP. Polyketide-synthesizing bacteria are strongly associated with chronic intestinal inflammation (Arthur et al., 2012). Moreover, in post-weaning diarrhea pigs, the increased abundance of the type II polyketide product biosynthesis pathway might be responsible for the increased inflammatory response (Dou et al., 2017; Hashimoto-Hill and Alenghat, 2021). However, stilbenoid diarylheptanoid and gingerol, secondary metabolites of plants, have been reported to have anti-inflammatory or anticancer activities (Park et al., 1998; Yadav et al., 2003). For example, the stilbenoid, diarylheptanoid, and gingerol biosynthesis pathway has been found to be enriched in high-body-weight rabbits (Zeng et al., 2015). These data indicated that it might be a compensatory mechanism to ameliorate microbial dysbiosis by regulating these microbial processes.

In summary, the present study suggests that pregnant donkeys might undergo metabolic disturbances including in fat and protein metabolism and low-grade inflammation, during pregnancy, especially in EP. The gut microbiota of donkeys changes dramatically throughout pregnancy. The representative changes included an increase in bacterial richness throughout pregnancy, a decrease in bacterial diversity and the relative abundances of Lachnospiraceae and Rikenellaceae in EP and LP, and an increase in the relative abundances of Clostridiaceae and Streptococcaceae in EP. Functional prediction was also influenced by the different pregnancy stages. In addition, the metabolic disturbance in the serum of pregnant donkeys, at least in part, is attributable to the shift in the gut microbiota, especially EP. Therefore, this study provides systematic data on the gut microbiota shift and host metabolism of donkeys throughout pregnancy. However, a major limitation of this study was that samples were obtained from different animals in different pregnancy stages, which might result in variability derived from the different individuals. Another limitation of this study is small sample size. Further research is needed to monitor the shift in microbes in the same individuals while at the same time increasing the sample sizes, and then elucidate the mechanisms involved in cross-talk between the intestinal microbiota or their metabolites and host metabolism and its role in host health.
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Archaea are considered a “keystone” of the gut microbiome and are linked with the host’s energy harvest and health. Although a few studies have investigated the gut archaea in pigs, especially piglets, little is known about the effects of weaning on archaeal structure and function. In this study, we explored the effects of weaning on the longitudinal changes of archaeal composition, diversity, and functional potential in pigs overtime by re-analyzing a recently published metagenomic dataset that included 176 fecal samples collected from commercial pigs on days 7, 14, 21, 28, 35, 70, and 140 after birth. Overall, the richness and diversity of archaeal species showed an increasing trend, and weaning significantly affected the richness of archaeal species. Methanobrevibacter A smithii significantly decreased and was replaced by Methanobrevibacter A sp900769095 within 2 weeks after weaning. For the functional potential, the richness of KEGG KOs increased over time. LEfSe analysis identified 18 KOs, including for example, ko04623 (cytosolic DNA-sensing pathway), ko00500 (starch and sucrose metabolism), and so on, significantly enriched in the weaning pigs, suggesting the involvement of archaea in the piglets’ adaptation to the new diet after weaning. Correlation analysis based on Random Forest regression and Pearson correlation showed that archaeal species richness was significantly associated with pig bodyweight on both days 70 and 140. Methanobrevibacter A sp900769095 (R = 0.405, p = 0.040) and Methanobrevibacter A smithii (R = 0.535, p = 0.004) were positively linked with pigs’ bodyweight on days 70 and 140, respectively. Our results revealed the dynamic changes of archaeal diversity and functions and demonstrated the effects of weaning on the gut archaea of pigs, suggesting archaea might play essential roles in swine nutrition, metabolism, and growth performance, especially during the critical weaning process.

Keywords: swine, archaea, growth performance, function, KEGG pathway


INTRODUCTION

Archaea are considered a kingdom independent from bacteria with unique energy sources and metabolic characteristics. Archaea are commonly detected in the digestive tract of humans and animals (Guindo et al., 2021), where some species have host-beneficial characteristics, such as reducing hydrogen (a gut fermentation inhibitor) and trimethylamine-N-oxide (TMAO; a harmful product of gut bacteria). Several studies have reported that the lower feed efficiency of beef cattle and sheep are linked to the enrichment of methane-producing archaea in the rumen (Li and Guan, 2017; Li et al., 2019; McLoughlin et al., 2020). Xue et al. (2020) revealed that specific archaeal species are significantly enriched in high producing dairy cows and milk protein. Given the potential probiotic function of archaea, they have been considered a novel probiotics candidate referred to as “Archaebiotics” (Gaci et al., 2014).

In pigs, archaea compose a small percentage of the gut microbiome, and Methanobrevibacter was reported as the dominant genus of archaea in the digestive tract, especially in the hindgut (Mao et al., 2011; Gresse et al., 2019). Su et al. (2014) showed that methanogenic archaea colonized the piglet gut after birth, and in early life, the structure of methanogenic archaea changed dynamically over time according to 16S rRNA gene pyrosequencing. Federici et al. (2015) used PCR-denaturing gradient gel electrophoresis (DGGE) and qPCR methods to detect the archaeal community in piglets and found that weaning affected the archaeal composition of piglets, changing the predominant species from Methanobrevibacter smithii to Methanobrevibacter boviskoreani. We recently re-analyzed a shotgun metagenomic dataset to investigate the structure and functional potential of archaea in the swine gastrointestinal tract. Our results showed a different archaeal composition and structure compared to other studies. At the same time, our study revealed that the gut archaea in pigs involved in carbohydrate metabolism and hydrogen consumption to affect gut fermentation (Deng et al., 2021). These studies provide essential information regarding archaea in the swine gastrointestinal tract; however, many knowledge gaps still exist. For instance, what roles do archaea play in the swine gut at different growth stages, and does the archaeal structure and function change over the pigs’ lifespan?

Recently, Holman et al. (2021) performed a study exploring the effect of piglet weaning age on the structure and function of the gut microbiome using both large scale shotgun metagenomic sequencing and 16S rRNA-based sequencing methods and revealed that weaning age affects the structure and function of the gut microbiome. Their study provides experimental data that can be analyzed to determine the effects of weaning on gut archaeal structure, diversity, and functional potential in pigs over time. This paper presents the results of our re-analysis of the shotgun metagenomic dataset from Holman et al.’s study.



MATERIALS AND METHODS


Data Collection

Our study was based on a public dataset published by Holman and colleagues. This dataset contains 176 fecal samples collected from 45 piglets that were randomly assigned to three weaning age groups. Metagenomic sequencing was performed on fecal samples collected on days 7, 14, 21, 28, 35, 70, and 140 with the Illumina NovaSeq 6000. Sequences were downloaded from the NCBI SRA database under accession code PRJNA629856. Details of the study design and sample collections were described in the original study (Holman et al., 2021) to explore the effects of weaning on archaea. Complete bodyweight data from different growth stages were provided by Dr. Holman, allowing us to detect the relationship between archaea taxa and growth performance in pigs.



Raw Reads Pre-processing

First, quality filter and host contamination removal were performed on the downloaded shotgun metagenomic data using the KneadData pipeline (v 0.7.2).1 Briefly, raw reads were trimmed based on Phred score using Trimmomatic v0.39 (Bolger et al., 2014). Low-quality regions with a Phred score <20 within a 4 bp sliding window on reads were trimmed and reads shorter than 60 bp were removed. Reads were aligned to the swine reference genome (Scrofa 11.1)2 using bmtagger v.3.102.4, and host contamination reads were deleted (Rotmistrovsky and Agarwala, 2011, unpublished). Clean reads of each sample were acquired after the above-mentioned raw sequence data processing steps.



Archaeal Taxonomy Profiling and Diversity Calculation

Kraken2 (Wood et al., 2019) taxonomic classification software was used to assign clean reads to archaeal reference genomes from the Genome Taxonomy Database release 202 (GTDB; Rinke et al., 2021), which contains archaeal and bacterial genomes from both cultured and uncultured microorganisms. The GTDB contains 4,316 archaeal genomes, representing 2,339 archaeal species and 851 genera, and 254,090 bacterial genomes from 45,555 species (Access date: October 13, 2021), making it a relatively complete reference genome database especially compared to NCBI RefSeq (Haft et al., 2018). The GTDB release 202 was pre-built using the Struo2 pipeline (Youngblut and Ley, 2021) to meet the format requirement of Kraken2. Subsequently, clean reads were assigned to bacterial and archaeal taxa in the GTDB database using Kraken2. Finally, we extracted the reads classified as archaeal reads for further functional analysis. A species-level archaea reads count table was imported into QIIME2 version 2021.4 (Bolyen et al., 2019) to calculate relative abundance, alpha diversity (Shannon index and Observed species), beta diversity (Jaccard and Bray–Curtis), and perform related statistical analyses.



Metabolic Potential Analysis

To analyze the archaea functional potential, metagenomic clean reads from each sample were assembled separately and co-assembled using MEGAHIT v1.2.9 (Li et al., 2016) software, a total number of 16,300,166 contigs with average length of 2,684 bp ranging from 1,000 bp to 917,796 bp (N50 = 1,571) were assembled. Gene prediction followed by removal of the redundant genes (allowed similarity < 0.95) were sequentially performed on assembled contigs using Prodigal (Hyatt et al., 2010) and CD-HIT (Fu et al., 2012) to construct a unique gene set. Unique genes were then annotated using eggNOG-mapper (Huerta-Cepas et al., 2019). We quantified the abundance of unique genes by mapping archaea reads to unique gene sequences using Salmon (quant; Patro et al., 2017). Finally, we calculated KEGG pathway KOs abundance using an in-house python script.



Statistical Analysis

Alpha and beta diversity of archaeal species and potential gene functions (KEGG Orthology) were measured using the QIIME2 platform (Bolyen et al., 2019). Kruskal–Wallis and analysis of similarities (ANOSIM) were applied to calculate the differences in alpha and beta diversity between groups. For all analyses, statistical significance was determined at p ≤ 0.05. All figures were generated with the R package ggplot2 (Wickham, 2011).

Regression analysis between the relative abundance of archaea and bodyweights was performed using Random Forest regression in the randomForest R package (Liaw and Wiener, 2002) and Pearson correlation in the R package.




RESULTS


Archaeal Alpha and Beta Diversity Were Affected by Age and Weaning

We characterized the dynamics of archaea in the swine gut by re-analyzing 176 fecal samples sequenced using metagenomic technology (Holman et al., 2021). Seven samples contained fewer than 1,672,925 clean reads and were removed after the quality control steps. One sample was considered an outlier and was excluded from further analysis. Finally, an average of 9,006,747 clean reads, ranging from 1,672,925 to 20,672,744, were used for downstream analysis.

We first explored the changes in alpha and beta diversity with age. The overall observed species increased over time throughout all growth stages (from day 7 to day 140), especially throughout the first 28 days, where the observed species of each time point was significantly increased compared to the previous time points (Supplementary Figure S1A). Shannon index first decreased from day 7 to day 21 and then gradually increased from day 21 to day 140 (Supplementary Figure S1B). Additionally, Shannon index was significantly increased on day 28 (p = 0.003) and day 70 (p = 0.001) compared with the previous time point according to Kruskal–Wallis (pairwise) test.

A significant shift in archaeal community membership (Jaccard distance) between days 7, 14, 21, 28, 35, 70, and 140 were observed according to the PCoA plots (Supplementary Figure S1C). All time points were significantly separated from other groups based on ANOSIM pairwise tests (ANOSIM, p ≤ 0.05). However, changes in community membership between days 7, 14, and 21 were greater than the inter-group’s comparison of later neighboring time points according to the ANOSIM R value. The p-value (lower triangle) and R value (upper triangle) of the ANOSIM test based on Jaccard distance are shown in Supplementary Table S1. Similar trends were also observed in the PCoA plot based on Bray–Curtis distance (Supplementary Figure S1D), but no difference was detected between day 28 and day 35 (R = 0.039, p = 0.102). The p-value (lower triangle) and R value (upper triangle) of the ANOSIM test of Bray–Curtis distance are shown in Supplementary Table S2.

During this study, three weaning time points of W14 (Weaning on day 14), W21 (Weaning on day 21), and W28 (Weaning on day 28) were conducted. Therefore, we investigated the effect of weaning time on alpha diversity metrics between the different weaning groups at each time point. A significant difference in observed species was observed between the weaning group and non-weaning groups on days 21 and 28 (Figure 1A). On day 21, the numbers of observed species of W14 (i.e., pigs weaned on day 14) were significantly higher than that of W28 (p = 0.032) pigs that were still nursing, as well as the numbers of observed species trend to be higher for W14 than W21 (p = 0.071). Additionally, the numbers of observed species of W14 and W21 pigs were significantly higher than those of the W28 group on day 28 (W14 vs. W28, p = 0.025; W21 vs. W28, p = 0.025). Interestingly, 7 days after weaning (day 35), the archaeal richness of W28 pigs was elevated to a level similar to those of the W14 and W21 groups, and no significant difference was detected between the three groups (p > 0.05) on day 35. No trend-specific change was observed for the Shannon index after weaning (Figure 1B), and no significant difference in Shannon index was observed between groups, except between W14 and W28 pigs on day 28 (p = 0.003).
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FIGURE 1. Archaeal alpha diversity in the swine gut grouped by weaning age over time. (A) Observed species, (B) Shannon Index. Colors of green, purple, and orange represent different weaning time groups on day 14 (W14), day 21 (W21), and day 28 (W28). Significance determined by Kruskal–Wallis (pairwise) test. Values of p between groups are labeled above groups when p ≤ 0.05. There is no difference between groups (p > 0.05) if not indicated otherwise.




Age and Weaning Together Impact Archaeal Composition

The average relative abundance of total archaea in the gut microbiome (archaea/archaea + bacteria) was 0.62% (ranging from 0.07 to 2.15%). Throughout all growth stages, the lowest relative abundance of total archaea was detected on day 7 (mean = 0.16%). The highest relative abundance of total archaea occurred on day 35 (mean = 0.83%; Supplementary Figure S2). At the genus level, the most abundant genus in the swine gut was Methanobrevibacter A, which is defined as a different genus than Methanobrevibacter in the GTDB database. The relative abundance of Methanobrevibacter A was 0.23% of the total gut microbiome. Methanobrevibacter (0.067%), Methanomethylophilus (0.062%), and Methanosphaera (0.023%) are ranked from second to fourth. Methanobrevibacter A is still the dominant genera from day 14 to 140, except for day 7, on which day Methanobrevibacter is the dominant genera with a relative abundance of 0.08%.

At the species level, Methanobrevibacter A smithii (0.11%) was the most abundant species, followed by Methanobrevibacter ruminantium A (0.068%), Methanomethylophilus alvus (0.063%), and Methanobrevibacter A sp900769095 (0.051%; Figure 2). However, the dominant species was not the same on all sampling days. Methanobrevibacter A smithii was the most abundant species on days 14, 21, and 28, while Methanobrevibacter A sp900769095 was the most abundant species on days 35 and 70. Additionally, days 7 and 140 shared the same dominant species: Methanobrevibacter ruminantium A (Supplementary Figure S3A). Furthermore, the relative abundance of Methanobrevibacter A smithii decreased after 14 days of weaning (Supplementary Figures S3B–D).

[image: Figure 2]

FIGURE 2. The top 15 most abundant archaeal species in the swine gut during weaning on day 14 (A), day 21 (B), and day 28 (C). Each color represents one archaeal species on the stacked bar chart.




Archaeal Functional Potentials in Pigs

A trend similar to archaeal taxonomy diversity was observed in the KEGG Orthology (KO) diversity of gut archaea (Supplementary Figure S4). Observed KOs increased from day 7 to 35 and then remained stable over time (Figure 3A). The Shannon index of KOs was stable over time, except for a significant increase from day 7 to 14 (Figure 3B). For beta diversity, day 7 was significantly separated from day 14 (ANOSIM, Bray–Curtis: R = 0.337, p = 0.001; Jaccard: R = 0.270, p = 0.001) and others for both Jaccard (Figure 3C) and Bray–Curtis (Figure 3D). However, other adjacent time points had a relatively low R value based on ANOSIM (R < 0.20). Meanwhile, we also found that weaning affects the absence/presence (Jaccard) of KEGG KOs, as weaning and nursing groups were significantly separated on day 21 and day 28 (Supplementary Table S3). However, there was no difference in structure (Bray–Curtis) between the weaning and nursing groups on day 21 (Supplementary Table S4). Significant differences between W14 and W21, both of which were weaned on day 28 (Supplementary Table S4). Additionally, on day 35, there was no (or little, W14 vs. W28, R = 0.12) difference of archaeal KEGG KOs absence/presence (Jaccard) between groups (Supplementary Table S3). We further detected the differential KEGG KOs between weaning and nursing groups on days 21 and 28 using LEfSe software (Figure 4). A total number of 18 KOs were significantly enriched in the weaning group on either day 21 or 28 (Table 1). Of them, four KEGG KOs, ko05323 (Immune disease: rheumatoid arthritis), ko04721 (Nervous system: Synaptic vesicle cycle), ko04623 (Immune system: cytosolic DNA-sensing pathway), and ko03020 (Transcription: RNA polymerase), were significantly enriched in the weaning group on both days 21 and 28.
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FIGURE 3. Archaeal functional diversity in swine gut by weaning age over time. (A) Observed KEGG Pathways (presence or absence), (B) KEGG Shannon diversity, (C) PcoA plot based on KEGG pathway membership (Jaccard similarity), and (D) PcoA plot based on KEGG pathway structure (Bray–Curtis similarity). Significance determined by Kruskal–Wallis (pairwise) test for both alpha diversity indices (Observed Pathway and Shannon index). Values of p between groups are labeled above groups when p ≤ 0.05. There is no difference between groups (p > 0.05) if not indicated otherwise.


[image: Figure 4]

FIGURE 4. Comparison of archaeal KEGG KOs difference between weaning and nursing group on day 21 (A) and 28 (B) using LEfSe analysis.




TABLE 1. KEGG KOs enriched in weaning group on day 21 and 28 by the LefSe analysis.
[image: Table1]



Growth Performance-Associated Archaeal Taxa in Pigs at Different Growth Stages

According to previous publications, the archaeal metabolic activity may directly or indirectly contribute to gut fermentation and energy harvest in pigs, meaning that there is potential for archaea to be used as probiotics to improve growth performance. To detect the relation between archaea and bodyweight, regression-based random forest models were developed based on samples collected at days 14, 35, 70, and 140, representing the lactation, nursery, growing, and finishing. Given the relatively low abundance of archaea in the gut, a total number of 73 archaeal species with a relative abundance within the total gut microbiome, defined as total archaea plus total bacteria in this study, higher than 0.05% in at least one sample and both alpha diversity indices (Shannon index and Observed species) were selected for correlation analysis. The top 30 predictors of growth performance at different stages are presented in Figure 5. Most of the top 30 archaeal predictors of bodyweight for each stage belong to the genus Methanobrevibacter A. Two uncultured species of Methanobrevibacter A were listed as the most important predictor during different stages, Methanobrevibacter A sp900769095 (days 14 and 70) and Methanobrevibacter A sp900319535 (days 35 and 140). The number of observed species was listed as one of the top 30 predictors on both days 70 and 140. Furthermore, Pearson’s correlation coefficient analysis showed that observed species was significantly positively correlated with pig bodyweight on both day 70 (R = 0.402, p = 0.042) and 140 (R = 0.541, p = 0.004), and no significant association was detected on days 14 and 35 (Supplementary Figure S5). Three species, including Methanobrevibacter A smithii (days 7 and 140), Methanobrevibacter A sp900769095 (days 35 and 70), and Methanobrevibacter ruminantium A (days 14, 21, and 28), were the most abundant archaeal species at specific stages; therefore, we chose to focus on them for additional analyses. An association analysis revealed that the relative abundance of Methanobrevibacter ruminantium A did not associate with pigs’ bodyweight at any stage. However, a significant association was detected between pigs’ bodyweight on day 140 and the relative abundance of Methanobrevibacter A smithii (R = 0.535, p = 0.004). Interestingly, the relative abundance of Methanobrevibacter A sp900769095 was significantly correlated with bodyweight on day 70 (R = 0.405, p = 0.040), at which point its relative abundance increased and replaced Methanobrevibacter A smithii as the most abundant archaeal species. However, the correlation was no longer present on day 140 (R = 0.012, p = 0.951).
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FIGURE 5. Growth performance-related archaeal species at different growth stages. Top 30 most important bodyweight-related archaeal species on days 14, 35, 70, and 140 were identified using the random forest regression algorithm in R. The most abundant species on different days are highlighted with different colors.


To determine if longitudinal changes in archaeal species also correlate growth performance, we developed random forest models to associate changes in archaeal abundances between two time points (day 70 to 140, Supplementary Figure S6A) and bodyweight gain of pigs during this period. Consistent with the random forest models based on the static single time point, Methanobrevibacter A sp900319535 and Methanobrevibacter A smithii were also identified as the top predictors of bodyweight gain by the new model based on dynamic data. Scatter plot shows that Methanobrevibacter A sp900319535 was significantly positively associated with bodyweight gain from day 70 to 140 (p = 0.005, Supplementary Figure S6B). The changes in relative abundance of Methanobrevibacter A smithii also had a trend to associate with bodyweight gain from day 70 to 140 (p = 0.055, Supplementary Figure S6C).




DISCUSSION

Several studies have reported that gut archaea may play an essential role as a vital member of the microbiota in humans and animals. The limited number of previous studies have confirmed that, in the mouse model, methanogenic archaea species may be involved in host energy harvest and fat deposition. However, research on gut archaea has been slow to progress due to the inability to effectively culture archaea and their lower relative abundance. Nevertheless, important knowledge could be derived using the available sequencing technologies and bioinformatic tools. In this study, we re-analyzed a shotgun metagenomic dataset previously published by Holman et al. (2021). In doing so, we characterized the dynamic changes of swine gut archaea over time; explored the effects of weaning on gut archaeal diversity, composition, and function; and correlated gut archaea and swine bodyweight at different growth stages. Our study provides important insight into the role of archaea in the swine gastrointestinal tract.

Overall, the relative abundance of total archaea reads increased with age, consistent with what Fernandes et al. (2013) observed in humans. For alpha diversity, an increasing trend of archaeal species (Observed species) colonizing the pig gut was also observed. However, archaeal diversity (Shannon index) first decreased and then increased from day 21 to 140. Fewer archaeal species colonizing the pig gut at an early period but higher equilibrium caused higher Shannon index on days 7 and 14. In humans, the predominant methanogenic archaeal species (Methanobrevibacter smithii, Methanosphaera stadtmanae, and Methanomassiliicoccus luminyensis) significantly changed with age (Dridi et al., 2012). Fernandes et al. (2013) found that total archaea in human fecal samples were significantly positively associated with host age. As far as we know, there is no longitudinal investigation of archaeal diversity throughout the entire production cycle in pigs. In this study, we observed that these pigs’ archaeal richness and diversity is significantly increased on day 140 compared to day 70. However, it should be noted that pigs are still young when slaughtered, and we believe that the gut archaeal diversity had not reached a plateau by day 140 when they were slaughtered, indicating a need for future studies analyzing swine gut archaea later in life.

In addition, we observed that archaeal richness significantly increased following weaning. Federici et al. (2015) reported that weaning piglets elicited a significant shift in the gut archaea population. Chen et al. (2017) found that the gut microbiota diversity of piglets increased significantly in the 10 days after weaning and then reached relative stability, which was also agreed in our results. These results support the point that weaning significantly affects gut archaea in pigs. In our previous study (Wang et al., 2019), we observed an increasing trend in the alpha diversity of the swine gut microbiota over the production period of commercial pigs using 16S rRNA sequencing technology and found that diet was the main driver of the gut bacteria shift, which was observed in other studies (Lu et al., 2018). Moreover, Holman’s study (Holman et al., 2021), the current study’s data source, showed that weaning has a similar effect on gut bacterial diversity, with bacterial richness increasing in the 4 days after weaning. This was revealed by using 16S rRNA sequencing technology on the same batch of samples. These results imply that an archaea–bacteria interaction may cause changes in archaeal and bacterial diversity. However, a recent study of samples from 110 vertebrate species revealed that there is a limited effect of the interactions between archaea and bacteria on archaeal diversity (Youngblut et al., 2021), which means that the change in diet might have independently influenced archaeal and bacterial diversity.

Our study showed that M. A smithii, the most abundant species in all samples, was the most affected by weaning as its relative abundance dramatically decreased 7 days after weaning. Federici’s study (Federici et al., 2015) showed that M. smithii was abundant on day 28 and then dramatically decreased on day 42 and was undetectable by day 63. At the same time, M. boviskoreani increased and replaced M. smithii as the dominant archaea species. Given the sensitivity of DGGE, Federici’s results were consistent with ours. In humans, M. smithii colonizes the human gut soon after birth and is found in colostrum and breast milk. Additionally, it is widely detected in healthy children and positively associated with organic dairy consumption (Van De Pol et al., 2017). Interestingly, we observed that an unclassified Methanobrevibacter species (M. A sp900769095) replaced M. smithii to become the most abundant species in the growing stage. Except for a metagenomic genome assembly (RefSeq accession number: GCF_900769095.1), no information related to M. A sp900769095 is available to infer its potential biological function.

We have previously shown that gut archaea have important and unique functional features and are valuable gut microbiome members (Deng et al., 2021). We found that the functional richness of gut archaea in pigs significantly increases at 35 days of age, corresponding to the rapid growth period of archaeal species. Then, archaeal functional richness was stable until the end of sampling on day 140, suggesting that the function of gut archaea developed before day 35 and that functional richness did not increase with the increasing number of archaeal species after that. Additionally, we explored the effects of weaning on archaeal function using LEfSe software and found four KEGG KOs (ko05323, ko04721, ko04623, and ko03020) that were significantly enriched in the weaning group on both days 21 and 28. Ko05323, ko04721, and ko04623 are related to human immune disease (rheumatoid arthritis), nervous system (synaptic vesicle cycle), and immune system (cytosolic DNA-sensing pathway), respectively, suggesting that archaea may respond to weaning stress in piglets. The KEGG pathway of Starch and sucrose metabolism (ko00500) was significantly enriched in the weaning group on day 28, whereas, on day 21, it was enriched, although not significantly, in the weaning group. Starch and sucrose metabolism is essential in gut microbiome carbohydrate metabolism (Zhao et al., 2018). In weaning piglets, the dietary carbohydrate source changes from lactose to plant-based carbohydrates, which require the intestinal microbiota for degradation.

Samuel’s study (Samuel and Gordon, 2006) suggested that hydrogen reduction by M. smithii was able to partially, but not entirely, explain the improvement in host energy harvest. Our result suggests that gut archaea potentially enhance the piglets’ ability to extract energy from plant-based carbohydrates.

Random forest regression was used to identify bodyweight-related archaeal species for each growth stage. The Observed species alpha diversity metric was listed as a top predictor for both the growing and finishing stages. Furthermore, Pearson correlation analysis between Observed species and bodyweight confirmed the positive association. Archaea are considered a “keystone” member of the complex microbiome, and their metabolic activity is beneficial for bacteria (Moissl-Eichinger et al., 2018). Here, the increased richness of gut archaea may affect bacteria colonization in the gut, benefitting the pigs. Until now, there have been no reports on the relationship between archaea richness and host growth performance, and further validation of our results is highly warranted.

Both LEfSe analysis and Pearson correlation analysis confirmed that M. A sp900769095 is positively associated with bodyweight on day 70. Interestingly, at the same time, the relative abundance of M. A sp900769095 increased after weaning and became the most abundant archaea species on day 35 and day 70, indicating M. A sp900769095 may play an important role in the growth performance of pigs during the growing stage. Unfortunately, except for the metagenomic genome assembly assembled from a human metagenomic dataset, there is no information over M. A sp900769095. It is necessary to culture and further characterize this archaeal species. Additionally, M. smithii was positively associated with bodyweight during the finishing stage (day 140). Several previous studies have revealed that M. smithii is involved in fat deposition by influencing SCFA production and calorie harvest. Additionally, it is associated with obesity in humans (Samuel and Gordon, 2006; Basseri et al., 2012; Mbakwa et al., 2015). In pigs, the highest rate of body fat deposition occurs during the finishing stage; therefore, the high abundance of M. smithii is beneficial during this stage. However, some conflicting results have been reported (Million et al., 2012; Obanda et al., 2018) that suggest that M. smithii has no relationship with obesity. In addition, Su et al. reported that lean Yorkshire piglets have a higher abundance of M. smithii than obese Meishan piglets. We believe this was likely due to functional differences of M. smithii during different growth stages. Nevertheless, additional studies are needed to validate the function of M. smithii in pigs.



CONCLUSION

Shotgun metagenomic sequencing offers the opportunity to describe the archaeal community structure and functional profile. This study shows the structural and functional changes of swine gut archaea over time and provides new evidence that supports the claim that weaning affects archaeal structure and function. Additionally, we observed the enrichment of many KEGG pathways, especially ko04623, in weaning groups, suggesting that gut archaea respond to weaning stress in piglets. Furthermore, we found that M. A sp900769095, an unclassified species, and M. smithii are significantly associated with pig bodyweight on days 70 and 140, respectively; however, further validation is necessary.
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SUPPLEMENTARY FIGURE S1 | Longitudinal changes of archaeal community diversity and structure in the swine gut with age. Archaeal diversity within samples were measured by Observed species (A) and Shannon index (B). Value of p based on Kruskal–Wallis (pairwise) tests for Observed species and Shannon index are shown for each neighboring pairwise comparison. The principal coordinate analysis (PCoA) plots based on Jaccard (C) and Bray–Curtis (D) distance show between-group differences. Different color/shape represent sampling time points from day 7 to day 140.

SUPPLEMENTARY FIGURE S2 | Total relative abundances of archaeal reads of the three weaning groups at different growth stages.

SUPPLEMENTARY FIGURE S3 | Dynamic changes of the top three archaea species over time in the different weaning groups. Y-axes represent the relative abundance of archaea. (A) All samples, (B) samples weaning on day 14, (C) samples weaning on day 21, (D) samples weaning on day 28.

SUPPLEMENTARY FIGURE S4 | Longitudinal changes of archaeal KEGG KOs diversity and structure in the swine gut. Archaeal diversity within samples were measured by Observed KEGG KOs (A) and Shannon index (B). The principal coordinate analysis (PCoA) plots based on Jaccard (C) and Bray–Curtis (D) distance show between-group differences. Different colors represent sampling time points from day 7 to 140.

SUPPLEMENTARY FIGURE S5 | Scatter plots illustrating the association between bodyweight and the four important predictors identified by LefSe analysis. (A) Observed species, (B) Methanobrevibacter A sp900769095, (C) Methanobrevibacter A smithii, and (D) Methanobrevibacter ruminantium A. For archaeal species (B–D), y-axis represents relative abundance of archaeal species. Pearson’s correlation coefficient (R) and Pearson’s correlation test p-value are labeled on each plot.

SUPPLEMENTARY FIGURE S6 | Bodyweight gain-related archaeal species during growing and finishing stages. The most important bodyweight gain-related archaeal species during finishing stage (A), from day 70 to 140) were identified using the random forest regression algorithm in R. Scatter plots shown the relationship between bodyweight gain and Methanobrevibacter A sp900319535 (B), and Methanobrevibacter A smithii (C). The y-axis represents changes of relative abundance of archaeal species, x-axis represents bodyweight gain of pigs from day 70 to 140.



FOOTNOTES

1https://huttenhower.sph.harvard.edu/kneaddata

2ftp://ftp.ncbi.nlm.nirefseq/vertebrate_mammalian/h.gov/genomes/Sus_scrofa/representative/GCF_000003025.6_Sscrofa11.1
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Cattle productivity depends on our ability to fully understand and manipulate the fermentation process of plant material that occurs in the bovine rumen, which ultimately leads to the improvement of animal health and increased productivity with a reduction in environmental impact. An essential step in this direction is the phylogenetic and functional characterization of the microbial species composing the ruminal microbiota. To address this challenge, we separated a ruminal fluid sample by size and density using a sucrose density gradient. We used the full sample and the smallest fraction (5%), allowing the enrichment of bacteria, to assemble metagenome-assembled genomes (MAGs). We obtained a total of 16 bacterial genomes, 15 of these enriched in the smallest fraction of the gradient. According to the recently proposed Genome Taxonomy Database (GTDB) taxonomy, these MAGs belong to Bacteroidota, Firmicutes_A, Firmicutes, Proteobacteria, and Spirochaetota phyla. Fifteen MAGs were novel at the species level and four at the genus level. The functional characterization of these MAGs suggests differences from what is currently known from the genomic potential of well-characterized members from this complex environment. Species of the phyla Bacteroidota and Spirochaetota show the potential for hydrolysis of complex polysaccharides in the plant cell wall and toward the production of B-complex vitamins and protein degradation in the rumen. Conversely, the MAGs belonging to Firmicutes and Alphaproteobacteria showed a reduction in several metabolic pathways; however, they have genes for lactate fermentation and the presence of hydrolases and esterases related to chitin degradation. Our results demonstrate that the separation of the rumen microbial community by size and density reduced the complexity of the ruminal fluid sample and enriched some poorly characterized ruminal bacteria allowing exploration of their genomic potential and their functional role in the rumen ecosystem.

Keywords: new species, ruminal fluid, fractionation, MAGs, small-sized bacteria


INTRODUCTION

Global meat and milk production will grow to 75 and 1,020 Mt, respectively, by 2030, responding to the high food demand by humans (Cooke et al., 2020; OECD, 2021). To face the continuous expansion of the livestock population, more efficient cattle production systems are required, particularly in those countries where the pastures are the primary resource for the ruminants (Puniya et al., 2015). Cattle depend on complex microbial consortia to ferment the plant material. The microorganisms that inhabit the gastrointestinal tract degrade plant components providing energy and microbial protein to the animal for meat and milk production (Morgavi et al., 2013; Ribeiro et al., 2016). Degradation of plant material entering the rumen is carried out by bacteria, fungi, and protozoa; in exchange, cattle obtain volatile fatty acids, proteins, and vitamins necessary to meet their nutritional requirements (Lee et al., 2000).

Studies carried out in the rumen for the last 60 years using classical cultivation methods and, more recently, cultivation-independent methods have revealed that our knowledge about the microbial composition and potential functional roles of many of the species in the rumen remains unclear. Henderson et al. (2015) postulated that similar bacteria were abundant in a range of ruminants across the globe, and among these, 70% of the described OTUs could not be assigned to a formally recognized genus, evidencing the large uncharacterized taxonomic diversity. In addition, fewer than 450 ruminal bacteria have been isolated and cultivated (Seshadri et al., 2018). Therefore, a more significant effort is required to understand their role, dynamics, and response to different nutritional conditions, which is fundamental to improving the productivity of ruminants.

Research regarding the ruminal microbiota has grown steadily together with the development of methods available to characterize microbial communities in general. From the early denaturing gradient gel electrophoresis (DGGE) (Watanabe et al., 2001; Schloss et al., 2011) and pulsed-field gel electrophoresis (Swain et al., 1996), technologies have rapidly evolved with the advent of next-generation sequencing methods. Currently, a standard method is the sequencing of a phylogenetic marker such as the 16S rRNA gene from prokaryotic organisms (Janda and Abbott, 2007). However, it is also known that amplicon-based 16S rRNA gene characterization is prone to many biases, starting with the selection of primers themselves (Schloss et al., 2011). Another recent approach is full shotgun sequencing of community metagenomes (Quince et al., 2017), which has the advantage of characterizing, simultaneously, taxonomic and potential functional diversity. This method has been used recently to assemble complete ruminal genomes (Puniya et al., 2015), thus expanding the diversity characterized beyond the culturable microorganisms. However, an important limitation is the cost due to the depth of sequencing required to obtain enough data to characterize members of this community, which are present at lower abundance. Recent research has demonstrated that a core of similar bacterial groups is present in ruminants worldwide (Henderson et al., 2015). This core comprises members of diverse taxa that have been classified at different taxonomic resolution, including genera, such as Prevotella, Butyrivibrio, and Ruminococcus, and similarly, members of families, such as Ruminococcaceae and Lachnospiraceae, and members of the orders Clostridiales and Bacteroidales (Henderson et al., 2015). Nevertheless, reported differences in ruminal microbiota across cattle breeds are associated with variables such as milk production, predisposition for acidosis disease, methane production, health state, and feed performance (Goldstone et al., 2010; Lee et al., 2018). These differences are often associated with changes in the abundance of the most prevalent bacteria in the rumen environment and the existence of bacteria that are specific to each breed (De Mulder et al., 2018). Our ability to detect these changes in abundance, and, more generally, microbial players that are present at lower frequencies, is restricted by depth of sequencing and biases of methods such as 16S rRNA gene and shotgun libraries (Stewart et al., 2018), thus, yielding a limited view of bovine ruminal bacteria.

Given the methodological biases mentioned above, the functional diversity in the rumen has focused on the description of the role of the most abundant microorganisms, such as members of the genus Prevotella sp. (Nathani et al., 2015; Stewart et al., 2018), and on the characterization of carbohydrate active enzymes, such as cellulases and esterases, of those abundant microorganisms (Goldstone et al., 2010; Lee et al., 2018). Other researchers have studied the functional role of the bacterial community in the degradation of plant fiber (Mayorga et al., 2016) and the functional potential of rumen wall bacteria (Mann et al., 2018). However, limited studies have been carried out on the function of other less characterized microorganisms in the rumen (Zehavi et al., 2018), which shows the enormous lack of knowledge about their participation in the fermentation of plant fiber and the ruminal ecosystem.

To counteract some of those limitations, Hernández et al. (2021) developed a methodology to study the microbial diversity of rumen targeting a more varied spectrum of microbes using a sucrose density gradient (5, 10, 20, 30, 40, 50, 60, and 70% w/v). Briefly, the sample is centrifuged through the sucrose density gradients, and cells migrate to their corresponding density fraction. As a result, the smallest microorganisms are found in the less concentrated and dense fractions, while the largest microorganisms, such as protozoa and bacteria aggregations are found in the more concentrated and dense fractions of the gradient. This approach successfully showed, through the 16S rRNA gene marker community characterization, that the less dense and concentrated sucrose fractions of the gradient (5, 10, and 20%) showed a significantly different bacterial composition to that in the more concentrated and dense fractions of the gradient, as well as to an unfractionated sample of ruminal fluid. It is important to highlight that all bacteria identified via the 16S rRNA marker gene in the fractions of the gradient were also identified in the standard or unfractionated sample of ruminal fluid. However, their abundance in the unfractionated sample was low enough that it would not be possible to reconstruct their genomes from average depth shotgun sequencing. Conversely, poorly characterized bacteria were enriched in the fractions of the gradient, opening the possibility to characterize these genomes functionally and phylogenetically.

Building upon our previous work, this research aims to reconstruct uncharacterized bacterial genomes from the tropical creole Bon and Holstein breeds that are part of the complex ruminal ecosystem, particularly a group of small-sized microorganisms previously enriched in the 5% sucrose density gradient described in Hernández et al. (2021). We focused on unveiling the potential functions of these genomes and inferring the phylogenetic relationships to previously identified bacteria, prioritizing those that represent a higher taxonomic novelty (large phylogenomic distance to cultivated relatives). For this purpose, we performed shotgun sequencing of the 5% fraction of a sample of ruminal fluid from a cow of Bon and a bull of the Holstein breed and compared it with an unfractionated or total sample of ruminal fluid from these two animals. We hypothesized that the 5% fraction would allow us to reconstruct metagenome-assembled genomes (MAGs) from uncharacterized microorganisms with higher quality and completion than that obtained from the total rumen sample.



MATERIALS AND METHODS


Sample Collection

The experimental design and sampling were described in detail in Hernández et al. (2021). In summary, samples of ruminal fluid from a cow of the Colombian cattle breed Bon (Bon-B) and a Bull of the Holstein breed were collected for analysis following a 16-h fasting and right after feeding (post-feeding). The animals were fed with grass ad libitum right before and after the 16-h fasting. The ruminal fluid samples were collected by cannula for the Holstein animal and using a nasogastric probe for the Bon one (Minor et al., 1977). The ruminal microorganisms in these samples were separated by size and density using a sucrose density gradient, which consisted of a step gradient made of different sucrose concentrations, namely: 5, 10, 20, 30, 40, 50, 60, and 70%, where the most concentrated solutions were at the bottom of a 50 ml polypropylene centrifuge tubes, and the less concentrated solutions were at the top of the tube. The ruminal fluid was added to the tube and centrifuged. During centrifugation (5,000 × g), the ruminal microorganisms migrated to the fraction that had the same density (Hernández et al., 2021). To compare the fraction with the total ruminal microbial community, an extra set of samples at fasting and post-feeding were collected; these samples were not separated into fractions.



DNA Extraction

As observed in our previous work (Hernández et al., 2021), the 5% fractions of the Bon-B and the Holstein bull both showed statistically significant differences in bacterial composition in comparison with the total or standard sample of ruminal fluid and, thus, were chosen for further analysis via shotgun sequencing together with the total samples for comparison. The DNA of each of the fractions in either sucrose density gradients or total samples was obtained using the protocol described in Hernández et al. (2021). Briefly, 5 ml of the 5% fraction was centrifuged at 19,064 × g at 4°C for 1 h. Next, the pellet was washed twice with phosphate buffer solution (8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.245 g KH2PO4 dissolved in 800 ml, adjusting pH from 6.8 to 7 and filling to 1 L). The pellets of three replicates from the same sample were combined in 2-ml tubes for DNA extraction. Three aliquots of 500 μl of the total sample of ruminal fluid were also combined in a 2-ml tube, and 500 μl was used for DNA extraction. Then samples were heated at 65°C in a water bath for 5 min and frozen with liquid nitrogen. This procedure was repeated three times. Subsequently, DNA extraction was done using the kit ZR Fungal/Bacterial DNA MiniPrep™ (Zymo Research) according to the instructions of the manufacturer. The presence of DNA after extraction was verified by electrophoresis in a 2% agarose gel (w/v), and DNA concentration as well as the presence of contaminants and quality were measured using NanoDrop (Thermo Fisher Scientific).

DNA from the 5% fractions (post-feeding and after fasting) and one total sample for each animal, postfeeding (Holstein) and after fasting (Bon-B), were sent to the Genome Sequencing Center at the Edison Family Center for Genome Sciences and Systems Biology Washington University in Saint Louis, MO, United States, where shotgun libraries were built using the standard Illumina Nextera protocol and sequenced with NextSeq generating pair-end reads of 2 × 150.



Bioinformatic Analysis

The quality of the sequences was checked using the program FastQC v 0.11.7 (Andrews, 2010). Nextera adapters and low-quality positions [with a Phred value < 20 and a length smaller than 50 nucleotides were removed using Trimmomatic v 0.38 (Bolger et al., 2014)]. Subsequently, BMTagger (Rotmistrovsky and Agarwala, 2011) was used to remove sequences from human and bovine origin. Clean sequences were assembled using Megahit v1.0 (Li et al., 2016) with default parameter values. Sequences for all samples belonging to the same animal (either Bon-B or Holstein) were co-assembled. In addition, separate assemblies for each of the six samples were also performed using the same tool. Clean reads for each sample were mapped back to the assembled contigs using Bowtie2 (Langmead and Salzberg, 2012).



Metagenome-Assembled Genomes Generation

Three different binning programs were used to generate MAGs. These programs were used with default parameter values. For co-assemblies, bins were built using CONCOCT (Alneberg et al., 2013), while MaxBin2 (Wu et al., 2016) and MetaBAT2 (Kang et al., 2019) were used for individual assemblies. The bins generated by CONCOCT were refined using Anvio’s pipeline v6 (Eren et al., 2021) described in the Anvio’s User Tutorial for Metagenomic Workflow,1 while the bins generated by MaxBin2 and MetaBAT2 were refined using DASTool (Sieber et al., 2018); however, in general, no improvement in the original bins was observed with DASTool, and several of the original bins already had sufficient quality (combination of completeness and contamination) to be kept. DASTool results were only kept if they showed a significant improvement.

The completeness and contamination (redundancy) of each of the refined bins were assessed with the CheckM tool (Parks et al., 2015). Bins with completeness greater than 70% and contamination below 10% were included in a preliminary analysis. Then based on completeness and contamination values, the quality of each bin was calculated using the equation generated by Parks et al. (2015), which is quality = [completeness - (5 * contamination)]. Those bins with a quality value greater than 50 were selected as high-quality MAGs. Reads mapped to each sample for one of the high-quality MAGs were calculated using Bowtie2. With these data, the reads per kb of the genome per million of sequences (RPKM) were calculated to normalize the abundance of a MAG in each of the samples.



Taxonomic Identification of the Metagenome-Assembled Genomes

Intrinsic parameters of the MAGs, such as the total length, the number of predicted proteins, average length, predicted proteins, coding density, number of contigs, N50, length of the longest sequence, GC content, and taxonomic assignment were obtained for each of the bins using MiGA (Rodriguez-R et al., 2018). In addition, MAGs were clustered using the MASH average nucleotide identity to check if they represented unique operational taxonomic units or a species using DREP (Olm et al., 2017). For this approach, a representative bin for each cluster was picked based on the best Linye quality, best combination of intrinsic parameter metrics, highest completeness value, and lowest contamination.

To identify the closest reported genome to our MAGs in public databases, we used the Genome Taxonomy Database (GTDB),2 and a compendium of MAGs of the rumen (RUGs) compiled by Stewart et al. (2019) and the complete rumen genomes reported in the Hungate project 1000 database (Seshadri et al., 2018). The program CompareM,3 which is based on average amino acid identity (AAI), was used to find the closest reported RUGs or genomes to our MAGs.



Phylogenetic Placement of Each Metagenome-Assembled Genomes

Following the methodology outlined by Hug et al. (2016) to reconstruct one of the most widely accepted versions of the Tree of Life, genomes were mined for bacterial-type (P-type) ribosomal proteins L2, L3, L4, L5, L6, L14, L15, L16, L18, L22, L24, S3, S8, S10, S17, and S19 (all single-copy genes). Sequences for each of our MAGs and the closest MAGs identified based on AAI from the RUGs and Hungate project databases (as described in the section above) were added to the existing alignment of the tree of life using MAFFT (Katoh and Frith, 2012), with the following command: mafft –thread 12 –reorder –keeplength –maxambiguous 0.05 –addfragments. The final alignment comprised 3,131 genomes and 2,596 amino acid positions. A maximum likelihood tree was constructed using RAxML v. 8.1.24 (Stamatakis, 2006), under the LG plus gamma model of evolution (PROTGAMMALG) with 100 bootstraps. The best resulting tree together with its associated bootstrap support values was visualized in the Interactive Tree of Life (iTOL) interface online (Letunic and Bork, 2011) for annotation. To determine taxonomic novelty, the taxonomic assignment was performed by GTDB-Tk v1.1.0 (Chaumeil et al., 2020). GTDB-Tk classifies bacterial and archaeal genomes and identifies novel taxa by determining the phylogenetic placement and relative evolutionary divergence (RED) values of query genomes in the GTDB reference tree (Parks et al., 2018, 2019), using the GTDB-Tk data release number 89 (June 21, 2019).



Functional Annotation

The rapid annotation subsystem technology (RAST) (Aziz et al., 2008) was used to perform a general functional annotation of each of the selected MAGs. The functional categories such as carbohydrates, vitamins and cofactors, and protein degradation were annotated in detail. In addition, the complete genomes of Prevotella ruminicola (GCF_000025925.1), Prevotella bryantii (GCF_000179055.1), Ruminococcus albus (GCF_000178155.2), and Butyrivibrio fibrisolvens (GCF_000209815.1) were included in this functional characterization, as complete references, together with the closest genomes identified via AAI from the RUGs database. Heatmaps were used to visualize the abundance and clusterization of the different functional categories in the MAGs, the selected list of complete genomes, and the selected RUGs. The heatmaps were generated using R studio using the library ggplot2 v.3.3.5 (ggplot2.tidyverse.org). We counted the number of genes that were detected by RAST in each functional category for each genome or MAG. Heatmaps were produced for each functional category based on raw counts. On the other hand, the dbCAN2 meta server (Zhang et al., 2018) was used to identify the set of carbohydrate-active enzymes (CAZy) encoded in the MAGs, and the hits obtained with the dbCAN CAZyme were analyzed through the domain HMM database (Finn et al., 2011). The glycosyl hydrolases (GH), transferases (TR), esterases (CE), carbohydrate-binding modules (CBMs), polysaccharide lyases, and enzymes with auxiliary activity were identified in the assembled MAGs. Raw CAZy counts were recorded for each family, and these were visualized in conjunction with the phylogenetic information of each bin.




RESULTS


The Sucrose-Based Fractionation Resulted in the Recovery of More Metagenome-Assembled Genomes Than the Total Sample

The fractionation of the ruminal fluid samples previously described in Hernández et al. (2021), allowed us to enrich less studied bacteria in the rumen of the Colombian Creole Bon and Holstein breeds, adapted to tropical environments. Here, we reconstructed the genomes from a fraction of a sucrose density gradient through shotgun sequencing. We selected the 5% sucrose fractions at fasting and post-feeding, and total or unfractionated ruminal fluid sample for one animal of each breed because those fractions showed very different bacterial compositions using 16S rRNA gene profiling. Shotgun sequencing of the fractionated and total fraction produced around 11–13 million sequences per sample, respectively. After the removal of low-quality human and bovine sequences, the number of sequences decreased 5%, on average (Supplementary Table 1).

The reads that passed the quality control and filtering were co-assembled independently for each animal. The Bon-B co-assembly resulted in 75,695 contigs longer than 1,000 bp. The percentages of reads used in this assembly were 32.9, 35.1, and 7.1% for samples Bon-B-5%-fasting, Bon-B-5%-post-feeding, and Bon-B-Total, respectively. The Holstein co-assembly resulted in 97,141 contigs longer than 1,000 bp. The percentages of reads used in this assembly were 59.3, 63, and 32.4% for samples Holstein-5%-fasting, Holstein-5%-post-feeding, and Holstein-Total, respectively. In addition, each sample was assembled individually. The percentage of reads of each sample used in these assemblies ranged between 5.9 and 58.1%. Co-assembly and individual sample assembly statistics are shown in Supplementary Table 2.

We used different binning programs and refining tools to generate the MAGs. We generated 452 bins that were used as input for the different software. The binning program CONCOCT was used with the refining tool Anvi’o, resulting in two bins for the Bon-B and five bins for the Holstein animal. MaxBin2 generated one bin for the Bon animal and 17 bins for the Holstein animal, and MetaBAT2 tool reconstructed three bins for the Bon and 13 bins for Holstein. Then, the bins generated by MaxBin2 and MetaBat2 were refined using DASTool, which resulted in four improved bins for Bon and 14 bins for Holstein. Only 49 of those bins fulfilled the requirement of completeness greater or equal than 70%, a contamination value below 10% according to CheckM, and a quality value greater than 50 (Parks et al., 2015; Supplementary Table 3). This set of 49 high-quality bins was deemed as MAGs.

As expected, most MAGs assembled were more abundant in the 5% fractions than in the total sample (Supplementary Table 3), with RPKM values varying between 99.7 and 0.02 for the 5% fraction and between 12.6 and 0.02 for the total sample, with only one MAG being enriched in the total sample. Interestingly, the MAGs were similarly abundant in both 5% fractions, regardless of whether they were taken after fasting or post-feeding. In terms of the animal, we observed that the majority (41 MAGs) were derived from the Holstein animal, while only eight were obtained from the Bon-B animal. Contigs statistics showed that genome size of the MAGs enriched in the 5% fractions was between 769,455 and 3,517,274 bp, while the one single MAG enriched in the total sample had a genome size of 5,093,283 bp, further indicating the nature of smaller genomes in the 5% fraction (Supplementary Table 3).



Metagenome-Assembled Genomes Recovered From Small (5%) Fractions Belong to the Unexplored Ruminal Bacteria

MIGA and Anvi’o were used for the taxonomic classification of the bins (Supplementary Table 3) and to identify closely related genomes or MAGs present in the GTDB. The MiGA tool showed that the most similar genomes had AAI values between 30 and 40%. In addition, MiGA was only able to classify our MAGs to order or family level with statistical significance; in fact, some of them only were classified to class level (Supplementary Table 3). Comparisons with the GTDB showed that one genome in this database “GCA_900319375.1 Rumen Bacteroidales” shared 95% similarity at nucleotide level to one of our bins according to MASH-ANI distances, as shown in Supplementary Figure 1.

