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Abstract

:

Enteric methane (CH4) is an important greenhouse gas emitted by ruminants. Cervidae produces less CH4 than other ruminants, but the underlying mechanism remains unclear. Here, we measured and compared the gas production, nutrient digestibility, gut microbiota composition, and fermentation characteristics of roe deer (n = 4) and goats (n = 4). After the animals had adapted to the same total mixed ration for 21 days, the gas yield was measured using respiration chambers, and fecal samples were collected. The CH4 yield (g/kg DMI) was significantly lower in roe deer than in goats (p < 0.001), while the difference in carbon dioxide yield was not significant (p > 0.05). Roe deer showed lower digestibility of dry matter (p = 0.005), crude protein (p < 0.001), and neutral detergent fiber (p = 0.02) than goats. Principal coordinate analysis revealed that the bacterial and methanogen communities were significantly different between roe deer and goats, indicating a potential role of host genetics. Roe deer and goats showed enrichment of specific key bacterial and methanogen taxa. The relative abundances of Bifidobacterium, Ruminococcus, Succinivibrio, Treponema, Prevotella, Lachnoclostridium, Christensenellaceae R7, and members of the family Lachnospiraceae were higher in roe deer than in goats (p < 0.05). Methanocorpusculum and Methanobrevibacter were dominant methanogens in the guts of roe deer and goats, respectively, but their species compositions differed significantly between the host species. The predicted metabolic pathways, including those for butyrate and propionate, were significantly more abundant in roe deer than in goats (p < 0.05). The molar proportions of propionate and branched volatile fatty acids were significantly higher in roe deer and goats (p < 0.01), respectively. The variation in CH4 yield was characterized by correlations between digestibility, bacteria and methanogens between roe deer and goats, particularly for members within the taxa Lachnospiraceae and Methanosphaera. In summary, our results revealed that gut bacteria and methanogens differ significantly between high- and low-CH4 emitters and identified microbial taxa potentially involved in the mitigation of CH4 production in ruminants.
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1. Introduction


Ruminant livestock shares a long history with human society because of their capacity to provide humans with food, mainly milk and meat [1]. It is estimated that global milk production will increase by 63% by 2050 due to the growing global population [2]. With increases in population size and livestock productivity, the global anthropogenic emissions of methane (CH4), one of the most potent greenhouse gases, increased 1.9-fold from 1961 to 2017, accounting for 50–55% of the total gas emissions since 2000 [3]. Importantly, enteric CH4 emissions from ruminant livestock account for approximately 5.8% of anthropogenic CH4 emissions [4]. The global warming potential of CH4 is 28 times greater than that of carbon dioxide (CO2), and the gas has an atmospheric half-life of approximately 12.4 years [3]. Ruminant enteric CH4 production is also associated with feed conversion since 2–12% of the gross dietary energy can be lost due to CH4 production [5,6]. Therefore, reducing CH4 emissions will not only have important environmental implications but also improve the efficiency of ruminant livestock production.



Enteric CH4 from ruminants is a natural byproduct arising from the microbial fermentation of high-fiber plant biomass in the gastrointestinal tract (GIT) [7]. Methanogenic archaea (i.e., methanogens) in the GIT are the keystone species for CH4 formation [8], consuming the substrates (H2, CO2, formate, methylated compounds, and acetate) released by bacteria, protozoa, and fungi to meet their energy needs [6]. The formation of CH4 is also particularly important for maintaining a low partial pressure of H2, facilitating optimal fermentation activity in the GIT [9]. Poulsen et al. (2013) found that the RCC clade (Methanomassiliicoccales) has a high potential as a target for mitigating CH4 emissions from the bovine rumen [10]. Shi et al. (2014) reported elevated relative abundances of Methanosphaera spp. and Methanobrevibacter gottschalkii in the rumen of low- and high-CH4-yield sheep, respectively [11]. Further analysis revealed the enrichment of lactate-producing Sharpea spp. communities, characterized by the utilization and production of lactate, in the low-CH4-yield sheep [12]. These results suggested the possible modification of metabolic cascades by bacteria and methanogens during CH4 production. Indeed, a large-scale study of 1000 cows identified the specific bacteria strongly associated with CH4 production, including members of the family Succinivibrionaceae, Prevotella spp., and the order Bacteroidales [13]. These results showed that the association between GIT bacteria, methanogens, and CH4 emissions differed between low- and high-CH4 emitters.