The program DREP (Olm et al., 2017) was used to group the bins according to nucleotide average identity and MASH distance or MASH-ANI. Eleven clusters of bins were formed, and five singletons were identified. A representative MAG for each cluster was chosen based on the parameters described for each bin in the MiGA tool, the completeness and contamination value, and the RPKM value. Figure 1 shows a tree based on ANI-MASH distance of all the 49 MAGs resulting in the 16 selected clusters.
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FIGURE 1. Clustering of the high-quality metagenome-assembled genomes (MAGs) found in the 5% fraction of the total sample of ruminal fluid of the Bon and Holstein animals according to MASH-ANI distances.


Due to the low similarity of our MAGs to publicly available genomes, we compared our MAGs with genomes and MAGs generated in recent rumen studies, by means of AAI (described in section “Materials and Methods”), particularly, the compendium of MAGs of the rumen or RUGs compiled by Stewart et al. (2019) and the complete rumen genomes reported in the Hungate project 1000 database (Seshadri et al., 2018). The most similar genomes to our bins in the RUGs database and the Hungate project 1000 are shown in Supplementary Table 4. In all cases, the AAI values to the best hits in the RUGs database were higher compared with the Hungate 1000 project database, indicating that our bins are similar to MAGs reported in other metagenomic rumen studies than in the cultivated rumen bacteria. An interesting finding is that the genome size of the more similar RUGs is small and similar to the ones obtained for our MAGs, varying from 898,703 to 3,185,451 bp. The completeness and contamination values for the more similar RUGs and their taxonomic classification according to Stewart et al. (2019) are described in Supplementary Table 4, as those genomes were used for further analysis in this study.



Metagenome-Assembled Genomes Phylogenetic Relatedness

Given that the ANI and AAI metrics suggested that some of the 16 obtained MAGs could correspond to potentially new taxa, a phylogenetic tree was constructed to assess their phylogenetic relatedness. The tree was constructed using concatenated single-copy genes from the MAGs (Figure 2). In addition, a taxonomic assignment was done using phylogenetic placement and RED values using the query genomes in the GTDB reference tree, as implemented in GTDB-Tk (Supplementary Table 5). GTDB-Tk taxonomic assignments placed the MAGs within the following phyla: Firmicutes_A (n = 7), Bacteroidota (n = 4), Firmicutes (n = 2), Proteobacteria (n = 2), and Spirochaetes (n = 1). All members of Firmicutes_A belonged to the class Clostridia, which included the recently proposed orders 4C28d-15 (n = 6) and Christensenellales (n = 1). All members of Firmicutes belonged to the class Bacilli; this included the orders RF39 (n = 1) and ML615J-28 (n = 1). The four Bacteroidota genomes were assigned to the class Bacteroidia and order Bacteroidales, with only one of them assigned to a traditionally described family and genus, that is the Bacteroidaceae and Prevotella, respectively. The two Proteobacteria were both assigned to the Class alpha-proteobacteria, and within it to recently proposed orders, Rs-D84 and RF32. The Spirochaetota genome was assigned to the family Sphaerochaetaceae, and the recently proposed genus UBA9732. Only one MAG was assigned to species level (from order Bacteroidales, assigned as RC9 sp900319375), four were not identified to genus (all these Clostridia), and all of them were classified to family and higher taxonomic ranks. It is important to highlight that 10 of these genomes were assigned to recently proposed orders, and 14 to recently described families, particularly within the classes Clostridia, Bacilli, and Alphaproteobacteria, all with names assigned as codes and likely with no cultured representative. No MAGs were identified as Archaea.
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FIGURE 2. Bootstrapped maximum-likelihood tree based on concatenated ribosomal marker genes including representative MAGs found in this study placed onto the phylogenetic tree proposed by Hug et al. (2016). Clades are colored based on both domain and order, but only orders that are relevant to the MAGs are presented in this study, as shown by gray boxes.




Functional Profile of the Metagenome-Assembled Genomes

In order to analyze the functional potential encoded in our MAGs in the context of other ruminal microorganisms, we compared their predicted functional repertoires with those predicted from the complete genomes of four well-characterized and commonly abundant rumen cultivated bacteria: Prevotella ruminicola (GCF_000025925.1), Prevotella bryantii (GCF_000179055.1), Ruminoccocus albus (GCF_000178155.2), and Butyrivibrio fibrisolvens (GCF_000209815.1) (Nathani et al., 2015), as well as the most similar RUGs as evidenced from AAI.

In general, the subsystem category distribution with RAST showed that only between 10 and 19% of the proteins of each MAG could be annotated by this tool, which implies that the other proteins are distant homologs from known proteins or new proteins. We further studied all the general functional characterization performed by RAST for all MAGs (Figure 3), the number of genes in each functional category was used to perform a clusterization analysis and build the heatmaps. Three large clusters can be observed based on gene abundance. MAG-R015, MAG-R023, MAG-R039, MAG-R002, MAG-R013, that are members of the phyla Firmicutes_A (Clostridia), MAG-R062 a member of Firmicutes (Bacilli) and MAG-R038 that belongs to Alphaproteobacteria, form one cluster characterized by a smaller number of subsystem feature counts in most of the functional categories and the lack of genes in several categories, including protein degradation. These MAGs seem to have a basic and reduced functional repertoire. Conversely, Bacteroidota genomes, such as MAG-R044 and MAG-R032, form a clade with P. ruminicola, P. bryantii, R. albus, and B. fibrisolvens. In addition, these MAGs contain subsystem feature counts in most functional categories, having a greater number of these in the category of carbohydrates, amino acids, and derivatives and in cofactors, and vitamins indicating they have a larger potential metabolic repertoire, at least of characterized genes, than the rest of the MAGs reported in this study. Finally, an intermediate cluster formed with MAG-R005, MAG-R016, MAG-R067, MAG-R001, MAG-R073, and MAG-R050 had a high abundance of genes, related to central metabolism and co-factor and vitamins but absent from certain categories such as the first cluster.
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FIGURE 3. Absolute abundance of the subsystem feature counts found in the functional categories established by RAST (rapid annotation using subsystem technology) for each of the representative MAGs.


After a general functional characterization was performed, we focused on three functional categories: carbohydrate metabolism, vitamins and cofactors, and protein degradation. The degradation of structural carbohydrate from the plant cell wall is an essential process of ruminal microorganisms for obtaining energy. Figure 4 depicts the carbohydrate category present in the MAGs assembled in this study, the Hungate genomes and the RUGs. We observed that some of our MAG and RUG genomes showed very limited capacity for the degradation of complex carbohydrates and oligosaccharides, including MAG-R015, MAG-R067, MAG-R023, MAG-R039 and MAG-R002 belonging to Firmicutes_A (Clostridia), MAG-R062 belonging to Firmicutes (Bacilli), MAG-R073, MAG-R038 belonging to Alphaproteobacteria; however, most of these MAGs have the genes that will allow them to ferment lactate. On the other hand, MAG-R044 has the largest metabolic repertoire for the potential degradation of complex polysaccharides such as cellulose, hemicellulose, and pectin and its derived oligosaccharides, and it is important to highlight that this MAG was the only one that was enriched in the total and not the 5% fraction of the gradient. Other Bacteroidota, such as MAG-R031-2, MAG-R042, and MAG-R005, showed fewer carbohydrate degradation genes than MAG-R044, but they can also degrade oligosaccharides, and only MAG-R005 can degrade xylose. Spirochaete MAG-R016 has the potential to degrade arabinose, a monosaccharide derived from hemicellulose degradation. Most of the MAGs present subsystem feature counts for glycolysis and gluconeogenesis.
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FIGURE 4. Absolute abundance of the subsystem feature counts found in the carbohydrate category established by RAST (rapid annotation using subsystem technology) for each of the representative MAGs.


MAGs were also clustered according to the presence and abundance of genes associated with the vitamin and co-factor categories: the cluster formed by Alphaproteobacteria (MAG-R038 and MAG-R073), Spirochaetes (MAG-R016), most of the MAGs belonging to Firmicutes_A; Clostridia (MAG-R002, MAG-R015, MAG-R039, MAG-R013, and MAG-R0 23) and Firmicutes; Bacilli (MAG-R062 and MAG-R001) had a few genes related with vitamins and co-factors (Figure 5). In contrast, the clusters of bins represented by all the Bacteroidota and MAG-R050 and MAG-R067, which belong to Firmicutes phylum, contain predicted genes for the synthesis of most of the vitamin B cluster. We also evaluated the proteolytic activity of the assembled MAGs using the annotation of the subcategory of protein degradation, which is part of the functional category of protein metabolism in RAST. Protein degradation is essential for ammonia production by the rumen microbial community (Lu et al., 2019). All the MAGs assembled in this study have metallocarboxypeptidases (Figure 6). These types of enzymes free an amino acid at the carboxy terminal of a polypeptide and depend on a metal ion to work properly (Fernandes et al., 2021). These proteinase genes were the only ones in the MAGs that belong to Firmicutes_A Clostridia, such as the MAG-R013, MAG-R039, MAG-R023, MAG-R015, and MAG-R050. Other types of enzymes, such as the aminopeptidases, which release the amino-terminal amino acid from a polypeptide (Gonzales and Robert-Baudouy, 1996), were also detected in all the Bacteroidota, Spirochaetaceae, Firmicutes, Bacilli, and Alphaproteobacteria MAGs, while enzymes, such as serine-aminopeptidases and dipeptidase were detected only in the Bacteroidota phylum. The ATP-dependent proteolysis in bacteria is present in most of the MAGs assembled in this study except for most of the Firmicutes_A clostridia. This function is related to the recognition, unfolding, and breaking of bonds of a protein that lead to the formation of large peptides (Baker and Sauer, 2006).
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FIGURE 5. Absolute abundance of the subsystem feature counts found in the vitamins and co-factors category established by RAST (rapid annotation using subsystem technology) for each of the representative MAGs.
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FIGURE 6. Absolute abundance of the subsystem feature counts found in the protein degradation category established by RAST (rapid annotation using subsystem technology) for each of the representative MAGs.




The Degradation of Complex Polysaccharides: Carbohydrate-Active Enzymes

The dbCAN2 metaserver (Zhang et al., 2018) was used to search for carbohydrate-active enzymes in the MAGs. The presence of the enzymes that degrade cellulose, hemicellulose, and pectin in the rumen was established by those families of carbohydrate active enzymes previously reported (Seshadri et al., 2018) as follows: cellulose degradation: GH5, GH9, GH44, GH45, and GH48; xylan degradation: GH8, GH10, GH11, GH43, GH51, GH67, GH115, GH120, GH127, CE1, and CE2; pectin degradation: GH28, PL1, PL9, PL10, PL11, CE8, and CE12. Figure 7A shows the number of genes that degrade cellulose, hemicellulose, and pectin in the MAGs reconstructed in this study. In this sense, all the MAGs that belong to Bacteroidetes, Spirochaetes, MAG-R050, MAG-R067, and MAG-R001 belonging to Firmicutes have genes for the degradation of these complex structural carbohydrates. Only MAG-R044, MAG-R042, and MAG-R016 have genes for the degradation of cellulose, pectin, and hemicellulose. MAG-R044 has the largest number of genes that degrade these complex structural carbohydrates. On the contrary, no related genes to the degradation of cellulose, hemicellulose, or pectin were found for eight MAGs belonging to Clostridia (Firmicutes_A) and Alphaproteobacteria (Supplementary Table 6A).
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FIGURE 7. Glycoside hydrolases found in the representative MAGs using dbCAN2 carbohydrate-active enzyme (CAZy) domain HMM database. (A) Gene counts per each MAG of enzymes degrading substrates such as cellulose, hemicellulose, and pectin, according to Seshadri et al. (2018). (B) Gene counts for other glycoside hydrolases.


Figure 7B shows other glycoside hydrolases families found in the reconstructed MAGs. The most abundant families of glycoside hydrolases found for all were family GH13, which degrades starch. Other abundant families were GH2, GH3, GH31, GH20, GH97, and GH18, which degrade substrates such as beta-galactosidases, cellobiose and xylan, maltose, or heptomaltose, peptidoglycans, N-acetyl galactosamine, and chitin (Supplementary Table 6B). All these compounds are present in the ruminal environment; some of them are oligosaccharides derived from the degradation of cellulose, pectin, and hemicellulose, and others, such as peptidoglycans and chitin, are found in the bacterial cell wall and in ruminal fungi. The Bacteroidota phyla showed most of the families of hydrolases found in this study, while most of the Clostridia MAGs have genes of the family GH23, which degrades peptidoglycan and chitin dextrins.

Other esterases also were described in all the MAGs. Supplementary Table 6C shows the number of genes for each esterase family in each of the bins. In general, CE4 was the most abundant family. This family is enriched mostly in the Firmicutes_A Clostridia MAGs. Described substrates for this family are xylan, chitin, chitooligosaccharide, and peptidoglycans. The transferase families found in the reconstructed MAGs are shown in the Supplementary Table 6D. The most abundant transferase family is the GT2 followed by other transferase families, such as GT4, GT51, and GT28. All these families are present in most of the MAGs assembled in this study. In addition, a higher number of transferase families’ genes were found in Clostridia MAGs, while in Bacteroidota MAGs, a higher number of hydrolase families’ genes were counted (Supplementary Figure 2). Other enzymes, such as CBMs, polysaccharide lyases, and auxiliary activity enzymes were found in the MAGS in very low abundance. These enzymes are reported in Supplementary Tables 6E–G.




DISCUSSION

The taxonomic and functional characterization of the microorganisms that are part of the ruminal ecosystem is an essential factor to understand the complex microbial interactions that occur when plant fiber is fermented. This characterization is also fundamental to elucidate how to improve cattle’s health, productivity, and to search for methods to decrease methane emissions (Stewart et al., 2019). However, the best characterized genomes at the taxonomic and functional level are genomes belonging to the most abundant microorganisms in the rumen, leaving aside other microorganisms (Eisenstein, 2018). In this study, we reconstructed the genomes of 15 species enriched by fractionation and one genome from the total fraction, from two cattle breeds that grazed tropical grasses. These 15 genomes were enriched by fractionating the rumen microbial diversity by size and density, using a sucrose density gradient, a methodological approach developed recently by Hernández et al. (2021).

The fractionation of ruminal samples by size and density allowed the enrichment of bacteria present in the rumen for further functional and taxonomic identification. It was possible to see a consistency in terms of the MAG presence in each animal, with its presence identified both in the 5% fraction and the total samples. However, in 15 out of the 16 cases, the MAGs were more abundant in the fractions than the total sample, showing that the enrichment process reduces the complexity of the sample, allowing a more efficient assembly. Further proof of this comes from the higher percentage of read recruitment from the 5% fractions than the total samples to the MAGs assembled. The low percentage of reads mapping to the enriched MAGs in the unfractionated samples suggests that those assembled genomes would have been very difficult to assemble unless a similar enrichment was done, or a significantly higher depth of sequencing was achieved. The high diversity and abundance variability of ruminal communities imply that there are large fractions of poorly characterized microorganisms, but some studies performed in the human gut are elucidating the importance of these microorganisms (Almeida et al., 2019). New functional genes relating the carbohydrate metabolism with antimicrobial, and biotechnology applications were found in the rare bacterial genomes in different human populations. These genes were not present in the genomes of the most abundant bacteria in the human gut or in those microorganisms that have a culture-isolated representative (Almeida et al., 2019).

An interesting property of most MAGs recovered from the 5% fraction enrichment is their small genome size. Other rumen researchers have reported small genome sizes MAGs (Seshadri et al., 2018). According to Duda et al. (2012), a small bacterial genome size varies between 0.58 and 3.2 Mbp. This small genome size agrees with the bacterial size in the 5% fractions ranging from 0.3 to 0.7 μm2 (Hernández et al., 2021). In general, the presence of small-sized bacteria in an environment is due to nutrient shortage, and when the availability of nutrients increases, the size of the bacteria also increases (Ghuneim et al., 2018). Several factors can trigger small-sized bacteria in an ecosystem; for example, protozoan grazing, as occurs in the rumen, can induce large small-sized bacterial populations due to protozoa usually feeding on bacteria with a size between 0.8 and 4 μm; thus, bacteria with a smaller size can proliferate easily. Another factor is the lysis of bacterial cells produced by bacteriophages, which release nutrients or public goods to the rumen environment, which are available for other members of the microbial community, such as small bacteria with reduced metabolic pathways (Ghuneim et al., 2018). The ease of availability of nutrients can lead to a loss of genes and a reduction in the genome size, an evolutionary process that could have associated to small-sized bacteria (Morris et al., 2012) (Another reason for small, detected genome size is a process of genome reduction which can happen in certain symbionts and obligate parasites). The genome reduction can happen in certain symbionts and obligate parasites (Ghuneim et al., 2018).

We achieved the assembly and characterization of MAGs belonging to different phyla, such as Bacteroidota, Firmicutes_A, Firmicutes, Proteobacteria, and Spirochaetota. Fifteen MAGs were novel at the species level, and four at the genus level. Furthermore, even though all MAGs could be assigned at the order and family levels, very few were assigned to a well-described order (7) or family (2). Together, these results highlight that fractionation is an efficient method for enriching bacteria from poorly characterized taxa, at enough abundance to allow genome reconstruction and, thus, better phylogenetic placement. As was observed in our results, only a few MAGs were classified to traditional, well-described bacterial orders and families, and most of the currently proposed taxa are derived precisely from MAGs and other efforts for genome enrichment and assembly, such as the one described here, thus, highlighting the importance of initiative such as the one reported.

The MAGs that belong to the Bacteroidota phylum possess the highest number of glycoside hydrolases that degrade cellulose, xylan, pectin, starch, and oligosaccharides, suggesting that one of the roles of the Bacteroidota MAGs is the degradation of complex and simple polysaccharides derived from plant material in the rumen. Together, with the fact that Firmicutes were usually the most commonly studied ruminal microorganisms for polysaccharide degradation, our results highlight the potential of the enrichment method as a previous step toward culture-based efforts directed toward isolation of novel Bacteroidota. These results agree with those reported in previous investigations about Bacteroidota in the rumen. In these studies, Bacteroidota is associated with saccharolytic activities, cellulose degradation through polysaccharides utilization loci (PUL’s) (Naas et al., 2014) and the degradation of xylan (Dodd et al., 2010). Bacteroidota MAGs were also characterized by the synthesis of different vitamins, such as B7, B1, B9, B2, and B12. These vitamins participate in different ruminal functions, such as the metabolism of amino acids, lipids, and carbohydrates, amino acid catabolism, one carbon metabolism, methionine synthesis, and co-factors in essential proteins that support cellular function in the microbial community of the rumen and in the host animal (Seck et al., 2017). These vitamins also have a role in DNA synthesis, such as the B12 vitamin, which participates in the synthesis of DNA and in essential proteins (Kaur et al., 2019). High levels of B12 vitamins are related to the abundance of the Prevotella genus in the rumen (Franco-Lopez et al., 2020). The MAG-R044 that was classified as the genus Prevotella supports this finding due to the presence of Cobalamin biosynthesis genes. Interestingly, the MAG-R050 belonging to Firmicutes also has this metabolic potential. Although most MAGs belonging to Firmicutes_A have few genes for vitamin synthesis, exceptions are biotin biosynthesis and flavodoxin. Biotin is an important vitamin for cellulose degradation, the production of volatile fatty acids in the rumen (Milligan et al., 1967), and for animal metabolism (Chen et al., 2011). Flavodoxin is an electron-carrying protein in bacteria (Yoch and Valentine, 1972) linked to the pyruvate pathway necessary for the volatile fatty acid production by microorganisms in the rumen and NADH oxidation (Hart et al., 2018).

Ruminococcus and Butyrivibrio are representative genera of Firmicutes_A in the rumen; their main function is the digestion of cellulose, xylan, and pectins (Klieve et al., 2005; Palevich et al., 2019). According to the CAZy annotation, only MAG-R050, MAG-R067, and MAG-R001 possess glycoside hydrolases for cellulose and hemicellulose degradation. Most of the Firmicutes_A, Firmicutes Bacilli, and an Alphaproteobacteria MAGs reconstructed in this study are characterized by the absence or very few genes for glycoside hydrolases. These results are supported by the RAST carbohydrate function characterization where one or few of them have genes for lactose utilization, mannose metabolism, chitin, and N-acetyl-glucosamine utilization. Comparable results were observed in other MAGs reconstructed in other rumen studies such as CADBN01, CACXFO01, and CADBOH01 (Figure 4). However, most of the Firmicutes MAGs have genes associated with the production of lactate, which is an intermediate compound in the production of volatile fatty acid necessary for cattle metabolism and is converted to propionic acid and propionate by other rumen microorganisms like Megasphaera elsdenii (Counotte et al., 1983). The genes to produce lactate were also observed in the Alphaproteobacteria MAGs.

Most of the Firmicutes MAGs also were characterized by the absence of glycoside hydrolases, vitamins, and co-factor genes, as well as a few protein-degradation genes. This general lack of pathways could be due to the incomplete reconstruction of these MAGs or lack of known homologs that allow for the annotation of such functional genes in their genomes. The lowest completeness values among Firmicutes MAGs were 69.09% (MAG-R015) and 71.50% (MAG-67). The rest of the MAGs have a completeness value greater than 80%; in fact MAG-R001, MAG-R012, MAG-R039, and MAG-R050 have completeness values greater than 90–96.61%. In addition, the RUGs that have a protein composition similar to our MAGs also showed a reduction in the metabolic pathways, although they have high completeness values between 84.36 and 95.75%. Assuming that the functional reduction is not a technical artifact, another explanation to understand the reduction in metabolic pathways in Firmicutes is genome size reduction where these bacteria depend on other rumen microorganisms to supply metabolic requirements (Morris et al., 2012). These results are supported by previous research where some bacteria from Firmicutes and Proteobacteria phylum have lost some families of glycoside hydrolases, the glycogen pathways, and other enzymes such as enolases that participate in glycolysis. These bacteria feed from the amino acids and volatile fatty acids generated by primary fermenters in the rumen (Seshadri et al., 2018).

On the other hand, our findings suggest that some Firmicutes could have a specialized niche. Most of the Firmicutes_A MAGs showed an enrichment of the family CE4; this family of esterases deacetylate xylan, chitin, chitooligosaccharides, and peptidoglycans. In addition, genes of the GH23 and GH18 families were also found in this taxonomic group. The function of the family GH23 is a peptidoglycan and chitin lysozyme, while family GH18 has, among other functions, the activity of chitinase. Chitin is a component of the fungal cell wall (Lenardon et al., 2010), and anaerobic fungi are part of the rumen microbial community. According to these findings, chitin can be potentially used by Firmicutes MAGs as a source of energy, and so, they contribute to degradation and recycling of chitin in the rumen. Chitinolytic bacteria have been reported previously in the rumen. Kopeèný et al. (1996) grew chitinolytic bacteria isolated from cow and sheep feces in a rumen fluid medium with colloidal chitin. The taxonomic classification of these bacteria was Clostridium sp. (based on physiological and biochemical tests); these bacteria were reported to produce acetate, butyrate, and lactate from chitin fermentation. On the other hand, the presence of lysozyme could indicate that these enzymes are involved in the cleavage of the bacterial cell wall (peptidoglycan), for cell division and turnover, or even peptidoglycan can be used as an energy source (Park and Uehara, 2008), and not for chitin degradation (Blackburn and Clarke, 2001). Further research will be needed to explain in detail these relationships between rumen organisms.

The large number of transferases found in Firmicutes MAGs also suggests that they are bacteria that can be specialists in producing polysaccharides. The GT2 transferase family genes are present not only in Firmicutes but in most of the reconstructed MAGs in this study. An important function of this gene family is the cellulose synthesis, although the presence of this gene family does not guarantee the production of cellulose by the microorganism, and close homologs to other cellulose synthesis genes was not significantly detected, it has been reported that the bacterial cellulose is produced by environmental bacteria, and the most common role is the attachment of a bacterial cell to other bacterial cells, to the host or to a substrate (Ross et al., 1991). In this sense, cellulose, although a rare component of biofilm, could be important for its formation (Römling and Galperin, 2015). In the rumen, the biofilm formation is an essential process to degrade the vegetal fiber where primary colonizer bacteria, which degrade cellulose, pectin, and hemicellulose, form a biofilm with secondary colonizer bacteria increasing the degradation rate of these complex polysaccharides (McAllister et al., 1994). In consequence, the presence of cellulose synthesis-related genes is an interesting finding, and further studies would be required in order to prove that the complete gene repertoire needed for cellulose synthesis is present. This is an important point since bacterial cellulose has multiple industrial applications (Wang et al., 2019).

In conclusion, the enrichment of specific bacteria from the rumen, using a sucrose-based fractionation is a powerful methodology that allows us to characterize, both phylogenetically and functionally, small-sized bacterial genomes. These bacteria with small genomes could not be assembled using only the standard/total sample of ruminal fluid. We were able to reconstruct the genomes of 16 MAGs from Colombian creole breeds that live in tropical environments. Phylogenetic placement in the tree of life reveals that 15 MAGs are new species, which belong to the Bacteroidota, Firmicutes, Firmicutes_A, Alphaproteobacteria, and Spirochaetota phyla. These results add to the knowledge of the enormous bacterial diversity that has not yet been discovered in the ruminal ecosystem. Despite its small genome size, Bacteroidota and Spirochaetota species showed a wide potential functional diversity adapted to the hydrolysis of complex polysaccharides in the plant cell wall and toward the production of B-complex vitamins and protein degradation in the rumen. Conversely, the MAGs belonging to Firmicutes, Firmicutes_A, and Alphaproteobacteria showed a reduction in several metabolic pathways either due to an incomplete reconstruction of these MAGs or that they went through a process of genome size reduction generated by protozoa predation and availability of nutrients that leads them to depend on other microorganisms that inhabit the rumen to supply their metabolic requirements from primary fermenters. Only between 10 and 19% of the proteins of each MAG could be annotated by RAST in these genomes; therefore, there is still an enormous functional potential that needs to be further explored to fully characterize the functional peculiarity of these genomes in the rumen.

Tools such as fractionation or selection of small-sized microorganisms in an environment, such as the rumen, have the potential to unveil genomic characteristics and functional roles overseen when studying a complete sample of such an environment. In our case, it revealed genomic factors from novel representatives of phyla, such as Firmicutes and Bacteroidetes, that are not necessarily the most common features from cultured representatives of those phyla. Furthermore, it suggests that at all taxonomic levels, the functional partitioning of an environment, such as the rumen, is much more complex that could be explored from the abundant members. Our study showed that we were able to enrich and characterize genomic and functional features of organisms from poorly characterized or novel taxa. Finally, this type of fractionation and selection can constitute the first step in isolating and recovering such microorganisms with their corresponding biotechnological and agricultural potential.



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 below: https://www.ebi.ac.uk/ena, European Nucleotide Archive (ENA), project accession PRJEB47520.



ETHICS STATEMENT

Ethical review and approval was not required for the animal study because although the original samples were obtained from bovine rumen, the current research is based on samples from a sucrose gradient fractionation derived from the original samples. Description and ethical consent for the original samples is provided in the original publication also in Frontiers in Microbiology (doi: 10.3389/fmicb.2021.664754).



AUTHOR CONTRIBUTIONS

AC-Q, AR, HJ, and RH contributed to the design and supervision of this study. AC-Q and HJ provided material and resources for sampling and the processing of samples in the lab. RH performed the sampling and the sample processing and drafted the first draft of the manuscript. AR provided the computational resources. RH and MC mainly performed bioinformatic analyses. MC wrote the phylogenetic methods and results. All authors contributed to manuscript revision and approved it for publication.



FUNDING

This study was supported by the Max Planck Tandem Group in Computational Biology at the Universidad de los Andes, the Agriculture and Rural Development Ministry of Colombia and Universidad Nacional de Colombia. Colciencias through grant 647 provided a graduate student scholarship to RH. The authors would like to thank the Vice Presidency of Research & Creation’s Publication Fund at Universidad de los Andes for its financial support.



ACKNOWLEDGMENTS

We thank Angela Pena for her guidance and advice to run some bioinformatics programs and data analysis; additionally, to all the members of the BCEM laboratory for their help in the bioinformatic analysis and support; the technicians in the lab and in the field who were always willing to collaborate; the IT Services Department and ExaCore—IT Core-facility of the Vice Presidency for Research and Creation at the Universidad de Los Andes for high-performance computing services.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.813002/full#supplementary-material


FOOTNOTES

1https://merenlab.org/2016/06/22/anvio-tutorial-v2/

2https://gtdb.ecogenomic.org/

3https://github.com/dparks1134/CompareM


REFERENCES

Almeida, A., Mitchell, A. L., Boland, M., Forster, S. C., Gloor, G. B., Tarkowska, A., et al. (2019). A new genomic blueprint of the human gut microbiota. Nature 568, 499–504. doi: 10.1038/s41586-019-0965-1

Alneberg, J., Bjarnason, B. S., de Bruijn, I., Schirmer, M., Quick, J., Ijaz, U. Z., et al. (2013). CONCOCT: Clustering cONtigs on COverage and ComposiTion. ArXiv13124038 Q-Bio. Available online at: http://arxiv.org/abs/1312.4038 (accessed June 9, 2021).

Andrews, S. (2010). FastQC: A Quality Control Tool for High Throughput Sequence Data. Available online at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc (accessed April 2020).

Aziz, R. K., Bartels, D., Best, A. A., DeJongh, M., Disz, T., Edwards, R. A., et al. (2008). The RAST server: rapid annotations using subsystems technology. BMC Genomics 9:75. doi: 10.1186/1471-2164-9-75

Baker, T. A., and Sauer, R. T. (2006). ATP-dependent proteases of bacteria: recognition logic and operating principles. Trends Biochem. Sci. 31, 647–653. doi: 10.1016/j.tibs.2006.10.006

Blackburn, N. T., and Clarke, A. J. (2001). Identification of four families of peptidoglycan lytic transglycosylases. J. Mol. Evol. 52, 78–84. doi: 10.1007/s002390010136

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/btu170

Chaumeil, P.-A., Mussig, A. J., Hugenholtz, P., and Parks, D. H. (2020). GTDB-Tk: a toolkit to classify genomes with the genome taxonomy database. Bioinformatics 36, 1925–1927. doi: 10.1093/bioinformatics/btz848

Chen, B., Wang, C., Wang, Y., and Liu, J. (2011). Effect of biotin on milk performance of dairy cattle: a meta-analysis1. J. Dairy Sci. 94, 3537–3546. doi: 10.3168/jds.2010-3764

Cooke, R. F., Daigle, C. L., Moriel, P., Smith, S. B., Tedeschi, L. O., and Vendramini, J. M. B. (2020). Cattle adapted to tropical and subtropical environments: social, nutritional, and carcass quality considerations. J. Anim. Sci. 98:skaa014. doi: 10.1093/jas/skaa014

Counotte, G. H., Lankhorst, A., and Prins, R. A. (1983). Role of DL-lactic acid as an intermediate in rumen metabolism of dairy cows. J. Anim. Sci. 56, 1222–1235. doi: 10.2527/jas1983.5651222x

De Mulder, T., Peiren, N., Vandaele, L., Ruttink, T., De Campeneere, S., Van de Wiele, T., et al. (2018). Impact of breed on the rumen microbial community composition and methane emission of Holstein Friesian and Belgian Blue heifers. Livest. Sci. 207, 38–44. doi: 10.1016/j.livsci.2017.11.009

Dodd, D., Kiyonari, S., Mackie, R. I., and Cann, I. K. O. (2010). Functional diversity of four glycoside hydrolase family 3 enzymes from the rumen bacterium Prevotella bryantii B14. J. Bacteriol. 192, 2335–2345. doi: 10.1128/JB.01654-09

Duda, V. I., Suzina, N. E., Polivtseva, V. N., and Boronin, A. M. (2012). [Ultramicrobacteria: formation of the concept and contribution of ultramicrobacteria to biology]. Mikrobiologiia 81, 415–427.

Eisenstein, M. (2018). Microbiology: making the best of PCR bias. Nat. Methods 15, 317–320. doi: 10.1038/nmeth.4683

Eren, A. M., Kiefl, E., Shaiber, A., Veseli, I., Miller, S. E., Schechter, M. S., et al. (2021). Community-led, integrated, reproducible multi-omics with anvi’o. Nat. Microbiol. 6, 3–6. doi: 10.1038/s41564-020-00834-3

Fernandes, G. C., Sierra, E. G. M., Brear, P., Pereira, M. R., and Lemos, E. G. M. (2021). From data mining of Chitinophaga sp. Genome to enzyme discovery of a hyperthermophilic metallocarboxypeptidase. Microorganisms 9:393. doi: 10.3390/microorganisms9020393

Finn, R. D., Clements, J., and Eddy, S. R. (2011). HMMER web server: interactive sequence similarity searching. Nucleic Acids Res. 39, W29–W37. doi: 10.1093/nar/gkr367

Franco-Lopez, J., Duplessis, M., Bui, A., Reymond, C., Poisson, W., Blais, L., et al. (2020). Correlations between the composition of the bovine microbiota and vitamin B 12 abundance. mSystems 5:e00107-20. doi: 10.1128/mSystems.00107-20

Ghuneim, L.-A. J., Jones, D. L., Golyshin, P. N., and Golyshina, O. V. (2018). Nano-sized and filterable bacteria and archaea: biodiversity and function. Front. Microbiol. 9:1971. doi: 10.3389/fmicb.2018.01971

Goldstone, D. C., Villas-Bôas, S. G., Till, M., Kelly, W. J., Attwood, G. T., and Arcus, V. L. (2010). Structural and functional characterization of a promiscuous feruloyl esterase (Est1E) from the rumen bacterium Butyrivibrio proteoclasticus. Proteins Struct. Funct. Bioinforma. 78, 1457–1469. doi: 10.1002/prot.22662

Gonzales, T., and Robert-Baudouy, J. (1996). Bacterial aminopeptidases: properties and functions. FEMS Microbiol. Rev. 18, 319–344. doi: 10.1111/j.1574-6976.1996.tb00247.x

Hart, E. H., Creevey, C. J., Hitch, T., and Kingston-Smith, A. H. (2018). Meta-proteomics of rumen microbiota indicates niche compartmentalisation and functional dominance in a limited number of metabolic pathways between abundant bacteria. Sci. Rep. 8:10504. doi: 10.1038/s41598-018-28827-7

Henderson, G., Cox, F., Ganesh, S., Jonker, A., Young, W., and Janssen, P. H. (2015). Rumen microbial community composition varies with diet and host, but a core microbiome is found across a wide geographical range. Sci. Rep. 5:14567. doi: 10.1038/srep14567

Hernández, R., Jimenez, H., Vargas-Garcia, C., Caro-Quintero, A., and Reyes, A. (2021). Disentangling the complexity of the rumen microbial diversity through fractionation using a sucrose density gradient. Front. Microbiol. 12:1883. doi: 10.3389/fmicb.2021.664754

Hug, L. A., Baker, B. J., Anantharaman, K., Brown, C. T., Probst, A. J., Castelle, C. J., et al. (2016). A new view of the tree of life. Nat. Microbiol. 1:16048. doi: 10.1038/nmicrobiol.2016.48

Janda, J. M., and Abbott, S. L. (2007). 16S rRNA gene sequencing for bacterial identification in the diagnostic laboratory: pluses, Perils, and Pitfalls. J. Clin. Microbiol. 45, 2761–2764. doi: 10.1128/JCM.01228-07

Kang, D. D., Li, F., Kirton, E., Thomas, A., Egan, R., An, H., et al. (2019). MetaBAT 2: an adaptive binning algorithm for robust and efficient genome reconstruction from metagenome assemblies. PeerJ 7:e7359. doi: 10.7717/peerj.7359

Katoh, K., and Frith, M. C. (2012). Adding unaligned sequences into an existing alignment using MAFFT and LAST. Bioinformatics 28, 3144–3146. doi: 10.1093/bioinformatics/bts578

Kaur, M., Hartling, I., Burnett, T. A., Polsky, L. B., Donnan, C. R., Leclerc, H., et al. (2019). Rumen-protected B vitamin complex supplementation during the transition period and early lactation alters endometrium mRNA expression on day 14 of gestation in lactating dairy cows. J. Dairy Sci. 102, 1642–1657. doi: 10.3168/jds.2018-14622

Klieve, A. V., Yokoyama, M. T., Forster, R. J., Ouwerkerk, D., Bain, P. A., and Mawhinney, E. L. (2005). Naturally occurring DNA transfer system associated with membrane vesicles in cellulolytic Ruminococcus spp. of ruminal origin. Appl. Environ. Microbiol. 71, 4248–4253. doi: 10.1128/AEM.71.8.4248-4253.2005

Kopeèný, J., Hodrová, B., and Stewart, C. S. (1996). The isolation and characterization of a rumen chitinolytic bacterium. Lett. Appl. Microbiol. 23, 195–198. doi: 10.1111/j.1472-765X.1996.tb00063.x

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie 2. Nat. Methods 9, 357–359. doi: 10.1038/nmeth.1923

Lee, K.-T., Toushik, S. H., Baek, J.-Y., Kim, J.-E., Lee, J.-S., and Kim, K.-S. (2018). Metagenomic mining and functional characterization of a novel kg51 bifunctional cellulase/hemicellulase from black goat rumen. J. Agric. Food Chem. 66, 9034–9041. doi: 10.1021/acs.jafc.8b01449

Lee, S. S., Ha, J. K., and Cheng, K.-J. (2000). Relative contributions of bacteria, protozoa, and fungi to in vitro degradation of orchard grass cell walls and their interactions. Appl. Environ. Microbiol. 66, 3807–3813. doi: 10.1128/AEM.66.9.3807-3813.2000

Lenardon, M. D., Munro, C. A., and Gow, N. A. (2010). Chitin synthesis and fungal pathogenesis. Curr. Opin. Microbiol. 13, 416–423. doi: 10.1016/j.mib.2010.05.002

Letunic, I., and Bork, P. (2011). Interactive Tree Of Life v2: online annotation and display of phylogenetic trees made easy. Nucleic Acids Res. 39, W475–W478. doi: 10.1093/nar/gkr201

Li, D., Luo, R., Liu, C.-M., Leung, C.-M., Ting, H.-F., Sadakane, K., et al. (2016). MEGAHIT v1.0: a fast and scalable metagenome assembler driven by advanced methodologies and community practices. Methods 102, 3–11. doi: 10.1016/j.ymeth.2016.02.020

Lu, Z., Xu, Z., Shen, Z., Tian, Y., and Shen, H. (2019). Dietary energy level promotes rumen microbial protein synthesis by improving the energy productivity of the ruminal microbiome. Front. Microbiol. 10:847. doi: 10.3389/fmicb.2019.00847

Mann, E., Wetzels, S. U., Wagner, M., Zebeli, Q., and Schmitz-Esser, S. (2018). Metatranscriptome sequencing reveals insights into the gene expression and functional potential of rumen wall bacteria. Front. Microbiol. 9:43. doi: 10.3389/fmicb.2018.00043

Mayorga, O. L., Kingston-Smith, A. H., Kim, E. J., Allison, G. G., Wilkinson, T. J., Hegarty, M. J., et al. (2016). Temporal metagenomic and metabolomic characterization of fresh perennial ryegrass degradation by rumen bacteria. Front. Microbiol. 7:1854. doi: 10.3389/fmicb.2016.01854

McAllister, T. A., Bae, H. D., Jones, G. A., and Cheng, K.-J. (1994). Microbial attachment and feed digestion in the rumen. J. Anim. Sci. 72, 3004–3018. doi: 10.2527/1994.72113004x

Milligan, L. P., Asplund, J. M., and Robblee, A. R. (1967). In vitro studies on the role of biotin in the metabolism of rumen microorganisms. Can. J. Anim. Sci. 47, 57–64. doi: 10.4141/cjas67-008

Minor, S., MacLeod, N. A., and Preston, T. R. (1977). Effect of sampling by fistula or at slaughter on estimation of rumen protozoa. Trop. Anim. Prod. 2:1. doi: 10.1016/b978-0-12-426013-9.50006-4

Morgavi, D. P., Kelly, W. J., Janssen, P. H., and Attwood, G. T. (2013). Rumen microbial (meta)genomics and its application to ruminant production. Anim. Int. J. Anim. Biosci. 7(Suppl. 1), 184–201. doi: 10.1017/S1751731112000419

Morris, J. J., Lenski, R. E., and Zinser, E. R. (2012). The black queen hypothesis: evolution of dependencies through adaptive gene loss. mBio 3:e00036-12. doi: 10.1128/mBio.00036-12

Naas, A. E., Mackenzie, A. K., Mravec, J., Schückel, J., Willats, W. G. T., Eijsink, V. G. H., et al. (2014). Do rumen bacteroidetes utilize an alternative mechanism for cellulose degradation? mBio 5:e01401-14. doi: 10.1128/mBio.01401-14

Nathani, N. M., Kothari, R. K., Patel, A. K., and Joshi, C. G. (2015). Functional characterization reveals novel putative coding sequences in Prevotella ruminicola genome extracted from rumen metagenomic studies. Microb. Physiol. 25, 292–299. doi: 10.1159/000437265

OECD (2021). OECD–FAO Agricultural Outlook 2021-2030. Paris: Organisation for Economic Co-operation and Development.

Olm, M. R., Brown, C. T., Brooks, B., and Banfield, J. F. (2017). dRep: a tool for fast and accurate genomic comparisons that enables improved genome recovery from metagenomes through de-replication. ISME J. 11, 2864–2868. doi: 10.1038/ismej.2017.126

Palevich, N., Kelly, W. J., Leahy, S. C., Denman, S., Altermann, E., Rakonjac, J., et al. (2019). Comparative genomics of rumen Butyrivibrio spp. Uncovers a continuum of polysaccharide-degrading capabilities. Appl. Environ. Microbiol. 86:e01993-19. doi: 10.1128/AEM.01993-19

Park, J. T., and Uehara, T. (2008). How bacteria consume their own exoskeletons (turnover and recycling of cell wall peptidoglycan). Microbiol. Mol. Biol. Rev. 72, 211–227. doi: 10.1128/MMBR.00027-07

Parks, D. H., Chuvochina, M., Chaumeil, P.-A., Rinke, C., Mussig, A. J., and Hugenholtz, P. (2019). Selection of representative genomes for 24,706 bacterial and archaeal species clusters provide a complete genome-based taxonomy. bioRxiv [Preprint]. doi: 10.1101/771964

Parks, D. H., Chuvochina, M., Waite, D. W., Rinke, C., Skarshewski, A., Chaumeil, P.-A., et al. (2018). A standardized bacterial taxonomy based on genome phylogeny substantially revises the tree of life. Nat. Biotechnol. 36, 996–1004. doi: 10.1038/nbt.4229

Parks, D. H., Imelfort, M., Skennerton, C. T., Hugenholtz, P., and Tyson, G. W. (2015). CheckM: assessing the quality of microbial genomes recovered from isolates, single cells, and metagenomes. Genome Res. 25, 1043–1055. doi: 10.1101/gr.186072.114

Puniya, A. K., Singh, R., and Kamra, D. N. (eds) (2015). Rumen Microbiology: From Evolution to Revolution. Berlin: Springer, doi: 10.1007/978-81-322-2401-3

Quince, C., Walker, A. W., Simpson, J. T., Loman, N. J., and Segata, N. (2017). Shotgun metagenomics, from sampling to analysis. Nat. Biotechnol. 35, 833–844. doi: 10.1038/nbt.3935

Ribeiro, G. O., Gruninger, R. J., Badhan, A., and McAllister, T. A. (2016). Mining the rumen for fibrolytic feed enzymes. Anim. Front. 6, 20–26. doi: 10.2527/af.2016-0019

Rodriguez-R, L. M., Gunturu, S., Harvey, W. T., Rosselló-Mora, R., Tiedje, J. M., Cole, J. R., et al. (2018). The Microbial Genomes Atlas (MiGA) webserver: taxonomic and gene diversity analysis of Archaea and Bacteria at the whole genome level. Nucleic Acids Res. 46, W282–W288. doi: 10.1093/nar/gky467

Römling, U., and Galperin, M. Y. (2015). Bacterial cellulose biosynthesis: diversity of operons, subunits, products, and functions. Trends Microbiol. 23, 545–557. doi: 10.1016/j.tim.2015.05.005

Ross, P., Mayer, R., and Benziman, M. (1991). Cellulose biosynthesis and function in bacteria. Microbiol. Rev. 55, 35–58. doi: 10.1128/mr.55.1.35-58.1991

Rotmistrovsky, K., and Agarwala, R. (2011). BMTagger: Best Match Tagger for Removing Human Reads from Metagenomics Datasets.

Schloss, P. D., Gevers, D., and Westcott, S. L. (2011). Reducing the effects of pcr amplification and sequencing artifacts on 16S rRNA-based studies. PLoS One 6:e27310. doi: 10.1371/journal.pone.0027310

Seck, M., Linton, J. A. V., Allen, M. S., Castagnino, D. S., Chouinard, P. Y., and Girard, C. L. (2017). Apparent ruminal synthesis of B vitamins in lactating dairy cows fed diets with different forage-to-concentrate ratios. J. Dairy Sci. 100, 1914–1922. doi: 10.3168/jds.2016-12111

Seshadri, R., Leahy, S. C., Attwood, G. T., Teh, K. H., Lambie, S. C., Cookson, A. L., et al. (2018). Cultivation and sequencing of rumen microbiome members from the Hungate1000 Collection. Nat. Biotechnol. 36, 359–367. doi: 10.1038/nbt.4110

Sieber, C. M. K., Probst, A. J., Sharrar, A., Thomas, B. C., Hess, M., Tringe, S. G., et al. (2018). Recovery of genomes from metagenomes via a dereplication, aggregation and scoring strategy. Nat. Microbiol. 3, 836–843. doi: 10.1038/s41564-018-0171-1

Stamatakis, A. (2006). RAxML-VI-HPC: maximum likelihood-based phylogenetic analyses with thousands of taxa and mixed models. Bioinformatics 22, 2688–2690. doi: 10.1093/bioinformatics/btl446

Stewart, R. D., Auffret, M. D., Warr, A., Walker, A. W., Roehe, R., and Watson, M. (2019). Compendium of 4,941 rumen metagenome-assembled genomes for rumen microbiome biology and enzyme discovery. Nat. Biotechnol. 37, 953–961. doi: 10.1038/s41587-019-0202-3

Stewart, R. D., Auffret, M. D., Warr, A., Wiser, A. H., Press, M. O., Langford, K. W., et al. (2018). Assembly of 913 microbial genomes from metagenomic sequencing of the cow rumen. Nat. Commun. 9:870. doi: 10.1038/s41467-018-03317-6

Swain, R. A., Nolan, J. V., and Klieve, A. V. (1996). Natural variability and diurnal fluctuations within the bacteriophage population of the rumen. Appl. Environ. Microbiol. 62, 994–997. doi: 10.1128/aem.62.3.994-997.1996

Wang, J., Tavakoli, J., and Tang, Y. (2019). Bacterial cellulose production, properties and applications with different culture methods – A review. Carbohydr. Polym. 219, 63–76. doi: 10.1016/j.carbpol.2019.05.008

Watanabe, K., Kodama, Y., and Harayama, S. (2001). Design and evaluation of PCR primers to amplify bacterial 16S ribosomal DNA fragments used for community fingerprinting. J. Microbiol. Methods 44, 253–262. doi: 10.1016/S0167-7012(01)00220-2

Wu, Y.-W., Simmons, B. A., and Singer, S. W. (2016). MaxBin 2.0: an automated binning algorithm to recover genomes from multiple metagenomic datasets. Bioinformatics 32, 605–607. doi: 10.1093/bioinformatics/btv638

Yoch, D. C., and Valentine, R. C. (1972). Ferredoxins and flavodoxins of bacteria. Annu. Rev. Microbiol. 26, 139–162. doi: 10.1146/annurev.mi.26.100172.001035

Zehavi, T., Probst, M., and Mizrahi, I. (2018). Insights into culturomics of the rumen microbiome. Front. Microbiol. 9:1999. doi: 10.3389/fmicb.2018.01999

Zhang, H., Yohe, T., Huang, L., Entwistle, S., Wu, P., Yang, Z., et al. (2018). dbCAN2: a meta server for automated carbohydrate-active enzyme annotation. Nucleic Acids Res. 46, W95–W101. doi: 10.1093/nar/gky418


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

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

Copyright © 2022 Hernández, Chaib De Mares, Jimenez, Reyes and Caro-Quintero. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 29 March 2022
doi: 10.3389/fmicb.2022.847073





[image: image]

Effect of 6-Methoxybenzoxazolinone on the Cecal Microbiota of Adult Male Brandt’s Vole

Xin Dai1, Lin Chen1, Mengyue Liu1, Ying Liu1, Siqi Jiang1, Tingting Xu1, Aiqin Wang1, Shengmei Yang1* and Wanhong Wei1,2*

1College of Bioscience and Biotechnology, Yangzhou University, Yangzhou, China

2Jiangsu Co-Innovation Center for Prevention and Control of Important Animal Infectious Diseases and Zoonoses, Yangzhou University, Yangzhou, China

Edited by:
Franck Carbonero, Washington State University Health Sciences Spokane, United States

Reviewed by:
Xueying Zhang, Institute of Zoology (CAS), China
Peter Marius Rubinelli, University of Arkansas, United States
Miriam Guivernau, Institute of Agrifood Research and Technology (IRTA), Spain

*Correspondence: Shengmei Yang, smyang@yzu.edu.cn; Wanhong Wei, whwei@yzu.edu.cn

Specialty section: This article was submitted to Microorganisms in Vertebrate Digestive Systems, a section of the journal Frontiers in Microbiology

Received: 01 January 2022
Accepted: 28 February 2022
Published: 29 March 2022

Citation: Dai X, Chen L, Liu M, Liu Y, Jiang S, Xu T, Wang A, Yang S and Wei W (2022) Effect of 6-Methoxybenzoxazolinone on the Cecal Microbiota of Adult Male Brandt’s Vole. Front. Microbiol. 13:847073. doi: 10.3389/fmicb.2022.847073

The anti-microbial effects of plant secondary metabolite (PSM) 6-methoxybenzoxazolinone (6-MBOA) have been overlooked. This study investigated the effect of 6-MBOA on the cecal microbiota of adult male Brandt’s voles (Lasiopodomys brandtii), to evaluate its effect on the physiology of mammalian herbivores. The growth of voles was inhibited by 6-MBOA. A low dose of 6-MBOA enhanced the observed species, as well as the Chao1 and abundance-based coverage estimator (ACE) indices and introduced changes in the structure of cecal microbiota. The abundance of the phylum Tenericutes, classes Mollicutes and Negativicutes, order Selenomonadales, families Ruminococcaceae and Veillonellaceae, genera Quinella, Caproiciproducens, Anaerofilum, Harryflintia, and unidentified Spirochaetaceae in the cecal microbiota was enhanced upon administration of a low dose of 6-MBOA, which also inhibited glucose metabolism and protein digestion and absorption in the cecal microbiota. 6-MBOA treatment also stimulated butyrate production and dose-dependently enhanced the metabolism of xenobiotics in the cecal microbiome. Our findings indicate that 6-MBOA can affect Brandt’s voles by inducing changes in the abundance of cecal bacteria, thereby, altering the contents of short-chain fatty acids (SCFAs) and pathway intermediates, ultimately inhibiting the growth of voles. Our research suggests that 6-MBOA could potentially act as a digestion-inhibiting PSM in the interaction between mammalian herbivores and plants.

Keywords: 6-MBOA, cecal microbiota, SCFAs, KEGG pathway analysis, Brandt’s vole


INTRODUCTION

Plant secondary metabolites (PSMs) are chemical compounds that play an important role in defense against herbivores, with likely effects on herbivore physiology and behavior (Freeland and Janzen, 1974; Hughes, 1988). Conversely, herbivores have evolved several strategies in response to PSMs, such as gut microbial detoxification (Jones and Megarrity, 1986; Dearing et al., 2005; Sundset et al., 2010; Johnson et al., 2018). Gastrointestinal microbes play a significant role in host metabolism and are essential modulators of body homeostasis and health (De Filippo et al., 2010; Sommer and Bäckhed, 2016). Gut microbial metabolites, such as short-chain fatty acids (SCFAs), have been shown to mediate the effects of gut microbiota on their hosts (Koh et al., 2016). Therefore, changes induced in the gut microbiota in response to PSM ingestion would have profound effects on herbivores, such as nutrient digestion and absorption and materials metabolism, not exclusively due to gut detoxification. However, the response of herbivore gut microbiota to PSMs has not been thoroughly studied, and the role of the gut microbiota in the interaction between plants and herbivore is thus not yet fully understood.

The PSM 6-methoxybenzoxazolinone (6-MBOA) is mainly produced during the early growth stages of plants belonging to the family Gramineae (Argandoña et al., 1981; Niemeyer, 1988; Acharya et al., 2021). Although 6-MBOA is mainly known to stimulate the reproduction of certain animals (Dai et al., 2016) such as rodents (Berger et al., 1981; Alibhai, 1986; Anderson et al., 1988; Nelson and Shiber, 1990; Martin et al., 2008; Dai et al., 2016) and rabbits (Rodríguez-De Lara et al., 2007), it has diverse effects and acts as a defense compound against insect feeding and digestion (Klun and Brindley, 1966; Campos et al., 1988; Houseman et al., 1992; Dowd and Vega, 1996; Maag et al., 2014), in addition to restraining the growth of microbes such as Escherichia coli, Proteus rulgaris, Cephalosporium gramineum, Fusarium oxysporum, Coprinus comatus, Rhizoctonia solani, and Pythium species (Wang et al., 2001; Wang and Ng, 2002; Martyniuk et al., 2006; Acharya et al., 2021). This metabolite can also alter root-associated microbiota in maize (Hu et al., 2018). Additionally, 6-MBOA can influence animal and human metabolism such as the ameliorating glucose tolerance in diabetic rats (Hameed et al., 2019) and obesity in humans (Fomsgaard et al., 2011). However, to date, little has been known about the effect of 6-MBOA on the gut microbiota in mammalian herbivores and its potential effects on the physiology of mammalian herbivores mediated by the gut microbiota.

Brandt’s vole (Lasiopodomys brandtii) is a small and seasonally reproductive mammal widely distributed in the grasslands of Inner Mongolia, China (Xie et al., 1994; Shi et al., 1999; Wan et al., 2002a). This species feeds on a wide variety of herbal plants, favoring Leymus chinensis, Medicago varia, Stipa krylovii, and Saussurea runcinata (Wang et al., 1992; Li et al., 2019). It has been reported that gut microbiota composition in Brandt’s vole can be affected by multi-factors, such as temperature, housing density, stress, diet, age, and gender (Bo et al., 2019; Li et al., 2020; Liu J. et al., 2020, 2021; Xu and Zhang, 2021). Previously, we detected 6-MBOA in the seedlings of L. chinensis, which is dominant in the grasslands of Inner Mongolia (Wang et al., 1992; Li et al., 2019), with the highest concentration of 6-MBOA exceeding the 100 mg/kg during seedling germination (Dai et al., 2014). Therefore, Brandt’s vole represents an ideal model for studying the effect of 6-MBOA on the structure and function of the gut microbiota in mammalian herbivores.

In this study, we investigated the effects of different doses of 6-MBOA on the body weight growth, cecal SCFAs, alpha and beta diversities, and functions of the cecal microbiota of adult male Brandt’s voles. These results provide new insights into the effect of 6-MBOA on the physiology of mammalian herbivores and the mechanisms of their responses to 6-MBOA. We illustrate the potential role of 6-MBOA in plant-mammalian herbivore interactions and contribute to the theory of coevolution between plants and animals.



MATERIALS AND METHODS


Animals and Treatments

Our study was conducted at the College of Bioscience and Biotechnology, Yangzhou University, China. Brandt’s voles captured from the grasslands of Inner Mongolia were bred in an animal house at Yangzhou University, Jiangsu Province, China. The following were the environmental conditions employed: temperature, 22 ± 1°C; relative humidity, 50 ± 5%; photoperiod, 12 h light/12 h dark (light period: 06:00–18:00). Newborn voles were weaned at 21 days and individually housed in polypropylene cages until they were 90-days old. Because both sex-hormone levels and age affect the gut microbiota community of Brandt’s vole (Xu and Zhang, 2021), and female Brandt’s voles have complex variations in sex-hormone levels during the sexual cycle, adult male voles were selected as experimental voles in this study. At 90 days, 24 adult male voles were chosen from different families to guarantee that these voles were neither siblings nor half-siblings. The voles were then randomly assigned to one of three groups (control, low 6-MBOA dose, and high 6-MBOA dose), with eight individuals per group. All voles were provided ad libitum access to filtered tap water and standard rodent chow before and throughout the experimental period. The nutrient contents of the rodent chow (Yizheng Animal Biotechnology Co., Ltd., Yangzhou, China) were as follows: crude protein, ≥ 18%; crude fat, ≥ 4%; crude fiber, ≥ 5%; ash, ≤ 8%; calcium, 1.0–1.8%; phosphorus, 0.6–1.2%. All procedures were approved by the Animal Care and Use Committee of the Faculty of Veterinary Medicine of Yangzhou University (No. NSFC2020-SKXY-6).

A stock solution (200 μg/mL) of 6-MBOA (95% purity; Shanghai ZZBIO Co., Ltd., China) was prepared by dissolving 6-MBOA in distilled water and storing it at 4°C. On the day of gavage (intragastric administration), the stock solution was brought to 22°C and diluted twofold with distilled water. The exact volume of 6-MBOA administered to each vole was calculated according to the body weight of the vole to ensure that each vole in the low or high 6-MBOA dose groups received 1 or 2 mg/kg 6-MBOA per day, respectively. According to the average concentration of 6-MBOA (≥ 50 mg/kg 6-MBOA) in the L. chinensis seedling (Dai et al., 2014) and field consumption by Brandt’s vole (Wan et al., 2002b), a wild vole weighing 50 g can obtain 100 μg of 6-MBOA daily in the early spring, corresponding to the high dosage of 6-MBOA treatment (2 mg/kg 6-MBOA per day) in the present study, provided it consumes only 2 g of L. chinensis seedling. Therefore, the selection of the dosages of 6-MBOA in the present study was rational and should depend on the 6-MBOA ingestion by wild male voles. Each vole in the low or high 6-MBOA dose group was administered 100 μg/mL 6-MBOA solution or 200 μg/mL 6-MBOA solution, respectively. The control group was administered an equivalent volume of distilled water. Gavage was conducted every 2 days at approximately 09:00 a.m. for 15 days. Voles were weighed every 2 days from days 1 to 16. The food consumption of the voles was measured every 2 days from days 1 to 16 as the weight of chow given on the previous day minus the weight of remaining chow on the next day. On day 16, all animals were weighed and decapitated after anesthetization with ether. The cecal content was collected and immediately refrigerated in sterile tubes at −70°C for the analysis of SCFA concentration and 16S rRNA gene sequencing. The growth rate was calculated as the body weight difference between day 16 and 1 divided by the weight on day 1. Relative food consumption was calculated as the average food consumption divided by the weight of voles on the same day.



DNA Extraction and 16S rRNA Gene Sequencing

To save sequencing costs, samples of cecal content were taken from only six voles randomly selected out of eight voles in each dose group for DNA extraction and 16S rRNA gene sequencing of the cecal microbiota by a Chinese company (Novogene Co., Ltd., Beijing, China). All procedures were performed according to the methods established by Novogene. Total genomic DNA from the samples was extracted using the CTAB/SDS method. DNA concentration and purity were evaluated using a 1% agarose gel. DNA was diluted to 1 ng/μL using sterile water. Using 10 ng of microbial genomic DNA as the template, universal primers (515F: 5′-GTGCCAGCMGCCGCGGTAA-3′; 806R: 5′-GGACTACHVGGGTWTCTAAT-3′) were used to amplify the V4 hypervariable region of the prokaryotic 16S rRNA gene. All PCRs were conducted in 30 μL reaction volume composed of 15 μL of Phusion ® High-Fidelity PCR Master Mix (New England Biolabs). PCR products were mixed with 1 × loading buffer containing SYBR Green (Thermo Scientific) and electrophoresed on 2% agarose gel for confirmation. Then, the PCR products were purified with the GeneJET™ Gel Extraction Kit (Thermo Fisher Scientific). Sequencing libraries were generated using the Ion Plus Fragment Library Kit 48 rxns (Thermo Fisher Scientific), as per the manufacturer’s instructions. The quality of the prepared library was assessed on a Qubit 2.0 Fluorometer (Thermo Fisher Scientific). Finally, the library was sequenced on an Ion S5TM XL platform. Filtered high-quality classifiable 16S rRNA gene sequences (252–253 bp single-end reads) were generated.



Bioinformatic Analysis

Single-end reads were assigned to each sample referring to their barcodes and trimmed by cutting off the barcodes and primer sequence using the Cutadapt (V1.9.1) (Martin, 2011). The reads were compared with the Silva database (Quast et al., 2013) using the UCHIME algorithm (Edgar et al., 2011) to remove the chimera sequences (Haas et al., 2011) and finally obtain the clean reads. Sequence analysis was performed by Uparse software (Uparse v7.0.1001) (Edgar, 2013). A minimum identity of 97% was used as the threshold for any sequence pair to identify different bacterial operational taxonomic units (OTUs). Taxonomic information of OTU sequences was annotated using the Silva132 Database1 (Quast et al., 2013) with the Mothur algorithm. The SSUrRNA databases of Silva132 were used for species annotation analysis (threshold: 0.8–1) (Haas et al., 2011; Edgar, 2013). The sequence data are available at the NIH Sequence Read Archive2 with the Bioproject ID PRJNA768324. The OTU abundance information was normalized using a standard sequence number corresponding to the sample with the least sequences. Subsequent analyses of the alpha and beta diversity were performed based on the output normalized data. The complexity of species diversity of a sample was analyzed via alpha diversity based on five indices, including observed species (OBSP), Chao1, abundance-based coverage estimator (ACE), Shannon, and Simpson. All indices were calculated using Quantitative Insights Into Microbial Ecology (QIIME, Version1.7.0). To identify significant biomarkers among the three groups, a linear discriminant analysis (LDA) effect size (LEfSe) analysis was performed using the online LEfSe program on the Huttenhower Lab server3 (Liu T. H. et al., 2020) and a default setting of 2 for the LDA score.



Kyoto Encyclopedia of Genes and Genomes Pathway Prediction

The biological functions of the cecal bacterial community were predicted and annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database along with the PICRUSt program on the Huttenhower Lab server (see text footnote 3) based on the result of the 16S rRNA gene sequencing (Chen et al., 2020).



Short-Chain Fatty Acids Measurement

The levels of six SCFAs, i.e., acetate, propionate, butyrate, isobutyrate, valerate, and caproate in the cecum were measured by high-performance gas chromatography (GC; Agilent 7890A; Agilent Technologies, Germany) coupled with a GC autosampler and an FID system, using a modified method (Zhang et al., 2018). Frozen cecal contents were first thawed on ice, and then 0.5 mL of the thawed cecal content samples was weighed. One milliliter of distilled water was added to each sample for dilution. Standards were prepared by mixing 990 μL of distilled water, 5 μL of acetate, and 1 μL of each of the other SCFAs. Separations of the SCFAs were performed at 250°C on a 30 m × 0.25 mm × 0.25 μm DB-WAX column (Agilent Technologies) using 99.998% hydrogen as the carrier gas at a flow rate of 1.0 mL/min. Injections were performed in splitless mode at 230°C, and 0.5 μL was used for each injection. The oven temperature was set at 60°C for 1 min, increasing to 200°C at 5°C/min, and then further increasing from 200 to 230°C at 10°C/min. An Agilent chemstation was used to calculate the peak area of each SCFA in the standards as well as in the samples. The total running time for each sample was 32 min. The volume of each SCFA in the 0.5 μL samples was calculated as the ratio of the peak area of each SCFA in the sample to that in the standards, multiplied by the volume of each SCFA in the 0.5 μL standards. The total volume of each SCFA in each 0.5 mL cecal content sample was calculated as the volume of each SCFA in the 0.5 μL samples multiplied by the ratio of 1.5 mL to 0.5 μL. Finally, the concentration of each SCFA in the cecal content sample was calculated as the volume of each SCFA in each 1.5 mL sample divided by the weight of the 0.5 mL sample.



Statistical Analysis

The standard non-parametric Kruskal–Wallis test was used to determine the differences in OTU biomarkers, alpha diversity indices, SCFA concentrations, and pathway enrichment among the three groups. The differences in total tags, taxon tags, and OTU numbers among the three groups were compared, and the effects of 6-MBOA on the growth rate and relative food consumption were determined using one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test because these data showed homogeneity and normality. Significant differences in the beta diversity of the cecal microbial community were evaluated by permutational multivariate analysis of variance (PERMANOVA) with Bray–Curtis distance matrices with nested adonis function in R (version 4.0.4) with the “vegan” package. A principal coordinates analysis (PCoA) based on Bray–Curtis dissimilarity was conducted to depict the dissimilarities in the profiles of the cecal microbial structure at the OTU level using the “ape” package of R (version 4.0.4). An analysis of similarities (ANOSIM) with Bray–Curtis distance matrices was performed with the “vegan” package of R (version 4.0.4) to provide a metric of the degree of separation in the cecal microbial structure of voles among the three groups using the permutation test. The results of PCoA and ANOSIM were plotted using the “ggplot2” package in R (version 4.0.4). Significance was set at P < 0.05. The ANOVA and non-parametric Kruskal–Wallis tests were performed using IBM SPSS Statistics 22 for Windows (IBM Corp., Armonk, NY, United States).




RESULTS

A total of 1,211,102 effective sequences were used in abundance and diversity analyses, as well as KEGG pathway comparisons. A total of 1,994 OTUs were identified, with 776-1,236 OTUs in each sample. The numbers of total tags, taxon tags, and OTUs were not significantly different among the three groups (Table 1). The average Goods coverage was as high as 99.63% among the three groups, showing that the majority of bacteria present in the samples were identified in our study (Table 1). The dominant phyla identified were Firmicutes (68.76%), followed by Bacteroidetes (22.69%), Proteobacteria (2.76%), and Spirochaetes (2.15%) (Figure 1).


TABLE 1. Number of total tags, taxon tags, operational taxonomic units (OTUs), and Goods coverage in 16S rRNA libraries of control group (0 mg/kg 6-MBOA), low 6-MBOA dose group (1 mg/kg 6-MBOA), and high 6-MBOA dose group (2 mg/kg 6-MBOA) in adult male Brandt’s vole (mean ± SE) (n = 6).
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FIGURE 1. Relative abundance of operational taxonomic units among control group (0 mg/kg 6-MBOA), low 6-MBOA dose group (1 mg/kg 6-MBOA) and high 6-MBOA dose group (2 mg/kg 6-MBOA) at the phylum level in the cecal microbiota of adult male Brandt’s vole. Others mean the phyla with relative abundance less than 0.01%.


Statistical analysis using the Kruskal-Wallis test showed that after 15 days of treatment, 6-MBOA had significant effects on Chao1 (P = 0.007), ACE indices (P = 0.016), and observed species (P = 0.035), with each parameter being higher in the low 6-MBOA dose group than in the control group (P = 0.002, 0.004, and 0.011, respectively) (Figures 2A–C). The 6-MBOA had no significant effects on the Shannon (P = 0.113) (Figure 2D) or Simpson indices (P = 0.412) (Figure 2E).
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FIGURE 2. Differences in the cecal microbiome composition among control group (0 mg/kg 6-MBOA), low 6-MBOA dose group (1 mg/kg 6-MBOA) and high 6-MBOA dose group (2 mg/kg 6-MBOA) in adult male Brandt’s vole. (A) chao1; (B) abundance-based coverage estimator (ACE); (C) Observed species (OBSP); (D) Shannon index; (E) Simpson index. Error bars indicate standard errors. Same letters connect bars with no significant differences at P < 0.05 (n = 6).


The PERMANOVA results showed that 6-MBOA administration for 15 days significantly altered the beta diversity of the cecal microbial community (F = 1.3778, P = 0.035), with the 6-MBOA dose group being significantly different from the control group (P = 0.027). Additionally, the profile of dissimilarities in the structure of the cecal microbiome after 6-MBOA administration for 15 days was depicted using PCoA of Bray–Curtis dissimilarity (Figure 3A). Principal coordinates 1 and 2 (PCo1 and PCo2) explained 16.97 and 11.98% of the variation, respectively. Although the clustering of the control, low 6-MBOA dose, and high 6-MBOA dose groups was not completely separated in the ordination space, ANOSIM revealed that the divergence in the structure of cecal microbiome between the three groups was greater than the divergence within the low 6-MBOA dose group (R = 0.184, P = 0.038) (Figure 3B).
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FIGURE 3. Structural separation of that cecal microbiota among control group (0 mg/kg 6-MBOA), low 6-MBOA dose group (1 mg/kg 6-MBOA) and high 6-MBOA dose group (2 mg/kg 6-MBOA) in adult male Brandt’s vole (n = 6). (A) Principal coordinates analysis (PCoA) plot; (B) ANOSIM analysis plot.


To identify the differential abundance and categories of the intestinal flora and to identify significantly different biomarkers among the three groups—referring to statistical tests and biological relevance—we used LEfSe (LDA Effect Size) (Score > 2). The enriched biomarkers in the low 6-MBOA dose group (compared to the control group) included the phylum Tenericutes, classes Mollicutes and Negativicutes, order Selenomonadales, families Ruminococcaceae, and Veillonellaceae, genera Quinella, Caproiciproducens, Anaerofilum, Harryflintia, and unidentified Spirochaetaceae. All of these belong to the phylum Firmicutes, except the Mollicutes class (phylum Tenericutes), and the unidentified genus Spirochaetaceae (phylum Spirochaetes) (Figures 4A,B). The enrichment of unidentified order Melainabacteria, families Melainabacteria and Prevotellaceae, and genus Melainabacteria was reduced in the low 6-MBOA dose group (compared to the control group).
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FIGURE 4. Biomarker of taxa with statistically significant differences in abundance identified in the cecal microbiota among control group (0 mg/kg 6-MBOA), low 6-MBOA dose group (1 mg/kg 6-MBOA) and high 6-MBOA dose group (2 mg/kg 6-MBOA) in adult male Brandt’s vole by linear discriminant analysis (LDA) effect size (LEfSe) analysis (n = 6). (A) Histogram showing the taxa with a LDA score significant threshold > 2. (B) Cladogram showing the phylogenetic position of enriched taxa among the three groups, according to the LEfSe analysis.


Fifteen days of 6-MBOA treatment resulted in a significant change in the relative abundance of the phylum Tenericutes (P = 0.032), with an increase in the low 6-MBOA dose group over the control and high 6-MBOA dose groups (P = 0.020 and 0.030, respectively) (Figure 5A). 6-MBOA also significantly changed the relative abundance of the Mollicutes and Negativicutes classes (P = 0.032 and 0.043, respectively), with increases in the low 6-MBOA dose group over both the control and high 6-MBOA dose groups for the Mollicutes class (P = 0.020 and 0.027, respectively) (Figure 5B and Supplementary Figure 1), and just the control group for the Negativicutes class (P = 0.016) (Figure 5B and Supplementary Figure 1). 6-MBOA significantly altered the relative abundance of the Selenomonadales and unidentified Melainabacteria orders (P = 0.043 and 0.036, respectively), with an increase in the low 6-MBOA dose group over the control (P = 0.016) for Selenomonadales (Figure 5C and Supplementary Figure 2), and a decrease in the low 6-MBOA dose group over the control (P = 0.019) for unidentified Melainabacteria (Figure 5C). 6-MBOA significantly altered the relative abundance of the Ruminococcaceae (P = 0.014) and Veillonellaceae (P = 0.043) families, with an increase in the low 6-MBOA dose group over the control group (P = 0.008 and 0.016, respectively) (Figure 5D and Supplementary Figure 3). The relative abundance of the unidentified Melainabacteria family significantly altered (P = 0.036), with an increase in the low 6-MBOA dose group (compared to the control and high 6-MBOA dose groups) (P = 0.019 and 0.036, respectively) (Figure 5D). The relative abundance of the Prevotellaceae family was also significantly altered (P = 0.022) with a decrease in the low 6-MBOA dose group (compared to the control group) (P = 0.007) (Figure 5D and Supplementary Figure 3). Fifteen-day treatment with 6-MBOA significantly altered the relative abundance of the genera Caproiciproducens, Quinella, unidentified Spirochaetaceae, Anaerofilum and Harryflintia (P = 0.045, 0.040, 0.037, 0.044 and 0.038, respectively), with an increase in the low 6-MBOA dose group (compared to the control group) (P = 0.013, 0.014, 0.014, 0.013, and 0.016, respectively) (Figure 5E and Supplementary Figure 4). The relative abundance of the unidentified genus Melainabacteria was also significantly altered (P = 0.036), with a decrease in both the low and high 6-MBOA dose groups (compared to the control group) (P = 0.019 and 0.036, respectively) (Figure 5E).
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FIGURE 5. Differences in taxa abundances of cecal microbiota at different taxonomic levels among control group (0 mg/kg 6-MBOA), low 6-MBOA dose group (1 mg/kg 6-MBOA) and high 6-MBOA dose group (2 mg/kg 6-MBOA) in adult male Brandt’s vole. (A) Phylum level; (B) class level; (C) order level; (D) family level; (E) genus level. Error bars indicate standard errors. Same letters connect bars with no significant differences at P < 0.05 (n = 6).


The functions of 17 KEGG pathways in the cecal bacterial communities changed following the administration of 6-MBOA for 15 days (Table 2 and Figure 6). Dioxin and xylene degradation (metabolism), and retinol metabolism (metabolism) were more dominant in the cecal bacterial community in the high 6-MBOA dose group than in the control and low 6-MBOA dose groups (P = 0.040, 0.008; P = 0.040, and 0.005; P = 0.045 and 0.004; respectively). Protein digestion and absorption (organismal systems) were more dominant in the control cecal bacterial community than in the low and high 6-MBOA dose groups (P = 0.017 and 0.045, respectively). Cellular antigens (environmental information processing) (P = 0.002), glycosaminoglycan degradation (metabolism) (P = 0.003), glycosphingolipid biosynthesis-ganglio series (metabolism) (P = 0.007), glycosphingolipid biosynthesis-globo series (metabolism) (P = 0.027), N-glycan biosynthesis (metabolism) (P = 0.005), and lipoic acid metabolism (metabolism) (P = 0.003) were more dominant in the control cecal bacterial community than in the low 6-MBOA dose group. Ascorbate and aldarate metabolism (metabolism) (P = 0.013), chloroalkane and chloroalkene degradation (metabolism) (P = 0.008), ethylbenzene degradation (metabolism) (P = 0.004), flavonoid biosynthesis (metabolism) (P = 0.005), inorganic ion transport and metabolism (unclassified) (P = 0.011), inositol phosphate metabolism (metabolism) (P = 0.009), N-glycan biosynthesis (metabolism) (P = 0.027), glycosphingolipid biosynthesis-globo series (metabolism) (P = 0.031), and naphthalene degradation (metabolism) (P = 0.002) were more dominant in the cecal bacterial community in the high 6-MBOA dose group than in the low 6-MBOA dose group.


TABLE 2. KEGG pathways with significantly varied enrichment in the cecal microbiota of adult male Brandt’s vole in response to the administration of 6-MBOA (n = 6).
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FIGURE 6. Differences in the enrichment of various KEGG pathways among control group (0 mg/kg 6-MBOA), low 6-MBOA dose group (1 mg/kg 6-MBOA) and high 6-MBOA dose group (2 mg/kg 6-MBOA) in adult male Brandt’s vole. Error bars indicate standard errors. Same letters connect bars with no significant differences at P < 0.05 (n = 6).


Fifteen days of 6-MBOA treatment significantly increased the butyrate content (P = 0.008) in the low and high 6-MBOA dose groups (compared to control) (P = 0.016, 0.027, respectively) (Figure 7A), while the contents of other five SCFAs were not significantly affected by 6-MBOA (Figures 7B–F) (P > 0.05). ANOVA showed that 6-MBOA administration for 15 days did not significantly affect the relative food consumption [F(2, 21) = 3.104, P = 0.066] (Figure 8A), while it significantly affected the growth rate in terms of body weight in male Brandt’s voles [F(2, 21) = 5.838, P = 0.010] (Figure 8B). The growth rate in the control group was significantly higher than that in the low and high 6-MBOA dose groups (P = 0.029, P = 0.014) (Figure 8B).
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FIGURE 7. Short-chain fatty acids (SCFAs) content in the cecum of adult male Brandt’s vole intragastrically administered a 6-MBOA dose of 0 mg/kg (control group), 1 mg/kg (low dose group), or 2 mg/kg (high dose group). (A) Butyrate; (B) acetate; (C) propionate; (D) isobutyrate; (E) valerate; (F) caproate. Error bars indicate standard errors. Same letters connect bars with no significant differences at P < 0.05 (n = 8).
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FIGURE 8. Relative food consumption and growth rate in terms of body weight of adult male Brandt’s vole intragastrically administered a 6-MBOA dose of 0 mg/kg (control group), 1 mg/kg (low dose group), or 2 mg/kg (high dose group). (A) Relative food consumption. (B) Growth rate in terms of body weight. Error bars indicate standard errors. Same letters connect bars with no significant differences at P < 0.05 (n = 8).




DISCUSSION

In this study, the dominant phyla were Firmicutes and Bacteroidetes. Consistently, these were also the dominant phyla in the fresh feces of wild Brandt’s voles (Li et al., 2020; Xu and Zhang, 2021). However, the ratio of Firmicutes to Bacteroidetes decreased sharply from 9.7 in the previous study (Li et al., 2020) to approximately 3.0, in the present study. The abundance of Bacteroidetes increased in the guts of captive primates when the dietary fiber content decreased (Clayton et al., 2016). In the study by Li et al. (2020), wild voles feeding on fresh grassland plants yielded a plant fiber content in the diet of approximately 30%. In our study, as the voles were fed rodent chow, which only contained approximately 5% crude fiber, the fiber content in the diet was significantly less than that in the food of wild voles. Therefore, we infer that the large decrease in the fiber content in the diet contributed to the sharp increase in the abundance of Bacteroidetes, and thus the large decrease in the Firmicutes to Bacteroidetes ratio in the gut of voles in our study in comparison to that in the wild voles in the study by Li et al. (2020).

Compared to the control group, the low 6-MBOA dose group showed an increase in observed species, Chao1, and ACE indices of cecal microbiota, as well as an enrichment in biomarker OTUs; furthermore, a separation of the cecal microbiota structure in the low 6-MBOA dose group from the control group were also observed. This suggests that 6-MBOA could enhance the abundance of microbial species in the cecum of Brandt’s vole, thus improving enrichment and altering the structure of the cecal microbiota. However, the differences in these parameters between the high 6-MBOA dose group and the control group were not significant, indicating that the effect of 6-MBOA on the cecal microbiota was dose-dependent.

In the present study, glycan biosynthesis and metabolism functions were concurrently inhibited in the low 6-MBOA dose group, including functions, such as glycosaminoglycan degradation, glycosphingolipid biosynthesis-ganglio series, glycosphingolipid biosynthesis-globo series, and N-glycan biosynthesis. Members of the Prevotellaceae family can activate intestinal gluconeogenesis to ameliorate glucose homeostasis (De Vadder et al., 2016). Veillonellaceae bacteria have been found to be associated with higher serum insulin concentrations (Cheng et al., 2018). In this study, the abundance of Prevotellaceae in the low 6-MBOA dose group was lower than that in the control group, whereas that of Veillonellaceae was higher in the low 6-MBOA dose group. 6-MBOA was reported to improve glucose tolerance in diabetic rats (Hameed et al., 2019). Thus, we infer that 6-MBOA administration can vary the enrichment of pathways pertaining to glucose metabolism by reducing the abundance of Prevotellaceae and increasing the abundance of Veillonellaceae to help regulate glucose homeostasis in voles. Enrichment of bacteria belonging to the phylum Tenericutes was found in healthy individuals (compared to that in patients with metabolic syndromes, such as those with obesity) (Lim et al., 2017). Lower abundance of Anaerofilum has been found in obese patients (Del Chierico et al., 2018; Koo et al., 2019). In this study, the abundance of Tenericutes and Anaerofilum in the low 6-MBOA dose group was higher than that in the control group. Thus, enhancement of Tenericutes and Anaerofilum abundance in the cecum induced by 6-MBOA may contribute to body mass control in voles.

Negativicutes bacteria can produce propionate (Hino and Kuroda, 1993). Selenomonadales bacteria belonging to the class Negativicutes have been reported to ferment carbohydrates into acetate (Vargas et al., 2017). Veillonellaceae bacteria belonging to the order Selenomonadales are also thought to be related to fatty acid metabolism (Zeng et al., 2019). Quinella bacteria belonging to the Veillonellaceae family can produce propionate (Kittelmann et al., 2014). Mollicutes bacteria belonging to the phylum Tenericutes also help produce acetate (Sapountzis et al., 2018). Propionate produced by microbial fermentation in the large intestine may contribute to human health maintenance (Reichardt et al., 2014). Acetate aids host substrate metabolism by enabling the secretion of gut hormones and is also involved in the regulation of glucose homeostasis and appetite (Hernández et al., 2019). In the present study, the abundance of classes Mollicutes and Negativicutes, order Selenomonadales, family Veillonellaceae, and genus Quinella was concurrently higher in the low-dose group than in the control group. Meanwhile, increased acetate and propionate content was detected in the low 6-MBOA dose group (compared to the control group), although the differences were not significant. Thus, we inferred that 6-MBOA can enhance the abundance of these bacteria in the cecum to help regulate the production of acetate and propionate and thus benefit overall health. As Caproiciproducens can produce butyrate (Bengelsdorf et al., 2019; Flaiz et al., 2020), its higher abundance may partially contribute to the higher butyrate content in the cecum of the low 6-MBOA dose group. Besides, butyrate-producing Butyrivibrio (Kim et al., 2020) and Acetatifactor (Pfeiffer et al., 2012) enriched in low and high 6-MBOA dose group, respectively (not significantly; Supplementary Figure 4) may also help enhance the product of butyrate in the cecum. Butyrate is beneficial to humans and animals because of its anti-inflammatory properties (Sossai, 2012). Therefore, we speculate that 6-MBOA improves the health of voles by enhancing the butyrate levels in the cecal microbiota. Caproiciproducens, Anaerofilum, and Harryflintia belong to the family Ruminococcaceae, and therefore the increased abundance of these three genera in the low 6-MBOA dose group contributed to the higher abundance of the Ruminococcaceae family in the low 6-MBOA dose group (compared to the control group).

Microbiotas in the large intestine that ferment proteins are important for protein metabolism (Xie et al., 2020). In the present study, both protein digestion and absorption were down-regulated in low and high 6-MBOA dose groups, which corresponds to inhibitory effect of 6-MBOA on protein digestion in Ostrinia nubilalis (Houseman et al., 1992). The abundance of the phylum Tenericutes in the ileal of pigs decreased as the dietary protein content reduced (Qiu et al., 2018). The abundance of the family Prevotellaceae in the rumen of Bos indicus decreased with the protein supplement (Latham et al., 2018). Consistently, the abundance of Tenericutes increased while that of the family Prevotellaceae reduced, which hints that the content of undigested protein left in the cecum by the 6-MBOA administration was high. In a parallel study, we observed that 6-MBOA significantly inhibited the in vitro activity of the intestinal trypsin in male Brandt’s voles and increased the nitrogen content of male Brandt’s voles feces (unpublished). Altogether, 6-MBOA could inhibit the protein digestion in Brandt’s voles. Moreover, in the 6-MBOA groups, the growth rate was reduced, with an observable food consumption decrease. Acetate, butyrate and propionate are known to stimulate the release of peptide YY inhibiting appetite (Karaki et al., 2006; Charrier et al., 2013; Hernández et al., 2019). The concentration of serum ghrelin was also reduced by 6-MBOA administration in Brandt’s voles in the parallel study (unpublished). Thus, we infer that restricted protein digestion, reduced serum ghrelin, and the enhanced SCFAs in cecum by 6-MBOA may together contribute to the reduction in food intake. Altogether these results indicate that 6-MBOA administration may lead to a reduced growth rate. Altered abundance of cecum microbiota related to glucose homeostasis regulation and body mass in response to 6-MBOA might also contribute to the reduced growth rate. Consistently, 6-MBOA-containing cereal grain products were used for obesity treatment in human (Fomsgaard et al., 2011). The restricted the protein digestion and absorption of the cecal microbiota, the decreased trend of relative food consumption, and the reduced growth rate in Brandt’s vole suggest that 6-MBOA can potentially act as a digestion-inhibiting PSM in the interaction between mammalian herbivores and plants.

Gut microbes can help the human body transform industrial chemicals and pollutants, alter their toxicities and half-lives, and are linked to health benefits (Koppel et al., 2017). Nitroreductases in the cecal contents of Sprague–Dawley rats produced by cecum microbiota can transform the xenobiotic nitrazepam (Takeno and Sakai, 1991). Woodrats (Neotoma lepida) consuming diets containing creosote resin (a PSM with aromatic rings) harbored microbes with a higher abundance of genes associated with the metabolism of aromatic compounds (Kohl et al., 2014). Notably, 6-MBOA also has one aromatic ring. Xylene, dioxin, naphthalene, and ethylbenzene are aromatic xenobiotics for animals. Therefore, the upregulated degradation of xylene and dioxin in the high 6-MBOA dose group (compared to that in the control group), and the enhanced degradation of dioxin, xylene, naphthalene, and ethylbenzene in the high 6-MBOA dose group (compared to that in the low 6-MBOA dose group), indicate that 6-MBOA induced a change in the metabolism of aromatic xenobiotics in the cecal bacteria and that the intensity of the change was dose-dependent. It has been reported that 6-MBOA can be transformed by fungi such as Fusarium moniliiforme and Gaumannomyces graminis (Fomsgaard et al., 2004) to N-(2-hydroxy-4-methoxyphenyl) malonamic acid (HMPMA), and caterpillars (Spodoptera littoralis and S. frugiperda) to MBOA-N-Glc in the gut (Maag et al., 2014). Therefore, intense metabolism of aromatic xenobiotics by cecum microbiota in the high 6-MBOA dose group might result in more metabolized 6-MBOA. This effect could partially explain why a high dose of 6-MBOA did not significantly influence the cecal microbiota community and indicate that the cecum microbiota can metabolize 6-MBOA. This also implies that a high dose of 6-MBOA might be harmful to voles due to the reinforced protective mechanism of xenobiotics in the cecal microbiota. We infer that the abundance of bacteria enhanced by 6-MBOA in the present study should be 6-MBOA tolerant or involved in the 6-MBOA metabolism. However, the exact cecal bacteria and mechanism by which 6-MBOA is metabolized in Brandt’s voles need more in-depth research. Reduced abundances in unidentified Melainabacteria, family of the unidentified Melainabacteria and Prevotellaceae, and the unidentified genus Melainabacteria suggest that those bacteria are susceptible to the administration of 6-MBOA, which verifies the antimicrobial properties of 6-MBOA (Wang et al., 2001; Wang and Ng, 2002; Martyniuk et al., 2006). Chloroalkane and chloroalkene degradation, a pathway also involved in xenobiotic biodegradation and metabolism (Liu F. et al., 2021), was consistently observed to be dose-dependently improved by 6-MBOA administration in cecal microbiota of Brandt’s voles.

High doses of 6-MBOA, which exerts negative effects on the growth, food consumption, and protein digestion and absorption of cecal microbiota, and stimulates the degradation of xenobiotics in cecal microbiota without improving enrichment or altering the structure, hint that daily ingestion of more than 100 μg of 6-MBOA may diminish its benefit and exert potential harmful effect on Brandt’s voles. Desulfovibrio is known as sulfate-reducing bacteria, which is responsible for infections and diarrheas in mammals (Velasco-Galilea et al., 2020). Helicobacter is associated with severe gastric disease (Ferreira et al., 2018). Decrease in Roseburia abundance may damage various metabolic pathways and incur irritable bowel syndrome (Tamanai-Shacoori et al., 2017). The abundance of Desulfovibrio and Helicobacter enhanced and Roseburia reduced in high 6-MBOA dose group (not significantly, Supplementary Figure 4) furthermore indicates that high dose of 6-MBOA may impair the health of Brandt’s voles. Consistently, further intraperitoneal injection of 6-MBOA conversely weakened its stimulating effect on the reproduction of male Brandt’s vole under short photoperiods (Dai et al., 2016). Thus, we propose that 6-MBOA could protect L. chinensis from Brandt’s voles if the daily 6-MBOA intake dramatically exceeds 100 μg. Further ingestion of 6-MBOA by L. chinensis may impair voles in grasslands. These may indicate that 6-MBOA could act as a defensive secondary metabolite against mammalian herbivores in L. chinensis seedlings (Dai et al., 2014). In contrast, our results demonstrate that cecal bacteria can assist Brandt’s voles in eliminating ingested xenobiotics, which confirms the detoxifying strategy of the gut microbiota during the adaptation of herbivores to PSMs in the coevolution between plants and herbivores (Dearing et al., 2005).

In summary, our study demonstrated that 6-MBOA altered the enrichment of the microbial community and the abundance of bacteria in the cecum of Brandt’s voles, thereby inducing changes in the community structure of the cecal microbiota, SCFA content, and pathway enrichment. 6-MBOA mainly affected functions related to glucose metabolism, protein digestion and absorption, and body weight control of cecal microbiota in male Brandt’s voles. Metabolism of xenobiotics dose-dependently stimulated by 6-MBOA hints that cecal microbiota can aid the elimination of ingested xenobiotics in male Brandt’s voles. The digestive functions of the cecal microbiota and body growth rate restriction due to 6-MBOA administration suggest that in addition to its role as a reproduction stimulator in mammalian herbivores, 6-MBOA can potentially act as a digestion-inhibiting (PSMs) in the interaction between mammalian herbivores and plants.
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Supplementary Figure 1 | Relative abundance of operational taxonomic units among control group (0 mg/kg 6-MBOA), low 6-MBOA dose group (1 mg/kg 6-MBOA) and high 6-MBOA dose group (2 mg/kg 6-MBOA) at the class level in the cecal microbiota of adult male Brandt’s vole. Others mean the classes with relative abundance less than 0.1%.

Supplementary Figure 2 | Relative abundance of operational taxonomic units among control group (0 mg/kg 6-MBOA), low 6-MBOA dose group (1 mg/kg 6-MBOA) and high 6-MBOA dose group (2 mg/kg 6-MBOA) at the order level in the cecal microbiota of adult male Brandt’s vole. Others mean the orders with relative abundance less than 0.1%.

Supplementary Figure 3 | Relative abundance of operational taxonomic units among control group (0 mg/kg 6-MBOA), low 6-MBOA dose group (1 mg/kg 6-MBOA) and high 6-MBOA dose group (2 mg/kg 6-MBOA) at the family level in the cecal microbiota of adult male Brandt’s vole. Others mean the families with relative abundance less than 0.1%.

Supplementary Figure 4 | Relative abundance of operational taxonomic units among control group (0 mg/kg 6-MBOA), low 6-MBOA dose group (1 mg/kg 6-MBOA) and high 6-MBOA dose group (2 mg/kg 6-MBOA) at the genus level in the cecal microbiota of adult male Brandt’s vole. Others mean the genera with relative abundance less than 0.1%.
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For a long time, veterinary drugs and chemical additives have been widely used in livestock and poultry breeding to improve production performance. However, problems such as drug residues in food are causing serious concerns. The use of functional plants and their extracts to improve production performance is becoming increasingly popular. This study aimed to evaluate the effect of Cistanche deserticola in sheep feed on rumen flora and to analyze the causes to provide a theoretical basis for the future use of Cistanche deserticola as a functional substance to improve sheep production performance. A completely randomized experimental design was adopted using 24 six-month-old sheep males divided into four groups (six animals in each group) which were fed a basic diet composed of alfalfa and tall fescue grass. The C. deserticola feed was provided to sheep at different levels (0, 2, 4, and 6%) as experimental treatments. On the last day (Day 75), ruminal fluid was collected through a rumen tube for evaluating changes in rumen flora. The test results showed that Prevotella_1, Lactobacillus, and Rikenellaceae_RC9_gut_group were the dominant species at the genus level in all samples. Lactobacillus, Rikenellaceae_RC9_gut_group, Ruminococcaceae_NK4A214_group, Butyrivibrio_2, and Christensenellaceae_R-7_group differed significantly in relative abundance among the treatment groups. The polysaccharides in C. deserticola was the major factor influencing the alteration in rumen flora abundance, and had the functions of improving rumen fermentation environment and regulating rumen flora structure, etc. Hence, C. deserticola can be used to regulate rumen fermentation in grazing sheep to improve production efficiency.
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INTRODUCTION

Veterinary drugs and chemical additives not only have the potential to solve the problems heat and cold resistance and low epidemic resistance of livestock and poultry, but also improve production performance and promote growth. However, their long-term usage can lead to drug residues in livestock and poultry products, which can harm human health through food enrichment. At the same time, the residues in livestock and poultry manure can also cause secondary pollution to soil and water bodies, seriously interfering with the stability of the ecological system in fragile areas (Chi et al., 2020). With improved life quality and food consumption at the global level, environmental pollution and drug residues in food production have become a matter of great concern, and the consumers are paying more attention to food quality and safety aspects. The use of traditional methods of relying on chemical drugs for improving livestock production performance is becoming increasingly less appealing (Li et al., 2021; Wemette et al., 2021). Recently, the outstanding contribution of functional plants in medicine and health have received the attention of breeders. The green, safe and residue-free functional plant substitutes for feed additives have become the mainstream choice to promote livestock production (Bodas et al., 2012; Allen et al., 2013; Elghandour et al., 2018). Therefore, prospects for studying and developing new functional plants to replace veterinary drugs and other chemicals represent an urgent matter in animal agriculture worldwide (Mendel et al., 2017).

Compared with veterinary drugs and chemical additives, functional plants have good growth promotion, bactericidal, antioxidant and other functions, and are the rich sources of active ingredients particularly, alkaloids, and sugars that can be used to a certain extent instead of antibiotics (Wang, 2021). In addition, they have several other advantages, including the wide availability of raw materials, low cost, low residual effect, no drug resistance or toxic side effects. Several studies have shown that functional plants have an impact on ruminant immunity and ruminal fermentation parameters. For instance, it has been shown that tannins in cassava can increase water and nitrogen intake of goats as well as the digestibility of crude protein and neutral detergent fiber, thereby improving feed utilization (Nascimento et al., 2021). The addition of flaxseed in the diet of lactating dairy cows increase the content of desirable fatty acids in milk (Soita et al., 2003). The use of plantain and garlic leaf promoted healthy growth and lean meat production in sheep (Redoy et al., 2020), while, Astragalus was shown to increase dry matter intake and immunity as well as promote body weight gain of Tibetan sheep (Wang et al., 2021).

Cistanche deserticola is a functional plant widely found in the deserts, with anti-aging, anti-oxidation (Gao et al., 2015), immune regulation, neuroprotective (Wang et al., 2012) and liver protective effects (Morikawa et al., 2010), having been artificially cultivated at large amounts. in In addition to amino acids and inorganic trace elements, it’s also contain a wide range of other chemical components, including phenylethanol glycosides, polysaccharides, flavonoids, cyclic enol ether terpenoids, lignans, oligosaccharides, galactitols, alkaloids and volatile components, etc. (Jiang and Tu, 2009; Lai et al., 2016), which were shown to regulate the diversity of intestinal microbiota, hence, promoting intestinal health (Fu et al., 2020). Recently, few researchers have studied the chemical composition and pharmacological activity of C. deserticola on hormone regulation, laxative, immunomodulation, antioxidant and prevention of Alzheimer’s disease, neuroprotection, improvement of microcirculation and influence on intestinal flora, etc. (Cai et al., 2010; He et al., 2020; Yang et al., 2021; Wei et al., 2022). Most of the research objects are human and mice, while less research has been conducted on ruminants. Polysaccharide is one of its main active ingredients, has the effect of inhibiting the growth of bacteria and fungi, resisting plant and animal pathogens, while promoting the growth of a variety of probiotics, and conducive to the health of intestinal flora (Yao et al., 2019; Deng et al., 2020). A recent study by our research team has shown that C. deserticola has the potential to improve the growth performance and digestion of grazing sheep (Liu et al., 2020). However, the rumen being an important nutrient digestion organ of ruminants, how feeding C. deserticola will affect its microbiota and the rumen fermentation function is still not well understood. Therefore, in this study, the effects of different levels of C. deserticola fed to grazing sheep was investigated on rumen microbiota and rumen function in sheep. The results of this study are expected to provide a theoretical basis for the development and use of C. deserticola and its by-products for ruminant use.



MATERIALS AND METHODS


Experimental Site

This experiment was carried out at the Linze Grassland Agricultural Experiment Station of Lanzhou University, Linze County, Zhangye City, Gansu Province (100°02′ E, 39°15′ N). The dominant type of agricultural system is a specialized intensive cropping production system (SICP) and an extensively integrated crop–livestock production system (EICL) (Liu et al., 2020). The research station is located at an altitude of 1,390 m, characterized by a temperate continental desert steppe climate (Li et al., 2008). The region has a distinct dry climate with scarce rainfall. The average annual rainfall is about 121.5 mm and the annual average temperature is 7.16°C. According to the comprehensive sequential classification of grassland, the area is a mild arid temperate semi-desert meadow (Ren, 2008).



Experimental Animals and Group Design

A completely randomized experimental design was adopted. Twenty-four 6-month-old sheep (male) with good body condition and weight (an average of 27.5 ± 5 kg) were selected and randomly divided into 4 groups with no significant difference according to their weight. Four different levels of C. deserticola were provided to the sheep as the treatments, including 0% (control, CON), 2% (low-level, LC), 4% (medium-level, MC) and 6% (high-level, HC). Each treatment comprised of 6 sheep. The basic diet consisted of 60% alfalfa and 40% tall fescue (DM basis) after rough cutting. which was fed in the morning (07:00), mid (12:00), and evening (19:00), and C. deserticola was fed once a day. Among them, the pre-feeding period was 14 days and the official period was 60 days (including 42 days for digestion test in metabolic cages and 18 days for methane production test in respiratory chambers). During the test period, all sheep were raised individually in captivity and freely existed licking salt and drinking water, natural light and cool environment temperature.



Sample Collection and Processing

The animal care and experimental procedures were approved by the Animal Use and Care committee of Lanzhou University (Gansu, China, No. 2010-1 and 2010-2). Rumen fluid samples were taken from each sheep 2 h post-fresh forage and C. deserticola supply in the morning, which were collected through the oral cavity using a rumen tube, a part of the supernatant was collected by filtration with sterile 4-layer gauze, and aliquoted into a 5 ml centrifuge tube and stored at −20°C. It is used to measure the concentration of volatile fatty acids (VFA); one part was aliquoted into a 50 ml centrifuge tube for pH determination; one part was placed in a 5 ml cryotube and stored at −80°C for the determination of rumen microbiota. C. deserticola was purchased from a herb company, nutrient composition of C. deserticola and fresh forage with reference to published articles (Liu et al., 2020) by our team sample determination.


Extraction of DNA and 16S rDNA Sequencing

DNA was extracted from rumen samples by using the TINamp Stool DNA Kit (TIANGEN, Beijing, China) these DNA samples were used as the templates for 16S rDNA and sequencing analyses. The DNA quality and concentration was checked with Thermo NanoDrop One. For the 16S rDNA gene amplicon sequencing, the primers 515 F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′- GGACTACHVGGGTWTCTAAT-3′) (targeting bacterial) – with a barcode at the 5′end of primer 515F – were used to amplify the V3-V4 region of the 16S rDNA gene. The PCR mixture contained 25 μL of 2× Premix Taq, 1 μL of Primer-F, 1 μL of Primer R, 50 ng of DNA, 50 μL of Nuclease-free water. The PCR amplification program consisted of an initial denaturation at 94°C for 5 min, followed by 30 cycles of 94°C for 30 s, 52°C for 30 s, and 72°C for 30 s, with a final extension at 72°C for 10 min. The PCR products were subjected to electrophoresis with 1%-(w/v)-agarose gel. The band was excised and purified with the E.Z.N.A.® Gel Extraction Kit (Omega, United States). The sequence library was constructed with the NEB Next ® Ultra ™ DNA Library Prep Kit for Illumina ® (New England Biolabs, United States) and sequenced using a Illumina Nova 6000 platform (Guangdong Magi gene Biotechnology Co., Ltd., Guangzhou, China).



Sequencing Data Processing and Analysis

The Raw Reads data at both ends were cut by sliding window quality using FASTP (version 0.14.1) separately. Based on the primer information at the first and last ends of the sequence, the primers were removed using CUTADAPT software (version 1.14) to obtain the quality-controlled paired-end Clean Reads. Based on the overlap relationship between paired-end Clean Reads, the original splice sequences were obtained by filtering the non-conforming tags with USEARCH -FASTQ_MERGEPAIRS (version 10.0.240). Use FASTP (version 0.14.1) to perform sliding window quality clipping on Raw Tags data to obtain Clean Tags for further analysis. UPARSE in USEARCH 10 (version 10.0.240) software was used to cluster Tags at 97% similarity level to obtain OTUs. Then, we performed taxonomy annotation on OTUs, Representative sequences were classified into organisms using RDP classifier (version 11.5) based on the SILVA (version 138) database. Alpha diversity analysis (richness, chao1, shannon_2, simpson) were calculated using USEARCH -ALPHA_DIV (version 10.0.240). PCoA (Principal coordinate analysis) was performed using the vegan package of R software with a distance algorithm. LEfse and LDA Based on OTU abundance tables, Kruskal Wallis rank-sum test was performed using R software, followed by FDR correction, and then significant analysis of species differences between groups was performed using LEfse software based on the homogenized abundance tables for each species class. Based on 16S sequencing data, the rumen microbiota functional pathways were predicted using Tax4Fun based on the information from the KEGG database. The correlation heatmaps were generated using the R program heatmap package. The relative abundance of bacteria and the alpha diversity indices were analyzed using a completely randomized design by one-way analysis of variance. Significant difference was declared at P < 0.05.





RESULTS


Impact of Cistanche deserticola Addition on the Diversity of Sheep Ruminal Microbiota


Number of Operational Taxonomic Unit

High-throughput sequencing was performed on 24 sheep ruminal fluid samples. Raw sequences were spliced and filtered. All samples yielded 1,186,925 raw reads, with an average of 49,455 reads for each sample (largest read: 67,681; smallest read: 35,903). Based on the identification of 97% of nucleotide sequences from total reads, identified 8,747 OTUs (Figure 1). A total of 1,482 OTUs were shared between samples from different group. Unique OTU numbers in CON, LC, MC, HC were 81 (0.93%), 231 (2.64%), 101 (1.15%), 75 (0.86%), respectively. The highest number of OTUs was found in LC, and the lowest number in HC.
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FIGURE 1. Venn diagram of ruminal fluid flora.




Diversity Analysis


α Diversity Analysis

Alpha diversity index analysis was performed on the four treatment groups of CON, LC, MC, and HC. The results showed that the richness index and Chao1 index of the LC group were significantly higher than the CON, MC, and HC groups (Table 1), this indicates that the richness of microbial communities in samples from LC group was significantly higher than other groups, and the Shannon_2 index of CON and LC groups was significantly higher than MC and HC, while the Simpson index was significantly lower than MC and HC (Table 1), indicating that the diversity of microbial communities in CON and LC groups was significantly higher than MC and HC. In conclusion, we infer that the addition of a low level of C. deserticola significantly increased the richness and diversity of microbial communities in the rumen fluid of sheep.


TABLE 1. Alpha diversity index.

[image: Table 1]


β Diversity Analysis

β diversity analysis was used to determine the structural differences in microbial communities among samples from different treatment groups. As shown in Figure 2, the distribution of samples from CON, MC, and HC groups was discrete and cross-over and overlapping with each other, while the distribution of samples from LC group was relatively concentrated and spatially distant from the other groups, which indicated that the samples from LC group had good repeatability and ruminal microbial communities were different from the other groups.
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FIGURE 2. Principal coordinates analysis of rumen microbiota in different treatment groups.