Host genetics and dietary composition are two main factors affecting the GIT microbiota. It has been reported that individual variations in CH4 production in cows are independently influenced by host genotype and the GIT microbiota (bacteria and methanogens), contributing 21 and 13%, respectively [14]. Recent evidence showed that host phylogeny better explained the archaeal diversity than diet, and the phylogenetic signal was significant and strongest for herbivores [15]. Although strategies directly targeting the methanogen community and methanogenesis pathway by supplementation with structural analogs can reduce CH4 emissions [1], the effect is transient, presumably owing to microbial adaptation [16] and resilience [17]. These results suggested that CH4 emissions are likely affected by ruminant species. It has been reported that deer produce relatively small amounts of CH4 per ingested food unit compared with cattle [18]. Interestingly, roe deer (Capreolus pygargus), a member of the family Cervidae, emits significantly less CH4 than other ruminants [19], providing a unique and native ruminant model for understanding reduced CH4 formation. However, the dietary differences between these ruminant species were not considered, highlighting the importance of evaluating and comparing CH4 emissions and GIT bacteria and methanogens between roe deer and other ruminants under the same dietary conditions. Importantly, a recent study demonstrated that fecal methanogen profiles may be a useful proxy in predicting the daily CH4 and CO2 emissions of beef cattle [20]. Therefore, it is hypothesized that CH4 emissions, fecal bacteria, methanogens, and their relationships are likely distinct between roe deer and other ruminants under the same dietary conditions.



In this study, we analyzed and compared the determinants of CH4 emission between roe deer and goats and were able to show the following: (i) roe deer produced significantly less CH4 than goats; (ii) roe deer and goats enriched specific key bacterial and methanogenic taxa in the GIT, shifting the function toward propionate production in low-methane emitters; and (iii) the difference in CH4 emissions was characterized by a correlation between the microbiota and digestibility.




2. Materials and Methods


2.1. Experimental Animals and Study Design


Body weight (BW) affects methane production [18]. In this study, a total of eight male, two-year-old animals were used (BW = 31.4 ± 1.3 kg), including roe deer (n = 4, BW = 32.13 ± 0.31 kg) and goats (n = 4, BW = 31.73 ± 0.30 kg). Each animal was maintained in an individual open-circuit respiration chamber (length × width × height = 1.70 × 0.83 × 1.40 m3, Figure 1A). The animals were offered a total mixed ration (TMR, concentrate to alfalfa hay ratio = 30:70, dry matter (DM) basis, Table S1) twice daily (at 7:00 a.m. and 16:00 p.m.) and had free access to drinking water. Approximately 10% feed refusal was observed. All animal-specific procedures were approved and authorized by the Animal Ethics Committee of Jilin Agricultural University. After 3 weeks of adaptation to the diet, a formal experiment was conducted from d 22 to d 24 in a respiratory chamber.




2.2. Measurement of Gas Production, Sample Collection, and Analyses


The respiratory chamber was maintained within fixed temperature (22 to 24 °C) and humidity (50 to 70%) ranges by using an air conditioner and a heater installed inside the chamber. The CH4 and CO2 production of roe deer and goats in each respiration chamber was measured daily for 24 h, and recorded at approximately 21 min intervals by an analyzer for a duration of 3 min with residual air flushed before each measurement. The CH4 and CO2 levels were measured with a nondispersive infrared sensor (AGM 10; Sensors Europe GmbH, Erkrath, Germany) at a flow rate of 0.3 L/min. The stainless-steel floor in the respiration chamber included a tray that was used to collect feces for 3 consecutive days before morning feeding. The respiration chamber and plastic screen were cleaned every day. Approximately 5 g of feces from roe deer and goats were collected immediately after defecation each day from d 22 to d 24 and frozen in liquid nitrogen and stored at −80 °C for further analysis. The retained feces were fixed in 10% H2SO4 and then stored in a sealed container at −20 °C for the digestibility trial.