Microbial Community Differences Between Control, High-Level, Medium-Level, and Low-Level

The LEfSe (linear discriminant analysis Effect Size) was performed to detect variations in the bacterial taxa composition. Figure 3 depicts a representative cladogram of the structure of the predominant microbiome, showing the most remarkable differences in taxa among the different additional levels. Data indicate that eight clades were more abundant in the CON group, thirty-four clades were more abundant in the LC group, eleven clades were more abundant in the MC group, and three clades were more abundant in the HC group. The abundance differences of different bacterial groups among CON, HC, MC, and LC are shown in Figure 4. Among them, the most differential bacterial genus in CON is Christensenellaceae_R_7_group, and the most differential bacterial genus in HC is Carnobacterium. Ruminococcaceae_NK4A214_group, Butyrivibrio_2, and Succiniclasticum were more abundant in LC, and among them, Carnobacterium and Ruminococcaceae_NK4A214_group had the largest difference among communities, with the absolute score of LDA being ∼ 5.
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FIGURE 3. LEfSe (linear discriminant analysis Effect Size) cladogram comparing microbial communities among the three elevations. Differences are represented by the color of the group where taxa are most abundant; Red: Taxa abundant in CON, Green: Taxa abundant in HC, Purple: Taxa abundant in MC, Blue: Taxa abundant in LC. CON, C. deserticola at 0%; LC, C. deserticola at 2%; MC, C. deserticola at 4%; HC, C. deserticola at 6%.
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FIGURE 4. Histogram of LDA score calculated for each taxon ranging from phylum to genus. The LDA scores represent the difference in relative abundance with an exponential fold change of 10 between both communities, indicated by the significant difference in taxa. Red: Taxa abundant in CON, Green: Taxa abundant in HC, Purple: Taxa abundant in MC, Blue: Taxa abundant in LC. CON, C. deserticola at 0%; LC, C. deserticola at 2%; MC, C. deserticola at 4%; HC, C. deserticola at 6%.




Analysis of Bacterial Composition and Community Structure

The species composition and relative abundance of the sheep ruminal microbiota with the relative abundance above 1% and the first 15% both at phylum and genus were shown in Table 2. Figure 5 represents the microbiota with the significant difference in species composition among groups at the genus level and the analysis of their proportions in each group. At the phylum level, Bacteroidetes, Firmicutes, Kiritimatiellaeota, Proteobacteria, Cyanobacteria, and Actinobacteria were mainly detected. The main phyla of microorganisms in the ruminal fluid of sheep in the four treatment groups were Bacteroidetes, Firmicutes, Kiritimatiellaeota, and Proteobacteria, which accounted for 94.62% of all bacteria (Table 2 and Figure 6A). At the genus level, Prevotella_1, Lactobacillus, Rikenellaceae_RC9_gut_group, Unassigned, Carnobacterium, Ruminococcaceae_NK4A214_group, Christensenellaceae_R-7_group, Butyrivibrio_2, Leuconostoc, Succiniclasticum were mainly detected. The main microbial genera in the ruminal fluid of sheep in the four treatment groups were Prevotella_1, Lactobacillus, Rikenellaceae_RC9_gut_group, and Unassigned (Table 2 and Figure 6B).


TABLE 2. Species and relative abundance of ruminal fluid microbiota in sheep at phylum level and genus level.
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FIGURE 5. Spearman correlation and clustering analysis between Rumen fermentation parameters, rumen digestive metabolism, Growth Performance and main bacteria in Genus level. The area of the circle represents the magnitude of the correlation, and different colors represent either a positive correlation (red) or a negative correlation (blue), *represents 0.01 < P ≤ 0.05, **represents P ≤ 0.01, ***represents P ≤ 0.001. BWG, bodyweight gain; FCR, feed conversion ratio (the ratio of BWG divided by the total DMI); VFAs, total volatile fatty acid; EE, ether extract.
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FIGURE 6. Bacterial phyla (A) and genus (B) (relative abundance >1%) of 4 treatments visualized using Circos.


At the phylum level, adding C. deserticola had no significant effect on the relative abundance of Firmicutes, Proteobacteria, and Actinobacteria in the ruminal fluid of sheep as compared to the CON group. The relative abundance of Bacteroides in the HC group was significantly lower than that in the CON group, the relative abundance of Kiritimatiellaeota was significantly higher than that in the other groups, while the relative abundance of Cyanobacteria was significantly higher than that in the LC group (Table 2 and Figure 6A).

At the genus level, compared with the CON group, adding C. deserticola had no significant effect on the relative abundance of Prevotella_1, Carnobacterium, Leuconostoc, and Succiniclasticum in sheep ruminal fluid (Table 2). Compared with the group without C. deserticola, C. the deserticola at 2 and 6% significantly increased the relative abundance of Unassigned (Table 2). Moreover, adding C. deserticola at 4 and 6% significantly increased the relative abundance of Lactobacillus (Table 2) C. deserticola at 2% increased the relative abundance of Rikenellaceae_RC9_gut_group, Ruminococcaceae_NK4A214_group, and Butyrivibrio_2 (Table 2); Adding C. deserticola significantly lessened the relative abundance of Christensenellaceae_R-7_group (Table 2).




Rumen Fermentation Parameters, Rumen Digestive Metabolism, Growth Performance Concerning Main Bacteria in Genus Level

At the genus level, pH, BWG, and FCR were positively correlated with the relative abundance of Lactobacillus (P < 0.05). The proportion of propionic acid in the ruminal fluid was significant positive correlated with the relative abundance of Succiniclasticum (P < 0.01) while CH4 production was negatively correlated with the relative abundance of Succiniclasticum (P < 0.05). The pH was negatively correlated with the relative abundance of Ruminococcaceae_NK4A214_group (P < 0.05) and Christensenellaceae_R-7_group (P < 0.01). Significant and positive correlation between the proportion of Isobutyrate acid (P < 0.01), Isovalerate acid (P < 0.01), and Valerate acid (P < 0.05) with the relative abundance of Carnobacterium were detected. Also, a significant positive correlation was found between the digestibility of ADF with the relative abundance of Leuconostoc (P < 0.05), and that of EE with the relative abundance of Ruminococcaceae_NK4A214_group and Christensenellaceae_R-7_group (P < 0.05).



Tax4Fun Gene Functions Estimation

Tax4Fun was used to predict the function of microbial communities in the rumen of sheep. Notably, we obtained 174 predictive functions, and some of the functions with significant differences are shown in Figure 7, more functions with differences were related to “metabolism” functions, among which “sesquiterpenoid and triterpenoid biosynthesis” functional genes were enriched in LC group sheep, suggesting that the synthesis of flavonoids and terpenes might be favored in the rumen of sheep.
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FIGURE 7. Functional predictions for rumen microbiota with significantly different KEGG pathways (P < 0.05) for the four add levels (CON, HC, MC, and LC). KEGG pathways at Level 1, Level 2, and Level 3 are represented. CON, C. deserticola at 0%; LC, C. deserticola at 2%; MC, C. deserticola at 4%; HC, C. deserticola at 6%. In each group, different lowercase letters show a significant difference (P < 0.05), while the same letters show no significant difference (P > 0.05), respectively.





DISCUSSION

The rumen is a complex microbial anaerobic fermentation chamber that harbors one of the most diverse intestinal microbial communities of the animal kingdom (Li et al., 2021). In terms of quantity and variety, bacteria are the dominant species in the rumen, and the catabolic potential of ruminal bacteria plays a vital role in the health and nutrition of their host (Klassen et al., 2021). Higher microbial diversity in the mammalian gastrointestinal system often equates with stronger metabolic capacity and stability (Li et al., 2019), such as Plateau pika (Li et al., 2019). The increase of the Rumen microorganism diversity in highland yak reflects its high ability to use high-fiber pasture (Fan et al., 2020). In this study, high-throughput sequencing and β diversity analyses showed that microbial diversity was increased in both LC and MC groups. Interestingly, the abundance and diversity of ruminal microbiota were the highest in the LC group. Based on these findings, it can be speculated that sheep in the LC group might have higher digestive and metabolic capacities as well as the highest efficiency of feed utilization.

The ruminal microbiota develops from birth, thereby affecting nutrient balance, digestion, and metabolism of ruminants. The rumen can therefore be regarded as a metabolic organ with a role in protection, immunity, development, and nutrition to ruminants (Gill et al., 2006; Methé et al., 2012). The pH of the ruminal fluid is an important ruminal fermentation parameter, and the appropriate pH maintains the stability of the ruminal environment, ensuring adequate microbial activities (Pilajun et al., 2010). Rumen microorganisms can rapidly ferment carbohydrates to produce VFA and organic acids, thus lowering ruminal pH. Previous results showed that pH increased significantly with the increasing percentage of C. deserticola addition (Liu et al., 2020). Combined with the changes in rumen flora abundance and diversity in the present study, we infer that some components of C. deserticola altered rumen fermentation parameters in sheep, which in turn affected rumen flora structure.

Polysaccharides and phenethyl alcohol glycosides are the main active components of C. deserticola (Jiang and Tu, 2009). It was found that phenethyl alcohol glycosides play an active role mainly in immunity (Luo et al., 2020). The functional polysaccharides such as Hericium erinaceus polysaccharides, Ganoderma lucidum bran polysaccharide has positive effects in improving the microbial fermentation and rumen fermentation environment in goats (Wu, 2014; Meng, 2018; Li et al., 2019). Correlation analysis showed that Lactobacillus had a positive effect on rumen fluid pH, and the relative abundance of Lactobacillus increased significantly with the increase in proportion of C. deserticola addition. The growth and multiplication of beneficial bacteria such as Lactobacillus and Enterococcus in the gastrointestinal tract can inhibit the growth of harmful aerobic bacteria, thereby regulating the balance of the gastrointestinal microbiota, facilitating nutrient absorption, and improving feed utilization (Xie et al., 2020). Also, it has been found that the use of Lactobacillus as probiotics in ruminant feed can effectively reduce the abundance of pathogenic bacterial species in the rumen, such as Escherichia coli (Galvao et al., 2005), thereby increasing dry matter intake (Arowolo and He, 2018), reducing the frequency of gastrointestinal disorders (such as diarrhea) (Signorini et al., 2012), as well as by secreting bacteriocins and strengthening the immune protection during infection by regulating host-microbiota (Jukna et al., 2005). We infer that the active ingredient polysaccharide in C. deserticola promotes the growth and reproduction of beneficial bacteria in the rumen and reduces the consumption of carbohydrates and other nutrients by pathogenic bacteria, and bring the pH of rumen fluid close to the optimal fermentation range (6.5–7.0) (Nocek, 1997). AS a result, improving the fermentation environment of the rumen and promoting the absorption and utilization of nutrients by the organism, as shown by Spearman correlation and clustering analysis, the higher abundance of Lactobacillus corresponded to better BWG and FCR (Figure 5).

Research has found that the active ingredient polysaccharide in alfalfa and shiitake mushroom polysaccharide regulated rumen fermentation in dairy cows and improved the total VFA production (Xue et al., 2015; Li et al., 2018). In the present study, feeding C. deserticola significantly increased the ratio of Isobutyrate acid, isovalerate acid, and valerate acid in the rumen fluid, while Spearman correlation and cluster analysis showed positive effect of Carnobacterium on the ratio of Isobutyrate acid, isovalerate acid and valerate acid in rumen fluid (Figure 5). Carnobacterium is a typical Lactobacillus species belonging to the Firmicutes phylum, which is the most abundant genus in animals under heat stress and it produces acid from carbohydrates. Isobutyrate acid and isovalerate acid are commonly referred to as conjugate acids, which promote degradation of food structural carbohydrates (Wilson, 2008) and growth of fiber degrading microbial species, being thus conducive to the digestion of fibers (Liu et al., 2009; Wu et al., 2021). Isobutyrate acid can be used as an energy source by ruminants, and cellulolytic bacteria can use Isobutyrate acid as a substrate to synthesize long-chain fatty acids and aldehydes (Nagaraja, 2016). Studies have shown that Isobutyrate acid supplementation in Simmental cattle increases the concentration of total VFAs in the rumen and improves the digestibility of organic matter, crude protein, and neutral detergent fiber (Liu et al., 2009; Correia et al., 2021). As mentioned earlier, digestibility of DM and OM in the CON group was lower than that in groups that received C. deserticola supplementation (Liu et al., 2020), whereas the digestibility of LC and MC groups was significantly higher than that in the CON group (Liu et al., 2020). Therefore, it can be inferred that the addition of C. deserticola enhanced the function of Carnobacterium in improving feed digestibility. The total VFA concentration in rumen fluid did not change significantly with the increase of C. deserticola addition (Liu et al., 2020), probably due to the difference of polysaccharide type and test subjects.

Methane (CH4) released by ruminants is the result of the anaerobic fermentation of structural carbohydrates found in forage (Min et al., 2020). The mechanisms affecting the CH4 production include the amount of fermentable carbohydrates found in feed and that of VFA produced in the rumen. The amount of acetic acid and propionic acid in the rumen might also affect the production of CH4 in ruminants (Xiao, 2016). It has been shown that moderate amounts of shiitake mushroom polysaccharide, Ganoderma lucidum polysaccharide, and Cordyceps sinensis polysaccharide can influence the type of fermentation, increase propionic acid production, thus inhibit the growth of methanogens and significantly reduce the artificial rumen CH4 production (Pan, 2019). We did not observe the dominant bacterium methanobacterium at the genus level, suggesting that the active ingredient polysaccharide in C. deserticola may also have inhibitory effects on the growth of methanobacteria. However, the detected CH4 emission was increased (Liu et al., 2020). It has also been shown that metabolites of Lactobacillus altered the type of ruminal fermentation, leading to a decrease in the proportion of acetic acid in the rumen while increasing that of propionic acid, as well as negatively impacted the supply of H2 during CH4 synthesis, thus reducing CH4 production (Xiao, 2016), and stimulate the growth of ruminal microorganisms, improve nutrient utilization and energy generation (Zhou et al., 2016). Interestingly the study also showed that inhibition of CH4 emission was not increased with the increase in Lactobacillus abundance in the rumen of grazing sheep, showing an impact only within a certain range (Xiao, 2016). The production of CH4 is controlled by a combination of factors. The polysaccharide in C. deserticola directly inhibits CH4 emission by hindering the growth of methanogenic bacteria and indirectly inhibits CH4 emission by increasing the abundance of beneficial bacteria such as Lactobacillus. However, the other factors had a stronger promoting effect than the inhibition by polysaccharides, and the exact reasons need to be further investigated.

It has also been shown that functional polysaccharides have a positive effect on regulating rumen flora structure, Hericium erinaceus polysaccharides can alleviate rumen acidosis and maintain rumen health in goats by regulating rumen flora structure (Li et al., 2019). Fermented wheat bran polysaccharides regulate Dorper × thin-tailed Han crossbred meat lamb’s rumen flora structure and maintain rumen health (Meng, 2018). Artemisia polysaccharide can improve the proportion of rumen Firmicutes and Fibrobacteres and reduce the proportion of pathogenic bacteria (Jin et al., 2021). This could explain the variation in the abundance of Bacteroides as well as members of the genus Firmicutes at the level of the rumen. Bacteroides and Firmicutes are the dominant phyla in the ruminal microbiota (Singh et al., 2012; de Oliveira et al., 2013; Zhou et al., 2017; Bi et al., 2018). Bacteria in the Firmicutes phylum possess a wide variety of metabolic enzymes with activity over a starch, cellulose, hemicellulose, oligosaccharides, and butyric acid (Murphy et al., 2010; Sollinger et al., 2018), thus promoting energy absorption and fat deposition in ruminants The. C. deserticola significantly altered the relative abundance of Firmicutes at the genus level for members of groups such as Lactobacillus, Ruminococcaceae_NK4A214_group, Christensenellaceae_R-7_group, etc. The phylum Bacteroidetes plays an important role in the degradation of non-fibrous substances (proteins, polysaccharides, etc.) in the rumen (Pope et al., 2012; Naas et al., 2014), while promoting the development of the host’s immune system as well as maintaining the balance of the intestinal microbiota (Xiao et al., 2020). In this study, high levels of C. deserticola resulted in a significant decrease in the relative abundance of Bacteroidetes. Members of Bacteroidetes have higher mean glycoside hydrolases (GHs) and polysaccharide lyases (PLs) genes per genome, as well as signal peptide-containing GHs and PLs (El Kaoutari et al., 2013), compared to the members of the Firmicutes, or any other bacterial phyla in the GI tract, are one of the primary degraders of the many complex polysaccharides in the plant cell wall (Meale et al., 2016). This might explain the significant changes in the relative abundance of Bacteroides in animals fed with C. deserticola. The degradation ability of Firmicutes is mainly limited to the cell surface, while degradation by Bacteroides occurs mainly in the periplasm or intracellularly (White et al., 2014). A higher abundance of Bacteroides and Firmicutes can improve the host’s ability to degrade forage resources, thereby improving the host’s adaptability to harsh environments (Han et al., 2020). In the present study, the microbial community in LC group had the highest abundance and uniformity, therefore, it can be deduced that sheep in the LC group had a higher capacity for digesting and metabolizing forage. these findings are consistent with findings of the previous studies that reported the digestibility of DM and OM in sheep of the LC group was significantly higher than that of other experimental groups (Liu et al., 2020). Christensenellaceae_R-7_group mainly plays an important role in maintaining immunity and gastrointestinal function of the rumen (He et al., 2019; Liu et al., 2019a,b). The variation in the abundance of Christensenellaceae_R-7_group in the text can be explained by the important role played by polysaccharides and phenethyl alcohol glycosides in the immunization of livestock and poultry (Zhao et al., 2017).

In addition, the functional profile of the ruminal microbial community in grazing sheep was predicted by Tax4Fun. The microbial community in the rumen of animals included in the LC group was rich in genes related to flavonoid biosynthesis; therefore, it can be hypothesized that a higher amount of flavonoids is synthesized in the rumen of LC animals. In ruminants, flavonoids are closely associated with lipid metabolism, endocrine, and antioxidant activities, and antibacterial and antiviral effects, thus playing an important role in promoting growth, improving production performance and immunity (Xie and Zhang, 2003; Xie and Zhang, 2005; Yang et al., 2019). In this study, Spearman correlation and clustering analysis showed that the relative abundance of Ruminococcaceae_NK4A214_group and Christensenellaceae_R-7_group had a positive effect on EE digestibility. Ruminococcaceae_NK4A214_group is associated with the degradation of fibrous material and can produce hydrolytic enzymes such as cellulase, which destroys the cell wall of crude fiber (Zeng et al., 2020), thereby improving the utilization of high-fiber diets by ruminants. Moreover, the abundance of Ruminococcaceae_NK4A214_group in the LC group was significantly higher compared to the other groups, whereas the relative abundance of Christensenellaceae_R-7_group in the MC group was significantly lower than that in other groups. Therefore, in combination with the results of previous studies, the digestibility of EE in the HC group was significantly lower than that in other groups (Liu et al., 2020). In contrast, the digestibility of EE was the highest in the LC group; therefore, it can be deduced that the digestibility of EE in sheep of the LC group was high. However, it is important to acknowledge that metagenomic function prediction analysis might not represent the actual function of rumen microorganisms. Although several rumen-based studies have been conducted in recent years, the complexity of the rumen microbiota has not been completely understood. Therefore, future studies involving transcriptomics, proteomics, and metabolomics should be considered, and more research is required to explore the specific roles of microorganisms found in the rumen.



CONCLUSION

Certain levels of C. deserticola alter the abundance of rumen bacteria in grazing sheep and affect rumen function, associated with the action of active polysaccharide component. The polysaccharides in C. deserticola can improve the rumen fermentation environment, regulate the structure of the bacterial flora, and improve immunity. Therefore, C. deserticola (with an optimal rate of 2–4%) can be used as an alternative to veterinary drugs and other chemical drugs to improve the performance of grazing sheep.
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Gut microbiome and heredity are two important factors affecting the intramuscular fat (IMF) of cattle, excluding age, sex, and nutrition. This study aimed at deciphering these two differences by analyzing the gut microbiome and intramuscular differentially expressed genes (DEGs) in the Angus and Chinese Simmental cattle. Feces and longissimus dorsi were collected from the two groups of animals (n = 20/group) for multiomics analysis. Angus holds a significantly higher diversity than Chinese Simmental, and the relative abundance of Roseburia, Prevotella, Coprococcus, etc., was obviously higher in Angus. Chinese Simmental had higher levels of isobutyrate, isovalerate, and valerate, although similar levels of acetate, propionate, and butyrate were observed for the two groups. The DEGs upregulated in Chinese Simmental were mainly involved in immune and inflammatory responses, while those in Angus were associated with the regulation of muscle system and myofibril. We finally identified 17 species, including Eubacterium rectale, etc., which were positively correlated to muscle and fat metabolism genes (MSTN, MYLPF, TNNT3, and FABP3/4) and illustrate the associations between them. Our study unveils the gut microbial differences and significant DEGs as well as their associations between the two breeds, providing valuable guidance for future mechanism research and development of intervention strategies to improve meat quality.

Keywords: Angus and Chinese Simmental cattle, compositional and functional differences, differentially expressed genes, gut microbiome, meat quality


INTRODUCTION

The Angus cattle in China are imported purebred cattle from Scotland in recent years and mainly used for beef production for their large muscle content with superior meat quality. The Chinese Simmental cattle is a cross from the Simmental cattle in Switzerland and the Chinese native cattle, with a history about 50 years, which is versatile for milk and meat production. Angus beef meat is superior in juiciness, tenderness, and flavor to Chinese Simmental for higher intramuscular fat (IMF), which makes it more popular and marketable. As a direct indicator of meat quality, IMF is influenced by a variety of factors, including the hosts’ age, sex, nutrition, and genetics. The AKIRIN2, TTN, EDG1, and MYBPC1 genes are well-known marbling-related genes in Japanese black beef cattle and Chinese Qinchuan cattle (Li et al., 2020). The steroid biosynthesis and peroxisome proliferator-activated receptor (PPAR) signaling pathway are reported for lipid storage and metabolism in broiler chickens (Liu et al., 2019). Proteins related to glycolysis or gluconeogenesis, oxidative metabolism, and slow-type muscle or retinoic acid metabolism were the most abundant in the high-adiposity cattle group (Bazile et al., 2019). Hitherto, the beef gene expression of the Angus and Chinese Simmental cattle is unclear. In addition, as a newly discovered factor of IMF and muscular mass and function, the gut microbiome is reported in recent years in mice (Lahiri et al., 2019), chickens (Wen et al., 2019), pigs (Qi et al., 2019; Chen et al., 2021), and humans (Liu et al., 2021). As a ruminant animal, the rumen microbiota has been studied in recent years, and Ruminococcus, Butyrivibrio, Coprococcus, Shuttleworthia, Prevotella, and Treponema have been found as the prominent microbiota in cattle (Xue et al., 2018). However, few studies on the gut microbiota in Angus and Chinese Simmental cattle have been reported, not to mention the correlation between the gut microbiota and muscular gene expression.

The gut microbiota and their metabolites have played important roles in IMF deposition by affecting lipid metabolism (Schoeler and Caesar, 2019), which might be mediated by short-chain fatty acids (SCFAs) via the following mechanisms: (1) used as an additional energy source for animals and affect energy metabolism (Ley et al., 2006); (2) acted as signaling molecules to modulate GPR43 and GPR41 genes in white adipose tissue and L-cell (McNelis et al., 2015); and (3) butyrate and propionate can activate the PPARγ signaling pathway in liver and adipose tissue (Alex et al., 2013). Besides SCFAs, bile acids (Parseus et al., 2017), lipopolysaccharides (Cani et al., 2007), trimethylamines (Meng et al., 2018; Bollatti et al., 2020), tryptophan, and their derivatives (Zelante et al., 2013) were also reported to play a role in host lipid metabolism, and the underlying mechanism needs further exploration. In addition to lipid metabolism, recent studies have also shown that decreased muscle mass and/or function were compatible with gut microbial composition changes in mice (Ni et al., 2019) and rat (Siddharth et al., 2017). The Bacteroides fragilis gnotobiotic mice showed higher function and muscle mass compared with germ-free (GF) mice (Donaldson et al., 2020). The microbiome-transplanted mice from different donors, including lean or obese pigs (Yan et al., 2016), healthy or malnourished children (Blanton et al., 2016), pathogen-free (PF) mice (Lahiri et al., 2019) and conventionally raised mice (Nay et al., 2019), further evidenced the relationship of muscle and gut microbiota. Given the relationship between the gut microbiome and fat metabolism and muscle mass and/or function, interventions targeting the gut microbiota were considered to improve the meat quality in meat-producing animals. Lactobacillus species (Lee et al., 2018), Bacillus subtilis H2 (Shi et al., 2020), Prevotella copri (Chen et al., 2021), tryptophan (Goodarzi et al., 2021), vitamin B12 (Boachie et al., 2020), folate (Mlodzik-Czyzewska et al., 2020), and SCFAs (Jiao et al., 2021) were beneficial to fat metabolism and deposition. Saccharomyces boulardii, Lactobacillus casei LC122, Bifidobacterium longum BL986 (Jiao et al., 2021), Lactobacillus paracasei PS23 (Chen et al., 2019), Lactobacillus salivarius SA-03 (Lee et al., 2020), Lactobacillus plantarum TWK10 (Chen et al., 2016), and Bifidobacterium longum OLP-01 (Huang et al., 2020) were reported to affect muscular mass and function.

The gut microbiome has also been implicated in host gene regulation. Human genes may influence the chemical signature by shaping the composition of the skin microbiota (Verhulst et al., 2010). In a genetically susceptible host, imbalances in microbiota–immunity interactions under defined environmental contexts are believed to contribute to the pathogenesis of a multitude of immune-mediated disorders (Zheng et al., 2020). Vagnerová et al. (2019) analyzed the influence of the microbiota on acute restraint stress response and suggested that the downregulated expression of pituitary Pomc and Crhr1 in specific-pathogen-free animals might be an important factor in the exaggerated hypothalamic–adrenal response of GF mice to stress. Genes linked to inflammatory bowel disease (IBD) modulate microbial recognition and innate immune pathways (Nod2), and genes that mediate autophagy (i.e., ATG16L1, IRGM) have highlighted the critical role of host–microbe interactions in controlling intestinal immune homeostasis (Cucchiara et al., 2012). Chen et al. (2021) had evaluated the association of the oral microbiome with host gene methylation and patient outcomes and implied F. nucleatum as a pro-inflammatory driver in initiating head and neck squamous cell carcinoma. Dayama et al. (2020) characterized changes in the microbiome and host gene expression, and identified host gene–microbiome interactions in the colonic mucosa might play a role in the pathogenesis of cystic fibrosis patients. In cancer, an alteration of microbiome is thought to affect the regulation of various miRNAs through the MyD88-dependent pathway, and miRNA alteration is associated with gut dysbiosis, in turn, to affect cancer onset and prognosis (Allegra et al., 2020). Integration of multi-omic approaches, also known as holo-omics (Nyholm et al., 2020), is a new approach to incorporate multi-omic data from both host and microbiota domains to untangle the interplay between the two, which will broaden our perspective of the molecular mechanisms involved in disease (Nguyen et al., 2020). In the present study, we have combined metagenomics, transcriptomics, and targeted metabolomics to illustrate the underlying mechanism of gut microbiota on the IMF of the two cattle.

Differences on IMF of the Angus and Chinese Simmental cattle were observed (Supplementary Figure 1 and Supplementary Table 1). Here we compared the gut microbiome (via shotgun metagenomic sequencing), longissimus dorsi muscular gene expression (via RNA-seq), and SCFAs (via targeted metabolomics) in Angus and Chinese Simmental. Firstly, the gut microbial characteristics and DEGs between the two cattle were illustrated. Then, we identified correlations between host muscular gene expression and gut microbiome data by using an integrative analysis approach, which allowed us to characterize potential interactions between host genes and microbes, providing insight on improving meat quality by altering the gut microbiota. We have also hoped that these host gene–microbiome associations can serve as a precursor for designing future hypothesis-driven studies.



MATERIALS AND METHODS


Animal Experiment and Sample Collection

The cattle were selected from Gansu Zhangye Qilian Muge Co., Ltd. (Zhangye, Gansu, China). Angus (n = 20, male, with a final average body weight of 713.36 ± 41.35 kg) and Chinese Simmental (n = 20, male, with a final average body weight of 687.18 ± 33.86 kg) cattle of 18 months were fed with the same diet for at least 10 months on the same farm. Rectal fecal samples were collected with a sterile spoon by cut a notch in the rectum after the cattle were slaughtered. 5 g fecal sample was collected in a pre-marked 15 ml sterile centrifuge tube and quickly move in anaerobic bag in dry ice after hanging tight the lid. The Longissimus dorsi were collected as soon as the cattle were slaughtered. 10 g muscular tissue were quickly collected and packaged in a pre-marked 2 ml sterile cryogenic vials and freeze in liquid nitrogen for RNA sequencing after the cattle were slaughtered. The collected fecal samples and tissues were delivered through dry ice to the laboratory for DNA, SCFAs and RNA extraction, concentration and purity testing, library construction and sequencing. The samples used for multiomics were shown in Supplementary Table 2A.



DNA Extraction and Shotgun Metagenomic Sequencing

Total genomic DNA was extracted from the rectal fecal sample in accordance with the MetaHIT protocol as described previously (Qin et al., 2012). The quality and quantity of the DNA was measured using NanoDrop Spectrophotometer ND-1000 (Thermo Fisher Scientific Inc.). Metagenome library was constructed using the TruSeq DNA PCR-Free Library Preparation Kit (Illumina), and the quantity of each library was evaluated using a Qubit 2.0 fluorimeter (Invitrogen). Sequencing of metagenome libraries was conducted at BGI-Shenzhen (Shenzhen, China) using BGI-Seq500 (150bp paired-end sequencing of ∼350bp inserts) (Fang et al., 2018).



RNA Extraction and Transcriptomic Sequencing

Total RNA was isolated from the muscular tissue of the two breeds using the Trizol Reagent (Invitrogen Life Technologies), after which the concentration, quality, and integrity were determined using a NanoDrop spectrophotometer (Thermo Scientific). Only samples with RNA integrity number ≥ 7.0 were used to generate transcriptome libraries. In the current study, mRNA-enriched transcriptome libraries were constructed. Enriched mRNA was used for transcriptome library construction using TruSeq RNA Library Prep Kit v2 (Illumina). The sequencing library was then sequenced on NovaSeq 6000 platform (Illumina) by Shanghai Personal Biotechnology Co., Ltd.



Detection of Short-Chain Fatty Acids


Chemicals and Reagents

Methyl tert-butyl ether (MTBE) was purchased from CNW (CNW Technologies, Germany). MilliQ water (Millipore, Bradford, MA, United States) was used in all experiments. All of the standards were purchased from 12CNW (Beijing) or Aladdin (Shanghai). The stock solutions of standards were prepared at the concentration of 1 mg/ml in MTBE. All stock solutions were stored at −20°C. The stock solutions were diluted with MTBE to working solutions before analysis.



Sample Preparation and Extraction

In total, 50 mg of rectal fecal samples was accurately weighed and placed in a 2-ml Eppendorf (EP) tube. Then, 0.2 ml of phosphoric acid (0.5% v/v) solution and a small steel ball were added to the EP tube. The mixture was ground for 15 s for 3 times, then vortexed for 10 min, and ultrasonicated for 5 min. Then, 0.5 ml MTBE (containing internal standard) solution was added to the EP tube. The mixture was vortexed for 3 min and ultrasonicated for 5 min. After that, the mixture was centrifuged at 14,400 rcf for 10 min at the temperature of 4°C. The supernatant was collected and used for gas chromatography (GC)–tandem mass spectrometry (MS/MS) analysis.



Gas Chromatography–Tandem Mass Spectrometry Analysis

Agilent 7890B gas chromatograph coupled to a 7000D mass spectrometer with a DB-5MS column (30 m, length × 0.25 mm, i.d. × 0.25 μm, film thickness, J&W Scientific, United States) was employed for the GC–MS/MS analysis of SCFA contents. Helium was used as carrier gas at a flow rate of 1.2 ml/min. Injections were made in the splitless mode, and the injection volume was 2 μl. The oven temperature was held at 90°C for 1 min, raised to 100°C at a rate of 25°C/min, raised to 150°C at a rate of 20°C/min, held for 0.6 min, raised to 200°C at a rate of 25°C/min, and held for 0.5 min after running for 3 min. All samples were analyzed in multiple reaction monitoring mode. The injector inlet and transfer line temperature were 200 and 230°C, respectively.




Analysis of Shotgun Metagenomics


Metagenomic Sequencing Data Process

Samples are sequenced on the BGI-Seq 500 platforms to get raw sequences (FASTQ format). Paired-end metagenomic sequencing was performed on the BGI-Seq500 platform with a read length of 150 bp (insert size, 300 bp). The raw reads that had 50% low-quality bases (quality ≤ 20) or more than five ambiguous bases were excluded. The remaining reads were mapped to Bos taurus1 to remove cattle genomes. The high-quality non-host sequencing reads (clean reads) were used in taxonomic annotation.



Taxonomic and Functional Annotation

The clean reads were used to generate taxonomic profiles by using Metaphlan 3.0 (-input_type fastq - ignore_viruses - nproc 6) as described in the official website [MetaPhlAn3-The Huttenhower Lab (harvard.edu)]. HUMAnN 3.0 (Franzosa et al., 2018) (-i input_clean_data -o output –threads 10 –memory-use maximum –remove-temp-output) was used to efficiently and accurately profile the abundance of microbial metabolic pathways and other molecular functions from the clean data according to the official website.2



Diversity Calculation

Alpha-diversity [within-sample diversity, R 4.0.3 vegan: diversity (data, index = “richness/shannon/Simpson/InSimpson”)] was calculated using the richness, Shannon index, Simpson index, and inverse Simpson index depending on the taxonomic profiles. Beta-diversity [between-sample diversity, R 4.0.3 vegan: diversity (data, index = “bray_curtis distance”)] was calculated using the Bray–Curtis distance depending on the gene and taxonomic profiles.




Analysis of Transcriptomes


Quality Control

The samples are sequenced on the platforms to get image files, which are transformed by the software of the sequencing platform, and the original data in FASTQ format (raw data) is generated. The sequencing data contains a number of connectors and low-quality reads, so we use Cutadapt (v1.15) software to filter the sequencing data to get a high-quality sequence (clean data) for further analysis. Non-rDNA/rRNA reads were then mapped to the bovine genome (UMD 3.1) using Tophat2 (version 2.0.9) as described by Kim et al. (2013) to remove potential host DNA and RNA contaminations.



Reads Mapping

The reference genome and gene annotation files were downloaded from the genome website. The filtered reads were mapped to the reference genome using HISAT2 v2.0.5 [HISAT2 (daehwankimlab.github.io)].



Differential Expression Analysis

We used HTSeq (0.9.1) statistics to compare the read count values on each gene as the original expression of the gene and then used FPKM to standardize the expression. Then, difference expression of genes was analyzed by DESeq (1.30.0) with the screening conditions as follows: expression difference multiple | log2 (fold change)| > 1, significant P-value < 0.05. At the same time, we used R language Pheatmap (1.0.8) software package to perform bi-directional clustering analysis of all different genes of the samples. We retained the heat map according to the expression level of the same gene in different samples and the expression patterns of different genes in the same sample with the Euclidean method to calculate the distance and complete linkage method to cluster.



Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Enrichment Analysis

We mapped all the genes to the terms in the Gene Ontology (GO) database and calculated the number of differentially enriched genes in each term. Using top GOs to perform GO enrichment analysis on the differential genes, we calculated the P-value by the hypergeometric distribution method (the standard of significant enrichment is P-value < 0.05) and found the GO term with significantly enriched differential genes to determine the main biological functions performed by differential genes. For the transcriptomes, ClusterProfiler (3.4.4) software was used to carry out the enrichment analysis of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of differential genes, focusing on the significantly enriched pathway with P < 0.05. For the metagenomes, HUMAnN 3.0 was used to generate the functional modules described as in Franzosa et al. (2018).




Statistical Analysis

For the identified species, DEGs, functional modules, and KEGG pathways, the relative abundance of each was compared between the two breeds via Wilcoxon rank-sum test, followed by Benjamini and Hochberg correction. Non-parametric multivariate analysis of variance (permutational multivariate analysis of variance) was used to analyze the degree of explanation for sample differences by different grouping factors in PCoA. Wilcoxon rank-sum test was used to analyze the differences of metagenomic data between the two groups. Student’s t-test was used to compare the transcriptomic data between the two groups.

The correlation between the differentially enriched species (P-value less than 0.05 between the two groups, and the occurrence is more than 0) and the DEGs (P-value less than 0.05 between the two groups) between the two groups were analyzed by Spearman’s rank-sum correlation [code: R 4.0.3, cor.test (**,method = “spearman”)].




RESULTS


The Gut Microbial Taxonomy of Angus Cattle Was Significantly Different From Simmental Cattle

Ten phyla (Supplementary Table 2B), 77 genera (Supplementary Table 2C), and 179 species (Supplementary Table 2D) were annotated by MetaPhlan3.0. Significant differences of the gut microbiome were observed between the Angus cattle and the Simmental cattle. The species composition, diversity, and relative abundance of the Angus cattle were significantly higher than that of the Simmental cattle (beta-diversity, P = 0.001, Supplementary Figure 2A; alpha-diversity, P = 0.021, Supplementary Figure 2B). At the genus level, the gut microbiome also showed significant differences between and within groups (beta-diversity, P = 0.02; Figure 1A; alpha-diversity, P = 0.021, Figure 1B).
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FIGURE 1. Taxonomic analysis of the gut microbiota for the Chinese Simmental and Angus cattle. The Angus cattle had higher beta-diversity (A) and alpha-diversity (B) than the Chinese Simmental cattle at genus level. The differences of the top 15 abundant genera (C) and species (D) are shown.


We then analyzed the top 15 abundant genera (Figure 1C), top 15 species (Figure 1D), and top 5 abundant phyla (Supplementary Figure 2C). Among the five top abundant phyla, the predominant Actinobacteria showed no significant difference between the two breeds. The relative abundance of Firmicutes (P = 0.02) was significantly higher in the Angus cattle, while that of Bacteroidetes (P = 0.0001) was obviously higher in the Simmental cattle (Supplementary Figure 2C). At the genus level, Roseburia (P = 4.14e-5), Lachnospiraceae (P = 1.30e-6), Coprococcus (P = 8.01e-8), Parabacteroides (P = 1.43e-5), Sphingomonas (P = 8.01e-9), Bacteroides (P = 8.01e-8), and Prevotella (P = 2.16e-6) were significantly higher in the Angus cattle. Anaerostipes (P = 0.0011), Ruminococcaceae (P = 0.0071), Sarcina (P = 0.001), and Turicibacter (P = 0.038) were obviously higher in the Simmental cattle. Some common genera such as Bifidobacterium, Clostridium, Escherichia, and Treponema had little differences between the two breeds. At the species level, Parabacteroides sp. CAG:409 (P = 1.10e-6), Prevotella sp. CAG:1092 (P = 1.05e-7), Prevotella sp. CAG:520 (P = 1.05e-7), and Sphingomonas sp. FARSPH (P = 8.01e-9) were significantly enriched in the Angus cattle. Sphingomonas sp. was thought to be a nosocomial infectious organism (Ryan and Adley, 2010). The relative abundance of Bacteroides uniformis (B. uniformis, P = 0.0005), Ruminococcaceae bacterium P7 (R. bacterium P7, P = 0.024), Sarcina sp. DSM 11001 (P = 0.001), Prevotella copri (P. copri, P = 5.07e-6), and Turicibacter sanguinis (T. sanguinis, P = 0.038) was significantly higher in the Simmental cattle. Interestingly, the Bifidobacterium sp. (B. ruminantium, B. merycicum, and B. pseudolongum), Treponema sp. (T. porcinum, T. saccharophilum), and Escherichia coli (E. coli) showed no significant difference between the two groups. B. pseudolongum can reduce triglycerides by modulating the gut microbiota in mice fed high-fat food (Bo et al., 2020). T. saccharophilum is a large pectinolytic spirochete from the bovine rumen (Paster and Canale-Parola, 1985), and T. porcinum is isolated from porcine faces (Nordhoff et al., 2005).



Functional Differences Between the Angus and Simmental Cattle

Significant differences existed between the two groups (P = 0.001, Figure 2A). In total, 354 gut microbiome functional pathways (Supplementary Table 2F) were annotated by HUMAnN 3.0. Among them, 208 pathways were differentially enriched in the two breeds. Only 7 pathways, including stearate biosynthesis III, L-glutamate degradation VIII (to propanoate), anaerobic energy metabolism (invertebrates and cytosol), and gluconeogenesis III, were significantly highly enriched in the Simmental cattle. The superpathway of branched-chain amino acid biosynthesis, aliphatic amino acid biosynthesis, aromatic amino acid biosynthesis, glycolysis, and gluconeogenesis were all highly enriched in the Angus cattle. The superpathway of lipopolysaccharide biosynthesis showed no significant difference in the two breeds. We then focused on the fatty-acid-related pathways and found that the superpathway of fatty acid biosynthesis initiation (P = 8.34e-8), fatty acid elongation (P = 0.037), type II fatty acid synthase (P = 0.027), superpathway of unsaturated fatty acids biosynthesis (P = 0.027), and superpathway of fatty acid biosynthesis (P = 0.030) were all highly enriched in the Angus cattle (Figure 2B). These results were consistent with the muscular phenotypes, indicating that the Angus cattle hold more types of fatty acids than the Simmental cattle (Supplementary Table 1). We further studied the association between the gut microbiota and the superpathway of fatty acid biosynthesis initiation (Supplementary Figure 3). In total, 13 significantly related species including B. uniformis, Bacteroides vulgatus (B. vulgatus), Blautia obeum (B. obeum), Ruminococcus torques, Clostridium bornimense, Coprococcus catus (C. catus), Coprococcus comes, Dorea formicigenerans, Dorea longicatena, Phyllobacterium myrsinacearum, Sphingomonas sp. FARSPH, and T. sanguinis were observed. Except for B. uniformis, B. vulgatus, and Romboutsia ilealis, all the other species were obviously abundant in the Angus cattle (Figure 2C).
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FIGURE 2. Gut microbial functional differences and the related species. Gut microbial function was significantly different between the two breeds (A). The abundance of the fatty acid-related pathway was obviously different for the two breeds (B). Species related to the superpathway of fatty acid biosynthesis initiation were also significantly different between the two breeds (C).




Differentially Expressed Genes in the Beeves of Angus and Simmental Cattle

To understand the differences in gene expression between the two kinds of cattle, the longissimus dorsi was collected to perform RNA sequencing. In total, 14,345 genes were detected, and 1,254 DEGs (the fold change of the ratio for Simmental/Angus was either greater than 2 or less than 0.5) were identified between the two breeds (Figure 3A and Supplementary Table 2G). The principal component analysis plot showed that the DEGs between the two groups of cattle were different (Supplementary Figure 6). The Simmental cattle had higher mRNA levels of 615 DEGs (upregulated DEGs, P < 0.05) including ADM2, CAMKV, CCL5, CXCL11, CXCL9, DNAAF1, FCRL1, GZMB, JAKMIP2, and NUGGC, while the Angus cattle had higher mRNA levels of 70 DEGs (downregulated DEGs, P < 0.05) including MSTN, MYLPF, TNNI2, TNNT3, MYBPC2, MYH1, MYH2, OXT, SHISAL2B, and SLN. We then focused on the muscle mass and function-related genes (e.g., MSTN, MYLPF, TNNI2, TNNT3, MYBPC2, ACTN3, ATP2A1, and MYL1), and they all had higher levels in the Angus cattle. We also identified some interesting DEGs related to immune and inflammatory responses and muscular mass and function. In the muscular tissue of the Chinese Simmental cattle, genes involved in immune and inflammatory responses (e.g., TLR7, CD14, CCL25, CCL27, CCL5, CCL22, IL1A, IL1RL1, IL2RA, IL2RB, IL2RG, IL7R, IL10RA, IL12A, IL12RB1, IL18RAP, IL21R, IL22RA1, IL27, JAKMIP2, and FCRL1), genes involved in muscular formation (e.g., CAMKV, MYO1G, MYO1F, CDKL5, METTL21C, CDKL3, and VDR), and genes related to lipolysis and lipid transport (e.g., APOL3 and DGAT2L6) had higher mRNA levels. On the contrary, the lipid transport gene ADIPOQ and lipogenesis and lipid deposition (e.g., FABP4 and FABP7) had higher levels in the Angus cattle. These results suggested that the Chinese Simmental cattle had more muscular genes changed in immune and inflammatory response and muscle formation, while the Angus cattle hold more genes changed in inhibiting muscle formation (MSTN) and lipid transport, lipogenesis, and lipid deposition.
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FIGURE 3. Transcriptomic analysis of the differentially expressed genes (DEGs) and their function in the muscular tissue of Angus and Chinese Simmental cattle. The ratio of Chinese Simmental cattle to Angus cattle (Simmental/Angus) meant up and down. Among the DEGs between the two breeds, 615 genes were upregulated (A), and their function are shown in (B); 70 DEGs were downregulated (A), and their function are shown in (C).


To understand the function of these DEGs, ClusterProfiler (3.4.4) software was used for the GO and KEGG annotations (Figures 3B,C and Supplementary Figure 5). The functional capacities of the upregulated DEGs in Chinese Simmental cattle were mainly located in the cell surface (cellular component, CC), whose molecular function (MF) mainly include signaling receptor binding, enzyme regulator activity, signaling receptor activity, molecular transducer activity, and enzyme activator activity and finally play a role in the biological process (BP), such as immune response, interspecies interaction between organisms, response to other organism, response to external biotic stimulus, and response to biotic stimulus. The KEGG items of these genes were mainly focused on cytokine–cytokine receptor interaction, cell adhesion molecules, hematopoietic cell lineage, chemokine signaling pathway, and natural killer cell-mediated cytotoxicity. Meanwhile, the function of the downregulated DEGs in Angus cattle was mainly expressed in myofibril, contractile fiber, supramolecular fiber, supramolecular polymer, and supramolecular complex (CC), whose MF mainly focus on cytoskeletal protein binding, calcium ion binding, actin filament binding, actin binding, and protein-containing complex binding and play an important role in the BP, including regulation of muscle system process, muscle organ development, striated muscle tissue development, muscle contraction, and muscle system process. The functional capacities annotated by GO and KEGG once again proved that the Angus cattle had higher capacities in regulating muscle metabolism, lipogenesis, and lipid deposition, while the Chinese Simmental cattle hold more capacities in immune and inflammatory responses, which might explain the differences in (IMF) between the two breeds.



The Differentially Expressed Genes Were Associated With the Differential Species

To study the association between the DEGs and the gut microbiome, the DEGs were associated with the differential species by Spearman’s rank correlation (the absolute value of the correlation coefficient is more than 0.6; Figure 4A). A total of 17 species were related to 486 DEGs (Supplementary Table 2I). We have focused on the genes in immune and inflammatory responses, muscular metabolism and formation, lipogenesis, and lipid metabolism and deposition. Interestingly, the muscular metabolism-related genes (e.g., ATP2A1, MSTN, ACTN3, MYLPF, MYL1, and TNNT3) were all positively correlated with R. inulinivorans, E. rectale, C. catus, B. uniformis, and B. vulgatus. It is worth mentioning that Faecalibacterium prausnitzii (F. prausnitzii) was also positively correlated with MSTN, MYL1, and ATP2A1. The immune and inflammatory response genes (TLR7, CD14, CCL25, CCL27, CCL5, CCL22, IL1A, IL1RL1, IL2RA, IL2RB, IL2RG, IL7R, IL10RA, IL12A, IL12RB1, IL18RAP, IL21R, IL22RA1, IL27, JAKMIP2, and FCRL1), muscular formation genes (CAMKV, MYO1G, MYO1F, CDKL5, METTL21C, CDKL3, and VDR), lipolysis and lipid transport genes (APOL3 and DGAT2L6), and lipogenesis and lipid deposition genes (FABP4 and FABP7) (Figure 4A) were negatively correlated with B. uniformis, B. vulgatus, R. inulinivorans, E. rectale, C. catus, and F. prausnitzii, while Bifidobacterium thermophilum, Methanobrevibacter thaueri, Sarcina sp. DSM 11001, and R. bacterium P7 were positively correlated with these DEGs.
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FIGURE 4. Gut microbiota was associated with the differentially expressed genes (DEGs) for the Angus and Chinese Simmental cattle. In total, 17 species were significantly (the correlation coefficient is greater than 0.6) associated with the DEGs (A). Function of the DEG-related species (B).


To evaluate the functional capacities of the species-related DEGs, we have also annotated the GO and KEGG pathway of the DEGs (Figure 4B). The altered genes were mainly located in actin cytoskeleton, myosin complex, and cell surface (cellular component). The molecular function of these genes was mainly enriched in enzyme activator and regulator activity, signaling receptor activity and binding, and cytoskeletal protein binding, which might play a role in the biological process, including immune response, response to biotic stimulus/external biotic stimulus/other organisms, and interspecies interaction between organisms. The KEGG pathways of these genes mainly focused on hematopoietic cell lineage, natural killer cell-mediated cytotoxicity, cytokine–cytokine receptor interaction, chemokine signaling pathway, and cell adhesion molecules.



Short-Chain Fatty Acids and Their Associations With the DES and Differentially Expressed Genes Between the Two Breeds

We have evaluated the SCFAs between the two breeds by targeted metabolomics on the fecal samples (Supplementary Table 2H). Among the 7 SCFAs, acetate, propionate, and butyrate, which were reported to contribute to the IMF to improve the meat quality, showed no difference between the two breeds. However, the concentration of isobutyric acid (P = 0.028), isovaleric acid (P = 0.019), valeric acid (P = 0.032), and caproic acid (P = 1.4e-4) was significantly higher in the Chinese Simmental cattle (Supplementary Figure 4).

To address the association between the SCFAs and differentially enriched species (Supplementary Figure 7) and DEGs (Supplementary Figure 8), Spearman’s rank correlation was performed. The results suggested that C. catus, Eubacterium rectale, P. copri, F. prausnitzii, B. obeum, B. uniformis, and B. vulgatus were all negatively associated with isobutyrate, isovalerate, valerate, and caproate, while Sarcina sp. DSM 11001, R. bacterium P7, and Turicibacter sanguinis showed a positive association with the above-mentioned SCFAs. For the top 3 DEGs, isobutyrate, isovalerate, valerate, and caproate were positively correlated with NLRP3, BTK, NCF2, OMG, LRRC15, TDRKH, CXCL16, and IL18RAP, while they were negatively correlated with UCMA, BTBD11, STEAP4, CALY, AFF3, ACTN3, AGBL1, and MYL1.




DISCUSSION

The IMF of the Angus and Chinese Simmental cattle is different, and the host genetics and gut microbiome have been reported as important factors for IMF. To reveal the differences on the gut microbiome and muscular gene expression as well as their relationship between the two breeds, muscular RNA-seq, rectal fecal shotgun metagenomic sequencing, and targeted metabolomics for rectal fecal SCFAs were performed in our present study.

Significant differences of the gut microbiota exist between the two breeds. The Angus cattle hold higher species, genus, and phylum diversity and richness compared to the Chinese Simmental cattle (Supplementary Table 2E). The top abundant phyla, genera, and species were also significantly different between the two breeds. The Angus cattle hold a lower Firmicutes/Bacteroidetes (F/B) ratio of 0.65, while the F/B ratio for Chinese Simmental cattle was 4.49. F/B is important in maintaining normal intestinal homeostasis, and increased F/B is usually observed with obesity (Stojanov et al., 2020), which is consistent with the phenotype which has a heavy dewlap. In addition, we should pay attention to the significantly enriched species in the Chinese Simmental cattle, such as B. uniformis, P. copri, and T. sanguinis. B. uniformis was reported to combine with fiber to amplify metabolic and immune benefits in obese mice (Lopez-Almela et al., 2021). P. copri can increase fat accumulation in pigs fed with formula diets (Chen et al., 2021). T. sanguinis, a novel serotonin sensor in the spore-forming gut bacteria (Hoffman and Margolis, 2020), might be important for host lipid and steroid metabolism (Fung et al., 2019). These results suggested that reducing the relative abundance of B. uniformis and P. copri while increasing the relative abundance of T. sanguinis might be beneficial for lipid metabolism and deposition. It is worth noting that no obvious differences have been detected in Lactobacillus and Bifidobacterium, which were thought to regulate lipid metabolism in animals fed with high-fat diet (Xie et al., 2011; Salaj et al., 2013; Lee et al., 2018) or with hyperlipidemia (Qian et al., 2019). This might be also a reason why there was no difference on SCFAs, including acetate, butyrate, and propionate production (den Besten et al., 2013). In addition, there were no significant differences on some opportunistic pathogens, including E. coli and Clostridium, between the two breeds, which meant that there was no difference in outbreaks of mass diseases between the two groups (Fancher et al., 2020).

The functional capacities of the gut microbiome were also significantly different between the two breeds. The Angus cattle had a higher capacity of fatty acid biosynthesis, which is consistent with the more types of fatty acids in their longissimus dorsi (Supplementary Table 1). It is worth mentioning that most of the gut microbial species, which were related to fatty acid biosynthesis, were also significantly highly enriched in the Angus cattle. We have also examined the SCFAs in the rectal fecal sample, and isobutyric acid, isovaleric acid, valeric acid, and caproic acid were significantly higher in the Chinese Simmental cattle, while acetate, butyrate, and propionate showed no differences between the two breeds, which further illustrated that the rectum is not the main fermenter organ for ruminant animals and that ruminal samples should be used for related studies of SCFAs (acetate, butyrate, and propionate). SCFAs, particularly acetate, propionate, and butyrate, are mainly produced by the anaerobic fermentation of gut microbes and play an important role in regulating energy metabolism and energy supply as well as maintaining the homeostasis of the intestinal environment (He et al., 2020). In addition, acetate and butyrate were major substrates for de novo lipogenesis in rats (Zambell et al., 2003). Valerate, isovalerate, and isobutyrate are produced exclusively by the bacterial fermentation of proteinaceous material (polypeptides and amino acids), and they are putrefactive, whose presence suggests underlying maldigestion and/or malabsorption from dysfunctional states, such as hypochlorhydria or exocrine pancreatic insufficiency, or bacterial overgrowth in the small intestine (Isobutyric Acid—An Overview | ScienceDirect Topics). We have also correlated the differently expressed SCFAs with differentially enriched species (Supplementary Figure 7) and top 3 DEGs (Supplementary Figure 8). The results suggested that isobutyrate, isovalerate, valerate, and caproate were positively correlated with C. catus, Eubacterium rectale, P. copri, F. prausnitzii, B. obeum, B. uniformis, and B. vulgatus, while they were negatively associated with Sarcina sp. DSM 11001, R. bacterium P7, and Turicibacter sanguinis. The GO annotations related to DEGs that were positively correlated with isobutyrate, isovalerate, valerate, and caproate were mainly including immune activity, such as NCF2, BTK, and NLRP3, while the function of the negatively correlated DEGs was mainly concentrated on the structural constituent of the muscle, calcium ion binding, and decarboxylating/ferric-chelate reductase/metallocarboxypeptidase activity, such as MYL1, AGBL1, ACTN3, STEAP4, etc. These results suggested that the gut microbiota might affect the muscular metabolism by SCFAs, including isobutyrate, isovalerate, valerate, and caproate, except for the generally recognized acetate, propionate, and butyrate.

The DEGs were analyzed to describe the genomic differences between the two groups. In total, 615 DEGs were significantly highly expressed in Chinese Simmental cattle, and 70 DEGs were obviously highly expressed in Angus cattle. The functional capacities of the highly expressed DEGs in the Chinese Simmental cattle mainly focused on inflammatory diseases (CXCL9 and FCRL1), immunodeficient diseases (ADM2, CCL5, and CAMKV), carcinoma (CXCL11, JAKMIP2, GZM, and DNAAF1), and GTP binding and GTPase activity (NUGGC). However, in the Angus cattle, although there were genes involved in inflammatory disease (OXT) and microcystic adenoma (SHISAL2B), the main function of DEGs was enriched in arthrogryposis (TNNT3 and TNNI2) and myopathy and myasthenic syndrome (MSTN, MYH2, and SLN). These results suggested that the muscular gene expression and their function of the Angus and Chinese Simmental cattle were significantly different, and the Chinese Simmental cattle might be superior in anti-inflammatory, immunodeficient diseases and carcinoma, while the Angus cattle were more active in muscle metabolism. In addition, some lipid metabolism genes including ADIPOQ, FABP4, and FABP7 hold higher mRNA levels in the Angus cattle, which meant that the Angus cattle were superior in lipid transport, lipogenesis, and lipid deposition.

Finally, to reveal the relationship between the gut microbiome and the host muscular gene expression, we performed Spearman’s rank correlation analysis for the interesting DEGs and differentially enriched species between the two breeds. As expected, we have retained some gut microbial species including B. uniformis, B. vulgatus, R. inulinivorans, E. rectale, C. catus, and F. prausnitzii, which were all positively correlated with the muscular metabolism-related genes including ATP2A1, MSTN, ACTN3, MYLPF, MYL1, and TNNT3. Among these species, R. inulinivorans, E. rectale, and C. catus were significantly highly abundant in the Angus cattle, while B. uniformis and B. vulgatus were obviously enriched in the Chinese Simmental cattle. These results implied that supplements of R. inulinivorans, E. rectale, C. catus, and F. prausnitzii might benefit the muscular metabolism in the Chinese Simmental cattle. We have also paid attention to the DEGs which were associated with immune and inflammatory responses, muscular formation, lipolysis and lipid transport, and lipogenesis and lipid deposition (Figure 4A). Interestingly, B. uniformis, B. vulgatus, R. inulinivorans, E. rectale, C. catus, and F. prausnitzii were all negatively correlated with these DEGs, and Bifidobacterium thermophilum, Methanobrevibacter thaueri, Sarcina sp. DSM 11001, and R. bacterium P7 were positively correlated with these DEGs. B. thermophilum is a relatively oxygen-tolerant Bifidobacterium species that has been isolated from bovine rumen, sewage, and piglet, calf, and baby feces (Toure et al., 2003), which impacts on the growth and virulence gene expression of Salmonella Typhimurium (Tanner et al., 2016) and affects the gut microbiota of Göttingen minipigs (Tanner et al., 2015). R. bacterium P7 is also a rumen microbiota (Won et al., 2020), and its functions were not studied yet. Methanobrevibacter thaueri is an anaerobe, mesophilic archaeon that was isolated from bovine feces, which might have an effect on the dynamic profile of end and intermediate metabolites of anaerobic fungus Piromyces sp. F1 (Li et al., 2016).

To address the relationships and the underlying philosophy and methodology between host genetic variation and gut microbes, some research have been made in recent years (Wang et al., 2018). The microbes that inhabited the human and animal gastrointestinal, skin, oral respiratory, and reproductive systems can be classified as beneficial, harmful, and moderate ones. The beneficial ones can produce a large amount of nutrients and essential functional molecules and maintain the normal functions of the immune systems, and the primary role of the host genes is to ensure their immune tolerance and facilitate their growth by secreting mucus, etc., as substances. The harmful microbes usually produce toxins and pro-inflammatory molecules and lead to infections. The host genes must clear them from the normal community and defend against inflammation and infections (Wang et al., 2018). IBD continues to be the central focus of host–microbe investigations. Genetic studies have revealed some potential genetic risk factors in IBD patients, including NOD2, CARD9, ATG16L1, IRGM, and FUT2 (Xavier and Podolsky, 2007), which are indeed significantly associated with the decrease in the genus Roseburia, who plays an essential role in the conversion of acetate to butyrate. In our study, we have found the changes of some harmful species and genes related to immune and inflammatory responses. We assumed that these species might affect the gut barrier to disturb the inflammatory cytokine secretion, thus influencing the lipid and muscular metabolism. In addition, the different levels of SCFAs (isobutyrate, isovalerate, and valerate) between the two breeds also hinted that the gut microbiota might affect the IMF by affecting the lipid metabolism and deposition by SCFA mediating. The intricate mechanism under the gut microbiota and host genes in these two cattle will be further verified in our future studies.



CONCLUSION

In conclusion, our study revealed the compositional and functional differences in the gut microbiome as well as the differences in muscular gene expression and their association with the gut microbiome between the Angus and Chinese Simmental cattle of the same age, sex, and feeding style. We suggested that the addition of some beneficial gut microbiota and supplements such as R. inulinivorans, E. rectale, C. catus, F. prausnitzii, acetate, propionate, and butyrate or the reduction of other seemingly unfriendly species such as P. copri, B. uniformis, and B. vulgatus might improve the meat quality. However, as ruminant animals, the gastrointestinal tract is unique, and rumen is thought to be the main part for fermentation. We need to further explore the relationship between the rumen microbiota and the IMF between the two breeds in the future.
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Abnormally low or high levels of trace elements in poultry diets may elicit health problems associated with deficiency and toxicity, and impact poultry growth. The optimal supplement pattern of trace mineral also impacts the digestion and absorption in the body. For ducks, the limited knowledge of trace element requirements puzzled duck production. Thus, the objective of this study was to investigate the influence of dietary inclusions of coated and uncoated trace minerals on duck growth performance, tissue mineral deposition, serum antioxidant status, and intestinal microbiota profile. A total of 1,080 14-day-old Cherry Valley male ducks were randomly divided into six dietary treatment groups in a 2 (uncoated or coated trace minerals) × 3 (300, 500, or 1,000 mg/kg supplementation levels) factorial design. Each treatment was replicated 12 times (15 birds per replicate). Coated trace minerals significantly improved average daily gain (p < 0.05), increased Zn, Se, and Fe content of serum, liver, and muscle, increased serum antioxidant enzyme (p < 0.05) and decreased the excreta Fe, Zn, and Cu concentrations. Inclusions of 500 mg/kg of coated trace minerals had a similar effect on serum trace minerals and tissue metal ion deposition as the 1,000 mg/kg inorganic trace minerals. Higher concentrations of Lactobacillus, Sphaerochatea, Butyricimonas, and Enterococcus were found in birds fed with coated trace minerals. In conclusion, diets supplemented with coated trace minerals could reduce the risk of environmental contamination from excreted minerals without affecting performance. Furthermore, coated trace minerals may improve the bioavailability of metal ions and the colonization of probiotic microbiota to protect microbial barriers and maintain gut health.

Keywords: duck, gut microbiota, performance, tissue deposition, trace minerals


INTRODUCTION

The capacity of dietary metal ions to increase the productivity of poultry is gaining recognition. Essential trace minerals, such as zinc (Zn), iron (Fe), copper (Cu), manganese (Mn), and selenium (Se), play critical roles in the nutrition and physiology of livestock, and are provided through the diet. Abnormally low or high levels of trace elements in the body may elicit health problems associated with deficiency and toxicity, and may thereby impact poultry growth. To satisfy the trace mineral requirements of poultry, dietary supplementation of inorganic trace minerals is widely used in commercial production. This supplementation frequently oversupplies trace minerals in an attempt to avoid deficiency; however, this practice increases the excretion of minerals causing environmental contamination (Mézes et al., 2012). Yang et al. (2021) reported that avoidance of under- and overprovision of dietary minerals will achieve optimal growth performance and reduce mineral excretion. There is currently an imbalance between the development of poultry production and research in trace minerals, leading to a limited knowledge of trace mineral requirements (Bao and Choct, 2009). According to National Research Council (1994), the duck’s requirement for trace minerals was estimated based on other poultry requirements. Therefore, it is important to re-evaluate the trace mineral requirement specifically for ducks.

Furthermore, previous studies indicated that using a carbohydrate matrix to encapsulate trace minerals (coated trace minerals) protects the metal ions, reducing mineral excretion, and improving broiler growth performance (Lu et al., 2020; Yin et al., 2021). However, information on the effects of coated trace minerals in ducks is lacking.

Finally, previous reports only explore trace mineral requirements for optimal growth but do not explore the effect of trace minerals on the gut and general health of the duck (Likittrakulwong et al., 2021). Nevertheless, the concentration of minerals in tissues and blood can reflect the mineral requirements of animal (Burrow et al., 2020). Furthermore, gut microorganisms contain thousands of functionally relevant genes and pathways to support intestinal functions, protect intestinal health, and modify environmental conditions (Pajarillo et al., 2021). The competitive relationship between the host and microbiome provides an expanding field of research. Becker and Skaar (2014) reported that intestinal microbiota could inhibit host trace mineral absorption, while the host developed mechanisms to sequester trace metals and prevent bacterial access. Previous studies also showed that several gut bacteria and pathogens have the ability to transport, metabolize, and use trace minerals for survival. As Andrews et al. (2003) and Braun and Hantke (2011) reported, bacteria may bind their own or neighbor’s siderophores to transport iron across bacterial cell walls to extract metal iron concentrations. Understanding the underlying modification of trace minerals on duck intestinal microbiota is therefore important.

Therefore, the objective of this study was to investigate the effects of coated and uncoated trace minerals at three concentrations on productive performance, mineral absorption, tissue deposition, and cecal microbiota in ducks.



MATERIALS AND METHODS


Experimental Design

The experimental design consisted of a 2 × 3 factorial arrangement with two types of trace minerals (noncoated and coated) and three levels (300, 500, and 1,000 mg/kg). The coated trace minerals were commercially produced and provided by Fujian Syno Biotech Co., Ltd.

A total of 1,080 14-day-old Cherry Valley male ducks were randomly divided into six treatment groups, each with 12 replicates of 15 ducks per replicate cage. Dietary treatments were applied from 14 to 42 days post hatch (From 1 to 13 days, birds were fed with the same commercial diets with 1,000 mg/kg trace minerals. At 14 days, the similar weight ducks were selected). The composition and nutrient levels of the experimental diets are shown in Table 1. The nutrient values met the recommendations of NY/T 2122-2012 (Ministry of Agriculture of the People’s Republic of China, 2012). Trace mineral content of diets are given in Supplementary Table S1. The ducks were reared in cages (2.2 m × 1.2 m × 0.9 m) in a temperature- and humidity-controlled room and allowed ad libitum access to feed and water. Total feed consumption and body weight for each replicate cage of birds were recorded at 14 and 42 days post-hatch. Average daily feed intake (ADFI), average daily weight gain (ADG) in weight, and feed conversion ratio (FCRs) were determined over the experimental period.



TABLE 1. Feed ingredients and nutrient composition of experimental diets.
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Sample Collection

On day 42, six birds per treatment were randomly selected, and blood samples were drawn from the brachial vein. Serum samples were centrifuged at 1,500 × g at 4°C for 20 min and stored at −20°C until further analysis. Then the selected birds were euthanized by intravenous administration of sodium pentobarbital (50 mg/kg of body weight) into the wing vein. One lobe of the liver and breast muscle samples were immediately frozen in liquid nitrogen and stored at −80°C before analysis.



Nutrient Digestibility

For the determination of apparent crude protein, crude fat, calcium, and phosphorus digestibility, excreta from each pen was collected and weighed for a 78-h period from day 39 to day 42 post-hatch and dried for analysis and to determine excreta dry matter. Feed and excreta samples were then ground to pass through a 40-mesh screen and analyzed for crude protein (CP; method 990.03; AOAC, 2000), ether extract (EE; method 920.39; AOAC, 2000) and crude fiber (CF; method 978.10; AOAC, 2000). Calcium and phosphorus determination was carried out according to the method of David et al. (2019).



Mineral Concentration

A quarter of the total feces content collected was dried at 65°C for 48 h, broken up, and sifted to remove feathers. Then the fecal sample was ground to pass through a 1-mm screen after samples achieved constant weight and packed in self-locked plastic bags and stored at −20°C for analysis. Liver and breast muscle samples were freeze dried and finely ground using a 1-mm screen. Serum sample was deproteinated by 10% (w/v) trichloracetic acid. The Fe, Mn, Zn, and Cu concentrations in fecal samples, tissues, and serum were analyzed using an atomic absorption spectrophotometer (Z-8200, Hitachi, Tokyo, Japan). Selenium concentration was analyzed after wet ashing with nitric and perchloric acids and measured by the fluorometric method (method 996.16; AOAC, 2000).



Antioxidant Indices

The activity of Cu/Zn superoxide dismutase (Cu/Zn-SOD), glutathione peroxidase (GSH-Px), malondialdehyde (MDA), and total antioxidant capacity (T-AOC) content in serum were determined using the colorimtric method, TBA method, an r-911 automatic radioactivity meter (7,160, Hitachi, Japan), and light amide method, respectively, following the instructions of the manufacturer (Jiangsu Baolai Biotechnology Co. Ltd.).



Analysis of the Cecal Microbiota Community by 16S rRNA Analysis

The cecal contents from 12 birds were collected, then mixed in pairs, and treated as one sample. Cecal digesta were immediately frozen in liquid nitrogen and stored at −80°C for DNA isolation. The total genome DNA from the cecal samples was extracted using QIAamp DNA stool Mini Kit (Qiagen, Germany) according to the protocol of the manufacturer. DNA was quantified in a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, MA, United States) and stored at −80°C until processed for amplification. The construct 16S rRNA sequencing libraries, the V3–V4 regions of the 16S rRNA gene, were amplified from the DNA samples by PCR using the primer set of 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) by the thermocycler PCR system (GeneAmp 9,700, ABI, United States). PCR reactions were performed in triplicate in a 20-μl mixture containing 4 μl of 5× FastPfu Buffer, 2 μl of 2.5 mM dNTPs, 0.8 μl of each primer (5 μM), 0.4 μl of FastPfu Polymerase, and 10 ng of template DNA. The PCR reactions were conducted using the following program, 3 min of denaturation at 95°C, 30 cycles of 30 s at 95°C, 30 s of annealing at 55°C, and 45 s of elongation at 72°C, and a final extension at 72°C for 10 min. The resulting PCR products were extracted from a 2% agarose gel and further purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) and quantified using QuantiFluor™-ST (Promega, United States) according to the protocol of the manufacture. Finally, the libraries were sequenced on an Illumina Hiseq 2500 platform, and 250-bp paired-end reads were generated.



Sequence Processing

Raw data FASTQ files were imported into the format, which could be operated by QIIME2 system using QIIME tools import program. Demultiplexed sequences from each sample were quality filtered and trimmed, de-noised, merged, and then the chimeric sequences were identified and removed using the QIIME2 dada2 plugin to obtain the feature table of amplicon sequence variant (ASV; Callahan et al., 2016). The QIIME2 feature-classifier plugin was then used to align ASV sequences to a pre-trained GREENGENES 13_8 99% database to generate the taxonomy (Bokulich et al., 2018). As usual, the ASV with 99% similarity was classified as one operational taxonomic unit (OTU) to obtain the OTU classification information.



Bioinformatics Analysis

The alpha-diversity analysis was calculated, including microbial community richness parameters (Chao1), and community diversity parameters (Shannon diversity index and Simpson indices). The differences among treatments for α-diversity was calculated according to a Kruskal–Wallis multiple comparison followed by Wilcoxon’s pairwise comparison for significantly different groups. Beta-diversity distance measurements were calculated and visualized via principal coordinate analysis (PCoA). Similarity analysis (permutation multivariate analysis, PERMANOVA; Analysis of similarities, ANOSIM) tests were conducted based on beta diversity.

To identify differential microbial species among the different treatments, the linear discriminant analysis and effect size (LEfSe) analysis based on the linear discriminant analysis (LDA) were used, and the significant differences with an LDA score >2.0 as the critical value were assessed. The redundancy analysis method (RDA) and Spearman’s analysis were used to analyze the potential association between the intestinal flora and environmental variables based on relative abundances of microbial species at order and genus levels using the R package “vegan.”



Function Analysis

The potential Kyoto Encyclopedia of Genes and Genomes (KEGG) functional profiles of microbial communities were predicted with PICRUSt2 and annotated by the MetaCyc and ENZYME database. In KEGG level 3 pathway analysis, the enrichment of each pathway was converted to a Z-score.



Statistical Analysis

Data derived from ducks in 12 replicate cages per treatment were analyzed as a 2 × 3 factorial arrangement (two-way analysis of variance) using IBM SPSS Statistics 20.0 (IBM Corporation, Somers, NY, United States). Probability values p ≤ 0.05 were considered significant.




RESULTS


Growth Performance

The influence of dietary treatments on growth performance is shown in Table 2. Trace minerals significantly affected ADG (p < 0.05), wherein the coated trace minerals had a more pronounced effect than uncoated minerals, and ADG increased with greater supplementation of trace minerals. Dietary treatments had no significant influence on ADFI and FCR. There was no significant interaction between dietary supplementation pattern and supplementation level of trace minerals on growth performance.



TABLE 2. Effects of trace mineral type (coated or uncoated) and supplementation level (300, 500, or 1,000 mg/kg) of trace minerals on the growth performance of ducks.
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Nutrient Digestibility

The influence of dietary treatments on total tract nutrient digestibility in ducks at 42 days is shown in Table 3. There was a significant main effect where coated trace minerals significantly increased phosphorus digestibility compared with uncoated trace minerals. Additionally, CP digestibility in birds fed with 1,000 mg/kg of trace minerals was higher than those fed with 300 and 500 mg/kg. While not significantly different, there is a tendency that 300 mg/kg of trace minerals had a lower EE (p = 0.051) and CF (p = 0.088) digestibility than 500 and 1,000 mg/kg of trace minerals.



TABLE 3. Effects of trace mineral type (coated or uncoated) and supplementation level (300, 500, or 1,000 mg/kg) of trace minerals on the total tract nutrient digestibility of ducks.
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Tissue Mineral Deposition

Table 4 shows the influence of dietary treatments on liver mineral deposition. There was a significant interaction of liver Se and Mn content. The supplementation of 500 mg/kg of coated trace minerals had the highest liver Se concentration among the dietary treatments. The highest liver Mn concentration was found in 1,000 mg/kg of coated trace minerals. Liver Zn and Cu significantly increased with greater supplementation of trace minerals. Birds fed with 1,000 mg/kg of trace minerals had the lowest liver Fe content. There is a tendency that birds fed with coated trace minerals had an increased liver Zn (p = 0.053) and Fe (p = 0.071) content.



TABLE 4. Effects of trace mineral type (coated or uncoated) and supplementation level (300, 500, or 1,000 mg/kg) of trace minerals on liver mineral deposition in ducks (mg/kg).
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Table 5 shows the influence of dietary treatments on mineral deposition in muscle.



TABLE 5. Effects of trace minerals type (coated or uncoated) and supplementation level (300, 500, or 1,000mg/kg) of muscle mineral deposition in ducks.
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There is a significant interaction for muscle Se content where 500 mg/kg of coated trace minerals generated the highest muscle concentration of Se. Coated trace minerals generated the highest muscle concentrations of Zn and Fe, and 1,000 mg/kg of trace mineral inclusion generated the highest Zn concentration in muscle.



Fecal Mineral Contents

The effects of dietary treatments on fecal mineral excretion are presented in Table 6. There was a significant interaction for Fe, where 1,000 mg/kg of uncoated trace mineral generated the greatest amount of Fe in excreta, whereas 300 mg/kg of uncoated trace mineral generated the lowest. Se, Zn, and Mn concentrations in feces increased with greater supplementation of trace minerals. Uncoated trace minerals generated greater concentration of Zn in excreta, but coated trace minerals generated a greater concentration of Mn within excreta.



TABLE 6. Effects of trace mineral type (coated or uncoated) and supplementation level (300, 500, or 1,000 mg/kg) of trace minerals on fecal excretion ion metals contents in ducks (mg/kg).
[image: Table6]



Serum Mineral Levels

The effects of dietary treatments on serum Se, Zn, Fe, Cu, and Mn concentrations are given in Table 7. There was a significant interaction where 500 mg/kg of coated trace minerals generated the greatest concentration of Se in serum. Zn and Fe serum concentrations were increased with greater trace mineral supplementation. Coated trace minerals increased Zn in serum.



TABLE 7. Effects of trace mineral type (coated or uncoated) and supplementation level (300, 500, or 1,000 mg/kg) of trace minerals on serum ion metals contents in ducks.
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Antioxidant Status

The effects of dietary treatments on serum antioxidant status are shown in Table 8. Significant interactions were found in serum MDA content and GSH-Px activity where ducks offered 500 mg/kg of coated trace minerals resulted in the lowest serum MDA content and highest serum GSH-Px activity. Coated trace minerals and the increasing supplementation of dietary trace minerals significantly improved serum SOD activities. Dietary treatments had no significant influence on serum T-AOC activity.



TABLE 8. Effects of trace mineral type (coated or uncoated) and supplementation level (300, 500, or 1,000 mg/kg) of trace minerals on serum antioxidant status in ducks.
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Alpha-Diversity

Dietary treatments had significant interactions for Chao1, Shannon, and Simpson indices (Table 9). Ducks fed with 500 mg/kg of uncoated trace mineral had the highest Chao1, Shannon, and Simpson indices, and the 1,000 mg/kg of uncoated trace mineral treatment resulted in the lowest Chao 1 and Shannon indices. Diets supplemented with 300 mg/kg of uncoated trace minerals significantly decreased Simpson index compared with the other dietary treatments.



TABLE 9. Effects of trace mineral type (coated or uncoated) and supplementation level (300, 500, or 1,000 mg/kg) of trace minerals on duck cecal microbiota ⍺-diversity.
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Microbial Composition

The taxonomic distribution of the gut microbiota in treatments is shown in Figure 1. At phyla level, Firmicutes, Bacteroidetes, and Proteobacteria were dominant (>1%). Coated trace mineral increased Firmicutes abundance in cecum of ducks. The top five relative abundances at phylum level in each treatment were Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and Cyanobacteria (Figure 1A). Ducks that received coated trace minerals showed a reduction in Tenericutes. As shown in Supplementary Figure S1, the dominant families in the sample were Bacteroidaceae and Ruminococcaceae, followed by Desulfovibrionaceae, Lachnospiraceae, and Bacteroidales in each treatment. At the genus level, the top 20 genera are listed in Figure 1B. Bacteroides was the most abundant genus at 18% of the sequence of all dietary treatments. There was an increase in the abundance of Oscillospira and Enterococcus when birds were fed with coated trace minerals. The Ruminococcus and Phascolarctobacterium were identified in high abundance in lowest trace minerals supplement groups, while Prevotella_1 was identified in high abundance (>0.01%) when ducks were offered the highest level of trace minerals.
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FIGURE 1. Differentially abundant taxa between diets supplemented with different levels of coated and uncoated trace minerals. (A) Represented phylum level, (B) represented top 20 genera. Data are means of six replicates. CoL, 300 mg/kg of coated trace mineral treatment; CoM, 500 mg/kg of coated trace mineral treatment; CoH, 1,000 mg/kg of coated trace mineral treatment; UCoL, 300 mg/kg of uncoated trace minerals treatment; UCoM, 500 mg/kg of uncoated trace minerals treatment; and UCoH, 1,000 mg/kg of uncoated trace minerals treatment.




Beta Diversity

In the present study, beta diversity was calculated to evaluate the similarity of the microbial community structures. Principal component analysis (PCoA) based on the unweighted UniFrac Distances was employed (Figure 2). The PCoA results showed that the cecal microbiota was barely separated from that in coated and uncoated trace mineral treatments (PERMANOVA, p = 0.001; ANOSIM, R = 0.200, p = 0.001; Figure 2A), while there is also no significant separation between different levels of trace minerals on duck microbiota flora (ANOSIM analysis: L/M: R = 0.207, p = 0.002; L/H: R = 0.207, =0.005; M/H: R = 0.096, p = 0.04; Figure 2B).
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FIGURE 2. Principal coordinate analysis (PCoA) of cecal samples based on the unweighted UniFrac Distances. (A) The labels of the samples indicate the pattern of trace minerals, Co, coated trace minerals; UCo, uncoated trace minerals. (B) The labels of the samples indicate the supplementation level of trace minerals, L, 300 mg/kg; M, 500 mg/kg; and H, 1,000 mg/kg.


By LEfSe analysis, there were 21 differentially abundant bacterial clades at genus level (LDA score >2.0) between the coated and uncoated trace mineral treatments (Figure 3). Lactobacillus, Sphaerochatea, Butyricimonas, and Enterococcus were the dominant genus in cecum when ducks were fed with coated trace minerals, while the uncoated trace mineral-treated bird cecum were inhabited mostly by Desulfovibronaceae, Clostridiaceae, Elusimicrobiaceae, and Oxalobacter. Alternatively, 13 differentially abundant microbiota were found in three supplementation levels of trace mineral treatments. The 1,000 mg/kg of trace minerals could improve Lactobacillus, Rikenella, and Streptococcus colonization in duck cecum, and Biophila, Blautia, Rikenellaceae, and Desulfovibrionaceae were the dominant genus in 500-mg/kg treatments. When diets were supplemented with 300 mg/kg of trace minerals, Phascolarctobacterium, Turicibacter, Megamonas, and Corynebacterium were enriched in duck cecum.
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FIGURE 3. Effect size (LEfSe) analysis based on genus level between treatments. (A) Co, coated trace minerals (red); UCo, uncoated trace minerals (green); (B) L 300 mg/kg (blue), M, 500 mg/kg (red); and H, 1,000 mg/kg (green).




Correlations Between Fecal Metal Concentrations and Gut Microbiota

A multivariate analysis was carried out using the fecal metal concentrations Se, Zn, Fe, and Cu as “environmental variables” and the order groups as “species variable.” RDA showed that a total of 25% of the total variation in the microbiota composition at order level is related to environment variables (fecal metal concentrations). A smaller angle represents a positive relationship. In contrast, an angle more than 90° indicates a negative relationship. The arrow length reflects the importance of the parameter, and the orientation represents the association between the parameter and the axis. Five significant correlated orders are shown in Figure 4A, and among these microbiotas, there is a positive relationship between cecal Bacteroidals and fecal metal concentrations. Fusobacterialse has a negative relationship with fecal Zn concentration. Duck cecal Clostridiales, Turicibacterales, and Bifidobacteriales had negative relationships with fecal trace mineral contents. Additionally, fecal Se concentration had an important influence on excreta metal ion concentrations.
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FIGURE 4. Correlation between fecal metal concentration and gut microbiota at order level. (A) Redundancy analysis (RDA) plot showed significant (p < 0.05) relationships between environmental variables (fecal metal concentration) and cecal bacterial communities. (B) Spearman’s heatmap correlation on order combined with UPGMA cluster analysis between abundance of series of to 25 bacteria order and environmental parameters. Negative correlation and positive correlation were represented by blue color and red color. *0.01 < p ≤  0.05, **0.001 < p ≤  0.01, and ***p ≤  0.001.


Spearman’s correlation analysis of fecal Se, Zn, Fe, Cu, and Mn, and the most abundant 20 bacterial genera among the cecal microbiota was performed. As shown in Figure 4B, positive correlations (correlation coefficient >0) and negative correlations (correlation coefficient <0) were observed between various bacteria and environmental factors. An extreme negative correlation was found between cecal Coprobacillus and fecal Se concentration.



Functional Predictions Based on 16S rRNA Gene Sequence

According to KEGG level 2 analysis (Figure 5), coated trace mineral treatments were significantly enriched in the membrane transport and carbohydrate metabolism, while uncoated trace mineral groups were enriched in metabolism of terpenoids, polyketides, cell growth, and death pathways. Furthermore, supplementation levels of trace minerals had a significant influence on amino acid metabolism, biosynthesis of other secondary metabolites, and folding, sorting, and degradation pathways. At KEGG level 3 (Figure 6), we found 33 pathways that were significantly different between coated and uncoated trace mineral treatments. Among them, coated trace mineral groups significantly upregulated 20 pathways including glycolysis, pentose phosphate pathway, and glycerolipid metabolism. Uncoated trace mineral groups were enriched in 13 pathways, such as TCA cycle, fatty acid degradation, and linoleic acid metabolism.
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FIGURE 5. Comparison of microbiota function related to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway at level 2. CoL, 300 mg/kg of coated trace mineral treatment; CoM, 500 mg/kg of coated trace mineral treatment; CoH, 1,000 mg/kg of coated trace mineral treatment; UCoL, 300 mg/kg of uncoated trace minerals treatment; UCoM, 500 mg/kg of uncoated trace minerals treatment; and UCoH, 1,000 mg/kg of uncoated trace minerals treatment.
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FIGURE 6. Comparison of microbiota function related to KEGG pathway at level 3. CoL, 300 mg/kg of coated trace mineral treatment; CoM, 500 mg/kg of coated trace mineral treatment; CoH, 1,000 mg/kg of coated trace mineral treatment; UCoL, 300 mg/kg of uncoated trace minerals treatment; UCoM, 500 mg/kg of uncoated trace minerals treatment; and UCoH, 1,000 mg/kg of uncoated trace minerals treatment.





DISCUSSION


Growth Performance and Nutrient Digestibility

The present study aimed to determine the effect of coated and uncoated trace minerals on duck performance, mineral absorption, tissue deposition, and cecal microbiota. It has been clearly established that dietary trace metals can influence duck ADG during the 14- to 42-day feeding period. Diets containing coated trace minerals had superior ADG in weight compared with those containing uncoated trace minerals. Despite the fact that there is little information about the effect of coated trace minerals on duck performance, it is possible that controlling the release of trace metals in the gastrointestinal tract could improve the efficacy of ion metal absorption (Lei and Kim, 2018), and thus duck growth. Villagómez-Estrada et al. (2020) and Shannon and Hill (2019) reported that the primary functions of trace elements are to be part of a large number of coenzymes for various biological processes. Additionally, previous studies have proven that trace minerals play an essential role in digestive enzyme activities in pancreatic tissue and small intestine, such as Zn, Fe, and Mn (Alkhtib et al., 2020). The present study agrees with previous reports in pigs and broilers, where coating technology acted as a performance enhancer owing to higher bioavailability (Lei and Kim, 2018; Khatun et al., 2019; Yin et al., 2021). The cause behind the observed increase in ADG associated with feeding coated trace minerals appears to be an improved mineral utilization. Alternatively, it has been proposed that the positive effect of coated Zn supplementation on broiler performance might be associated with the improvement of appetite, altered growth hormone production, and enhanced capacity for immune response (Alkhtib et al., 2020). The observed higher phosphorus digestibility found in birds fed with coated trace minerals might be associated with high gastric pH values inhibiting the antagonisms between microminerals and phytic acid to improve the absorption and bioavailability (Liu et al., 2014).



Deposition of Minerals

Blood mineral content may reflect the mineral bioavailability (Burrow et al., 2020). The present study found that serum Se and Zn concentrations were improved with coated micromineral supplementation. Dietary inclusion of 1,000 mg/kg of trace minerals had an incremental effect on serum Se and Zn, which is in agreement with previous results (Zhang et al., 2017; Olukosi et al., 2018). Metal ions coated with carbohydrate might alter the ion interaction affecting the antagonism, which might potentially improve the utilization of the minerals or affect the ligand resulting in alteration in their utilization (Wang et al., 2019b). The interaction between trace mineral type and supplementation level in serum Se content suggested that dietary inclusion with 500 mg/kg of coated trace minerals had potential ability to replace 1,000 mg/kg of inorganic trace mineral in duck diets.

Excess intake of dietary metal ions leads to the higher deposition in the liver (Mézes et al., 2012). Thus, it is sensible that in the present study, with the exception of Fe, diets supplemented with the highest dosage of trace minerals resulted in the highest liver ion concentrations. Liver Se was also increased under coated trace mineral treatments. Coated trace minerals might potentially result in unique and more stable structures, which facilitate access to the enterocyte and improve the deposition in tissues (Bai et al., 2017; Wang et al., 2019b). Additionally, Se, Fe, and Zn deposition in muscle were significantly increased in birds fed with coated trace minerals. Qiu et al. (2020) reported that metal ions, such as Fe could be easily stored in tissues, and their absorption rate could be altered by adjusting the amount and form in the feed. The present study suggested that diets supplemented with 500 mg/kg of coated trace minerals were more efficient than the same or higher level of inorganic trace minerals, since coated forms are more conducive to the deposition of Se in the body.

Lower efficiency of utilization occurring with high supplementation of minerals resulted in greater excretion, which can be assumed to produce greater environmental pollution. Creech et al. (2004) indicated that reducing dietary trace mineral level could reduce excretion of minerals in swine waste. The present result found that coated trace minerals significantly reduced fecal Zn, Fe, and Mn contents, which agrees with previous studies. This suggests that the environmental impact of trace mineral supplementation may be mitigated by using coated trace minerals, which are demonstrated to be more bioavailable in the present study.



Antioxidant Status

Damage from reactive oxygen species could be reduced by SOD and GSH-Px (Wang et al., 2019a). These two enzymes are related with Zn, Cu, and Se concentration. MDA is also a marker of lipid peroxidation (Samuel et al., 2017). The present study found that coated trace minerals improved serum antioxidant status, which was similar with a previous report (Yin et al., 2021). The coated form of trace minerals may provide benefits through modulating the antioxidant system owing to resistant antagonisms in the intestine. We also found that ducks offered with 500 mg/kg of coated trace mineral had a similar antioxidant status than those offered with 1,000 mg/kg of inorganic trace minerals, suggesting that the effect of coated trace minerals is greater or equal compared with that of inorganic trace minerals.



Microbiota Profile

The gut microbiota contains thousands of functionally relevant genes and pathways to support essential gut functions and prevent intestinal dysbiosis (Pajarillo et al., 2021). Under a deficiency of trace minerals, gut microbiota would rapidly mature to respond to this stress (Bao et al., 2010; Tako et al., 2011). Reed et al. (2015) reported that the insufficient bioavailable dietary Zn in the lumen might improve gut microbiota colonization. Thus, the higher microbiota α-diversity associated with rapid proliferation in birds fed with inorganic trace minerals might reflect that absorption of inorganic trace mineral supplementation earlier in the intestine may result in a lack of trace minerals in the cecum. The overall microbial structure between coated and uncoated trace mineral treatments showed that trace minerals significantly influenced the microbiota profile in duck cecum. From LEfSe analysis, Lactobacillus, Sphaerochaetea, Butyricimonas, and Enterococcus were predominant genus enriched in birds fed with coated trace minerals. However, Desulfovibronaceae was enriched in inorganic trace mineral treatments. Desulfovibronaceae is a member of sulfate-reducing bacteria family, which potentially produced endotoxin, leading to chronic inflammation (Zhang-Sun et al., 2015). Alternatively, coated trace minerals could improve the probiotic microbiota colonization. Sphaerochaeta is both fermenter and electrogenic bacteria, which might play an important role in substrate transformation and electricity generation (Li et al., 2020), and higher enrichment of Sphaerochaeta is associated with lower ion excreta in coated trace mineral treatments. Latic acid, the main metabolic endproduct of Lactobacillus would improve the bioavailability of trace minerals (Famularo et al., 2005). Nath et al. (2018) reported that Butyricimonas is correlated with lipid metabolism and positively associated with the production of high-density lipoprotein for an individual’s health. Meanwhile, Enterococcus is known to produce enterocins to improve energy and protein utilization associating with higher growth rates, which is in accordance with this studies performance results (Fisher and Phillips, 2009). The predominant microbiota results in this study suggested that dietary supplemented with coated trace minerals could improve the enrichment of beneficial bacterium in duck cecum to improve and maintain gut health.

The contamination of metals in the environment is an important cause of stress and detrimental health effects. Recent studies showed that microorganisms inhabiting the gastrointestinal tract could provide essential services to reduce environmental contamination (Brila et al., 2021). To explore the relationships between the extraction of trace minerals and gut microbiota, RDA analysis was conducted in the present study. Intestinal Fusobacterialse, Clostridiales, Turicibacterales, and Bifidobacteriales had negative relationships with fecal trace mineral contents. Cheng et al. (2020) found that cecal Bifidobacteriales and Clostridiales were altered by copper, which is similar to the findings in the present study. Trace minerals, such as Cu and Zn could be used by Bifidobacteriales to produce probiotic substrates (Ionescu et al., 2009), thus it has a negative relationship with excreted trace minerals. On the other hand, Bifidobacteriales has a crucial role in body health and was seen as a potential beneficial body service provider (Zhang et al., 2016). Spearman’s correlation analysis also showed that fecal ion metals had a significant negative relationship with cecal Coprobacillus, especially Se. Coprobacillus was a Gram-positive bacteria, closely associated with Clostridum ramosum (Kageyama and Benno, 2000), and its colonization could be improved by Enterococcus (Stein et al., 2013). Thus, as coated trace minerals may improve Enterococcus colonization in duck cecum, this might have the ability to improve the growth of Coprobacillus to reduce excretion of trace minerals.

The predicated KEGG analysis results showed that coated trace mineral groups significantly upregulated pathways related to carbohydrate metabolism and stimulated glycerolipid metabolism and membrane transport. The upregulation in carbohydrate metabolism could well support the better growth performance. Yin et al. (2021) reported that coated trace mineral could improve lipid metabolism, which might be associated with the present result. Meanwhile, ion metals, such as Zn and Cu, were related with microbiota function (van Kuijk et al., 2021). Inorganic trace metals would result in lower bioavailability and, thus, greater competition between intestinal microbiota and host (Reed et al., 2015). While coated trace minerals might improve the stability and absorption of minerals via the intestinal brush border, they may also be more effectively associated with the upregulation of microbiota transporter systems. Consequently, dietary supplementation with coated trace minerals could stimulate microbial barrier function.




CONCLUSION

In conclusion, the present study suggested that coated trace minerals enhanced the growth of meat ducks. Coated trace minerals used in duck diets could reduce the risk of environmental contamination from fecal minerals without affecting performance. Additionally, 500 mg/kg of coated trace mineral had a similar effect on duck serum trace minerals and tissue ion metal deposition relative to 1,000 mg/kg of inorganic trace minerals. Coated trace minerals had a potential to improve bioavailability of ion metals and the colonization of probiotic microbiota, such as Lactobacillus, Butyricimonas, and Enterococcus, in the cecum to protect the intestine microbial barrier and maintain gut health.
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The gut microbiome performs many important functions in mammalian hosts, with community composition shaping its functional role. However, the factors that drive individual microbiota variation in wild animals and to what extent these are predictable or idiosyncratic across populations remains poorly understood. Here, we use a multi-population dataset from a common rodent species (the wood mouse, Apodemus sylvaticus), to test whether a consistent “core” gut microbiota is identifiable in this species, and to what extent the predictors of microbiota variation are consistent across populations. Between 2014 and 2018 we used capture-mark-recapture and 16S rRNA profiling to intensively monitor two wild wood mouse populations and their gut microbiota, as well as characterising the microbiota from a laboratory-housed colony of the same species. Although the microbiota was broadly similar at high taxonomic levels, the two wild populations did not share a single bacterial amplicon sequence variant (ASV), despite being only 50km apart. Meanwhile, the laboratory-housed colony shared many ASVs with one of the wild populations from which it is thought to have been founded decades ago. Despite not sharing any ASVs, the two wild populations shared a phylogenetically more similar microbiota than either did with the colony, and the factors predicting compositional variation in each wild population were remarkably similar. We identified a strong and consistent pattern of seasonal microbiota restructuring that occurred at both sites, in all years, and within individual mice. While the microbiota was highly individualised, some seasonal convergence occurred in late winter/early spring. These findings reveal highly repeatable seasonal gut microbiota dynamics in multiple populations of this species, despite different taxa being involved. This provides a platform for future work to understand the drivers and functional implications of such predictable seasonal microbiome restructuring, including whether it might provide the host with adaptive seasonal phenotypic plasticity.

Keywords: Bacteroidales, core, individuality, lab vs. wild, microbiome, mouse, seasonality, 16S


INTRODUCTION

The gastrointestinal tracts of vertebrates harbour complex microbial communities known as the gut microbiota, that can perform a wide range of important functions for the host. These include regulating the immune system (Round and Mazmanian, 2009), extracting nutrients from otherwise indigestible parts of the diet (Flint et al., 2012), and defence against pathogens (Buffie and Pamer, 2013). With such important roles, one might expect these symbiotic communities to be under strong host influence, such that individuals of a given species harbour a characteristic and relatively invariant community. Yet the emerging picture from microbiome research firmly contradicts this. Vertebrate gut microbiotas are typified by immense compositional variation, both among individuals and within individuals over time. Each individual’s gut microbiota constitutes a diverse community of microbes shaped by environmental influences such as diet, habitat and xenobiotics, microbial interactions, metacommunity-level processes such as transmission among hosts, and mechanisms of host selection, arising, for example, through physiological differences among host genotypes or age. The relative importance of these different ecological processes in shaping wild animal microbiomes remains a key open question.

In humans, cross-population microbiome comparisons have shown that only a small set of “core” gut bacteria are consistently detected across individuals within a population, and fewer are shared across populations (Tap et al., 2009; Qin et al., 2010; Li et al., 2013; Falony et al., 2016). Rather, the human gut microbiota is highly individualised, with each person harbouring a characteristic microbial fingerprint which is distinct from that of others over time (Turnbaugh and Gordon, 2009; Faith et al., 2013; Bergström et al., 2014; De Muinck and Trosvik, 2018). However, given the unique ecology of industrialised humans, whether such patterns apply to non-human wild vertebrates remains poorly understood. Cross-population studies in the wild examining to what extent taxa are shared by conspecifics across geographical space, and at what scale this might occur, are rare (Lankau et al., 2012; Linnenbrink et al., 2013; Smith et al., 2015; Grieneisen et al., 2019; Funosas et al., 2021). Moreover, most wild animal microbiota studies are cross-sectional or group-level, with few that have characterised the microbiota of repeat-sampled individuals. Such longitudinal data are crucial for understanding microbiota stability at both the individual and population level, and how this may be shaped by fluctuations in the environment.

A growing number of studies have revealed seasonal dynamics in the gut microbiota of wild animals (Kobayashi et al., 2006; Williams et al., 2013; Amato et al., 2014a; Fogel, 2015; Maurice et al., 2015; Sun et al., 2016; Ren et al., 2017; Springer et al., 2017; Liu et al., 2019; Orkin et al., 2019). Pronounced seasonal microbiota dynamics have also been observed among humans leading traditional, hunter-gatherer lifestyles (Davenport et al., 2014; Smits et al., 2017). These findings contrast with those from industrialised humans, where microbiota composition is considered relatively stable in adulthood (Faith et al., 2013). The causes of such seasonal dynamics are not fully understood, but existing studies have implicated seasonal shifts in diet (Amato et al., 2014a; Ren et al., 2017), or hibernation (Carey et al., 2013; Sommer et al., 2016). However, in many studies the fine-scale seasonal dynamics are not well-understood as temporal resolution is relatively course (e.g., winter vs. summer), and the extent to which seasonal dynamics are idiosyncratic or repeatable across years or populations of a species remains unknown. Understanding the repeatability of such seasonal dynamics across time and space is a key step towards understanding their potential functional significance. If such temporal dynamics are general across populations and years, this would suggest a broadly applicable underlying process (for example, a predictable environmental or intrinsic host seasonal change), and allow for the possibility that such changes could provide the host with repeatable adaptive seasonal plasticity (Amato et al., 2014a; Alberdi et al., 2016).

Here, we present a longitudinal analysis of gut microbiota dynamics in two wild wood mouse (Apodemus sylvaticus) populations, together with a comparison from a wild-derived captive colony of the same species. Wood mice are an ideal study system for questions about wild gut microbiome dynamics, as they are common and amenable to capture-mark-recapture protocols with accurate individual identification. Furthermore, a previous study on wood mice in the United Kingdom described seasonal shifts in gut microbiota composition, occurring between summer and autumn (Maurice et al., 2015). Here, we provide a comprehensive analysis of variation in gut microbial community structure and the factors associated with this variation operating at three levels of organisation: across host populations, among individuals within a population and within individuals over time. We predict that (i) gut communities will be more similar within a host population than between host populations, but that there will be a small set of “core” taxa consistently identified across hosts, (ii) environmental drivers of variation will be stronger than host-related factors, (iii) seasonal restructuring of the gut microbiota will be consistent across two wild United Kingdom populations living in woodland habitats, and (iv) microbiota composition will be repeatable within individuals sampled over time, but the relative strength of inter-vs. intra-individual variation may fluctuate throughout the year.



MATERIALS AND METHODS


Sample Collection

Rodents were live-trapped using a capture-mark-recapture study design in two mixed deciduous woodlands approximately 50 km apart in the United Kingdom: Wytham Woods, Oxfordshire (“Wytham”, 51°46’N,1°20’W) and Silwood Park, Berkshire (“Silwood”, 51°24’N, 0°38’W). Fieldwork methods were consistent across sites, with trapping performed for one night every 2–4 weeks across all seasons. In Silwood, trapping occurred on a single 2.47 ha grid over a 1-year period (November 2014 to December 2015), while in Wytham trapping took place over a 3-year period (October 2015–2018), initially on a 1 ha grid that was then expanded to 2.4 ha in October 2017. Wood mice (A. sylvaticus) were the most commonly caught rodent at both sites, with yellow-necked mice (Apodemus flavicollis) and bank voles (Myodes glareolus) also captured. Small Sherman live traps were baited with six peanuts and a slice of apple, with sterile non-absorbent cotton wool provided for insulation. Traps were set in alternate 10 m × 10 m grid cells at dusk and collected at dawn. All newly captured rodents were injected subcutaneously with a PIT tag for identification purposes, with ear notches used as a back-up form of identification. The following information was recorded for all captures: species, ID, sex, age (juvenile, sub-adult or adult, according to size and pelage characteristics), reproductive state (active or inactive according to signs of reproduction such as testes size in males, perforation, pregnancy or lactation in females), body mass (to the nearest 0.1 g), subcutaneous fat score (0–4, measured by palpating the lower spine and hips). All animals were released within the 10 m × 10 m grid cell of their capture. Faecal samples (approximately 40–300 mg) were collected from the bedding material with sterilised tweezers, and frozen at −80°C within 10 h of trap collection for molecular work. Traps that showed any sign of animal contact (both traps that held captured animals and those where an animal had interfered with but not triggered it) were washed thoroughly with 20% bleach solution between trapping sessions to prevent cross-contamination. Live-trapping work was conducted with institutional ethical approval, and at Wytham under Home Office licence PPL-I4C48848E.

Faecal samples were also collected from an outbred, captive colony of wood mice housed at the University of Edinburgh, and included for comparison to wild populations. This colony is thought to have been established over 30 years ago at the University of Oxford (Department of Zoology) using wild caught mice from the local area (presumed to be Wytham Woods, where department members were trapping rodents at the time, though this has not been confirmed). Since this time, the colony has been bred for several decades, has been housed at several different locations, and may have been expanded with wild-caught mice from other locations in the United Kingdom (Hughes et al., 2010). Captive wood mice included in this study were sampled as part of a diet shift experiment carried out in 2017 under Home Office Project license 70/8543. Further details about the colony and experiment are given in the Supporting Information.



16S rRNA Gene Sequencing

Genomic DNA was extracted from faecal samples using Zymo Quick-DNA faecal/soil Microbe 96 (96-well plate format) extraction kits, according to manufacturer instructions. A 254 bp region of the bacterial 16S rRNA gene (V4 region) was amplified using primers 515F/806R (Caporaso et al., 2011; Supplementary Table S1). Library preparations followed a two-step (tailed-tag) approach with dual-indexing (D’Amore et al., 2016) and sequencing was performed on an Illumina® MiSeq with 250 bp paired-end reads, at the Centre for Genomic Research in Liverpool. Samples were extracted in 17 batches and sequenced in five lanes, with some Wytham and colony samples extracted and sequenced together, while samples from Silwood were extracted and sequenced separately with minor adjustments to the protocol (Supporting Information). To avoid further batch effects influencing results, wild samples from each trapping session and colony samples from each timepoint and animal were evenly distributed across extraction plates. Full details of 16S rRNA sequencing methods are provided in Supporting Information.