The diet and fecal samples were thawed and dried at 65 °C for 48 h and then ground through a 1 mm sieve before further analysis. Samples were analyzed in duplicate to determine the DM (method No. 934.01), crude protein (CP, method No. 954.01), and ether extract (EE, method No. 920.39), according to AOAC [21]. The levels of neutral detergent fiber (NDF) and acid detergent fiber (ADF) were determined based on the method described by [22]. The volatile fatty acid (VFA) concentrations in feces were measured using gas chromatography (GC) with a flame ionization detector and a DB-FFAP column (30 m × 0.25 μm × 0.25 μm; Agilent Technologies 6890GC, Valencia, CA, USA) according to a previously described method [23].




2.3. DNA Extraction, 16S Ribosomal RNA (16S rRNA) Gene Amplification, and Sequencing


The fecal samples (~200 mg) were used to extract genomic DNA using the MoBio PowerFecal kit (QIAGEN, Valencia, CA, USA) with bead beating using FastPrep-24 (MP Biomedicals, Illkrich, France). The DNA integrity and quantity were determined using 1.0% agarose gel electrophoresis and a NanoDrop ND-1000 instrument (Thermo Scientific, Wilmington, NC, USA). The DNA was stored at −80 °C for later analysis. The bacterial 16S rRNA gene V3-V4 region was amplified using the primers 341F (5′-CCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) [24]. The primer sets met86F and met1340R were used to amplify the full-length 16S rRNA gene of methanogens from the genomic DNA for each sample [25], where both the forward and reverse 16S primers were tailed with an eight-base barcode sequence to each sample. The resulting amplicons were purified using a QIAquick PCR Purification Kit (QIAGEN, Valencia, CA, USA), and the purified amplicons were quantified by Qubit 3.0, and then pooled in equimolar concentrations. For the bacterial 16S rRNA gene, the purified PCR amplicons were then used to construct the Illumina paired-end library and then were sequenced on an Illumina MiSeq platform to produce 250 bp paired-end reads. For the methanogen 16S rRNA gene, SMRTbell libraries were prepared from the amplified DNA by blunt ligation according to the manufacturer’s instructions (Pacific Biosciences, New York, NY, USA). The purified SMRTbell libraries were sequenced on PacBio with sequencing 2.0 chemistry. The circular consensus sequences (ccs) were generated from raw PacBio sequencing data using the SMRT Link Analysis software version 9.0 with a minimum predicted accuracy = 0.99 and a minimum number of passes = 3.




2.4. Bioinformatics and Statistical Analyses


For the bacterial 16S rRNA sequences, the paired-end sequences were assembled into contigs using FLASH [26], which were applied to quality control using Trimmomatic software v0.39 [27] according to the following criteria: sequences with an average quality < 25 over a 50 bp sliding window were rejected; the minimum quality score was 25; the maximum number of errors in the barcode was 0; the maximum length of homopolymer run was 6; the number of mismatches in the primer was 0; ambiguous and unassigned characters were excluded. The obtained sequences were then analyzed using QIIME v1.9.1 [28]. Briefly, the bacterial 16S rRNA sequences and methanogen ccs sequences were clustered into operational taxonomic units (OTUs) using UPARSE at 97 and 98.65% sequence similarity, respectively [29], and the possible chimeric sequences were removed using UCHIME [30]. The representative sequences of each OTU were assigned against the SILVA database (SSU138.1), using the RDP classifier with a confidence threshold of 0.8 [31]. The alpha diversity indices including Shannon, Simpson, Chao1, and Good’s coverage were also calculated using QIIME v1.9.1. The phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) was applied to predict the potential functions [32], and summarized according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.



Principal coordinate analysis (PCoA) was used to compare the bacterial and methanogen communities of roe deer and goat feces based on unweighted UniFrac distance, weighted UniFrac distance, and Bray–Curtis dissimilarity matrix. Analysis of similarities (ANOSIM) was applied to calculate group similarity. Adonis was used to analyze the strengths and significance of microbial communities between roe deer and goats. The p-values were determined by 999 permutations.



The gas yields, apparent digestibility, diversity indices, relative abundances of bacteria or methanogens, and KEGG pathways in roe deer and goats were analyzed using the Mann–Whitney test in SPSS 26.0 (IBM, Armonk, NY, USA). Significance was determined based on the Benjamini–Hochberg corrected p-value (false discovery rate < 0.05). The values are expressed as the mean ± standard error (SE) unless otherwise stated.