Bioinformatics

Raw sequence data were processed through the DADA2 pipeline (v1.6) in R to infer amplicon sequence variants (ASVs; Callahan et al., 2016, 2017). This was done separately for each Miseq run, but using identical parameters. In brief, reads were trimmed and filtered for quality, ASVs inferred and putative chimeras removed before taxonom assignment using the v128 SILVA reference database. Full details of the bioinformatics pipeline are in Supporting Information. A single phyloseq object (McMurdie and Holmes, 2013) containing data from all three populations was created for further processing and analyses. ASVs taxonomically assigned as chloroplast or mitochondria were removed, after which the dataset contained 11,404 ASVs. The R package “iNEXT” (Chao et al., 2014; Hsieh et al., 2016) was used to examine sample completeness and rarefaction curves, which showed that sample completeness plateaued at approximately 8,000 reads (Supplementary Figure S1). Thirty-one samples with read counts below this threshold were removed, leaving data from 1,052 samples and 281 mice overall (Wytham: n = 448 samples from 178 individuals; Silwood: n = 253 from 75 individuals; captive colony: n = 351 from 28 individuals), with a mean read count of 40,478 (range 8,841–150,932). For beta diversity analyses, further taxon filtering was performed by retaining only those ASVs with more than one copy in at least 1% of samples, to guard against the influence of potential PCR or sequencing artefacts, or contaminants. After this additional ASV filtering step, the dataset contained 2,662 ASVs.



Statistical Analyses

All R code for the analyses presented here can be found in the online Supplementary Material (Supplementary File 2; R Core Team, 2021).


Defining Core Taxa

To delimit core taxa, we estimated each ASV’s population-wide prevalence as the proportion of samples in which it was detected, in a dataset containing one randomly selected sample per individual, averaged over 100 iterations. We also estimated each ASV’s within-individual persistence, as the mean proportion of samples per repeat-sampled individual it was detected in, using data from mice sampled at least three times (n = 57 mice in Wytham, mean N captures 4.86 ± 1.94 s.d., n = 39 mice in Silwood, mean N captures = 5.95 ± 1.95 s.d.).



Alpha-Diversity Analyses

ASV richness was estimated using the R package “breakaway” (Willis and Bunge, 2015), using a dataset for which taxon filtering was limited to the removal of ASVs assigned as chloroplast or mitochondria.



Beta-Diversity Analyses

ASV read counts were normalised to relative abundance per sample before calculating pairwise dissimilarity indices among samples (Bray–Curtis dissimilarity; McKnight et al., 2019), which were subsequently used in population-specific principal coordinates analysis (PCoA) and permutational analyses of variance (PERMANOVA). Weighted and unweighted UniFrac distances were used to assess the phylogenetic relatedness of the gut microbiota among host populations. To assess the decay of within-individual community similarity over time (time-decay), we modelled the log-linear change in community structure (pairwise Bray–Curtis dissimilarity) as a function of the number of days between samples. For this, community dissimilarities were converted to similarities (1-dissimilarity) and log-transformed. The rate of change at different time lags was calculated by dividing the Bray–Curtis dissimilarity by the time between sampling points to obtain an average rate of change for each time lag (Faith et al., 2013; Shade et al., 2013). To compare inter- and intra-individual variation in gut microbiota composition, pairwise dissimilarity values were compared across different types of sample pair, using Wilcoxon tests with 1,000 permutations: those collected from the same individual at different timepoints (“Same mouse”) and those collected from different individuals within the same trapping session (“Same date”).

To analyse temporal change in microbiota composition, generalised additive mixed models (GAMM) were run in package “mgcv”, using sample scores along the first axis of a Bray-Curtis PCoA (PC1) as the response variable. A cyclic cubic spline was fitted for day of the year, fitting an interaction with sampling year (October 2015–2016, 2016–2017, and 2017–2018) to model within-year seasonal patterns. A number of sample-level host and methodological terms were included as covariates (age, sex, reproductive status, body mass, body condition, and read count). MiSeq run was also fitted as a covariate in analyses for Wytham. Animal ID was included as a random factor to control for repeated measures. The same model structure was used to assess seasonal patterns in microbial richness.

To test the relative effects of host, environmental and methodological factors on variation in gut community structure, a marginal PERMANOVA was performed using the adonis2 function in package “vegan” (Oksanen et al., 2019) with 999 permutations, on a subset of data including one randomly chosen sample per individual, to avoid pseudoreplication. Subsequent tests for homogeneity of variance between factor levels of significant terms were performed using the betadisper function. Since subsetting to one sample per individual decreases sample size and power, we also performed a partial redundancy analysis (pRDA) on Hellinger-transformed community data, using the same explanatory terms as used in the PERMANOVA, but with individual ID used as a condition. The marginal significance of the explanatory terms were then calculated from the reduced model.

To identify bacterial taxa (ASVs) involved in detected trends, we used Random Forest models with default parameters (package “randomForest”). “IncNodePurity” was used as a measure of ASV importance.





RESULTS


Assessing Core Microbes Across Populations

Across all three (wild and captive) populations, the gut microbiota of wood mice was broadly comparable in terms of proportional abundances of high-level taxa, being dominated by the orders Lactobacillales, Clostridiales and Bacteroidales (Figure 1A). However, a large amount of compositional variation was evident within populations (Supplementary Figure S2). At the order level, Wytham mice had a slightly higher relative abundance of Bacteroidales, while Silwood mice had a slightly higher relative abundance of Lactobacillales. There was a large degree of overlap in taxa shared between populations at the Phylum level, but as taxonomic resolution increased the overlap in shared taxa decreased (Supplementary Figure S3). Nine phyla were detected in total, eight of which in all populations, while Spirochaetes were only found in Wytham and the colony, and Elusimicrobia only in Silwood. The majority (74%) of identified bacterial orders were common to all populations and similarly 62% of identified genera were shared by all three populations, wild and lab (Supplementary Figure S3). Interestingly, Wytham and the colony shared a large number of ASVs (52.1% of Wytham- and 95% of Colony-detected ASVs), while the two wild populations shared no exact ASVs (Figure 1B; Supplementary Figure S3). This finding was unaltered when taxon filtering was minimal and limited to the removal of reads assigned as chloroplast/mitochondria. Differences in the proportion of taxa shared by populations were unaltered when these comparisons were made using samples sequenced in the same vs. different runs (Supplementary Figure S4), indicating they are very unlikely to be an artefact of the fact Silwood samples were sequenced separately. In addition, the proportion of shared ASVs across populations were robust to differences in sample sizes, as bootstrapped subsampling produced similar estimates (Supplementary Table S2). On average, a pair of mice from Wytham and the colony shared 8.4% ASVs (mean Jaccard Index), while the mean proportion of shared ASVs within each population was slightly higher (Wytham = 11.5%, Colony = 23.2%, Silwood = 18.0%). The ASVs common to Wytham and colony mice came from a broad range of bacterial families, representative of those observed in each population (Supplementary Figure S5). Interestingly, the use of phylogenetically-informed community dissimilarity metrics altered patterns of population-level differences. Although Wytham and Silwood shared no exact ASVs, these two wild populations were more similar in composition when using Unweighted UniFrac, while colony mice had a more phylogenetically distinct microbiota (Figure 1C). The phylogenetically distinct ASVs that are differentially present in colony vs wild populations are likely to be rare community members, since incorporating relative abundance information (using Weighted UniFrac) reduced the extent to which colony mice clustered separately from wild mice (Figure 1D).
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FIGURE 1. Gut microbiota composition across populations of wood mice. (A) Comparison of microbiota composition at the Order level in faecal samples from a captive colony (n = 351) and two wild populations, Wytham (n = 448) and Silwood (n = 253). Read abundances were summed across samples per population and their relative proportions are coloured by bacterial Order. Samples from all populations were used in principal coordinates analysis based on (B) Jaccard, (C) Uniweighted UniFrac, and (D) Weighted UniFrac distances.




Assessing Core Microbes Within Populations

There were no ASVs shared by all samples within each population, i.e., no population-specific “core microbiota”. To explore how we might define a set of “core” microbiota members using a less strict criterion than universal colonisation, we first examined the relationship between ASV prevalence across hosts and persistence within them. In both wild populations, there was a strong positive correlation between the prevalence and persistence of ASVs (Spearman’s rank correlation; Wytham: rho = 0.932, p < 0.001, Silwood; rho = 0.946, p < 0.001, Supplementary Figure S6). ASVs that were both prevalent and persistent (>50% for each) formed a taxonomically biased subset, being enriched for the order Bacteroidales (and slightly for Lactobacillales) compared to the total set of ASVs in each wild population (Supplementary Figure S6).

Defining core taxa using both prevalence and abundance thresholds (present in at least 60% samples at 0.1% relative abundance or more) identified a similar set of ASVs in each population. In Wytham, this gave a set of 23 core ASVs, belonging to Muribaculaceae (n = 16, 69%), Peptococcaceae (n = 1), Ruminococcaeae (n = 3) and Lactobacillaceae (n = 3). Only two of these “core” ASVs could be identified to genus level and belonged to Lactobacillus and Ruminiclostridium 9, respectively. Using the same core definition, the Silwood population contained 21 core ASVs, belonging largely to the Muribaculaceae (n = 11) as well as Ruminococcaceae (n = 4), Lactobacillaceae (n = 4), Helicobacteraceae (n = 1) and Coriobacteraceae (n = 1).



Predictors of Gut Microbiota Composition

In both wild populations, month was the strongest predictor of gut microbiota composition, explaining approximately twice as much variation as all host factors combined in marginal PERMANOVAs (Table 1). Although population age structure varies seasonally (Supplementary Figure S7), the seasonal effect detected here is independent of this, as host age was controlled for in the model (Table 1). Microbiota composition also differed between years in Wytham. Weaker effects of host factors (body mass and reproductive status) were detected, but each in only one of the two populations (Table 1). Dispersion tests indicated that the effect of year may have been influenced by dispersion differences in Wytham while the effect of month may also contain some influence of dispersion in Silwood (Table 1). Results from the pRDA on Bray–Curtis dissimilarity agreed with those from PERMANOVAs, in that month and year strongly predicted gut microbiota variation in both wild populations, while measured host factors did not (Supplementary Table S3). However, the pRDA also revealed that individual ID (as a condition) explained around half the total variation in each dataset (55.2% in Wytham and 48.1% in Silwood).



TABLE 1. Predictors of microbiota composition in two populations of wild mice.
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Repeatable Seasonal Restructuring of the Microbiota

The major axis of microbiota compositional variation (PC1 from a Bray-Curtis PCoA) fluctuated strongly between July, October and February, and this seasonal pattern was remarkably consistent across populations, explaining 48-55% variance in PC1 (Figures 2A,C; Supplementary Table S4). PC1 was not significantly predicted by any other host or methodological fixed effects apart from MiSeq run (Supplementary Table S4). In both populations, seasonal changes in PC1 within repeat-sampled individuals typically tracked population-level seasonal shifts, with few exceptions (Figures 2B,D; paired t-tests for Wytham June-August vs. September-November; t = −5.152, p < 0.001, n = 14, September-November vs. January-March; t = 2.676, p = 0.015, n = 20, for Silwood June-August vs. September-November; t = −3.23, p = 0.006, n = 16, September-November vs. January-March; t = 0.250, p = 0.805, n = 26). Of the few individuals that were not consistent with the population-level patterns, there were no unique or unusual observations in the measured host traits, though repeat captures were too few between these months to formally test factors associated with individual differences in the direction or magnitude of seasonal change in PC1. The pattern of seasonal change in microbiota composition was similar when using PC1 from a PCoA based on Jaccard distance (a presence/absence based distance metric) as the response, although in Silwood the Jaccard-based PC1 explained a lower proportion of gut community variation than Bray-Curtis PC1 (Supplementary Figure S8). This suggests that in Silwood, gut microbiota seasonality consists more of changes in relative abundance than turnover, as can be seen in Sankey plots showing the flux of ASVs between seasons (Supplementary Figure S9).
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FIGURE 2. Seasonal restructuring of the wood mouse gut microbiota in two wild populations. (A,C) Seasonal dynamics in population-level PC1 value (the position of samples along the first axis of a principal coordinates analysis on Bray–Curtis dissimilarity) in (A) Wytham and (C) Silwood show compositional change over time. Data from Wytham mice come from a 3-year period (October 2015–2018), while Silwood mice were sampled for 1 year (November 2014–2015). Predicted values and 95% CIs for the smoothed day of the year from generalised additive mixed models (GAMMs) are plotted along with raw PC1 values. (B,D) Changes in PC1 within repeat-sampled individual mice typically track the population-level seasonal shifts in both populations (coloured lines), with some exceptions (grey lines).


Despite these prominent seasonal shifts in microbiota composition, the relative abundances of bacterial families did not change dramatically across the year (Supplementary Figure S10). Exploratory analyses also showed that while in Silwood the second and third PCoA axes showed some temporal fluctuations during the same periods that PC1 shifted (oscillation between July and December), in Wytham other PCoA axes besides PC1 did not show strong seasonal variation (Supplementary Figure S11).

Seasonal changes in mean gut microbiota richness were weaker compared to seasonal changes in composition. In models where richness was the response, day of the year was non-significant for Wytham mice, and in Silwood was significant though explained a relatively small amount of variation (14%) compared to similar analyses of composition (Supplementary Figure S12, Wytham: approximate significance of smoothed date term F = 0.00, edf < 0.001, p = 0.516, adjusted R2 = 0.09, n = 328; Silwood: approximate significance of smoothed date term; F = 1.767, edf = 4.722, p < 0.001, adjusted R2 = 0.14, n = 185).

We used random forest regressions to explore which bacterial taxa might drive the consistent seasonal changes in PC1 seen in each wild population. For both populations, the top six ASVs predicting PC1 values belonged to three bacterial families: Lactobacillaceae, Muribaculaceae and Ruminococcaceae, with the exact order of importance for these families differing slightly between populations (Figure 3). In Wytham, the model explained 92.11% of variation in PC1 values, and the most important ASVs predicting PC1 belonged to Ruminococcaceae, followed by Muribaculaceae, Lactobacillaceae, and Bifidobacteriaceae (Figure 3A). In Silwood, the model explained 93.31% in PC1 and all top four ASVs predicting PC1 belonged to Lactobacillaceae, followed by ASVs belonging to Muribaculaceae and Ruminococcaceae (Figure 3B). Although the exact order of importance differed slightly between host populations, the bacterial families of these top six ASVs showed consistent seasonal patterns across the two host populations. Ruminococcaceae ASVs increased in September-November compared to other times of the year, while Muribaculaceae decreased and Lactobacillaceae ASVs showed variable patterns in both populations (Figures 3C,D). The bacterial ASVs most strongly associated with variation along Silwood PC2 and PC3 belonged to Lactobacillaceae, Ruminococcaceae, Lachnospiraceae and Muribaculaceae (Supplementary Figure S13).
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FIGURE 3. The importance of bacterial taxa in driving consistent seasonal patterns in PC1 (first axis of a Bray-Curtis PCoA) in two wild wood mouse populations. Random forest regressions (RFR) were used to identify bacterial amplicon sequence variants (ASVs) important for predicting PC1, which has a strong seasonal signal, in each population. IncNodePurity” was used as a measure of feature importance in models, and the top 30 ASVs those with the (highest IncNodePurity) are shown for each population (A) Wytham and (B) Silwood, coloured by the bacterial family they belong to. The relative abundance (mean ± SE) of the top six ASVs in each population, (C) Wytham and (D) Silwood, are shown in September-November (S-N) compared to all other months (O).




Individuality and Seasonal Convergence in the Gut Microbiota

Despite strong and repeatable seasonal shifts in average gut microbiota composition (Figure 2), we also identified a large degree of individuality in the microbiota of wild mice. In each wild population, individuals were, on average, more similar in gut microbiota composition (Bray–Curtis dissimilarity) to themselves at other time-points than to other mice sampled on the same day (Figure 4A; permutation tests; Wytham observed U-statistic = 4,222,156, p < 0.001; Silwood observed U-statistic = 1,802,548, p < 0.001). This signal of individuality decayed with increasing sampling interval (Figure 4B; log-linear model for Wytham; F = 107.6(1268), p < 0.001, adjusted R2 = 0.078, Silwood; F = 17.51(1,918), p < 0.001, adjusted R2 = 0.018), with the rate of decay highest at short time intervals and less strong as the sampling interval increased (Supplementary Table S5).

[image: Figure 4]

FIGURE 4. Intra- and inter-individual variation in gut community structure varies with time in two wild populations. (A) Pairwise Bray–Curtis dissimilarity between samples from the same host at different times (same mouse) and those taken from different hosts on the same day (same date) were used to compare intra- and inter-individual variation in Wytham (blue) and Silwood (green) wild populations. Significant differences between groups were tested with permutational Wilcoxon tests and are denoted by asterisks (***; p < 0.001). (B) Intra-individual variation decays with sampling interval. Community similarity (1-Bray–Curtis dissimilarity) between pairs of samples collected from the same individual host (in mice that were captured three or more times, Wytham; n = 277 samples from 57 hosts and Silwood; n = 197 samples from 39 hosts) are plotted against the sampling interval. Community similarity is log-transformed and the relationship fitted using a log-linear model. (C) Inter-individual variation across the year was visualised by plotting the Bray–Curtis dissimilarity between individuals sampled in the same trapping session, with a loess smoothing line for each population. The mean (±SE) intra-individual Bray–Curtis dissimilarity per population is shown as a dashed reference line in red.


Although there was a strong signal of individuality overall (intra-individual variation is on average lower than inter-individual variation), this does not account for temporal dynamics in community composition. We therefore also assessed seasonal changes in inter-individual variation (Bray–Curtis dissimilarity) to determine whether the signal of individuality remains strong throughout the year. In general, there tended to be more convergent gut microbiotas between individuals in winter but more inter-individual variation in the summer months (Figure 4C). Inter-individual variation remained higher than the average within-individual variation for most of the year (Figure 4C), showing that the signal of individuality remains consistently strong. However, in Wytham, the seasonal convergence of gut microbiota composition seen in late winter/early spring was sufficiently strong to briefly override the signal of individuality (Figure 4C); mice sampled in February were more similar to each other than they were to themselves at other times of the year (permutation test; observed U-statistic = 223,084, p < 0.001). A weaker convergence was observed in the Silwood population at this same time of year (February), which nullified the signal of individuality, i.e., mice caught at this time were no more similar to themselves across the year than they were to others sampled simultaneously (permutation test; observed U-statistic = 33,916, p = 0.712). This reduction in inter-individual variation was observed again in October in Silwood (permutation test; observed U-statistic = 30,240, p = 0.046) but not in Wytham (Figure 4C).




DISCUSSION

Here we provide an in-depth examination of natural variation in the gut microbiota of a wild mammalian host, the wood mouse, using detailed longitudinal analyses from multiple populations and years. We found no universal core microbial community (shared by all members of the species) when considering bacterial ASVs, genera or families across all populations. The proportion of bacterial taxa shared between host populations decreased with increasing taxonomic. At the finest resolution of ASVs there was a high degree of population-specificity in the taxa identified, suggesting high turnover in the species/strains present even between populations ~50 km apart. Geographic variation in gut microbial communities has been observed in a number of host species, with processes such as differences in diet and/or host genetics (Smith et al., 2015; Goertz et al., 2019; Suzuki et al., 2019), environmental differences such as soil properties (Grieneisen et al., 2019) or ecological drift (Lankau et al., 2012; Linnenbrink et al., 2013; Stothart et al., 2020) cited as drivers of this variation. In contrast, the captive colony of wood mice retained approximately half of the diversity of the wild population from which it likely originated, indicating a slow rate of taxon loss over time in captivity with minimal input of new microbes, as has been observed in other mouse systems (Kohl and Dearing, 2014; Sonnenburg et al., 2016). The degree of ASV sharing between the wild and captive populations studied here could be driven either by the degree of host or microbial genetic divergence between populations (highest between the two wild populations, but lower between the colony and Wytham), or by variation in of environmental microbial input, which is high in wild populations but limited in captivity.

Associations between microbiota structure and host body mass (Turnbaugh et al., 2006; Sommer et al., 2016), age (Degnan et al., 2012; Bennett et al., 2016) and reproductive status (Amato et al., 2014b) have been detected previously. However, here we show that sampling month remains a strong predictor of microbiota variation after accounting for these intrinsic host factors, and seasonality is therefore likely driven by external factors in this system. These seasonal microbiota changes were much stronger than any host-associated effects examined, with sampling month explaining more than twice the variation in community structure than any other variable tested, and more than all host-related variables combined. This suggests that associations with host factors are relatively weak compared to external drivers of gut microbiota variation, in line with studies on other wild animal populations (Ren et al., 2017; Goertz et al., 2019) and humans (Rothschild et al., 2018).

By sampling with high temporal resolution throughout multiple years, we detected a strong seasonal oscillation in microbiota structure that consistently occurred between July and February. This seasonal shift occurred independently of host age, sex or reproductive status, and was also observed within individuals. The timing and form of this seasonal microbiota restructuring was remarkably consistent across both populations and all years examined, and strongly resembled patterns detected in a 2-year study of a separate United Kingdom wood mouse population (Maurice et al., 2015). Other studies in wild animals have similarly reported a dominant role of season in restructuring the gut microbiota compared to host factors (Kobayashi et al., 2006; Williams et al., 2013; Amato et al., 2014a; Fogel, 2015; Maurice et al., 2015; Sun et al., 2016; Ren et al., 2017; Springer et al., 2017; Liu et al., 2019). However, this is the first time such seasonality has been shown to have such a consistent pattern across multiple populations and years. The striking repeatability of this seasonal pattern across populations suggests common drivers are at play. These could include predictable seasonal shifts in diet, parasitic infection, host physiology or social behaviour (David et al., 2014; Kreisinger et al., 2015; Perofsky et al., 2017). Hibernation has been linked to restructuring of the gut microbiota in ground squirrels and brown bears (Carey et al., 2013; Sommer et al., 2016). Although wood mice do not hibernate, they can enter short periods of torpor during colder months, with decreased body temperature and metabolic activity. However, this explanation of seasonal restructuring in the wood mouse gut microbiota is unlikely, as the major seasonal restructuring begins in summer. Therefore, seasonal shifts in diet are a strong candidate mechanism. Wood mice are omnivorous species that in woodland habitats rely on nuts that mature in summer and are cached for consumption until the following spring, such that their diet shows a strong increase in this material during the autumn/winter (Watts, 1968). This predictable influx of nuts to the diet could be what drives consistent seasonal restructuring across populations and years in woodland habitats, a hypothesis that could be tested in this system through direct measurement of seasonal diet-microbiota links.

Despite strong seasonal changes in the gut microbiota that were observed consistently across individuals and populations, a high degree of individuality in the gut microbiota was still detectable. On average, individuals were more similar to themselves over time than to other individuals sampled simultaneously. This is in contrast to recent findings from group-living primates, which showed spatiotemporal dynamics at the group rather than individual level (Perofsky et al., 2021). Such individuality could be explained by genetic differences (Benson et al., 2010), or persistent environmental or behavioural differences, for example, in habitat, dietary preferences or parasite burden. This individuality signal weakened as sampling interval increased, suggesting that temporal changes (e.g., environmental or aging-related) can affect the strength of this individual gut microbial signature (Faith et al., 2013). We also found seasonal variation in the degree of microbiota similarity between hosts, with the gut microbiota being more similar among mice caught in winter and early spring. This convergence of gut microbiotas in February-March was sufficiently strong to reduce the signal of individuality and even temporarily override it within the Wytham population. This could be due to a more homogenous diet at this time of year, when wood mice are thought to eat mainly cached seeds and nuts, compared to later spring/summer, when a more diverse array of both plant and animal items is available (Watts, 1968). Alternatively, seasonal convergence could be driven by seasonal change in population density and/or social interactions, which could influence rates or patterns of microbial transmission among hosts (Wolton, 1985; Raulo et al., 2021). Seasonal convergence between individual hosts in relation to the signal of individuality in the gut microbiota has not been previously examined. However, this could have consequences for the host population in terms of how well the gut microbiota can provide resilience to perturbations such as altered food availability or pathogen invasion at different times of the year.

The repeatability of seasonal microbiota dynamics across populations observed here is particularly striking given these two host populations shared no bacterial ASVs in common, although the ASVs they possessed were phylogenetically similar. Some, but not all, of the higher order taxa associated with seasonal changes were also consistent across populations. For instance, Lactobacillaceae ASVs were implicated in both Wytham and Silwood, consistent with previous work on wood mice (Maurice et al., 2015), while members of Ruminococcaceae, Muribaculaceae, Bifidobacteriaceae and Lachnospiraceae were important in Wytham only. Thus across populations, different bacterial taxa appear to respond synchronously to the same seasonal change. This suggests a level of functional redundancy in the gut microbial taxa of wood mice that respond seasonally to the same stimuli, at broad geographical scales. Convergence of gut microbiota composition or functional capability linked to environmental conditions has been shown in primates and humans (Gomez et al., 2019; Sharma et al., 2020), myrmecophagous mammals (Delsuc et al., 2014) and in yaks and Tibetan sheep (Zhang et al., 2016; Guo et al., 2021). Further functional studies, for example, using metagenomic or metatranscriptomic approaches, would be valuable to illuminate what seasonal functions these microbes might perform for the wood mouse host, and the potential significance of such microbiome shifts in providing hosts living in variable environments with adaptive seasonal plasticity.
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Knowledge of the impact of the gut microbiota on human health has increased, and modulation of the bacterial community is now considered a therapeutic target for various diseases. Certain novel bacterial species have probiotic properties associated with improvement in obesity and related metabolic disorders. The relative abundance of Butyricimonas spp. is correlated with metabolic parameters; however, the physiological role of Butyricimonas in metabolic improvement is unclear. In this study, live and heat-killed Butyricimonas virosa were administered to mice with high-fat diet (HFD)-induced obesity. Both live and heat-killed B. virosa ameliorated HFD-impaired body weight, serum glucose level, insulin resistance, and liver steatosis. Moreover, activation of the glucagon-like peptide-1 receptor (GLP-1R) and peroxisome proliferator-activated receptor α (PPARα) was observed in the liver, and the expression levels of insulin receptor substrate (IRS)-1, IRS-2, Toll-like receptor 5 (TLR5), and zonula occludens-1 (ZO-1) were upregulated in the ileum. Finally, we demonstrated that the effect of B. virosa treatment on glucose regulation may be linked to the upregulation of GLP-1R in the liver and is not a result of colonization of the gut by B. virosa or B. virosa-produced butyrate. Our results provide a rationale for the development of Butyricimonas spp.-based therapeutics and prophylactics for hyperglycemia.
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INTRODUCTION

The effect of the gut microbiota on human health has been investigated in the past decade. The intestinal microbial ecology is considered an important factor in energy metabolism and the immune responses to various diseases (Boulange et al., 2016). Importantly, novel microbes residing in the human gut were identified by next-generation sequencing. Certain of these microbes were named pharmabiotics because they exerted therapeutic effects beyond those of probiotics. For example, Akkermansia muciniphila and Faecalibacterium prausnitzii are considered therapeutic targets for multiple diseases (Derrien et al., 2017; Martin et al., 2017; Depommier et al., 2019). Moreover, a recent human clinical study demonstrated that A. muciniphila significantly improved metabolic parameters (including insulin sensitivity and total cholesterol level), such that it is considered a pharmabiotic (Depommier et al., 2019).

Microbes with therapeutic effects on metabolic disorders including obesity, hyperglycemia, and hypercholesterolemia have been reported (Okubo et al., 2018). Potential pharmabiotic candidates typically have common properties, such as the ability to produce short-chain fatty acids (SCFAs), enhance gut barrier function, improve gut microbial imbalance, and regulate inflammatory immune responses (Nguyen et al., 2017). These beneficial effects are linked to improvements in insulin resistance and lipid metabolism, as well as reduced inflammation. Pharmabiotics in clinical and animal studies demonstrated multiple beneficial effects, indicating that targeting the gut microbiota is an intriguing therapeutic target for metabolic disorders (Okubo et al., 2018).

Butyricimonas is a Gram-negative anaerobic bacterial genus of the family Odoribacteraceae. They are present in the intestinal tract of several mammals, including rat and human (Sakamoto et al., 2009, 2014), but few species have been isolated (B. faecihominis, B. synergistica, B. paravirosa, B. virosa, and B. phoceensis). Treatment of metabolic disorders with metformin and statins significantly increased the relative abundance of Butyricimonas spp. in the gut, which was significantly correlated with metabolic parameters (Lee et al., 2018; Kim et al., 2019). However, the direct effect of Butyricimonas on metabolic improvements, and the underlying physiological mechanisms, have not been investigated.

The characteristics of Butyricimonas and our previous results support the hypothesis that Butyricimonas species are involved in commensal homeostasis between the gut microbiota and host, and exert a beneficial effect on host energy metabolism. To test this hypothesis, we investigated the metabolic effects induced by oral administration of live and heat-killed Butyricimonas virosa to mice with high-fat diet (HFD)-induced obesity. Furthermore, we conducted comparative analysis of metabolism-related transcripts.



MATERIALS AND METHODS


Butyricimonas

Butyricimonas virosa (KCTC 15148) was purchased from the Korean Collection for Type Cultures (KCTC) and cultured in Columbia broth supplemented with 5% horse serum under anaerobic conditions (i.e., in an anaerobic jar) at 37°C for 5 days. Cultured B. virosa (estimated 5 × 108 CFU/ml optical density) was washed in phosphate-buffered saline (PBS) and stored at −70°C until inoculation, and their viability was confirmed using the spread plate method. In addition, heat-killed B. virosa were prepared by autoclaving for 15 min at 121°C and 15 lb.



Animal Model

Male 4-week-old C57BL/6 N mice were purchased from Samtako Co., Ltd. (Osan, South Korea) and acclimated to laboratory conditions for 1 week, during which the animals were housed in a temperature and humidity-controlled animal facility under a 12 h light–dark cycle at 22 ± 2°C and 55 ± 5% humidity, with ad libitum access to water and food. Mice were fed a 60% kcal HFD (FeedLab, Inc., Guri, South Korea) to induce metabolic disorders—such as obesity, hyperglycemia, and hyperlipidemia—for 16 weeks. The mice were treated with B. virosa by oral gavage at 1 × 108 CFU/200 μl (HFD-Bu: live B. virosa during HFD, n = 6, or HFD-hk-Bu: heat-killed B. virosa during HFD, n = 6) daily for the final 6 weeks of HFD feeding. A regular diet (RD, 10% kcal; Purina Korea, Inc., Seoul, South Korea)-fed group (n = 6) and HFD-fed group (HFD without B. virosa, n = 5) were included as normal and disease controls, respectively.



Metabolic Analysis

Body weight, serum glucose level, and food intake were recorded weekly. The serum glucose level was determined using the Accu-Chek Performa system (Roche Diagnostics, Mannheim, Germany) following fasting for 12 h (dark cycle). Intraperitoneal glucose tolerance testing (IPGTT) was performed 6 weeks after treatment with B. virosa. The mice were intraperitoneally injected with glucose solution (2 g/kg in PBS) after fasting 12 h (dark cycle), and the glucose level was measured by tail vein sampling using blood lancet at 15, 30, 60, and 120 min after injection. The incremental area under the curve (iAUC) for glucose was calculated for comparison of IPGTT results among time points. The Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) index was used to evaluate insulin resistance (Matthews et al., 1985). Blood samples were collected by cardiac puncture and centrifuged at 10,000 rpm for 5 min to isolate serum. The serum levels of apolipoprotein B (ApoB), low-density lipoprotein (LDL), high-density lipoprotein (HDL), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) were determined using a biochemical analyzer (AU480; Beckman Coulter, Brea, CA).



Liver Histology

Hepatic tissue was fixed in 10% neutral formalin. Tissue samples were filtered and embedded in paraffin, cut into 4-μm sections, and stained with hematoxylin and eosin (H&E). Sections were observed using a microscope (Nikon, Tokyo, Japan), and micrographs were taken at ×100 magnification. The percentage of steatosis in images was assessed using ImageJ software (Bethesda, MD).



Transcriptome Analysis

Ileum and liver tissues were immediately frozen in liquid nitrogen and stored at −70°C for later analysis of transcript levels. Total RNA was extracted using the RiboEx™ Kit (GeneAll, Seoul, South Korea). cDNA was synthesized using HyperScript™ RT Premix (GeneAll) according to the manufacturer’s instructions. SYBR Green PCR Master Mix and the StepOnePlus™ Real-Time PCR System (Applied Biosystems, Waltham, MA) were used to quantify mRNA levels. The following primer sets were used as: insulin receptor substrate (IRS)-1 (forward: 5′-TCCTATCCCGAAGAGGGTCT-3′; reverse: 5′-TGGGCATATAGCCATCATCA-3′), IRS-2 (forward: 5′-TCCAGAACGGCCTCAACTAT-3′; reverse: 5′-AGTGATGGGACAGGAAGTCG-3′), glucagon-like peptide-1 receptor (GLP-1R; forward: 5′-TCAGAGACGGTGCAGAAATG-3′; reverse: 5′-CAGCTGACATTCACGAAGGA-3′), Dipeptidyl peptidase-4 (DPP4; forward: 5′-TTGTGGATAGCAAGCGAGTTG-3′; reverse: 5′-CACAGCTATTCCGCACTTGAA-3′), zonula occludens-1 (ZO-1; forward: 5′-GCTCATAGTTCAACACAGCCTCCAG-3′; reverse: 5′-TTCTTCCACAGCTGAAGGACTCACAG-3′), peroxisome proliferator-activated receptor α (PPARα, forward: 5′-TCGGCGAACTATTCGGCTG-3′; reverse: 5′-GCACTTGTGAAAACGGCAGT-3′), PPAR𝛾 (forward: 5′-TGTGGGGATAAAGCATCAGGC-3′; reverse: 5′-CCGGCAGTTAAGATCACACCTAT-3′), Toll-like receptor 5 (TLR5; forward: 5′-AAGTTCCGGGGAATCTGTTT-3′; reverse: 5′-GCATAGCCTGAGCCTGTTTC-3′), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; forward: 5′-AACTTTGGCATTGTGGAAGG-3′; reverse: 5′-ACACATTGGGGGTAGGAACA-3′).



Relative Abundance of Butyricimonas

The relative abundance of Butyricimonas in fecal samples was evaluated using SYBR® Green PCR Master Mix and the StepOnePlus™ Real-Time PCR System (Applied Biosystems). Fecal samples were collected 6 weeks after treatment with B. virosa. Total DNA was extracted using the PowerSoil DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA) according to the manufacturer’s instructions. Primer sets for total bacteria (515f, forward: 5′-GTGCCAGCMGCCGCGGTAA-3′; 806r, reverse: 5′-GGACTACHVHHHTWTCTAAT-3′) and Butyricimonas (Buty1f, forward: 5′-GGTGAGTAACACGTGTGCAAC-3′; Buty1r, reverse: 5′-TACCCCGCCAACTACCTAATG-3′) were used for amplification.



Butyrate Analysis

Butyrate in feces was quantified using a modified version of a method published elsewhere (Cuervo et al., 2013; Jang et al., 2020). Homogenized mouse feces (10 mg/50 μl of PBS) was dried in a dry oven at 60°C to remove water. The dried sample was extracted with 500 μl of MeOH for 10 min in a shaking incubator. An internal standard, 4-methylvaleric acid (Sigma-Aldrich, St. Louis, MO), was added to the supernatant. The SCFA concentration was calculated using standard reagents (acetate, propionate, and butyrate; Sigma-Aldrich) with Autochro-3,000 software and the YL6100 GC system, which was equipped with a flame ionization detector (FID) and capillary column (DB-Wax column, 30 m × 0.25 mm × 0.25 μm; Agilent Technology, Santa Clara, CA). The inlet and detector temperatures were set to 220°C. Samples (2 μl) were introduced by splitless injection. The oven temperature was initially maintained at 50°C for 1 min and then increased to 220°C at a rate of 10°C/min.



Western Blotting

Total liver protein was extracted using RIPA lysis buffer (GenDEPOT, Katy, TX) supplemented with a protease inhibitor cocktail solution (GenDEPOT). The homogenate was incubated at 4°C for 2 h. The protein concentration was measured by the Bradford method. Protein samples (20 μg) were subjected to 10% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. The membranes were blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 2 h. They were then incubated at 4°C overnight with the primary anti-GAPDH antibody and anti-GLP-1R polyclonal antibody (1:1,000; Abcam, Cambridge, UK). After incubation with an anti-rabbit IgG horse radish peroxidase (HRP)-conjugated antibody (1:5,000; GenDEPOT) for 1 h, bands were detected using a chemiluminescent peroxidase substrate (ECL Plus; GenDEPOT) and imaged using the ChemiDoc XRS System (Bio-Rad, Hercules, CA).



Statistical Analysis

Data are presented as means ± standard error of mean (SEM). To quantify the in vivo mRNA levels relative to the internal control (GAPDH), the 2–ΔΔCt relative quantification method (ΔΔCt = (Ct.Target − Ct.GAPDH)Group1 − (Ct.Target − Ct.GAPDH)Group2) was used. Statistical significance was assessed by Kruskal-Wallis H test, followed by Duncan’s post-hoc test. Statistical analysis was performed using RStudio (R Development Core Team, Vienna, Austria). A p-value of <0.05 was considered indicative of statistical significance.




RESULTS


Effect of B. virosa on Metabolic Disorders

Feeding the mice an HFD for 16 weeks induced weight gain; the average body weight of mice in the HFD group (46.5 ± 0.5 g) was significantly increased compared to that of mice in the RD group (32.0 ± 3.6 g). After treatment with B. virosa for 6 weeks, the body weight of mice in the HFD-Bu (44.7 ± 3.6 g) and HFD-hk-Bu (43.7 ± 5.7 g) groups was decreased compared to mice in the HFD group (48.2 ± 3.6 g; Figure 1A). The mice in the HFD group gained 2.2 ± 1.2 g after the 6-week HFD, whereas those in the HFD-Bu and HFD-hk-Bu groups lost 2.2 ± 1.7 and 2.0 ± 0.8 g, respectively (Figure 1B). Daily food intake was not significantly different among the groups.
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FIGURE 1. Effect of Butyricimonas virosa treatment on body weight (A, B), fasting serum glucose level (C-E), and insulin resistance (F, G). Five-week-old C57BL/6 N mice were fed a HFD (60% lipid) for 16 weeks to induce metabolic disorders. Then, live and heat-killed B. virosa were orally administered daily for the final 6 weeks of HFD feeding. Body weight change was measured at 6 weeks after treatment with B. virosa. Treatment with B. virosa significantly improved metabolic profiles. RD: Regular diet (N = 6); HFD: High-fat diet (N = 5); HFD-Bu: Live B. virosa administration during HFD feeding (N = 6); and HFD-hk-Bu: Heat-killed B. virosa administration during HFD feeding (N = 6). Different superscript letters indicate significant differences (p < 0.05) according to Duncan’s post-hoc test.


Treatment with B. virosa significantly improved serum glucose regulation. B. virosa significantly reduced the HFD-induced increase in fasting serum glucose levels in mice in the HFD-Bu (131.2 ± 17.6 mg/dl) and HFD-hk-Bu (137.1 ± 13.5 mg/dl) groups compared to the HFD group (180.2 ± 21.3 mg/dl; Figure 1C) after 6 weeks of B. virosa treatment and significantly ameliorated glucose tolerance (IPGTT; Figures 1D,E). Moreover, B. virosa reduced the serum insulin level in the HFD-Bu (3.2 ± 2.0 ng/dl) and HFD-hk-Bu (3.4 ± 1.0 ng/dl) groups compared to the HFD group (6.1 ± 3.6 ng/dl) and significantly improved the HOMA-IR scores (HFD: 3.4 ± 2.0, HFD-Bu: 1.1 ± 0.8 and HFD-hk-Bu: 1.2 ± 0.4; Figures 1F,G).

A significant decrease in the HFD-induced increased ALT and ApoB levels was observed in the HFD-Bu and HFD-hk-Bu groups compared to the HFD group, but the AST/ALT ratio was significantly improved only in the HFD-Bu group (Figures 2A–C). In addition, the LDL/HDL ratio was significantly decreased only in the HFD-Bu group (Figure 2D). Daily food intake was not significantly different among the groups.
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FIGURE 2. Biochemical analysis of serum. Significant recovery of the serum ALT (A) and ApoB (B) levels was observed in both the HFD-Bu and HFD-hk-Bu groups. The AST/AST (C) and LDL/HDL (D) ratios were significantly recovered only in the HFD-Bu group. Blood samples were collected via cardiac puncture, biochemical analysis was performed using a biochemical analyzer. Different superscript letters indicate significant differences (p < 0.05) according to Duncan’s post-hoc test. ALT, Alanine aminotransferase; ApoB, Apolipoprotein B, LDL, HFD-Bu, Live B. virosa administration during HFD feeding; HFD-hk-Bu, Heat-killed B. virosa administration during HFD feeding; Low-density lipoprotein HDL, High-density lipoprotein; and AST, Aspartate aminotransferase.




Effect of B. virosa on Liver Histology

The HFD-induced increased liver weight was significantly decreased by B. virosa treatment compared to the HFD group (Figure 3A). The severe liver steatosis in the HFD group was recovered by both live and heat-killed B. virosa (Figures 3B,C).

[image: Figure 3]

FIGURE 3. Liver histology. C57BL/6 N mice fed a HFD (60% lipid) for 16 weeks showed an increase in the total liver weight (A) and lipid deposition in the liver (B). Both treatment with live and heat-killed Butyricimonas virosa for 6 weeks significantly reduced the liver weight and lipid deposition. (C) Percentage of steatosis in liver histology images was analyzed with ImageJ software. Histological analysis of liver steatosis was performed using H&E staining. Different superscript letters indicate significant differences (p < 0.05) according to Duncan’s post-hoc test. HFD, High-fat diet; H&E, Hematoxylin and eosin.




Quantification of B. virosa and Butyrate in Feces

The relative abundance of B. virosa was 6.3 ± 5.7% and 6.2 ± 1.3% in fecal samples from mice in the HFD-Bu and HFD-hk-Bu groups, respectively, which were significantly higher than in the HFD group (2.8 ± 1.2%; Figure 4A). Furthermore, the concentration of butyrate in fecal samples was significantly decreased in the HFD group (0.21 ± 0.08 mM) compared to the RD group (0.78 ± 0.35 mM; Figure 4B). The difference in concentration of butyrate between HFD and HFD-Bu groups was not statistically significant (Figure 4B). The difference in the levels of acetate and propionate between groups were also not significant (data not shown).
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FIGURE 4. Quantification of Butyricimonas virosa and butyrate levels in feces. Fecal samples were collected at 6 weeks after treatment with B. virosa. Relative abundance of B. virosa analyzed using quantitative PCR (A), the concentration of butyrate was measured using gas chromatography (B). The relative abundance of B. virosa and the concentration of butyrate in fecal samples were significantly increased after treatment of B. virosa compared to HFD group.




Transcriptome Analysis in the Liver and Ileum

HFD significantly downregulated the levels of GLP-1R (0.50 ± 0.23) and PPARα (0.62 ± 0.24) in the liver compared with RD (GLP-1R: 1.08 ± 0.38 and PPARα: 1.02 ± 0.24; Figure 5A). Treatment with B. virosa significantly upregulated the liver levels of GLP-1R in the HFD-Bu (0.67 ± 0.17) and HFD-hk-Bu (0.72 ± 0.22) groups, and of PPARα in the HFD-Bu (0.96 ± 0.14) and HFD-hk-Bu (1.15 ± 0.32) groups, compared to the HFD group (Figure 5A). The levels of DPP4 and PPAR𝛾 were not significantly different between the B. virosa-treated and HFD groups.
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FIGURE 5. Transcriptome analysis in the liver (A) and ileum (B). Relative levels of mRNA associated with glucose regulation and lipid metabolism measured using quantitative PCR. The 2−ΔΔCT relative quantification method was used for analysis of the level of relative mRNA expression (log2 fold change) compared to that of GAPDH expression as an internal control. Different superscript letters indicate significant differences (p < 0.05) according to Duncan’s post-hoc test. GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.


In the ileum, HFD significantly downregulated the levels of IRS-1 (0.64 ± 0.27), IRS-2 (0.54 ± 0.33), and ZO-1 (0.41 ± 0.31) compared with RD (IRS-1: 1.04 ± 0.30, IRS-2: 1.03 ± 0.29, and ZO-1: 1.02 ± 0.21), whereas the level of TLR5 was not significantly different between the RD (1.01 ± 0.17) and HFD (1.03 ± 0.64) groups (Figure 5B). Furthermore, B. virosa significantly upregulated the levels of IRS-1 in the HFD-Bu (1.35 ± 0.89) and HFD-hk-Bu (0.94 ± 0.47) groups, and those of IRS-2 in the HFD-Bu (1.32 ± 0.74) and HFD-hk-Bu (0.78 ± 0.42) groups, compared to the HFD group (Figure 5B). Moreover, B. virosa significantly upregulated the level of ZO-1 in the HFD-Bu (0.81 ± 0.34) and HFD-hk-Bu (0.71 ± 0.46) groups, and of TLR5 in the HFD-Bu (1.67 ± 0.68) and HFD-hk-Bu (1.37 ± 0.88) groups, compared to the HFD group (Figure 5B).



Regulation of GLP-1R in the Liver by B. virosa

The HFD-induced downregulation of the GLP-1R mRNA level in the liver was increased by heat-killed B. virosa (Figure 5A). In addition, the GLP-1R protein level in the liver, which was significantly decreased by the HFD, was upregulated by B. virosa compared to the HFD group (Figures 6A,B).
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FIGURE 6. GLP-1R protein expression in the liver. Live and heat-killed Butyricimonas virosa were administered daily for the final 6 weeks of HFD feeding. Total protein extracted from liver lysates was used in Western blot GLP-1R analysis (A). GLP-1R protein was detected using anti-GLP-1R polyclonal antibodies; the expression ratio was quantified compared to the expression of GAPDH detected using anti-GAPDH polyclonal antibodies (B). Different superscript letters indicate significant differences (p < 0.05) according to Duncan’s post-hoc test. GLP-1R, Glucagon-like peptide-1 receptor; HFD, High-fat diet; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.





DISCUSSION

Butyricimonas virosa had a beneficial effect on metabolic disorders, including obesity and hyperglycemia, via GLP-1R in the liver in a mouse model of obesity. This finding is in agreement with a recent report that the abundance of Butyricimonas spp. is related to metabolic improvements (Lee et al., 2018; Kim et al., 2019). In addition, enrichment of B. virosa was observed in mice colonized with the microbiota of lean twins discordant for obesity (Ridaura et al., 2013). In a human study, a high level of the genus Butyricimonas was associated with significantly decreased triglyceride levels and body mass index (BMI; Fu et al., 2015). Interestingly, heat-killed B. virosa significantly ameliorated body weight gain, hyperglycemia, insulin resistance, and liver steatosis similarly to live B. virosa. Therefore, we considered that the metabolic improvements were not mediated by B. virosa-produced butyrate.

In this study, an increase in the relative abundance of B. virosa was identified in the fecal samples of mice in the HFD-Bu and HFD-hk-Bu groups but was significant only in the former group. We predicted that metabolic improvements would not be observed in the HFD-hk-Bu group. Butyricimonas is a butyrate-producing bacterial genus and SCFAs, such as acetate, propionate, and butyrate, regulate the epithelial expression of genes involved in energy metabolism (Den Besten et al., 2013). Moreover, the administration of butyrate improved metabolic disorders, including hyperglycemia and hepatic lipogenesis, in a manner mediated by AMPK, GLUT4, and GLP-1 (Gao et al., 2019; Zhang et al., 2019).

Previous studies on A. muciniphila support the effect of heat-killed B. virosa on metabolic improvements. Live and pasteurized A. muciniphila at 70°C improved the metabolism of rodents and humans with obesity and diabetes (Depommier et al., 2019, 2020). Although it is unclear why heat-killed B. virosa induced metabolic improvements in this study, there are several plausible mechanisms. First, the effect of B. virosa may be mediated by a protein stable to autoclaving. Certain active bacterial components that mitigate insulin resistance and glucose tolerance are unaffected by heat treatment. Moreover, heat-killed B. virosa may modulate the gut microbiota and metabolic improvements. Although the effect of B. virosa on the gut microbiota was not investigated in this study, bacterial components and metabolites can act as prebiotics, modulating the gut microbiota (Salminen et al., 2021). Live and heat-killed B. virosa may have different modes of action, on which further studies are needed.

GLP-1R was implicated in glucose homeostasis following B. virosa treatment. Activation of GLP-1R is involved in regulation of hyperglycemia, and GLP-1R agonists including exenatide, liraglutide, and lixisenatide are important therapeutics for type II diabetes (Burcelin et al., 2014) Especially, GLP-1 secreted from intestinal cells activates glucose-dependent insulin secretion and inhibits glucagon release (MacDonald et al., 2002). SCFAs increase the secretion of GLP-1 and GLP-1R (Tolhurst et al., 2012; Zhang et al., 2019). Therefore, we hypothesized that the metabolic improvements induced by Butyricimonas were caused by an increase in its SCFA production. However, the expression of GLP-1R in the intestine was not significantly increased by Butyricimonas (data not shown). Interestingly, GLP-1R was upregulated in the liver, in which its activation is implicated in glucose regulation by Butyricimonas. Indeed, GLP-1 is closely related to hepatocyte fatty acid β-oxidation and insulin sensitivity (Svegliati-Baroni et al., 2011), and GLP-1R in hepatocytes modulated insulin signaling, thereby ameliorating hepatic steatosis (Gupta et al., 2010). In this study, the hepatic steatosis induced by the HFD was improved by both live and heat-killed B. virosa; thus, Butyricimonas may modulate hepatic lipogenesis via GLP-1R activation.

In addition, DPP4, which inactivates GLP-1, is an important therapeutic target for hyperglycemia. DPP4 regulation was not observed in this study, so may not be involved in GLP-1R-mediated glucose regulation by Butyricimonas. Hepatic DPP4 is important in insulin resistance and the anti-diabetic effect of DPP4 inhibitors is mediated by upregulation of intact GLP-1 (Kim et al., 2016). However, an anti-glycemic effect of DPP4 inhibitors is apparent in mice lacking GLP-1R (Hansotia et al., 2004), and GLP-1R antagonism does not eliminate the anti-glycemic effect of DPP4 inhibitors in patients with T2D (Nauck et al., 2016). Moreover, GLP-1R agonists protect endogenous GLP-1 from degradation by DDP4 and are used in the treatment of T2D (Drucker et al., 2010).

PPARs are essential regulators of energy metabolism. Among them, PPARγ is a major therapeutic target for glucose regulation. Interestingly, the expression level of PPARα was significantly increased, instead of that of PPARγ. The role of PPARα in modulating glucose homeostasis is unclear. PPARα-null mice were protected against HFD-induced insulin resistance (Guerre-Millo et al., 2001), and PPARα deficiency reduced insulin resistance in apoE-null mice (Tordjman et al., 2001). In contrast, the absence of PPARα increased hepatic glucose production from lactate and glycerol irrespective of the insulin level (Xu et al., 2002). Moreover, fibrates, which are selective PPARα activators, improved HFD-impaired insulin sensitivity, thereby suppressing the expression of carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) and promoting insulin clearance (Guerre-Millo et al., 2000; Ramakrishnan et al., 2016). PPARα regulates hepatic lipogenesis by modulating fatty acid uptake and oxidation (Pawlak et al., 2015). Insulin resistance is associated with hepatic steatosis and is a hallmark of non-alcoholic fatty liver (Chao et al., 2019). In this study, the HFD-induced increased liver weight and steatosis were significantly ameliorated by B. virosa treatment compared to the HFD group. Therefore, hepatic glucose regulation may be affected by fatty acid homeostasis via PPARα in the liver.

HFD-induced dysbiosis of the gut microbiota affects the expression of various genes related to energy metabolism, inflammation, and lipid profiles (Boulange et al., 2016; Teixeira et al., 2021). In this study, live B. virosa ameliorated the HFD-induced downregulation of mRNA levels of IRS-1, IRS-2, ZO-1, and TLR5 in the ileum, likely related to the activation of GLP-1R for glucose regulation in the liver. A lack of insulin receptors in the intestine contributes to the pathophysiological changes seen in patients with type II diabetes (Ussar et al., 2017). The intestinal epithelial barrier, which is related to dysbiosis of the gut microbiota, affects liver function and insulin resistance (Damms-Machado et al., 2017). ZO-1 is an important intracellular tight junction protein, whose disruption is linked to hyperglycemia (Thaiss et al., 2018). TLR5-deficient mice showed features of metabolic syndrome, including hyperglycemia and insulin resistance, which were significantly correlated with the altered gut microbiota (Vijay-Kumar et al., 2010).

Our findings suggest that B. virosa is implicated in glucose regulation in obese mice, but the absence of a mechanistic analysis was a limitation. We evaluated crosstalk between the gut microbiota and GLP-1R in the liver. Although B. virosa upregulated several mRNA transcripts in the intestine, we did not analyze downstream effects of GLP-1R activation in the liver. In addition, to generalize the anti-hyperglycemic effect of Butyricimonas, intervention studies using other animal models, including a non-obese diabetic mouse, are needed. Furthermore, investigation of Butyricimonas-induced changes in the gut microbiota under a variety of conditions would provide insight into the effect of Butyricimonas on glucose regulation.



CONCLUSION

Treatment with live and heat-killed B. virosa ameliorated changes in body weight, serum glucose level, insulin resistance, and liver steatosis in a mouse model of HFD-induced obesity. Moreover, GLP-1R in the liver was activated, which may be linked to in the metabolic improvements induced by Butyricimonas. Our results provide a rationale for the development of pharmabiotics based on Butyricimonas spp. for the prevention and treatment of type II diabetes.
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The rumen microbiota plays a key role in the utilization of plant materials by ruminants, yet little is known about the key taxa and their genetic functions of the rumen sub-environment involved in the ruminal degradation process. Understanding the differences in the composition and function of ruminal microbiota in the liquid-associated (LA) and solid-associated (SA) systems is needed to further study and regulate rumen function and health. In this study, rumen contents of nine sheep were collected to separate LA and SA systems with elution and centrifugal precipitation. Metagenome sequencing was used to investigate the differences in microbial composition and genetic functions of LA and SA systems, with special emphasis on their degradational potential toward carbohydrates. Results showed that the dominant species composition was similar between the two systems, but SA microorganisms had a higher relative abundance than LA microorganisms in all taxa. The concentration of fiber-degrading bacteria, such as Ruminococcus, Treponema, and Fibrobacter, was higher and Prevotella was lower in the SA vs. LA system. Additionally, SA microorganisms dominated in cellulose degradation, while LA microorganisms were more important in starch utilization based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO)'s functional categories and Carbohydrate-Active Enzymes (CAZymes). In general, SA microorganisms are more abundant and important in metabolic functions than LA, such as carbohydrate and amino acid metabolisms. In summary, the key differential biomarkers between LA and SA systems were Prevotella, Ruminococcus, Treponema, and Fibrobacter. Ruminal microbes degraded carbohydrates synergistically with SA, thus, more focusing on cellulose and hemicellulose, while LA is more important to starch.

Keywords: metagenomics, rumen microorganism, CAZymes, taxonomic diversity, functional diversity


INTRODUCTION

Ruminants are distinguished from other animals with their unique digestive organ—the rumen, which contains a complex and dynamic ecosystem with numerous microorganisms including bacteria, anaerobic fungi, protozoa, methanoarchaea, and bacteriophages. Ruminal microbes provide many essential nutrients to their host including microbial protein (MCP), volatile fatty acids (VFA), and vitamins (Elghandour et al., 2020).

Earlier studies on rumen microbes were mainly conducted using microscopic observation and microbial culture technology. Based on those research, rumen microbes are classified into three major groups: (1) liquid-associated (LA) microbes that suspend in rumen fluid, (2) solid-associated (SA) microbes that are associated with the feed particles, and (3) epithelium-associated (EA) microbes that colonize on the rumen epithelium (Wallace et al., 1979; McAllister et al., 1994). The SA microorganisms can be further divided into loosely associated microflora, which can be easily removed with a gentle wash, and tightly associated microflora, which cannot be removed. Larue et al. (2005) reported that SA microbiota is drastically different in composition and structure from LA microbiota, and their diversities can be influenced by the dietary composition. For instance, Sadet et al. (2007) used genetic fingerprinting and polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) techniques to study the dietary effects on rumen microbes and found the significantly distinct composition of EA, LA, and SA microbes in lambs fed on forages, but not in those fed on high concentrate diets. Studies using 16S rRNA gene clone library analyses also revealed the spatial distribution of rumen microbes. Several studies based on this technique have shown that rumen microbes are spatially differentiated (Kong et al., 2010; Pitta et al., 2010; De Menezes et al., 2011; Gharechahi et al., 2015; Mao et al., 2015). However, some studies argued that the differences between LA and SA are small and mainly exist in relative abundance (Petri et al., 2013; De Mulder et al., 2016; Ji et al., 2017).

Previous research mainly focused on rumen fermentation and microbial composition, but most of them failed to provide information on the metabolic functions of rumen microorganisms. Differences in rumen microbial composition indicate there might be different metabolic functions between microbes. Some scholars investigated functional differences in the rumen microbial ecosystem using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (Mao et al., 2015). Hinsu et al. (2020) and Pandit et al. (2018) have studied functional profiles in cattle and buffalo using metagenomic and metatranscriptomic approaches (Pandit et al., 2018; Hinsu et al., 2020). However, studies on functional differences between rumen LA and SA microorganisms are still missing in sheep. In addition, some reports in the field of biofuel research have shown that rumen SA microorganisms have a very important relationship with cellulose degradation (Brulc et al., 2009; Hess et al., 2011; Gharechahi et al., 2020, 2021). It is still unclear how different rumen LA and SA microorganisms are involved in carbohydrate degradation potential, and how the SA microorganisms contribute to CAZymes.

The microorganism of low abundance in the rumen may be easily ignored due to technical limitations of microbial culture and 16S rRNA gene sequencing. Metagenomics, on the other hand, not only enables the description of ruminal microorganisms at a greater resolution but also facilitates studying the linkage between nutrition and metabolism of the rumen microbiome at the genomic level (Lima et al., 2015; Pitta et al., 2016). In this study, we sequenced rumen microbes from 9 lambs and generated 202 gigabases of metagenomic sequential data to study the composition of rumen LA and SA microbes. In addition, we analyzed the functional differences in degrading carbohydrates between LA and SA ruminal microbes. To the best of our knowledge, this is the first study analyzing the differences in the composition and function of sheep rumen's LA and SA microorganisms using metagenomic techniques. We speculate that the microorganisms in the rumen sub-environment vary greatly, with microbes in rumen fluid being more biased toward soluble nutrients, while attached microbes are more capable of degrading cellulose. This study provides novel insights into the research of gastrointestinal microorganisms and acts as a guide for rumen sampling.



MATERIALS AND METHODS


Ethics Approval

All experimental procedures involving animals were approved by the Animal Care Committee of Gansu Agricultural University (GSAU-AEW-2020-0057), in compliance with the animal care and experimental procedure guidelines established by the Ministry of Science and Technology of the People's Republic of China (Approval No. 2006-398).



Animals and Experimental Design

Nine weaned Hu-sheep male lambs (aged 90 ± 5 days; 19.27 ± 0.45 kg body weight) from three pens were selected. The dietary ingredients and chemical composition of the basal diet are presented in Table 1. Lambs were housed in a barn with good ventilation and had ad libitum access to clean water. To avoid sorting and to maintain the desired forage to concentrate, a total mixed ration (TMR) was offered at 08:00 and 17:00 daily throughout the 60-day experimental period following 14 days adaptation period. Feed amounts were adjusted weekly to allow about 10% residues during the experimental period. TMR diet was sampled weekly and combined homogeneously at the end of the trial and analyzed for dry matter (DM), ash, crude fat, and crude protein according to the AOAC procedures (Cunniff and AOAC International, 1997). Acid detergent fiber (ADF) and neutral detergent fiber (NDF) were analyzed according to the procedures of Van Soest et al. (1991).


Table 1. Ingredients and nutrient composition of the basal diet [dry matter (DM) basis].
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Sample Collection and Processing

All lambs were slaughtered in the early morning of day 61 at a local slaughterhouse (Qingyang, Gansu, China) at 12 h after receiving their previous afternoon feed. Rumen contents from each sheep were filtered through a four-layer sterilized cheesecloth. Three tubes of 50-ml rumen fluid and ~150 g of residues were kept in liquid nitrogen and later stored at −80°C before extraction of microbial DNA.

Rumen LA microorganism and SA microorganism were extracted by referencing the method from previous publications (Larue et al., 2005; Gharechahi et al., 2020). Briefly, rumen fluid was filtered with 4 layers of sterilized cheesecloth, and 50 ml of filtrate was centrifuged at 10,000 g for 20 min at 4°C. The supernatant was discarded, and the precipitation was suspended in 10-ml phosphate-buffered saline as rumen LA microorganism samples and stored at −80°C. Rumen residue of 10 g was thawed at 4°C and transferred to a 50-ml centrifuge bottle, and 30 ml of phosphate-buffered saline was added to resuspend the plant particles. The mixture was gently shaken for 60 s, then, centrifuged at 500 g for 15 min at room temperature to sediment the plant particles. The supernatant was carefully removed and transferred to another 50 ml of freshly sterilized bottles and the microbial cells (loosely adherent fraction, LAF) were harvested by centrifugation at 10,000 g for 20 min at 4°C. The remaining residue was resuspended in 50 ml of an anaerobically prepared diluent containing 0.15% (v/v) Tween-80, then, gently shaken for 60 s and placed on ice for 2.5 h to elute the tightly adherent bacteria. After removing the plant particles by centrifugation at 500 g for 15 min at room temperature, the microbial cells (tightly adherent fraction, TDF) were recovered by centrifugation at 10,000 g for 20 min at 4°C. The LAF and TDF microbes were re-suspended in a 10-ml phosphate-buffered saline (PBS) as rumen SA microorganism samples and stored at −80°C prior to analysis.



Microbial DNA Extraction and Metagenome Shotgun Sequencing

Metagenomic DNA was extracted from the microbial samples using the Bacterial DNA Kits, following the instruction of the supplier (Omega, Shanghai, China). The DNA concentration was determined with Nanodrop 1000 (Thermo Fisher Scientific, Wilmington, DE, United States), and DNA integrity was evaluated on a 1% agarose gel. Metagenomic DNA libraries were constructed using the TruSeq DNA Sample Prep kit (Illumina, San Diego, CA, United States) and were sequenced via paired-end chemistry (PE150) on the Illumina Hiseq X Ten platform (Illumina, San Diego, CA, United States) at Biomarker Technologies (Beijing, China).



Metagenome Shotgun Sequencing Analysis
 
Genome Assembly

Metagenome sequencing of total DNA from 18 rumen samples generated ~202 gigabases (GB) of raw sequences data. There were 34 GB of data, which likely originated from the host and were excluded from the datasets. Raw reads were filtered using Trimmomatic with a quality cutoff of 20 and reads shorter than 30 bp were discarded. The reads considered from the host were removed using DeconSeq v0.4.3 (Schmieder and Edwards, 2011) and bowtie2, with the National Center for Biotechnology Information (NCBI) Tibetan sheep genome sequences as references. The remaining high-quality reads of all samples were assembled by multiple megahits using Megahit V1.1.2(Li et al., 2015), which makes use of succinct de Bruijn graphs. Contigs of 300 bp and over were selected as the final assembly result. Results were evaluated by Quast (Zhu et al., 2010) and then contigs were used for further gene prediction and annotation. The statistical summary of multiple megahits is shown in Supplementary Table 1.



Non-redundant (NR) Gene Set Construction

Based on the assembly results, MetaGeneMark (http://exon.gatech.edu/meta_gmhmmp.cgi, Version 3.26) using default parameters predicted the presence of open reading frames. The summary statistics for gene prediction are shown in Supplementary Table 2. Predicted genes from all samples were gathered together to form a large gene set. MMseqs2 (https://github.com/soedinglab/mmseqs2, Version 11-e1a1c) was used to construct the NR gene set by setting 95% identity and 90% coverage of the gene with the longer sequences in the clustering.



Gene Abundance Calculation

Bowtie2 v2.3.4 was used to map clean reads of each sample to the NR gene set (Langmead and Salzberg, 2012). MarkDuplicates in the Picard toolkits version 2.0.11 was used to remove the PCR duplicates in the reads, and HTSeq v0.9.1 was then employed to calculate gene counts (Anders et al., 2015). Transcripts per kilobase of exon model per million mapped reads (TPM) of the gene, calculated as [(gene count/gene length) × 106/sum (gene count/gene length)], were used to normalize gene abundance. The abundance of genes was compared using the R program DESeq2 package (Love et al., 2014). The differences were considered significant when the false discovery rate (FDR) was <0.05.




Gene Taxonomy and Function Annotation

For taxonomic analysis, DIAMOND (diamond v0.9.29.130, e-value ≤ 1e−5) was used to blast the unigenes against the bacteria, fungi, archaea, and virus sequences in the Non-Redundant Protein Sequence Database (NR database) of the NCBI (https://www.ncbi.nlm.nih.gov/). The most similar sequence in the NR database was found, and the annotation information corresponding to the sequence is the annotation information corresponding to the sequenced genome gene.


KEGG Pathway Enrichment Analysis

The KEGG Orthology (KO) terms of predicted genes were obtained using the KEGG Automatic Annotation Server (KAAS) (Moriya et al., 2007). Subsequently, KO terms were mapped to KEGG pathways via the KEGG mapper provided by the KEGG website. The KEGG annotations were conducted using Diamond against the KEGG database (Version: 2018-07-30) with the e-value cutoff of 1e−5.



CAZymes Annotation and Taxonomic Profiling

The CAZymesannotation was conducted using hmmscan (Version 3.1b2) against the CAZy database Version 6.0 with the e-value cutoff of 1e−5. Putative plant cell wall polysaccharide-degrading enzymes belonging to different CAZy families were identified and classified according to sequence-based annotation. CAZymes encoding contigs were analyzed manually for different classes of CAZymes: Glycoside Hydrolases (GHs), Glycosyl Transferases (GTs), Carbohydrate Esterases (CEs), Carbohydrate-Binding Modules (CBMs), Auxiliary Activities (AAs), and Polysaccharide Lyases (PLs). Subsequently, CAZy results were analyzed to determine the proportions of different CAZymes present in the rumen metagenome data.




Data Accession Number

The Illumina sequencing raw data for our samples have been deposited in the NCBI. The raw data are available under BioProject, accession number: PRJNA795697 (Metagenome).



Statistical Analysis

Taxonomic and functional data analyses were performed using the online platform of BMKCloud (www.biocloud.net). Community richness and diversity, such as Chao1, ACE, Simpson, and Shannon indices, which were used to illustrate significant differences between two systematic samples, were assessed by the program MOTHUR v.1.35.0. Principal coordinate analysis (PCoA) for beta diversity was constructed and visualized using the R package (R ade4 package, version 2.15.3). The significance between groups in the PCoA plot was tested with permutational multivariate analysis of variance (PERMANOVA). Differential abundance of phylum, family, genus, CAZymes, and KO modules were analyzed by Wilcoxon test using stats R package in R software (version 3.3.1). Statistical significance was declared at 0.01 ≤ P < 0.05 “*” and P < 0.01 “**.” Linear discriminant analysis (LDA) effect size (LEfSe) analysis was used to determine the biomarkers explaining the differences between the LA and SA microbes. LDA score cut-off was set at 3.




RESULTS


Analysis of Microbial Structure in Ruminal LA and SA Microorganisms
 
Sequencing Data

We assembled 5,371,141 contigs and identified 487 archaeal species from 102 genera and 14,990 bacterial species from 2,226 genera and 999 unclassified species.



Taxonomy of the Ruminal LA and SA Microorganism

The ACE and Chao1 were indices of species richness, while Shannon and Simpson were indices of species richness and evenness. In this study, ruminal microbial alpha diversity was measured by Chao1, ACE, Simpson, and Shannon indices for both SA and LA microorganisms. Shannon index of the SA group was higher than the LA group (P < 0.01), similar to the Simpson index (Figure 1A). However, there was no difference in ACE and Chao1 indices between SA and LA microbes. These results indicated that microbial evenness and diversity of SA microbes were higher than those of LA microbes. Beta diversities of microbial communities between SA and LA were calculated and visualized by PCoA using the Bray–Curtis distance, and PERMANOVA was used to test significances. Results showed that microbial communities were distinct between LA and SA systems (Figure 1B). In general, SA microbes have more species and higher relative gene abundance at all taxonomic levels than LA microbes. At the species level, SA annotated 7,897.7 species, which was 12.79% higher than LA (Supplementary Table 3). It is noteworthy that one sample was anomalous in both SA and LA systems (Supplementary Figures 1–3), which might be caused by the individual differences of sheep or potential contamination of this sample. This phenomenon was also found in the subsequent functional analysis but did not affect the overall analysis.
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FIGURE 1. (A) Ruminal bacterial alpha diversity of liquid-associated (LA) and solid-associated (SA) microorganisms. (B) Beta diversity: principal coordinate analysis (PCoA) of bacterial community structure based on Bray–Curtis distances for LA and SA microorganisms. (C) Linear discrimination analysis (LDA) effect size (LEfSe) analysis comparing LA and SA groups. (D) Histogram of LDA scores computed for microorganisms abundant differently between LA and SA microorganisms. LDA scores (log10) > 3 were listed (n = 9 per group). *P < 0.05, **P < 0.01.


The student's t-test was used to compare microbial communities between rumen SA and LA systems. The top 10 species at 6 taxonomic levels are shown in Table 2. For the annotated species, at the phyla level, Bacteroidetes (54–63% of relative abundances), Firmicutes (14–21%), Proteobacteria (1.9–2.7%), Spirochetes (0.3–3.2%), and Fibrobacteres (0.6–1.6%) were the dominant phyla. Compared with the LA group, the SA group had a higher relative abundance of Firmicutes, Spirochaetes, and Fibrobacteres, and a lower relative abundance of Bacteroidetes (P < 0.05). Class level taxonomy showed that the most abundant classes were Bacteroidia (53–62% of relative abundances) and Clostridia (8–14%). The relative abundance of Clostridia, Spirochaetia, Fibrobacteria, and Flavobacteriia was higher, and Bacteroidia was lower for the SA group vs. LA group at class level (P <0.05). On the order level, Bacteroidales (52.8–62% of relative abundances), Clostridiales (8.3–13.,9%), and Spirochaetales (3.1%) were the most abundant orders. Higher (P < 0.05) relative abundance of Clostridiales, Spirochaetales, Fibrobacterales, Acidaminococcales, Flavobacteriales, and lower Bacteroidales were observed in the SA group compared with the LA group. Family level taxonomy showed that the most abundant classified families were Prevotellaceae (39.1–49.6% of relative abundances), Bacteroidaceae (4.8–5.0%), Lachnospiraceae (2.8–5.0%), Ruminococcaceae (2.2–4.4%), and Spirochaetaceae (0.3–3.1%), with the remaining families representing <3% on average of the relative abundances. Compared with the LA group at the family level, the SA group had a higher relative abundance of Lachnospiraceae, Ruminococcaceae, Spirochaetaceae, Rikenellaceae, and Fibrobacteraceae, and a lower relative abundance of Prevotellaceae (P < 0.05). On the genus level, Prevotella (36.6–47.5% of relative abundances), Bacteroides (4.7–4.9%), Ruminococcus (1.5–3.1%), and Treponema (0.2–3.1%) were the most abundant genera, with the remaining genera accounting for < 2% on average of the total read abundances (Table 2). A decrease (P < 0.05) in Prevotella and an increase in Ruminococcus, Treponema, and Fibrobacter were observed in the SA group compared with the LA group (Table 2). At the species level, we observed a higher relative abundance of Treponema_bryantii and bacterium_P3 in the SA group, and higher Prevotella_sp._AGR2160 and Prevotella bryantii abundance in the LA group (Table 2).


Table 2. Top 10 microbial players at six taxonomic levels in rumen SA and LA systems.
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To further evaluate the differences in microbial communities between SA and LA systems and screen out the specific biomarkers, a linear discriminant analysis (LDA) effect size (LEfSe) was performed. Coupling standard tests were used for statistical significance with additional analyses examining biological consistency and effect relevance. Results showed that starch and protein degrading bacteria Prevotella spp. and glucosidase active bacteria Bacteroidia were significantly enriched in the LA system, whereas plant fiber degrading bacteria Fibrobacteres and Clostridia, resistant starch-degrading bacteria Firmicutes, and hemicellulose degrading bacteria Spirochaetes were significantly associated with SA system (Figures 1C,D). The above results disclosed the differences in microbial composition between rumen LA and SA systems, microorganisms enriched in the SA system were closely related to crude fiber degradation, while those enriched in LA were more related to starch and protein digestion.




Rumen Microbial Function Between LA and SA Microorganisms

At the gene level, a total of 2,631,315 non-redundant genesets were detected and were annotated to 6,279 KOs. Overall LA and SA fractions showed differences in KO levels as evidenced by the PCoA plot (Figure 2A). Compared to the LA group, relative abundances of 556 KOs were upregulated in the SA group, with only 5 KOs being downregulated (Supplementary Table 4). To further understand the functional differences between LA and SA microorganisms, students' t-test was used to evaluate their differences at KEGG-pathway level 2. Carbohydrate metabolism, amino acid metabolism, and translation represented the most abundant categories. Level 2 categories showed that most of the metabolism categories were abundant in SA. For the top 10 pathways, the relative abundance of 7 pathways in SA microbes was higher than in LA microbes (Figure 2B). These pathways are involved in carbohydrate, amino acid, and nucleotide metabolism, as well as translation function, replication and repair, and membrane transport.
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FIGURE 2. (A) Principal coordinates analysis (PCoA) of LA and SA systems in Kyoto Encyclopedia of Genes and Genomes (KEGG)-Orthology (KO) level. (B) Functional differences between LA and SA microorganisms at KEGG-pathway level 2. (C) Percentage of CAZymes in each group. (D) PCoA of LA and SA microorganisms at CAZy-family level (n = 9 per group). *P < 0.05, **P < 0.01.


The CAZy database defines six classes of enzymes involved in carbohydrate metabolism, including cellulases, hemicellulases, and amylases (Lombard et al., 2014). To specifically explore the microbial potential for dietary degradation in ruminal SA and LA systems metagenomes, we screened for CAZymes in the assembled contigs. CAZymes belonging to different classes (GHs, GTs, CEs, CBMs, PLs, and AAs) are shown in Figure 2C. Among these six classes of CAZymes families, glycoside hydrolases (GHs, 43.7%) were the most abundant family, and auxiliary activities (AAs,1.4%) were the least abundant family. GHs hydrolyze glycosidic bonds in complex carbohydrates and often assist in the degradation of cellulose, hemicellulose, and starch (Supplementary Figure 4). To evaluate the capacity of carbohydrate degradation of rumen LA and SA microbes, the PCoA method was used to their differences in CAZymes, and PERMANOVA was used to test the significance. The student's t-test was used to further compare the detailed differences between SA and LA in the CAZy class level. As shown in Figure 2D, microbial CAZymes were distinct between LA and SA systems (P < 0.05). Carbohydrate-binding modules (CBMs) and AAs' relative abundance in the SA group were higher than in the LA group (P < 0.05) (Table 3). The AAs' class in CAZy includes a number of enzymes acting in conjunction with GHs, GTs, CEs, and PLs classes, while CBMs are a class of proteins that assist carbohydrate enzymes to bind to their substrates.


Table 3. CAZymes contributing to GH, GT, CBM, CE, AA, and PL (all CAZymes were collectively considered 100%).
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Genes Related to the Carbohydrate Degradation Pathway
 
Phylogenetic Analysis of CAZymes

Carbohydrate degradation, especially cellulose, is one of the most important functions of rumen microorganisms. Therefore, it is necessary to further explore the differences in carbohydrate degradation potential between SA and LA systems. At the phyla level, phylogenetic analysis of CAZyme contigs showed that Bacteroidetes, Firmicutes, and Fibrobacteres primarily contributed to CAZyme-encoding gene fragments of the CBM, CE, GH, GT, and PL families in sheep rumen metagenome (Supplementary Figure 5). In these CAZymes families, Firmicutes, Fibrobacteres, Spirochaetes, and Proteobacteria were higher, while Bacteroidetes and Proteobacteria were lower in the SA group compared to the LA group (Supplementary Figure 5). Bacteroidetes, Firmicutes, Fibrobacteres, Spirochaetes, and Proteobacteria were found in all five CAZyme categories and were the primary contributors of CAZymes at the phyla level. At the genus level, phylogenetic analysis of CAZyme contigs showed that Prevotella, Bacteroides, and Fibrobacter primarily contributed to CAZyme-encoding gene fragments of CBM, CE, GH, GT, and PL families in rumen metagenome (Figure 3A). The number of CBM, CE, GH, and GT enzymes belonging to Treponema and Fibrobacter were significantly higher in SA than LA groups; the opposite was observed for Prevotella (Figure 3A). Alistipes was found in all five categories, with the highest abundance in CBM, CE, and GH families, followed by GT and PL families. The relative contribution of Alistipes to CBM, CE, and GH families was significantly higher in SA than in the LA group (Figure 3A). The number of enzymes from Ruminococcus, one of the most dominant bacteria of the CBM, CE, and GH families, was higher in SA than in the LA group. Dialister, Succiniclasticum, and Clostridium were also found in these five categories. Dialister was only distributed in GT, while Succiniclasticum was only distributed in CE, and Clostridium was mainly distributed in GT (Figure 3A). In summary, Prevotella, Bacteroides, Fibrobacter, Ruminococcus, and Alistipes were found in all five CAZyme categories and were the primary contributors of CAZymes in the genus level.
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FIGURE 3. (A) Percent contributions of CAZymes from major microbial communities in LA and SA groups. GH stands for glycoside hydrolase, GT for glycosyltransferase, and PL for polysaccharide lyase. CE for carbohydrate esterases and CBM for carbohydrate-binding module. (B) Comparisons of gene abundance of GH family gene-coded cellulase in LA and SA groups. (C) Comparisons of gene abundance of GH family gene-coded hemicellulase in LA and SA groups. (D) Comparisons of gene abundance of top10 CBMs in LA and SA groups (n = 9 per group). *P < 0.05, **P < 0.01.




Comparison of CAZyme Families of Ruminal LA and SA Microorganism

To further explore the key carbohydrate biodegradation process of ruminal LA and SA microbes, we compared the GH families that are responsible for cellulose, hemicellulose, and oligosaccharide degradation. In our study, seven GH families (GH5, GH95, GH9, GH88, GH45, GH44, and GH48) were found to be mainly associated with cellulolytic functions (Figure 3B). The relative abundances of GH45, GH44, GH9, and GH48 were significantly higher in the SA group (P < 0.05), with 4.59, 2.55, 1.55, and 2.36 times higher compared to the LA group, respectively.

Six GH families (GH28, GH10, GH26, GH53, GH8, and GH11) were detected in our study to have important roles in hemicellulose degradation (Figure 3C). Compared with the LA group, we found that the abundance of GH8 and GH11 genes were 1.80 and 3.09 times higher in the SA group (P < 0.01).

Oligosaccharide-degrading enzymes are major parts of GH families, representing 44.86 and 45.69% of total GHs in LA and SA groups, respectively (Table 4). Compared with the LA group, we found that the abundance of GH39 and GH94 genes were significantly higher by 173.77% and 30.07% (P < 0.01), and GH13 and GH32 genes were significantly lower by 3.74 and 14.43% in the SA group (P < 0.05). The GHs that are responsible for oligosaccharide degradation (oligo-GHs) are mainly GH2, GH3, GH13, GH97, and GH43. The most abundant GH (7.50 and 8.16% of total GHs in LA and SA groups, respectively) was GH43 that encodes endoglucanase.


Table 4. Oligosaccharide-degrading and debranching enzymes were identified from LA and SA microorganisms.
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Debranching enzymes were also identified belonging to GH23, GH33, GH51, GH54, GH67, GH78, GH78, GH84, GH103, and GH127 families. For this group, the most abundant GH (2.60 and 2.43% of total GHs in LA and SA groups, respectively) was GH51 that codes α-L-arabino furanosidase (Table 4). GH54 and GH77 were more abundant(P < 0.05) in the SA group than in the LA group, and the abundance of GH54 in the SA group was 8.61 times higher than in the LA group.

The CBM domain helps CAZyme binding to carbohydrate substrate, thereby facilitating the enzyme's activity (Boraston et al., 2004). We selected the top10 relative abundance CBMs for difference analysis (Figure 3D). Results showed that CBM50 was the most abundant family, which binds primarily to either chitin or peptidoglycan. Compared with the LA group, we found that the abundance of CBM48, CBM6, CBM35, and CBM37 genes were increased by 2.84, 36.40, 8.51, and 56.06% (P < 0.05), and CBM20 and CBM26 genes were decreased by 21.46 and 39.48%in SA group (P < 0.05). The CBM37, CBM35, and CBM6 exhibit rather broad binding specificity to xylan, chitin, microcrystalline, and phosphoric-acid swollen cellulose.





DISCUSSION

Ruminal microbiota contains a dense and complex mixture of bacteria, archaea, fungi, and protozoa that can convert plant biomass into VFAs and MCP providing to the host. One of the common methods to study rumen microorganisms is collecting rumen fluid. However, previous studies reported that microorganisms from different ruminal fractions including rumen epithelial tissue, rumen liquid, or solid fractions can be different (Kong et al., 2010; Mann et al., 2018). In the present study, we analyzed rumen microbial structure and metabolic functions of LA and SA microorganisms with metagenomics analyses and explored their degradational differences toward carbohydrates with sheep fed on a high-concentrate diet.


The Microbial Composition Between LA and SA Microorganisms

Analysis of alpha and beta diversities of SA and LA microbes in this study showed that SA microbes had higher richness than LA microbes. A study on Holstein-Friesian dairy cows showed that Shannon-Wiener and Simpson diversity indices of a solid-adherent environment were significantly higher than that of a liquid environment (De Mulder et al., 2016), which is in line with our results. Although the dairy diet (forage-to-concentrate ratio of 70:30) was different from ours (forage-to-concentrate ratio of 30:70), similar results were observed, indicating that the compositional differences between rumen SA and LA microbes are independent of dietary concentration levels. Another study on Holstein cows reported that rumen bacterial diversity was mainly affected by diet and individual cows rather than rumen fractions (Ji et al., 2017), which may be related to the treatment of rumen samples. The rumen ecosystem is a dynamic system, in which suspending cellulolytic microbes in the liquid phase can adhere to feed particles, and metabolites produced by previous colonists attract secondary colonizers (Leng, 2014). After feed particles are fully degraded, all microorganisms attached to them will be released into rumen fluid. Therefore, each feed particle can be regarded as a small complex micro-habitat, gathering a variety of microorganisms. Feed particles stay in the rumen longer than rumen fluid, so the richness of microbial species in solid samples is more abundant than in the liquid. Although LA and SA environments are continuously interacted and mutually influenced, differences in microbial composition between them were reported in previous studies (Larue et al., 2005; Leng, 2011; De Mulder et al., 2016). However, most of the previous studies were carried out based on high forage diets and had limited studies on microbial genome sequencing.

With metagenomic techniques, we obtained different results from previous studies using microbial culture and 16S gene sequencing for species studies. A study based on 16S ribosomal RNA (rRNA) gene sequencing showed that solid-adherent and liquid environments exhibited no differences in taxonomic composition, but can be distinguished by the relative abundance of species (De Mulder et al., 2016). There was also a study on cattle that came to the opposite conclusion, demonstrating that liquid and solid fractions had distinct bacterial community patterns (Pitta et al., 2014). Our study showed that out of 166 microbial taxa found at the phylum level, LA and SA microbes shared 155 species, with 6 solely found in the LA system, and 5 only observed in the SA system (Supplementary Figure 6). At the microbial genus level, we identified 2,831 genera with LA microbes having 311 unique genera and SA having 198 unique genera (Supplementary Figure 7). These results suggest that LA and SA systems differ not only in the relative abundance of species but also in the taxonomic composition with distinctive species in both systems. At the phylum level, Bacteroidetes and Firmicutes were the two most abundant classifications in both systems, which agrees with the previous ruminant studies (Xu et al., 2021; Zhang et al., 2021). Bacteroidetes as one of the most abundant phyla in the rumen has a wide range of sugar degradation and protein hydrolysis potential, which is significant for the digestion and utilization of non-fibrous polysaccharides and proteins (Woodmansey, 2007; De Mulder et al., 2016). Prevotella, which is an important genus from the Bacteroidetes phylum with high capabilities of degrading protein and starch (Bandarupalli and St-Pierre, 2020; Shen et al., 2020), was found more abundant in the LA group in this study. Ruminococcus and Fibrobacter were more enriched in SA microbes, which can attribute to their needs of adhering to feed particles for dietary fiber degradation (McAllister et al., 1994). Interestingly, we found that Spirochaetes and Treponema were significantly enriched in SA samples, which is in line with a previous study on dairy cows (De Mulder et al., 2016). A possible explanation is that Treponema species, unable to utilize cellulose as a carbon source, may establish close synergistic relationships with certain cellulolytic bacteria to obtain soluble sugars released during fiber degradation (Kudo et al., 1987). We speculate that there might be more such synergistic bacteria attaching to feed particles alongside cellulolytic bacteria, using the secondary metabolites from cellulolytic bacteria as their nutrient source. A previous study using microbial culture and 16S RNA gene sequencing identified two Treponema isolates possessing low-cellulose degradation ability from the rumen of sheep (Nyonyo et al., 2014), suggesting that Treponema may also assist other bacteria utilizing cellulose substrates.

Diet is one of the important factors affecting rumen microbial diversity, due to microbial preferences for specific substrates. Previous studies have shown that high forage diet significantly increased the relative abundance of fibrobacterota (Pandit et al., 2018; Xu et al., 2021). Forages with different nutritional quality can also affect rumen microorganisms. Firmicutes, fibrobacterota, bacteroidota, ruminococcaceae, and spirochaetota prefer forages with high hemicellulose and low ADF, while verrucomicrobiota has a higher abundance of forages with high fiber content (Gharechahi et al., 2020, 2021). It is well known that diet alters ruminal microflora, but little is known about the effects of diet on LA and SA microbial communities. Ji et al. (2017) found that the segregation of SA and LA microbes was more pronounced in high fiber diets, but effects on specific species were not explored. Rumen SA microbial diversity of Holstein cows fed on high forage was higher than LA microbes, and SA microbes were richer in Lachnoaceae, Ruminpccaceae, Fibroacteraceae, and Spirochaetaceae, while LA was richer in Prevotellaceae and Succinibrionaceae (De Mulder et al., 2016). Similar results were observed on sheep fed on a high concentrate diet. We hypothesized that Rumen SA microorganisms are composed primarily of cellulose and lignin-degrading bacteria, while LA microbes consist primarily of members utilizing soluble carbohydrates. The division of these functional members is not affected by dietary factors, but their abundance may be affected. Unfortunately, we were not able to analyze the dietary effects on the abundance of these members due to the lack of a high-forage group. These results illustrate the importance of SA microorganisms and collecting only rumen fluid for ruminal degradation research may be biased. Additionally, sampling time also influences rumen microorganisms. Previous studies described the temporal shift from copiotrophy to oligotrophy in rumen microbial function with incubation length (Gharechahi et al., 2021). Eventually, the retained microorganisms are mainly those that can use refractory components.



The Overall Function and Carbohydrate Degradation Potential Between LA and SA Microorganisms

The ability to perform functional analysis of microbial communities directly based on functional genes is one of the most important applications of the metagenomic technique. The present study indicates that SA microorganisms play more important roles in rumen metabolic function, supported by the research at the KEGG-pathway level 2. Earlier studies have shown that ruminal SA microbes are complex and diverse and may play an important role in rumen degradation (McAllister et al., 1994). In contrast, LA microbes may have limited contribution to metabolic activities and simply serve as a transit system of bacteria from SA biofilms prior to colonizing new feed particles (Leng, 2011). But a study on buffalo showed the opposite result, they indicated that most of the metabolism categories were abundant in liquid fraction (Hinsu et al., 2020). This may be because rumen samples were handled differently and because they collected rumen contents 3 h after feeding, whereas we collected them 12 h later. Its ability to degrade carbohydrates, especially plant cellulose, is the most important function of rumen microorganisms. We assessed the differences in carbohydrate degradation potential between LA and SA microbial systems. At the class level, the abundance of genes encoding CBMs and AAs was significantly higher in SA microbes than in their LA counterparts, suggesting that SA microbes may have a stronger ability to degrade carbohydrates, which is also consistent with the study on species taxonomy in this study. This is in line with previous studies on the function of microorganisms attached to forage in carbohydrates degradation (Hess et al., 2011; Stewart et al., 2018). Rumen metagenomic analysis showed that GH families were most abundant in SA and LA microbial systems of sheep, which was consistent with previous studies (Stewart et al., 2018; Lu et al., 2020). The GH family contains a large number of enzymes for polysaccharide degradation, such as cellulose, hemicellulose, and starch, and is one of the critical carbohydrase families for plant cell wall degradation (Hess et al., 2011; Lu et al., 2020). Phylogenetic analysis of CAZyme contigs showed that Prevotella, Bacteroides, Treponema, and Ruminococcus primarily contributed to CAZyme-encoding gene fragments of GH families in sheep rumen metagenome, which was consistent with previous studies with dairy goats (Shen et al., 2020) and Holstein cows (Wang et al., 2019). Among microorganisms encoding GHs gene fragments, Prevotella contributed more in LA systems, while Treponema and Ruminococcus contributed more in SA systems, which is also found in our species variability study. Microbial communities changed along with available substrates, similar to a previous study with cows fed on low-forage and high-forage diets (Wang et al., 2019), and consistent with the increase in Prevotella under low-fiber conditions.

Rumen microbiota is largely and functionally redundant with regard to carbohydrate degradation potential (Solden et al., 2018). Therefore, it may be more accurate to assess the carbohydrate degradation potential of SA and LA systems in terms of the abundance of specific substrate degrading enzymes. Based on linkages to specific substrate classes, Solden et al. (2018) assigned genomes into three trophic levels in the carbon food chain: (1) recalcitrant plant polymer degradation; (2) mixed polymer degradation and sugar fermentation; and (3) exclusive sugar fermentation. According to this theory, we performed a comparative analysis of three trophic levels in the GHs family: (1) cellulase; (2) hemicellulose; and (3) oligosaccharide-degrading enzymes and debranching enzymes. GH families, which are associated with three trophic levels in carbohydrate degradation functions, were identified by previous studies (Brulc et al., 2009; Wang et al., 2019; Shen et al., 2020) and CAZy Database (http://www.cazy.org/). In the present study, we found that GH5, GH95, and GH9 were the most abundant, which were also determined by previous studies (Wang et al., 2019; Shen et al., 2020). Notably, the abundance of genes encoding GH9, GH45, GH44, and GH48 were higher in SA microbes. GH9, GH44, and GH45 are well-known for endoglucanase activity (Maharjan et al., 2018; Wang et al., 2019), which suggests that rumen SA microbes may be more capable of degrading cellulose.

Hemicellulose is one of the most important components of plant cell walls, which consists of various polysaccharides, such as xylan, glucan, and mannans, among which xylan is the most abundant. The ability to degrade hemicellulose is important for ruminants to utilize the energies from forage. Our study identified six GHs families with hemicellulose degradation activity. Among these GHs families, GH28 was the most abundant, followed by GH10 and GH26. GH28 mainly encodes Polygalacturonase, which also plays an important role in pectin digestion (Zhao et al., 2014; Wang et al., 2019). GH10 is proposed to be closely related to xylanases, while GH26 is closely related to β-mannanase in addition to encoding Xylanases (Moraïs and Mizrahi, 2019; Wang et al., 2019). GH8 and GH11 families were annotated in the CAZy database as mainly associated with xylanases (http://www.cazy.org/), which indicates that SA microbes are more capable of degrading xylan. Oligosaccharide-degrading enzymes and debranching enzymes are the counterparts to the third trophic level of the carbon food chain proposed by Solden et al. (2018). Substrates of this trophic level consist mainly of single or oligomeric five- or six-carbon sugars. Organisms that do not express glycoside hydrolases to degrade plant polymers, express isomerase, or kinase to incorporate specific sugars into central metabolism (Solden et al., 2018). In the present study, up to 30 GH families encoding oligosaccharide-degrading and debranching enzymes were identified. The GH families encoding these two types of enzymes accounted for more than half of the entire GH family gene abundance, which was consistent with previous findings (Dishita et al., 2014; Wang et al., 2019). We found that abundances of GH13 and GH32 genes encoding α-Amylase and invertase were significantly higher in the LA system, whereas abundances of GH39, GH94, and GH77 genes encoding β-xylosidases, cellobiose phosphorylase, and 4-α-Glucanotransferase were higher in the SA system. It is interesting that the GH13 family, the most abundant GH family in this classification and the most important family encoding α-amylase, is more abundant in LA microbes to previous studies (Moraïs and Mizrahi, 2019; Shen et al., 2020). This suggests that microbes floating in rumen fluid can utilize starch more efficiently than those adhering to feed particles.




CONCLUSION

In conclusion, we investigated the differences in species composition and metabolic functions between LA and SA microorganisms in the rumen of sheep fed on a high-concentrate diet using metagenomic techniques. Our results showed that there were differences in species classification and relative abundance between the two systems. Ruminococcus, Treponema, and Fibrobacter associated with fiber degradation were more enriched in the SA system, while Prevotella associated with protein and starch was more abundant in the LA system. The study of KO and CAZymes genes illustrated the differences between SA and LA systems in carbohydrate degradation. Genes related to cellulose degradation were more abundant in the SA system, while genes related to amylase were more abundant in the LA system. The present study enhances our understanding of the relationship between rumen microorganisms and their degradational functions. Future studies can focus on the change of feed-sensitive microbiota in different ruminal sub-habitat, which could help us regulate rumen health more precisely via feeding.
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RAST Subsystem category distribution
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RAST Carbohydrate subsystems

r=aniiainnsiiiiins

—

o 1 2 3 4
Absolute abundance (Subsystem Feature Counts)

Mannose metabolism

Lactose and Galactose uptake utilization

Xylose utilization

D-ribose utilization

Glycerol and Glycerol-3—phosphate uptake and utilization
Aminosugar (Chitin and N Acetilglucosamine utilization)
Deoxyribose and Deoxynucleoside catabolism

Sucrose utilization

Fermentation (Acetolactase synthase subunit)
Glycolate, Glyoxylate interconversions

Glycerate metabolism

Methylglyoxal metabolism

D-Galacturonate and D—-Glucoronate utilization
Lactose utilization

L—-Arabinose utilization

Lactate utilization

Acetolactate synthase subunits

- Fermentation (Acetyl CoA fermentation to Butyrate)

- Fermentation (Butanol biosynthesis)

. Fermentation mixed acid

- D—-gluconate and ketogluconates metabolism (2)

- Trehalose biosynthesis

- Photorespiration (oxidative C2 cycle)

L Serine glioxilate cycle

- Pentose phosphate pathway

- Organic acids (Citrate Metabolism, transport, and Regulation)

. Fermentation (Lactate)
One carbon metabolism by tetrahydropterines

=
(.
[
T
L[]
N
.
]
N
]
=
|
B |
=
|
. |
B
I
N
I
O T
< S
O C
0O <L
= B
S 0
=
Q)
= 2.
g @
— R ¢
@ o
3 =
Q)]
i
,—.-
Q)]
-5
(@)
(@]
-
<
Q)]
-5
”.
@)
)

Glycolysis and Gluconeogenesis
Pyruvate metabolism 1:anaeropletic reactions, pep

T OULMANTOTONT M- AT SO ANAN DO v~ O

S 858885858325 25233 SoR228.358288S3

B EEErr R AR RO Rm S o SrS S CONE PO R SNS

D NOOQOSOOOOOROQFLOIORINIEO OFOIHE

2IIIIIZIIIIQIIS 001 HIIIIDLS

SO0=2=2=2=25=22=2=2=F=208 = §ogoo<2202005
@ =

Rumen Genomes Color by Phyla





OPS/images/fmicb-13-813002/fmicb-13-813002-g005.jpg
RAST Cofactors and Vitamins subsystem
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MASH clustering
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Photoperiod?

Items 12L:12D 16L:8D 20L:4D SEM P-value
Acetate 1.12b 1.312 1.16° 0.03 0.045
Propionate 1.02° 1.202 1.040 0.03 0.037
Butyrate 0.61° 0.702 0.59° 0.02 0.040
Isobutyrate 0.13 0.17 0.14 0.01 0.058
Valerate 0.18 0.20 0.17 0.01 0.52
Isovalerate 0.16 0.18 0.18 0.01 0.51
Total SCFAS 3.23° 3772 3.29° 0.07 0.001
'Data are the mean of six replicates (two ducks in each
replicate). 2L, hours of lightt D, hours darkness.  3Total

SCFAs = acetate + propionate + butyrate + isobutyrate + valerate + isovalerate.
abyajues within a row with no common superscripts differ significantly (P < 0.05).
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Photoperiod?

ltems 12L:12D 16L:8D 20L:4D SEM P-value
Shannon 4.312 3.592 2.27° 0.30 0.008
Simpson 0.85 0.78 0.68 0.03 0.13
ACE 302.3 293.9 307.7 9.71 0.82
Chaot 307.5 305.0 256.6 10.71 0.10

1 Data are the mean of six replicates (one duck in each replicate). 2L, hours of light;
D, hours of darkness. 2PValues within a row with no common superscripts differ
significantly (P < 0.05).
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Gene

Zonula occludens-1
Zonula occludens-2
Zonula occludens-3
Claudin-1

Claudin-2

Occludin

Mucin 2

Melatonin receptor 1A
Melatonin receptor 1B
Melatonin receptor 1C
B-Actin

Forward primer (5'-3')

ACGCTGGTGAAATCAAGGAAGAA
ACAGTGAAAGAAGCTGGCGTAG
CAACATCCCTGACATGGAAGACAT
TCATGGTATGGCAACAGAGTGG
CTCCTCCTTGTTCACCCTCATC
CAGGATGTGGCAGAGGAATACAA
GGGCGCTCAATTCAACATAAGTA
TAGTGGCTTCTTGATGGG
GTGTATAGCTGCTGGAAC
ATCGCAATCAACCGCTAC
AGAAATTGTGCGTGACATCAA

Reverse primer (3'-5')

AGGGACATTCAACAGCGTGGC
GCTGTATTCCCTGCTACGGTC
TGTGTTCGTGTTGGTTGCGG
CGGGTGGGTGGATAGGAAGT
GAACTCGCTCTTGGGTTTGTG
CCTTGTCGTAGTCGCTCACCAT
TAAACTGATGGCTTCTTATGCGG
AACAGGTTGGGCACGATA
CACAACAGTGATAGGGAC
CAAGGACCCAACGAAGAA
GGACTCCATACCCAAGAAAGAT

GenBank number

XM_013104936.1
XM_013093747.1
XM_005019888.2
XM_013108556.1
XM_005009661.2
XM_0131094083.1
XM_005024513.2
NW_004676748.1
NW_004676748.1
NW_004676748.1
EF667345.1

Length (bp)

2558
1312
1872
1792
1602
1602
1502
186°
198°
144b
2272

aSequences based on Wen et al. (2018). PSequences based on Feng et al. (2018).
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Photoperiod?

ltems 12L:12D  16L:8D 20L:4D SEM  P-value
Villus height (m) 689.0° 78862 752.0%° 1717  0.045
Crypt depth (um) 197.7 199.4 2030  3.65 0.85
Villus height/crypt depth 3.50 4.04 3.74 0.15 0.36
Goblet cell percentage (%)  16.80° 2278 20.88°  1.04 0.049

1Data are the mean of six replicates (two ducks in each replicate). 2L: hours of light;
D: hours of darkness. 2PValues within a row with no common superscripts differ

significantly (P < 0.05).
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Photoperiod?

ltems 12L:12D  16L:8D 20L:4D SEM  P-value
Zonula occludens-1 1.00P 1.642 1.332b 0.095 0.014
Zonula occludens-2 1.00P 1.452 1.198b 0.076 0.041
Zonula occludens-3 1.00° 1.49% 1.58¢ 0.085 0.016
Claudin-1 1.00P 1.972 1.41ab 0.143 0.011
Claudin-2 1.00 1.18 1.10 0.046 0.28
Occludin 1.00P 1.702 1.292b 0.110 0.021
Mucin 2 1.00P 1.552 1.232b 0.083 0.013

1 Data are the mean of six replicates (two ducks in each replicate). L, hours of light;
D, hours of darkness. 2PValues within a row with no common superscripts differ
significantly (P < 0.05).
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Photoperiod?

Items 12L:12D 16L:8D 20L:4D SEM P-value
Phylum (%)

Firmicutes 58.00 62.39 7520 4.35 0.26
Epsilonbacteraeota 9.36 14.08 3.89 2.40 0.23
Fusobacteria 1.65° 4.41b 18.812  2.44 0.002
Bacteroidetes 7.96 12.28 0.53 2.52 0.16
Proteobacteria 12.96%  254°  091° 201  0.018
Actinobacteria 8.64%  385%  062° 125 0.020
Genus

Romboutsia 9.21 25.37 3486 5.52 0.16
Lactobacillus 29.54 17.20 9.88 4.45 0.20
Fusobacterium 1.620 4.41P 18.812  2.44 0.002
Streptococcus 4.72 2.76 1412  3.02 0.28
Helicobacter 9.05 6.22 3.88 1.68 0.48
Bacteroides 5.80 8.67 0.39 1.81 017
Megamonas 3.76 7.28 0.21 1.79 0.29
Enterococcus 1.64 2.34 6.29 1.50 0.42
Rothia 5.85 3.07 0.24 0.98  0.056
Clostridium_sensu_stricto_1 0.15° 0.05° 8.662 1.62  0.033
Campylobacter 0.31 7.81 0.00 1.71 0.10
Pectobacterium 3.832 078>  0.14° 065 0.033
Prevotellaceae_Ga6A1_group 0.67 1.66 0.04 0.37 0.21

1Data are the mean of six replicates (one duck in each replicate). 2L, hours of light;
D, hours of darkness. 2PValues within a row with no common superscripts differ

significantly (P < 0.05).
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Bacterial taxa CON LC MC HC SEM P-value

ANOVA Linear Quadratic
Phylum level
Bacteroidetes 0.6642 0.534@ 0.59520 0.496° 0.125 0.083 0.213 0.038
Firmicutes 0.244 0.367 0.290 0.383 0.123 0.185 0 0.078
Kiritimatiellaeota 0.022° 0.0120 0.011° 0.0592 0.023 0.000 0.020 0.625
Proteobacteria 0.024 0.035 0.037 0.011 0.025 0.290 0.691 0.768
Cyanobacteria 0.011% 0.020° 0.006%° 0.0262 0.014 0.050 0.918 0.336
Actinobacteria 0.005 0.005 0.041 0.003 0.044 0.404 0.237 0.592
Others 0.030 0.029 0.021 0.022 0.017 0.764 0.206 0.462
Genus level
Prevotella_1 0.456 0.299 0.463 0.382 0.142 0.165 0.258 0.263
Unassigned 0.1632 0.1692 0.079° 0.1632 0.066 0.050 0.511 0.416
Lactobacillus 0.05020 0.004P 0.185% 0.1722 0.143 0.068 0 0.294
Rikenellaceae_RC9_gut_group 0.09320 0.1202 0.066%° 0.043° 0.048 0.028 0.521 0.471
Carnobacterium 0.009 0.091 0.002 0.130 0.109 0.121 0.838 0.206
Ruminococcaceae_NK4A214_group 0.030° 0.0592 0.0592 0.009° 0.024 0.000 0.035 0.609
Christensenellaceae_R-7_group 0.0252 0.016% 0.007° 0.011% 0.013 0.097 0.141 0.026
Butyrivibrio _2 0.010° 0.036? 0.005° 0.005° 0.015 0.000 0.560 0.453
Leuconostoc 0.018 0.000 0.023 0.004 0.025 0.373 0.318 0.475
Succiniclasticum 0.015 0.020 0.003 0.006 0.018 0.378 0.824 0.515
Others 0.133% 0.1862 0.164% 0.076° 0.078 0.077 0.474 0.462

CON, C. deserticola at 0%; LC, C. deserticola at 2%; MC, C. deserticola at 4%; HC, C. deserticola at 6%. 2 ©, and © mean within the same row with the different letters

are significantly different (P < 0.05).
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Items

Richness index
Chao1 index
Shannon_2 index
Simpson index

CON

11670
1169.20
6.50%
0.039°

LC

15482
1548.87
7.332
0.025°

MC

g77b
979.5>
5.00°
0.1262

HC

10930
1095.1°
5.38°
0.1352

SEM

282.665
282.129
1.227
0.068

P-value

0.001
0.001
0.001
0.001

CON, C. deserticola at 0%; LC, C. deserticola at 2%, MC, C. deserticola at 4%; HC, C. deserticola at 6%. 2 and ® mean within the same row with the different letters are

significantly different (P < 0.05).
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Naphthalene degradation (Metabolism)

Protein digestion and absorption (Organismal Systems)
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Groups Total tags Taxon tags oTU Goods
numbers overage (%)

Control 80,091 + 31 67,064 + 818 933 £ 50 99.70 £ 0.00
Lowdose  80,082+17 66,915+ 718 1,069 + 42 99.65 + 0.02
Highdose 80,120 £28 67,872 4+ 862 954 + 48 99.63 + 0.02
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Items Groups®
Control VM EM EOA1 EOA2 SEM2 P

Day 14

Feces Shannon 4.502 4.352 4.058b 2.79b 3.902P 0.24 0.149
Goods coverage 0.9930° 0.99432b 0.99332° 0.9980? 0.9980? 0.0008 0.077

Jejuna Shannon 2.01 1.67 2.16 2.24 2.21 0.18 0.888
Goods coverage 0.9983 0.9980 0.9977 0.9973 0.9983 0.0003 0.772

Ceca Shannon 5.16° 6.01° 6.55% 5.73° 6.03° 0.13 0.001
Goods coverage 0.99802 0.9980? 0.9933° 0.9980? 0.99802 0.0006 0.019

Day 28

Feces Shannon 2.743b 2.783b 2.258b 24520 2.882 0.09 0.110
Goods coverage 0.9977 0.9980 0.9983 0.9980 0.9980 0.0001 0.351

Jejuna Shannon 2190 1.64¢ 2.358b 2.502 2.06° 0.09 0.001
Goods coverage 0.9990 0.9990 0.9987 0.9990 0.9993 0.0001 0.351

Ceca Shannon 6.43° 5.75° 6.63° 7.26% 7.182 0.16 0.000
Goods coverage 0.99802 0.99807 0.9947 0.99330 0.9920P 0.0008 0.004

Day 35

Feces Shannon 2,970 2.542b 27320 2.718b 3.002 0.09 0.050
Goods coverage 0.9980 0.9973 0.9980 0.9980 0.9983 0.0002 0.785

Jejuna Shannon 1.70° 1.65° 2.492 2.292 2.043b 0.11 0.013
Goods coverage 0.9980 0.9980 0.9987 0.9987 0.9990 0.0002 0.205

Ceca Shannon 5.260¢ 4.67° 5.6620 5.07°° 5.922 0.15 0.021
Goods coverage 0.99702 0.99702 0.99702 0.99202b 0.9873P 0.0013 0.024

Day 42

Feces Shannon 3.3020 3.98? 2.86° 3.69° 3.3920 0.13 0.047
Goods coverage 0.99772 0.99772 0.99802 0.9927b 0.99330 0.0008 0.019

Jejuna Shannon 1.02 1.34 1.20 1.47 1.56 0.08 0.247
Goods coverage 0.9990 0.9990 0.9990 0.9990 0.9990 0.0000

Ceca Shannon 6.23 5.92 6.44 6.31 6.95 017 0.456
Goods coverage 0.9947 0.9973 0.9980 0.9973 0.9923 0.0009 0.284

Values with different small letters differ significantly (P < 0.05).