2.5. Co-occurrence Network of the Fecal Microbiota, Digestibility, and Gas Yields


To identify taxa significantly associated with the digestibility of DM, NDF, and CP and with the CH4 and CO2 yields in roe deer and goats, we calculated the point biserial correlation coefficient with the r.g function and set the significance criteria to p < 0.05 and R > 0.7. Cytoscape (version 3.9.1) was used to visualize association networks with the Radial [33] radial layout algorithm, whereby taxa, digestibility, and gas production were represented as nodes, and edges were weighted on the basis of positive or negative associations between the nodes. CentiScaPe 2.2 was used to analyze the network parameters, including average distance, betweenness, and degree [34]. Then, molecular complex detection (MCODE) was applied to detect densely connected networks in the interaction networks [35].





3. Results


3.1. Variation in Gas Yields, Digestibility, and VFAs between Roe Deer and Goats


Open-circuit respiration chambers (Figure 1A) were used to measure the gas yield from roe deer and goats (Figure 1B) fed a TMR diet. The dry matter intake levels (DMI, roe deer = 745.18 g/d, goats = 767.11 g/d, p > 0.05) and the CO2 yield (roe deer = 776.54 g/kg DMI, goats= 799.73 g/kg DMI, p > 0.05) were not significantly different, while the CH4 yield from roe deer (10.76 g/kg DMI) was significantly lower than that from goats (19.25 g/kg DMI, p < 0.001, Mann–Whitney test, Figure 1C). Moreover, goats exhibited a higher digestibility of DM (p = 0.005), CP (p < 0.001), and NDF (p = 0.02) than roe deer, whereas the digestibility of EE (p > 0.05) and ADF (p > 0.05) was not significantly different between the two animals (Figure 1D). The methane production per kilogram of digested NDF was significantly lower in roe deer than in goats (p = 0.01). The VFA analysis results revealed that the molar proportion of propionate in roe deer was significantly higher than that in goats (p = 0.007), while the proportions of isobutyrate (p = 0.001) and isovalerate (p = 0.003) were lower than those in goats (Figure 1E).




3.2. Bacterial Community Composition and Differences between Roe Deer and Goats


A total of 574,355 and 509,342 high-quality 16S rRNA gene sequences were generated from the roe deer and goat feces, with an average of 47,862 and 42,445 sequences, respectively. A total of 3198 operational taxonomic units were identified from roe deer and goat fecal samples based on 97% sequence similarity. The Good’s coverage ranged from 98.3 to 98.9%.



We then examined the bacterial community composition, and a total of 18 phyla were identified in roe deer and goat feces (Figure 2A). The phylum Firmicutes was the dominant bacterial taxon in the feces of roe deer (60.29 ± 2.19%) and goats (63.08 ± 1.27%), followed by the phylum Bacteroidota (roe deer = 23.42 ± 1.34%, goats = 28.40 ± 1.08%). Moreover, the phyla Spirochaetota (4.81 ± 0.65%), Actinobacteriota (4.10 ± 1.21%), and Proteobacteria (3.00 ± 1.15%) accounted for more than 3% of the bacteria in roe deer feces, while the phylum Verrucomicrobia (3.72 ± 1.49%) was abundant in goat feces. Furthermore, a total of 278 bacterial genera were identified from the feces of roe deer and goats (Figure 2B).



The genera UCG 005 and UCG 010 within the family Oscillospiraceae, Rikenellaceae RC9, and Christensenellaceae R7 were the abundant bacteria in roe deer feces (12.51 ± 2.68%, 5.07 ± 0.75%, 6.65 ± 0.84%, and 8.75 ± 1.26%, respectively) and goat feces (11.24 ± 0.65%, 8.8 ± 0.94%, 7.78 ± 0.73%, and 4.81 ± 0.50%, respectively). In addition, Treponema spp. (4.73 ± 1.82%) and Ruminococcus spp. (4.37 ± 0.84%) were also prevalent in roe deer feces. In goat feces, Bacteroides spp. (6.03 ± 0.92%), Alistipes spp. (4.18 ± 0.31%) and the Eubacterium coprostanoligenes group (4.02 ± 0.66%) also showed relatively high abundances.