2SEM, standard error of means (28 Cobb broilers per replicate and 3 replicates per treatment for fecal samples, 3 Cobb broilers per treatment for jejunal and cecal

samples).

3V, virginiamycin; EM, enramycin; EOA1, thymol-citric acid; EOA2, thymol-butyric acid.
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Wytham Silwood

Variable
df F P Partial R* df F P Partial R
Read count 1 1.338 0.104 0,009 1 0629 0895 0007
MiSeq run 3 1.460 0.006 0030
Month 11 1.758 0.001 0133 10 1584 0,001 0187
vear 3 2501 0.001' 0053
Sex: reproductive status 1 0840 0699 0006 1 0835 0628 0009
Sex 1 0908 0598 0.006 1 0786 0684 0.009
Reproductive status 1 1.320 0126 0009 1 1.731 0,066 0020
Age 2 1.001 0.428 0014 2 0930 0563 0022
Body mass 1 1.382 0065 0010 1 1.018 0382 0012
Body condition 4 0944 0642 0026 4 0928 0615 0044

Results are shown from marginal PERMANOVAS on Bray~Curtis dissimiarity values. One randomly selected sample per individual was included in each model (Wytham; n=128 and
Siwood; n=75). Values of p<0.05 are in bold. For significant terms (factors only), tests for multivariate homogeneity of group dispersions were carried out; * and * indicate terms for
which dispersion tests indicated significant diferences in dispersion among groups, with p =0.003. and p =0.01. respectively. The interaction between sex and reproductive status
was fitted in a separate model including this interaction term, results for all other terms are from a model without this interaction term.
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Main effect
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Uncoated 300 142.47° 1.97 129,03 185.02 679
500 164.81° 210 156.49 147.07 7.41
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Main effect
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OPS/images/fmicb-12-814626/fmicb-12-814626-g003.jpg
A

c__Clostridia

g__ Clostridium_sensu_stricto_1
o__ Clostridiales
f_Clostridiaceae
s__Enterococcus_faecium
g__Enterococcus
f__Enterococcaceae
s__Sphingobacterium_mizutaii
g__Erysipelothrix
s__Lactobacillus_amylotrophicus
g__Lactobacillus
f__Lactobacillaceae

c__Bacilli

o__Lactobacillales
p__Firmicutes
s__Lactobacillus_aviarius
s__Lactobacillus_salivarius
k__Bacteria
s__Lactobacillus_johnsonii
o__Burkholderiales
s__Ralstonia_pickettii
f__Burkholderiaceae
f__Lachnospiraceae
o__Lachnospirales
g__Ralstonia
o__Chitinophagales
o__Clostridia_UCG_014

g_ Klebsiella

s_ Klebsiella_pneumoniae

s__Lactobacillus_aviarius
s__Alistipes_onderdonkii
g__Barnesiella
g__DTU089
s__Acinetobacter_radioresistens
s__Ralstonia_pickettii
f__Burkholderiaceae

o__ Burkholderiales
¢c__Gammaproteobacteria
g__Ralstonia
s__Lactobacillus_reuteri
o__Enterobacterales

S

| | | |
2 3 4
LDA SCORE (log 10)

o -
=

LDA SCORE (log 10)

B Day 1
Bl Day 35

o__ Oscillospirales
g__Faecalibacterium
f__Ruminococcaceae
c__Clostridia
f_Tannerellaceae
g__Parabacteroides

s__ Parabacteroides_sp_CT06
f__Lactobacillaceae
o__Lactobacillales
g__Lactobacillus

c__Bacilli
s__Lactobacillus_aviarius
g__unidentified_Anaerolineae
g_ Barnesiella
f__Barnesiellaceae
c__Actinobacteria
f__Oscillospiraceae
g__UCG_005
o__Clostridia_vadinBB60_group
s__Alistipes_inops

s__ Bacteroides_fragilis
p__unidentified_Bacteria

s__ Alistipes_sp_CHKCI003
g__Alistipes

f__Rikenellaceae
o__Bacteroidales
o__Clostridia_UCG_014
p__Bacteroidota
c__Bacteroidia
g__Coprobacter
o__Oscillospirales
f_Eubacterium__coprostanoligenes_group
c__Clostridia

g___Ruminococcus__torques_group

Bl Day 14
[ Day42

B Day 28

| | | Il
2 3 4 D
LDA SCORE (log 10)

o_
-





OPS/images/fmicb-12-814626/fmicb-12-814626-g004.jpg
A B Cecum [ Fece M )ejunum B

t_tactovaciliaceae [ N
ey 0 =
o_Lactovacilales [ NN 5 BN a: f_Bacteroidaceae
i : B Cecum ~Bacte, = b: f_Rikenellaceae
<_saciti [ . "oidog | .
: - Fece > ] [E c: o__Bacteroidales
s_Lactobacillus_aviarivs [ R B d: _Bacteroidia
s_escherichia_coi | r B jejunum « o W e f_Lactobacillaceae
ichia_shigetla [ M : y -y
g__Escherichia_Shigella \“ll I g: o RF39
o_Enterobacterales [ : « . h: c_Bacil
’ ‘ ; [ i: o_ Clostridia_UCG_014
f_enterobacteriaceae [ NN ~ — Lca
- : : S [ j: f_Lachnospiraceae
c_Gammaproteobacteria [ : . B k: o_Lachnospirales
s_Lactobacillus_salivarivs [ R : W |: _Oscillospiraceae
Lactobacillus_reuteri [ NNMMRIEEEEE : e
S HAGIORCIIUS. eSS = n: o__Oscillospirales
s_Lactobacillus_johnsoni [ : : B o: c_Clostridia
) , : i [ q: o__Enterobacterales
0__Oscillospirales : [ r: ¢ Gammaproteobacteria
f_Ruminococcaceae
o_Faecalibacterium [ RN |
o__Bacteroidales
p__Bacteroidota .
c_Bacteroidia | 5
f_tachnospiraceae [ R :
o_tachnospirales M 3 :
o_Clostridia_ucG_014 NN E
g_sacteroides [N ;
_Bacteroidaceze [ NN 5 )
t_Rikeneliaceae [N E ©
f_oscillospiraceze [ NI : : >
o_nistives [N 5 i
s_Parabacteroides_sp_CTos [ % 5
s_Bacteroides dorei [ : :
g_Helicopacter | i 3
o_rr3o [ E 3
|

(S, -
(o)}

2 3 4
LDA SCORE (log 10)

O_
-





OPS/images/fmicb-12-814626/fmicb-12-814626-g001.jpg
Shannon Index

O

PCoA2(16.1%)

06

0.4 -

0.2 1

Fece

1T 14 28 3 42

B Day 1
. m Day28
® Day 35
¥ Day 42

-0.5

. 05
PCoA1(53.18%)

35 Jejunum
25

d g
1.5

10

05
W @ B
Day
Jejunum
2 -
3
N1
<
N
S
O
a
-2
34 '
-1 ’

Cecum

0.8 -
0.6 -
04 -

0.2 -

14

" 35 42

Cecum

05

-o.'25 0 0.'25

PCoA1(47.88%)






OPS/images/fmicb-12-814626/fmicb-12-814626-g002.jpg
A 100 B 100

80 80 I
Q @ Firmicutes Q @ Lactobacillus
c @ Proteobacteria c @ Escherichia-Shigella
e 60 @ Chloroflexi ° 60 @ Clostridium_sensu_stricto_1
3 @ Bacteroidota 3 © Ralstonia
" @ unidentified_Bacteria < @ Enterococcus
$ " Desulfobacterota 0 ' Candidatus_Arthromitus
T 40 © Actinobacteriota T 40 r O Klebsiella
¥ ® Acidobacteriota ¥ @ [Ruminococcus]_torques_group
@ Campilobacterota ! @ Aerococcus
@ Caldatribacteriota — @ Alistipes
20 I ~ Others 20 I ~ Others

35

=t
NaN

Q
<CX>

w

.

NN c P <
N N

O
)
<

100

80 80
@ Lactobacillus

@ Ralstonia
@ Escherichia-Shigella

@ Firmicutes
@ Proteobacteria
@ Bacteroidota

@) Cyanobacteria @ unidentified_Chloroplast
@ unidentified Bacteria @ Enterococcus
~ Actinobacteriota " unidentified_Mitochondria
© Acidobacteriota @ Streptococcus
@ Campilobacterota @ Lactococcus
® GAL15 @ Halomonas
@ Methylomirabilota @ Dubosiella
20 " Others 20 "~ Others

3

O
Q
-
O
)
<

W W

F 100

80 80
% @ Firmicutes 8 @ Lactobacillus
= @ Bacteroidota 8 &6 @ Faecalibacterium
= o ® Actinobacteriota p=: ‘Allstlpe§
3 @ unidentified_Bacteria 3 @ Barnesiella
< @® Proteobacteria 7 @ Bacteroides
2 " Acidobacteriota = 45 ~ UCG-005
® 40 © Campilobacterota K © Gardnerella |
Nz Myxococcota X @ Parabacteroides
) Cyanobacteria @ Coprqbacter
@ Desulfobacterota 20 [Ruminococcus]_torques_group
20 © Others "~ Others

= ||
/I
| WS - I

o
o

) (@)
Relative Abundance
o o o
. s o
" 2 -
[
NaN NaN B
s (I - . s
- )
i Relative Abundance
1N (0))
o o
" - B
S

14

N

(00)
N
Qo
w
(&)
H
N

Day

O
)
<





OPS/images/fmicb-12-814626/fmicb-12-814626-g007.jpg
f__Lachnospiraceae
o__Lachnospirales
p__Firmicutes

c__Clostridia
g__Ruminococcus__torques_group
g__Shuttleworthia
g__Lachnoclostridium

g__ Oscillibacter
g__Butyricicoccus
f_Eubacterium__coprostanoligenes_group
f__Ruminococcaceae
f__Butyricicoccaceae

o__ Oscillospirales
g__Faecalibacterium
c__Gammaproteobacteria
p__Proteobacteria
f__Oscillospiraceae
s__Escherichia_coli
g__Escherichia_Shigella
f__Enterobacteriaceae
o__Enterobacterales
f__Ruminococcaceae
o__Clostridia_vadinBB60_group
g__UCG_005

c__Bacilli

p__Actinobacteriota
s__Faecalibacterium_prausnitzii
g__Bifidobacterium

o__ Bifidobacteriales
f__Bifidobacteriaceae
p__Bacteroidota
o__Bacteroidales

c_ Bacteroidia

s_ Alistipes_sp_CHKCI003

g_ Alistipes
f__Rikenellaceae
f__Barnesiellaceae

g__Coprobacter

f__Butyricicoccaceae
g__Butyricicoccus
s__Butyricicoccus_pullicaecorum
s__Parabacteroides_merdae
s__bacterium_ic1379
f__Oscillospiraceae
c__Gammaproteobacteria
p__Proteobacteria
o__Enterobacterales
f__Enterobacteriaceae
s__Lactobacillus_aviarius
f__Barnesiellaceae

g_ Barnesiella

o__ Clostridia_vadinBB60_group

BN EOA1 [ EOA2 W VM

0
o
|
cr
=
o

N EM

f__Bacteroidaceae
g__Bacteroides

s_ Bacteroides_dorei
c__Bacteroidia
o__Bacteroidales
p__Bacteroidota
s__Alistipes_sp_CHKCI003
g__Lactobacillus
o__Lactobacillales
f__Lactobacillaceae
f__Lachnospiraceae

o__Lachnospirales
o__Clostridia_UCG_014

(R
o}
b= |
~
=
=

I EM B EOA1 [@ EOA2

f__Rikenellaceae

g__Coprobacter

s__Alistipes_inops

f _Eubacterium__coprostanoligenes_group

g__Rikenella

s__Rikenella_microfusus

f__Tannerellaceae

g__Parabacteroides
s__Parabacteroides_merdae
o_RF39

p__Proteobacteria
f__Barnesiellaceae

s__Bacteroides_fragilis

g__Barnesiella

p__Firmicutes

1

c__Clostridia

o__Oscillospirales

L

I

g__Alistipes

k__Bacteria

—

T

o

L

5 —
UI waie = v
(0)}

| | |
2 3
LDA SCORE (log 10)

O_
=

c__Bacteroidia
o__Bacteroidales
p__Bacteroidota
f__Rikenellaceae

BN Control I EM M EOA1 [@ EOA2

g__Alistipes

s__Alistipes_onderdonkii

f_Tannerellaceae

g__Parabacteroides

s__Parabacteroides_merdae
g__Rikenella

g_ Barnesiella
f__Barnesiellaceae
s__Alistipes_sp_CHKCI003
c__Bacilli

g__Lactobacillus

f__Lactobacillaceae

I

o__Lactobacillales

s__Lactobacillus_aviarius

i | | 1 | o__Pseudomonadales
2 3 4 5
LDA SCORE (log 10)

p__Proteobacteria

o
[

c__Gammaproteobacteria

g__ Ruminococcus__torques_group
o__Clostridia_vadinBB60_group
s__Bacteroides_dorei

s__ Alistipes_inops

o__ Oscillospirales

c__Clostridia

g__Faecalibacterium
s__Parabacteroides_sp_CT06

| | | |
1 2 3 4
LDA SCORE (log 10)

[0 2 e e

I Controi HEE EM [ EOAl1 [@ EOA2

I

—

—

L

| | | |
2 3 4
LDA SCORE (log 10)

o
=
()

N VM

Bl VM





OPS/images/fmicb-12-814626/fmicb-12-814626-g008.jpg
|0JJu0)
NA

Fece Jejunum Cecum

el | | Xenobiotics_biodegradation_and_metabolism '4
Transcription 2
| , | Membrane_transport

! , Cellular_community____ prokaryotes 0
- | | Enzyme_families 2
| Nucleotide metabolism I

| Replication_and_repair =4
| | Drug_resistance

Infectious_diseases

Poorly_characterized

| | Metabolism_of_terpenoids_and_polyketides
| . I | Metabolism_of other_amino_acids
| | | Aging
| | ‘ Endocrine_and_metabolic_diseases
| ‘ . | Cardiovascular_diseases

Translation

Folding,_sorting_and_degradation

Cancers

Metabolism_of cofactors _and_vitamins

Energy_metabolism

Signal_transduction

Metabolism

| | Genetic_information_processing

| Cell_motility

| Lipid_metabolism

Carbohydrate_metabolism

| | Cellular_processes_and_signaling

. | Glycan_biosynthesis_and_metabolism
Transport_and_catabolism

, , , Nervous_system

| | | Biosynthesis_of_other_secondary_metabolites

; | Cell_growth_and_death

| | Immune_system

Endocrine_system

Amino_acid_metabolism

N3
VO3
ZvO3
|0Jju0)
NA
N3
VO3
ALOE
|0Jju0)
NA
N3
VO3 |
ZvO3






OPS/images/fmicb-12-814626/fmicb-12-814626-g005.jpg
A I Control

BN EM BN EOAl EEE EOA2 [ VM mm on e
. = S
3 x4

3 a: f__Aerococcaceae
[ b: f__Enterococcaceae

//// [ c: f_Lactobacillaceae

s__Enterococcus_faecium | l ' : /
Erterocecan 5 \\NeMlimy, 2
f__Aerococcaceae \\\ \\\\\’ \\“l..,/ //// /// =
g__Lactobacillus : § "'/ // /& //
f_Lactobacillaceae §. “%é
s_Lact;)acillus_johnsonii §_.. “%%_:.’_:
s__Lactobacillus_aviarius : = % §_
nterococcus : — §§
f_EngeErotcoccaceae ;“‘ /// \ § § =
s__Enterococcus_cecorum i%’?//////// ’\§§ S S,
k__Bacteria %=z // Z N
| O A
T TINRR
6 W /WY \
LDA SCORE (log 10) il 'lllll\\\\“\\\\\\\\\\\\\
N
B EEN Control NN EM BN EOA2 [ VM =l — . Cocubachiincons
| Il EOA2 & \\\\\“\“"“"l, I' - f_Enterococ.caceae
g__Gordonibacter = VM \\\\\\‘ ' ",, I d: f_Lactobacillaceae
g__Enterococcus Q ‘ /,
f _Enterococcaceae §\\ \ /
s_ Kurthia_sp_11kri321 . §
o__Corynebacteriales : § ‘ g
f._.Corynebacteriaceae ; -
s_ Clostridium_sp_AUH_JLC140 ; gi.
s__Lactobacillus_aviarius — S=
g__unidentified_Oscillospiraceae — ! = §
f If;_tLabcto.tl)lacillus %%"/ /a ‘\&\Q\@\\
s_Lactc;acilIus_salivarius /////'l/~ \\\\\\\\\\\%\\ NS
s__Lactobacillus_phage_Sal3 : I.. ‘\ \\\
| I 7 N\
6 7N

AT

LDA SCORE (log 10)

C EEN EOA? EEE VM

: sr_Lactobaci"us_sa"varius—

| | | | | | | | | i
-6.0-4.8-3.6—-2.4-1.2 0.0 1.2 24 3.6 4.8 6.0
LDA SCORE (log 10)





OPS/images/fmicb-12-814626/fmicb-12-814626-g006.jpg
A I Control B B EOAl Bl VM
! ! !

_ s_Lactobacillus salivarids

i i i i i i i i
-6.0-4.8—-3.6-2.4—-1.2 0.0 1.2 2.4 3.6 4.8 6.0

s__Lactobacillus_reuteri

U']_

i i i i
2 3 4
LDA SCORE (log 10) LDA SCORE (log 10)

[

\2 : ;
C BN Control NN EM [EEE EOA2 [ VM BN Control g+’ : B b unidentted Choroias
| | | | | | | - s "N B & o Cyanobacieia
s_Lactobecilus avieris NN BN EOA2 g SN o1 Mcalgarscens
s_tactobacillus_jonnsonii | g = VM \\\“ R - Comerinciaiecitai
c_Cyanobacteriia NN ; |
o_chioroplast [ 5
p_Cyanobacteria NN 5 \
g_unidentified_Chloroplast [ RN 5
f_unidentified_Chloroplast (NN f
s_Lolium_perenne [ 5 5
s_Dietzia_maris [N 5 § —
s__Ralstonia_pickettii : E;
o_Raistonia [ z —
o_Burkholderiales [N :
c_Gammaproteobacteria NN z
s_Lactobacillus_salivarius [ NRRMEE z
c_Campylobacteria [ NN : 5
f_Alcaligenaceae (NN : 5
| |
5 6

2 3 4
LDA SCORE (log 10)

o
[

) ©
D\cyan a: f__unidentified_Chloroplast
- EM - EOA1l - VM obacte,,a b: o__Chloroplast
(= c: ¢__Cyanobacteriia

£

N

e: o__Lactobacillales
f: c__Bacilli

N VM

s__Lactobacillus_salivarius
f__Lactobacillaceae
c__Bacilli

g__Lactobacillus
p__Firmicutes
o__Lactobacillales
s__Lactobacillus_johnsonii
s__bacterium_ic1277
g__unidentified_Chloroplast
¢__Cyanobacteriia
p__Cyanobacteria
o__Chloroplast
f__unidentified_Chloroplast

=]
==l
==
[l d: f__Lactobacillaceae
==
==

)

ualily

p~F"m’CUtes

H
(92

2 3
LDA SCORE (log 10)

o T
=





OPS/images/fmicb-12-814626/cross.jpg
3,

i





OPS/images/fmicb-13-831945/fmicb-13-831945-t005.jpg
Trace minerals

Uncoated

Coated

SEM
Main effect
Trace minerals

Level

Value of p
Trace minerals
Level
Interaction

Level (mg/kg)

300
500
1,000
300
500
1,000

Coated
Uncoated
300
500
1,000

Se (ug/kg)

76.67°

8217
131.67°
109.00°
138.33"
124.83"

12.037

124.06
96.83
92.83°

110.25"

128.25"

<0.001
<0.001
<0.001

2Zn (mg/kg)

14.13
14.97
17.70
16.83
17.00
19.28
3.007

17.71
15.60

15.48°
15.98"
18.49°

0.004
0.001
0.842

Fe (mg/kg)

4335
41.90
4785
47.10
5163

“¢\Means within columns not sharing a common superscrit are significantly different at the 5% level of probabilty.

Cu (mg/kg)

192
248

Mn (ug/kg)

249.00
27447
275.17
250.00
284.83
304.83
57.705

279.89
266.11
24950
27950
290.00

0.506
0.260
0.845
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Trace minerals Level (mg/kg) se zn Fe Cu Mn
Uncoated 300 0.60° 4797 29867 58.00 350
500 0.59° 747 336.50 67.38 405"
1,000 087 819 317.33 80.00 450"
Coated 300 078" 5862 345,67 65.75 392
500 1.02¢ 8088 367.33 7293 4100
1,000 083" 86.45 30483 90.13 563"
SEM 0143 11.605 33965 18.208 0833
Main effect
Trace minerals Coated 088 7532 339.28 7627 455
Uncoated 069 67.01 3175 68.46 401
Level 300 069" 5329 30217 6188 3710
500 081 76,03 35192 7016 408"
1,000 085" 84.18" 311.08° 8507 506"
Value of p
Trace minerals <0.001 0053 0071 0226 0079
Level 0041 <0.001 0021 0018 0002
Interaction 0002 0810 0114 0957 0002

Se, selenium; Zn, zinc; Fe, iron; Cu, copper; and Mn, manganese.
“¢heans within columns not sharing a common superscrit are significantly different at the 5% level of probabilty.
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Trace minerals Level (mg/kg) oM cp EE ca P CF
Uncoated 300 69.00 5081 7571 3605 4326 35.12
500 70.73 5026 7757 36.14 4224 3663
1,000 70.00 51.90 7722 35.42 4143 3696
Coated 300 6935 5030 7572 3760 4586 3558
500 69.45 51.56 77.69 3525 4385 3589
1,000 7114 52.23 7715 3764 4300 3755
SEM 0968 0613 1.160 1.205 1.725 1.268
Main effect
Trace minerals Coated 69.98 51.36 76.85 36.83 4424 36.34
Uncoated 69.91 5099 7683 35.87 4231 36.24
Level 300 69.18 50.56" 7571 3683 4456 3535
500 70.09 5091" 7763 35.70 4305 3626
1,000 7057 52.06" 7719 3653 4221 3726
Value of p
Trace minerals 0891 0289 0973 0136 0044 0872
Level 0114 0008 0051 0319 0118 0088
interaction 0479 0137 0991 0128 0859 0651

“\Means within columns not sharing a common superscript are significantly different at the 5% level of probabilty.
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Trace Level ADFl,g/d  ADG, g/d FCR
minerals (mg/kg)

Uncoated 300 207.38 95.40 247
500 21913 97.36 225
1,000 21593 101.74 2.2
Coated 300 21245 96.89 219
500 207.30 99.71 208
1,000 218,69 103.74 211
SEM 7.500 1,870 0062
Main effect
Trace minerals Coated 21281 100.12 213
Uncoated 21414 98.17 218
Level 300 209.92 96.15° 218
500 21321 98.54° 216
1,000 217.31 102.74° 212
Value of p
Trace minerals 0712 0031 0147
Level 0261 <0.001 0334
interaction 0138 0914 0108

ADFI, average dally feed intake; ADG, average dally weight gain; FCR, feed conversion
atio.

““<Means within columns not sharing a common superscript re significantl cifferent at
the 5% level of probabiliy.
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Ingredients % Nutrient levels? %

Comn 5145 ME/(MJkg) 12.93
Soybean meal 19.20 Crude protein 19.62
Soy ol 3.00 Galcium 079
Corn DDGS 11.40 Available phosphorous 040
Corn gluten meal 450

Dicalcium 1.20

phosphate

Polishing powder 500

NaCl 025

Feather meal 1.00

Glutamic acid 200

residue

Premix' 1.00

'The premix provided the following nutrients per kg of diet: VAT, 001U, VE 25mg, VD
4,0001U, VK 2mg, VB1 1.5mg, VB2 6mg, VB6 4mg, VB12 0.02mg, biotin 0.15mg,
pantothenic acid 11mg, folic acid 0.5mg, nicotinamide 40mg, lysine 450mg,
methionine 250mg, threonine 100m, and phytase 10mg.

“Nutritional levels are calculated values.
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Enzyme and CAZy family ~ Major activity* 9% of each group relative to total GHs identified in each dataset

LA sA SEM P-value
Oligosaccharide-degrading enzymes
GH1 p-glucosidases 022 028 0.001 NS
GH2 B-galactosidases 685 672 0.008 NS
GH3 B-glucosidases 599 635 0.006 NS
GH13 a-Amylase 715 688 0.005 .
GH18 Chitinase 087 092 0.002 NS
GH29 a-L-fucosidosis 121 141 0.003 NS
GH27 a-Galactosidase 059 066 0.001 NS
GH20 B-Hexosaminidase 1.08 1.14 0.004 NS
GH39 B-xylosidases 007 0.19 0.000 N
GH32 Invertase endo-inulinase 168 143 0.002 N
GH35 p-galactosidases 128 1.47 0,002 NS
GH31 a-Glucosidase 234 251 0.003 NS
GH38 amannosidases 017 017 0.001 NS
GH42 B-galactosidases 007 0.13 0.000 NS
GH43 arabino/xylosidases 750 8.16 0011 NS
GHs7 a-Amylase 094 1.00 0.001 NS
GHo4 cellobiose phosphorylase 080 1.04 0.001 -
GHo7 a-Glucosidase 316 292 0.005 NS
GHo2 a-1,2-mannosidase 191 1.70 0.005 NS
GH130 8-1,4-Mannosylglucose phosphorylase 098 093 0.002 NS
Debranching enzymes
GH23 Peptidoglycan lyase 247 247 0.003 NS
GH33 trans-Sialidase 060 070 0.001 NS
GHs4 a-L-arabino furanosidases 001 004 0.000 %
GHS1 a-L-arabino furanosidases 260 243 0.004 NS
GHe7 a-glucuronidases 078 063 0.002 NS
GH77 4-a-Glucanotransferase 142 159 0.001 B
GHT8 a-L-thamnosidase 1.42 1.72 0,003 NS
GHg4 N-Acetyl 0.15 0.15 0.001 NS
GH103 p-glucosaminidase transglycosylase 004 003 0.000 NS
GH127 a-Galactosidase 196 183 0.003 NS

LA, liquid-associated microorganism; SA, solid-associated microorganism; NS, not significant (P > 0.05); *(0.01 < P <0.05); **(P < 0.01). Major activity was mainly referenced by Wang
et al. (2019).
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Class Description LA SA SEM P-value
AA Auxiliary activities 1.30 154 0.002 il
CBM Carbohydrate-binding modules 1.4 12.65 0.014 N
CE Carbohydrate esterases 12.86 1358 0017 NS
PL Polysaccharide lyases 2.96 253 0.014 NS
GH Glycoside hydrolases 44.50 42.98 0.069 NS
GT Glycosy transferases 26.97 26.71 0.038 NS

LA, liquid-associated microorganism; SA, solid-associated microorganism; NS, not significant (P > 0.05); *(0.01 < P

).05); **(P < 0.01).
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Taxonomy LA SA SEM o

Phylum

Bacteroidetes 6299 54.10 258

Firmicutes 13.87 21.11 137 b
Spirochaetes 034 3.47 033 =
Proteobacteria 268 1.90 059 NS
Fibrobacteres 056 164 0.25 .

Euryarchaeota 022 026 0.08 NS
Tenericutes 0.18 022 0.05 NS
Actinobacteria 0.47 0.19 0.04 NS
Chlamydiae 009 o1 0.02 NS
Fusobacteria 006 0.07 0.01 NS
Class

Bacteroidia 6219 5300 262 =

Clostridia 835 14.04 1.09 -
Negativicutes 363 457 059 NS
Spirochaetia 033 3.14 0.33 -
Fibrobacteria 056 164 0.25 -

Gammaproteobacteria 218 147 055 NS
Erysipelotrichia 038 0.44 0.05 NS
Bacill 0.40 043 0.03 NS
Flavobacteriia 029 034 0.01 *

Methanobacteria 020 023 0.08 NS
Order

Bacteroidales 6202 5280 2,62 .

Clostridiales 828 13.93 1.08 -

Spirochaetales 033 3.14 0.33 -
Selenomonadales 214 1.77 0.44 NS
Fibrobacterales 056 164 0.25 J

Veiloneliales 074 139 0.32 NS
Acidaminococcales 0.70 135 021 )

Aeromonadales 142 1.01 0.46 NS
Erysipelotrichales 038 0.44 0.05 NS
Flavobacteriales 029 034 0.01 -

Family

Prevotellaceae 4955 39.06 275 .

Bacteroidaceae 480 5.03 0.23 NS
Lachnospiraceae 282 5.00 0.46 =
Ruminococcaceae 215 437 0.49 b
Spirochaetaceae 032 3.13 0.33 -
Clostridiaceae 1.63 195 0.26 NS
Rikenellaceae 108 185 0.32 NS
Selenomonadaceae 2.12 1.74 0.44 NS
Fibrobacteraceae 056 164 0.25 .

Veilonellaceae 074 1.39 0.32 NS
Genus

Prevotella 4751 36.62 287 *

Bacteroides 472 493 0.23 NS
Ruminococcus 1.48 3.16 0.41 g

Treponema 023 3.08 031 -
Aiistipes 1.04 184 0.32 NS
Clostricium 151 1.78 025 NS
Fibrobacter 056 1.64 0.25 .

Selenomonas 153 1.21 034 NS
Dialister 055 112 0.27 NS
Succiniclasticum 0.46 091 021 NS
Species.

Prevotella_multisaccharivorax 17.44 8.89 161 NS
Treponema_bryantii 020 421 0.27 -
Prevotella_sp. AGR2160  6.06 352 0.45 *

bacterium_P3 131 3.10 0.29 %

Prevotella_sp. _tf2-5 167 252 0.49 NS
Prevotella_ruminicola 213 2.40 0.24 NS
Prevotella_sp._ne3005 162 2.00 0.27 NS
Ruminococcus_sp._FC2018  0.83 188 0.23 NS
Prevotella_bryantii 236 156 0.14 x

LA, liquic-associated microorganism; SA, solid-associated microorganism; ®NS, not
significant (P > 0.05); *(0.01< P < 0.05); **(P < 0.01).
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Item Diet

Ingredients (% of DM)

Ground com 354
Wheat bran 105
Soybean meal 108
Rapeseed meal 43
Cottonseed meal 4.4
Oat hay 140
Altalfa hay 133
Corn silage 4.1
Limestone 1.2
Salt 1.0
Vitamin-mineral mix® 1.0
Nutrition composition®

DM, % 82.65
Crude protein, %DM 16.17
Crude fat, %DM 274
NDF, %DM 29.6
ADF, %DM 17.09
Ca, %DM 067
P, %DM 0.41

DM, dry matter; NDF, neutral detergent fiber; ADF, acid detergent fiber.

The premix provides the following nutrients per kg of diets: Fe 430mg, Zn 950 mg, Cu
650mg, 145 mg, Mn 600 mg, Se 30mg, Co 20 mg, VA 120,000 1U, VE 8000 1U, VD 40,000
1U, and 2300 IU of VK.

bMeasured values.
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Strains ABW at 4 week, g ABW at 6 week, g ADFl, g ADG, g F/G, (9/9)

Lean' 2487.3 + 108.5° 3131.2 + 96.48° 271.4 + 25.27° 55.65 + 15.19 527 £1.75
Fatty' 2712.2 + 59.52 3278.6 + 61.072 3221+ 10.82 54.79 + 8.75 6.20 + 1.01
P-value <0.0001 0.0017 < 0.0001 0.8891 0.2993

Different shoulder marks of lowercase letters mean significant difference (P < 0.05). ABW, average body weight; ADFI, average daily feed intake; ADG, the average daily
gain; F/G, Feed/Gain; g, Gram.
1Data represent the means of 8 replicate cages (n = 8).
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Strains Abdominal fat Sebum Breast muscle The leg muscle Yield of carcass Eviscerated yield

Lean' 6.37 = 0.96° 25.22 + 2.04° 14.95 + 1.332 11.29 £ 1.12 86.41 £0.78 74.09 +1.202
Fatty' 7.75 £ 1.052 32.48 + 3.85° 11.41 £ 1.720 10.89 £ 1.13 86.54 +0.83 72.92 + 1.48°
P-value <0.0001 <0.0001 <0.0001 0.2697 0.6034 0.0091

Different shoulder marks of lowercase letters mean significant difference (P < 0.05), different capital letters mean extremely significant difference (P < 0.01), and the same
or no letters mean insignificant difference (P > 0.05).
1Data represent the means of 8 replicate cages (n = 8).
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Treatments'

Phylum

Bacteroidetes

Firmicutes
Proteobacteria
Tenericutes
Spirochaetae
SR1_Absconditabacteria
Actinobacteria
Saccharibacteria
Cyanobacteria

081
0.80
073
0.65
059

LCaP

McaP

55.96
36.82
271
1.10
0.68
0.56
064
0.55
0.48

HCaP

5588
34.46
435
0.76
0.94
067
0.56
0.45
052

SEM?

p-value'

Treatment Linear Quadratic
099 081 095
095 077 077
043 044 052
024 028 013
037 056 0.11
084 059 048
072 031 067
067 026 098
093 061 090

'Treatments: CON=control group, basal diet; LCaP=low calcium propionate, basal diet plus 200g/day calcium propionate; MCaP=medium calcium propionate, basal diet plus
350g/dlay calcium propionate; and HCaP =high calcium propionate, basal diet plus 500g/day calcium propionate.

*SEM = Standard error of the mean.





OPS/images/fmicb-13-847488/fmicb-13-847488-t004.jpg
Phylum

Bacteroidetes

Fimicutes

Proteobacteria

Saccharibacteria
Spirochaetae

Genus

Prevotella_1
Prevotellaceae_UCG-001
Prevotellaceae_UCG-003
Pseudobutyrivibrio
Rikenellaceae_RC9_gut_group
Acetitomaculum

Butyrivibrio_2
Christensenellaceae_R-7_group
Eubacterium_coprostanoligenes_grou
Eubacterium_ruminantium_group
Lachnospiraceae_NK3A20_group
Ruminococcaceae_NK4A214_group
Ruminococcaceae_UCG-005
Ruminococcaceae_UCG-014
Ruminococcus_1

Ruminococcus_2
Saccharofermentans

Schwartzia

Selenomonas_1

Succiniclasticum
Succinivibrionaceae_UCG-001
Succinivibrionaceae_UCG-002
Candidatus_Saccharimonas
Treponema_2

Treatments' p-value
SEM?
CON LCcaP MCaP HCaP Treatment  Linear  Quadratic
a7.77 39.88 42.00 4220 1.76 0.81 0.36 0.86
237 225 202 21 0.16 0.88 049 0.80
151 121 122 1.10 0.08 0.32 009 061
069 077 077 073 006 098 081 071
248 181 225 1.90 016 042 033 059
123 0.83 139 0.95 0.1 0.29 073 094
149 137 157 1.15 0.14 077 055 0.63
271 246 299 245 021 079 089 079
062 048 055 0.46 003 024 011 068
067 063 061 057 005 092 050 094
207 201 234 1.75 0.16 067 071 047
326 2.66 359 311 021 0.50 085 077
065 066 074 0.50 008 059 054 032
155 171 142 134 o1 068 040 052
115 144 124 117 0.10 077 097 038
161 1.74 235 167 0.19 051 063 0.38
075 068 072 0.58 0.05 o7 037 073
059 047 039 0.60 007 0.70 091 0.29
128 098 1.05 1.09 010 076 055 0.41
494 483 am 564 042 0.88 064 0.56
052 187 049 272 0.48 0.29 022 0.68
2.06 1.61 187 1.90 032 0.89 078 0.50
065 053 055 0.45 0.08 067 026 098
080 067 067 0.93 008 0.36 054 010

'Treatments: CON=control group, basal diet; LCaP=low calcium propionate, basal diet plus 200g/cday calcium propionate; MCaP=medium calcium propionate, basal diet plus
3509/day calcium propionate; and HCaP =high calcium propionate, basal diet plus 500g/day calcium propionate.
*SEM = Standard error of the mean.
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Ingredients Composition (%) ~ Nutrientlevel ~ Composition
Sprouting corn bran 219 DM (%) 50
Stem-flaked comn 358 CP (%) 17.70
Cotton seed 228 NEZ, Mcalkg 1.72
Megalac' 050 NDF (%) 28.01
Fat powder 114 ADF (%) 15.87
Pelleted beet pulp 1.31 EE (%) 447
Wet brewers' grains 373 Ash (%) 9.07
Alfalfa 9.90 Ca (%) 0.85
Oat hay 2.16 P (%) 042
Concentrate? 4193

Corn siage 3131

'The megalac is a rumen-protected fat supplement. (Volac Wilmar Feed Ingredlents Lt
Hertfordshire, United Kingdom).
*The concentrate for postpartum dairy cows was manufactured by Bejing Sanyuan
Seed technology Co., Ltd (Bejing, China). The nutrient levels of the concentrate: DM,
38.50%; CP 28.91%; NDF, 13.20%; ADF, 7.40%; Ash, 13.1% Ca, 1.41%; R, 0.58%;

K, 1.20%; Mg, 0.58%; Na, 0.99%; Cu, 46.25mg/kg; Fe, 80.30mg/kg; Zn, 136.76mg/kg;
VA, 20.53 KIU/kg; VD, 3548.51U/kg; and VE, 116.91U/g.

The NE, was calculated according to NAC (2001).
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Treatments' p-value
Items SEM?
CON LCaP MCaP HCaP Treatment  Linear  Quadratic ~ Week  TreatmentxWeek

pH 6.56 6.49 678 636 004 0.40 0.10 081 0.56 097
MCP®, mg/dL 61.48 56.48 58.61 60.90 1.05 0.10 0.89 002 <0.001 023
NH:-N, mg/dL. 1122 1158% 1801 1260* 027 0.04 0.01 071 0.03 040
Total VFA, mmol/L 97.73 10385 110.70 11238 318 025 005 082 <0.001 0.10
Acetate, mmol/L 59.97 63.70 68.23 68.78 197 025 0.05 078 <0.001 008
Propionate, mmollL 2282 25.82 25,62 26.35 078 0.33 0.07 074 <0.001 o
so-butyrate, mmoll.  0.86 082 090 088 003 077 057 073 <0.001 048
Butyrate, mmol/L 11 11.47 12,51 12.76 040 033 0.07 093 0.002 031
Iso-valerate, mmol/L. 1.60 1.55 1.79 1.91 007 o1 0.03 035 <0.001 048
Valerate, mmol/L 1.38 149 164 169 005 0.05 0.007 091 <0.001 026
Acetate: propionate 269 265 272 260 004 or2 0.55 065 0.59 067

““Means in the same row with different superscripts differ significantly (0 <0.05).
'Treatments: CON=control group, basal diet; LCaP=low calcium propionate, basal diet plus 200g/day calcium propionate; MCaP =medium calcium propionate, basal diet plus

350/day calcium propionate; and HCaP=high calcium propionate, basal diet plus 500g/day calcium propionate.

“SEN = Standerd error of the mean.

SMCH

ficrobial crude protein.
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Weeks of age Items Lean-type Fatty-type P-value
4 CHOL (umol/L)  5.17 £1.45°  6.80 +£1.208  <0.0001
TG (mmol/L) 0.30 £0.10 0.344+0.142 0.2177

HDL-C (umol/L)  2.94 +£0.73°  3.57 & 0.652 0.0008

LDL-C (umol/L)  1.29 +£0.47° 215+0.642  <0.0001

6 CHOL (umol/L)  4.69 +£0.64° 596+ 0572  <0.0001
TG (mmol/L) 0.39+£0.08° 0.54+0.118  <0.0001

HDL-C (umol/l) 2.76 £0.36®° 3.31 £0.33%  <0.0001

LDL-C (umol/L)  1.12+0.216 1,59 & 0.292 <00001

Different shoulder marks of lowercase letters mean significant difference (P < 0.05),
different capital letters mean extremely significant difference (P < 0.01), and the
same or no letters mean insignificant difference (P > 0.05).

1Data represent the means of 8 replicate cages (n = 8).

CHOL, cholesterol; TG, triglyceride; HDL-C, high density lipoprotein cholesterol;
LDL-C, low density lipoprotein cholesterol.
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Control P Ulva P t p-value

Chaot 142.92 + 36.18 139.34 £ 59.75 0.11 0.93
Shannon 1.65+0.17 1.84 £0.17 —2.45 0.07
Simpson 0.68 £0.11 0.74 £0.11 —0.99 0.36

Proximate composition of Control diet: 55.2% crude protein, 12.4% crude lipid,
3.0% fiber, 12.8% ash), and Ulva diet: 55.0% crude protein, 12.0% crude lipid,
3.3% fiber, 13.1% ash. Values represent the mean + SD. No significant differences
were found between Control A vs. Ulva A (t-test, t, p > 0.05).
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Ingredients (g kg~ dry weight) Control diet Ulva diet

Fishmeal LT' 674 660
Ulva ohnoi meal 50
Squid meal 50 50
Fish protein hydrolysate® 50 50
Krill meal? 10 10
Shrimp meal® 10 10
Gluten meal? 20 20
Soybean protein concentrate* 20 20
Fish oil 30 29
Soybean lecithinMaltodextrin 2046 2011
Choline chloride® 10 10
Vitamin and mineral premix® 20 30
Guar gum? 15 15
Alginate® 15 15

1(69.4% crude protein, 12,3% crude lipid), Norsildemel (Bergen, Norway); 2 Local
provider (Lifebioencapsulation SL, Almeria Spain);  (81% crude protein, 8.8%
crude lipid) Sopropeche (France); 4(65% crude protein, 8% crude lipid) DSM
(France); ®Sigma-Aldrich (Madrid, Spain); 8Mineral and vitamin premix according to
Vizcaino et al. (2018). Proximate composition of Control diet: 55.2% crude protein,
12.4% crude lipid, 3.0% fiber, 12.8% ash), and Ulva diet: 565.0% crude protein,
12.0% crude lipid, 3.3% fiber, 13.1% ash.
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Control diet Ulva diet t p-value

FBW (g) 56.46 + 1.16a 50.05 £+ 1.09b 12.15 0.007
WGR (%) 351.97 &+ 9.50a 307.92 + 8.94b 32.89 0.003
FCR 1.0+ 01 1.1 £01 —0.63 0.53

Proximate composition of Control diet: 55.2% crude protein, 12.4% crude lipid,
83.0% fiber, 12.8% ash), and Ulva diet: 55.0% crude protein, 12.0% crude lipid,
3.3% fiber, 13.1% ash. FBW: final body weight; WGR: weight gain rate; FCR: feed
conversion ratio. Values are mean + SD of triplicate tanks. Different letters indicate
significant differences between the experimental diets (t-test, t, p < 0.05).
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Control A Ulva A t p-value

Chaot 224.50 + 45.10 162.35 +£ 30.75 2.45 0.56
Shannon 1.77 £ 0.26 1.74 £0.20 0.22 0.82
Simpson 0.65+0.14 0.69 £0.13 —0.46 0.66

Proximate composition of Control diet: 55.2% crude protein, 12.4% crude lipid,
3.0% fiber, 12.8% ash), and Ulva diet: 55.0% crude protein, 12.0% crude lipid,
3.3% fiber, 13.1% ash. Values represent the mean + SD. No significant differences
were found between Control A vs. Ulva A (t-test, t, p > 0.05).
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Item Treatment SEM P-value
CON GIN
Pepsin (U/mg) Rumen 13.59 4.300 1.129 <0.001
Abomasum 134.9 119.8 6.876 0.151
Trypsin (U/mg) Duodenum 2,798 3,080 490.5 0.692
Jejunum 3,500 2,755 300.6 0.110
lleum 320.1 107.0 56.99 0.025
Colon 1,260 1,242 566.5 0.986
Chymotrypsin(U/mg) Duodenum 3.300 3.750 1.306 0.814
Jejunum 0.710 1.440 0.510 0.333
lleum 2.000 1.670 0.893 0.799
Colon 3.200 2.690 0.477 0.469
a-amylase (U/mg) Rumen 0.480 1.290 D162 0.004
Abomasum 2.910 1.560 0.967 0.349
Duodenum 2.670 3.000 0.428 0.591
Jejunum 3.160 2.100 0.302 0.033
lleum 1.300 3.440 1.005 0.163
Colon 0.920 1.860 0.336 0.078
Lipase (U/mg) Rumen 120.0 75.61 12.61 0.032
Abomasum 86.71 73.08 16.99 0.583
Duodenum 196.2 53.60 42.68 0.040
Jejunum 31.39 39.90 5.506 0.300
lleum 15.62 30.88 6.674 0.257
Colon 37.79 32.68 3.361 0.308
Cellulase (U/mg) Rumen 391.1 1,307 158.9 0.002
Abomasum 685.5 435.0 137.3 0.226
Duodenum 3441 338.0 70.99 0.953
Jejunum 169.7 1711 40.88 0.981
lleum 854.7 672.5 205.8 0.545
Colon 1,465 1,008 248.2 0.223
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Index Rumen Abomasum Duodenum

CON GIN P-value CON GIN P-value CON GIN P-value
Observed species 1,709 1,463 0.451 1,722 1,356 0.220 1,374 1,217 0.615
Good's coverage 0.987 0.989 0.414 0.988 0.989 0.686 0.985 0.989 0.303
Shannon 8.189 7.088 0.109 8.219 7.055 0.052 6.065 6.427 0.661
Chao 1 1,958 1,651 0.378 1,921 1,599 0.378 1,800 1,434 0.307
Simpson 0.987 0.921 0.103 0.983 0.961 0.034 0.911 0.942 0.632
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KEGG pathway Treatment P Value
GIN CON

Amino acids metabolism Nitrogen metabolism 0.595 0.508 <0.001
beta Alanine metabolism 0.154 0.111 <0.001
D-Glutamine and D-glutamate metabolism 0.130 0.136 0.003
Taurine and hypotaurine metabolism 0.108 0.076 0.006
Phosphonate and phosphinate metabolism 0.037 0.020 0.005
Selenocompound metabolism 0.415 0.392 0.021
D-Alanine metabolism 0.086 0.054 0.054
Cyanoamino acid metabolism 0.210 0.170 0.130
D-Arginine and D-ornithine metabolism 0.002 0.001 0.262
Glutathione metabolism 0.142 0.126 0.408

Carbohydrate metabolism Fructose and mannose metabolism 0.502 0.405 0.001
Pentose phosphate pathway 0.651 0.604 0.004
Galactose metabolism 0.672 0.510 0.010
Pentose and glucuronate interconversions 0.298 0.231 0.022
Various types of N-glycan biosynthesis 0.051 0.101 0.049
Amino sugar and nucleotide sugar metabolism 1.209 1.148 0.037

Lipid metabolism Primary bile acid biosynthesis 0.018 0.023 0.027
Secondary bile acid biosynthesis 0.018 0.023 0.011
Arachidonic acid metabolism 0.016 0.010 0.019
Glycerolipid metabolism 0.267 0.160 0.023
Biosynthesis of unsaturated fatty acids 0.090 0.063 0.024
Sphingolipid metabolism 0.185 0.107 0.033
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Item

Ingredients (%)
Corn straw

Corn meal

Soybean meal

Corn germ meal
Sunflower seed meal
Wheat bran
Limestone

CaHPO4

NaCl

Mineral salt and vitamins?®

Chemical composition (n = 8)

DM, %

Crude protein, %
Ether extract,%
NDF, %

ADF,%
Starch, %

Metabolizable energy, MJ/kg of DM

CON/GIN

40.0
21.0
10.2
9.0
5.0
10.5
1.0
0.8
0.5
2.0

97.8
9.3
5.4

51.7

241

22.6

13.5

aMineral salt and vitamins: purchased from Agriportal, were comprised of (per kg):
16.5gCa 859gR 11.5gNa, 1.6 gMg, 1.5gK, 1.79 S, 1.259g Fe, 1.22 g Mn,
1.23 g Z, 240 mg Co, 1,750 mg Cu, 450 mg I, 50 mg Se, 350,000 IU/Ib vitamin A,

55,000 IU/Ib vitamin D3 and 500 IU/Ib vitamin E.
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Item® Treatment SEM P-value

CON GIN

DMI (g/d) 1,294 1,026 43.39 <0.001
Initial weight (kg) 13.24 13.46 0.803 0.548
Final weight (kg) 15.85 13.11 1.586 0.001
ADG (g/d) 110.4 —14.45 16.76 <0.001
Apparent digestibility, %

DM 67.50 64.33 0.683 0.011
CP 63.99 55.46 1.507 0.004
NDF 62.77 59.85 1.922 0.318
ADF 36.18 27.86 2.667 0.058
Ether extract 77.80 70.76 1.397 0.007
Ash 87.48 55.46 2.696 0.968

2\alues are presented as means + SEM and significance between different
treatments was assessed by a P-value of less than 0.05. The same as below.
bDMI, dry matter intake; ADG, average daily gain; DM, dry matter; CR crude
protein; NDF, neutral detergent fiber; ADF, acid detergent fiber.
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