We then determined the difference in the fecal bacterial community between roe deer and goats. A total of 2171 OTUs were shared between roe deer and goats, while 676 and 351 unique OTUs were present in roe deer and goat feces, respectively (Figure 2C). Comparisons of diversity indices revealed that the number of OTUs and Chao 1 index were significantly higher in roe deer than in goats (p < 0.01, Figure 2D). However, the Shannon and Simpson indices were not significantly different between the two animals (p > 0.05). The PCoA results showed that the fecal bacterial community and its composition were significantly different between roe deer and goats based on the Bray–Curtis dissimilarity matrix, unweighted UniFrac distance, and weighted UniFrac distance (Figure 2E).



We thus examined the significantly different taxa between roe deer and goats using the Mann–Whitney test (p < 0.05). The relative abundances of the phyla Spirochaetota, Actinobacteriota, Proteobacteria, Fibrobacterota, Campylobacterota, and Desulfobacterota in the feces of roe deer were significantly higher than those in the feces of goats, while the relative abundances of Bacteroidota and Verrucomicrobiota in the feces of roe deer were lower than those in the feces of goats (Table S2). A further comparison revealed that a total of 96 genera were also significantly different between roe deer and goats (p < 0.05, Figure 3 and Table S3). For instance, the relative abundances of Agathobacter, Bifidobacterium, Corynebacterium, Lachnoclostridium, Prevotella, Ruminococcus, Succinivibrio, Treponema, unclassified Bacteroidales RF16, unclassified Bradymonadales, Christensenellaceae R7, unclassified Clostridia UCG 014, Lachnospiraceae AC2044, Lachnospiraceae NK4B4, NK4A214 (Oscillospiraceae), Prevotellaceae UCG 001, Prevotellaceae UCG 003, the E. ruminantium group, and the E. siraeum group in roe deer were significantly higher than those in goats. However, the proportions of Akkermansia, Alistipes, Bacteroides, Blautia, Butyrivibrio, Coprococcus, Mailhella, Monoglobus, Negativibacillus, Romboutsia, Roseburia, Phascolarctobacterium, the E. brachy group, the E. coprostanoligenes group, and the E. nodatum group were higher in roe deer than in goats (Figure 3).



We then predicted potential functions using PICRUSt and compared the relative abundances of KEGG level 3 pathways. The relative abundances of 22 pathways were significantly different between roe deer feces and goat feces (p < 0.05, Table S4). The relative abundances of fatty acid metabolism, benzoate degradation, butyrate metabolism, and propionate metabolism in the feces of roe deer were significantly higher than those in the feces of goats, while the relative abundances of fructose and mannose metabolism, galactose metabolism, and pentose phosphate pathway were significantly lower in the feces of roe deer than in the feces of goats.




3.3. Methanogen Community Composition and Differences between Roe Deer and Goats


A total of 275,062 high-quality, full-length methanogen 16S rRNA gene sequences were obtained, with an average of 11,059 and 11,862 sequences for roe deer and goats, respectively. A total of 5766 OTUs were identified. The Good’s coverage ranged from 93.7 to 99.1%. We then examined the methanogen community composition and identified three phyla: Euryarchaeota (roe deer = 28.92 ± 8.44%, goats = 90.5 ± 4.45%), Halobacterota (roe deer = 57.00 ± 2.59%, goats = 2.50 ± 2.22%), and Thermoplasmatota (roe deer = 13.98 ± 0.91%, goats = 1.57 ± 1.08%, Figure 4A). Furthermore, a total of 16 methanogen genera were identified from the feces of roe deer and goats (Figure S1), which were dominated by Methanobrevibacter (roe deer = 27.96 ± 2.53%, goats = 88.72 ± 4.36%), Methanocorpusculum (roe deer = 57.00 ± 2.58%, goats = 2.50 ± 2.22%), Methanosphaera (roe deer = 0.96 ± 0.20%, goats = 1.73 ± 0.29%), and unclassified members within the family Methanomethylophilaceae (roe deer = 13.06 ± 0.83%, goats = 1.52 ± 1.06%). A total of 23 methanogen species were identified from the feces of roe deer and goats. Mcm. uncultured (Methanocorpusculum spp., roe deer = 56.98 ± 2.59%, goats = 2.49 ± 2.22%) and Mbr. unclassified 2 (Methanobrevibacter spp., roe deer = 20.27 ± 1.94%, goats = 51.88 ± 3.08%) were abundant in the feces of roe deer and goats, respectively (Figure 4B).



We then compared the methanogen community between roe deer and goats. There were 785 shared OTUs between roe deer and goats, while 2154 and 2827 unique OTUs were present in roe deer feces and goat feces, respectively (Figure 4C). Comparisons of the diversity indices showed that the Simpson index was significantly higher in the feces of roe deer than in that of goats (p = 0.008), while the number of OTUs and the Shannon and Chao 1 indices were not significantly different between roe deer feces and goat feces (p > 0.05, Figure 4D). The PCoA results showed that the methanogen community and its composition were significantly different between the roe deer feces and goat feces based on the Bray–Curtis dissimilarity matrix, unweighted UniFrac distance, and weighted UniFrac distance (Figure 4E).



Thus, we further compared the relative abundances of methanogens at the species level. The results showed that the proportions of Mbr. millerae, Mbr. sp. YE315, Mbr. unclassified 1, Mbr. unclassified 2, Mbr. unclassified 3, Msp. unclassified 1, Msp. unclassified 3, and Mbr. ruminantium M1 were higher in the feces of goats than in that of roe deer, whereas the relative abundances of Mcm. uncultured, Mme. unclassified 1, Mme. unclassified 2, RumEn M2 (family Methanomethylophilaceae), Msp. unclassified 4, and Mms. unclassified in goat feces were lower than those in roe deer feces (Figure 5).




3.4. Co-occurrence Network among Bacteria, Methanogens, and Gas Yield


To further explore the possible association of metabolic profiles resulting from the GIT microbiota, we tested for correlation between the bacteria, methanogens, nutrient digestibility, and gas production of roe deer and goats (Figure 6). Analysis of the network parameters showed that the number of edges, clustering coefficient, and network centralization and density was increased in the network of roe deer compared with that of goats (Table S5), indicating a possibly complex and dense association in the gut of roe deer in comparison with that of goats. In the roe deer network, the most abundant bacterial families were Oscillospiraceae (24.17%), Lachnospiraceae (14.75%), Christensenellaceae (8.75%), Rikenellaceae (7.74%), and Prevotellaceae (4.74%). The correlation analysis revealed that the relative abundances of 11 (e.g., Alistipes, Succinivibrio, Bifidobacterium, and Blautia) and 14 (e.g., Alistipes and Blautia) bacterial genera were negatively correlated with CH4 and CO2 yields, respectively. Moreover, the relative abundances of three methanogen species (e.g., Msp. unclassified 4) and three methanogen species (Msp. unclassified 4, Msp. unclassified 2, and Mms. unclassified) were also correlated with CH4 and CO2 yields, respectively (Figure 6A). We also identified the taxa whose abundances were correlated with DM digestibility (four bacterial genera and one methanogen species), NDF digestibility (nine bacterial genera and four methanogen species), and CP digestibility (nine bacterial genera and one methanogen species).



In the association network of goats, the most abundant bacterial families were Oscillospiraceae (27.39%), Lachnospiraceae (13.62%), Rikenellaceae (11.97%), Prevotellaceae (6.70%), and Bacteroidaceae (6.03%). However, only the relative abundance of Romboutsia spp. was negatively correlated with the CH4 yield, and the relative abundance of Candidatus Soleaferrea was positively correlated with the CO2 yield (Figure 6B). We also found that four and five bacterial genera whose abundances were correlated with DM digestibility and NDF digestibility, respectively, and one bacterial genus whose abundance was correlated with CP digestibility (Figure 6B).



To identify the strong associations in the roe deer and goat networks, we applied MCODE analysis. The results showed that CO2, NDF digestibility, nine bacterial genera, and seven methanogen species formed a subnetwork (Figure 6C). In this network, the relative abundances of Christensenellaceae R7, the E. nodatum group, the E. ruminantium group, NK4A214 (Oscillospiraceae), and Mbr. unclassified 2 were positively correlated with NDF digestibility, which was negatively correlated with the relative abundances of Prevotellaceae UCG 001, Succinivibrio, and Mcm. uncultured. The CO2 yields were negatively correlated with the relative abundances of Blautia, Negativibacillus, and Msp. unclassified 4. CH4, CP digestibility, eight bacterial genera, and two methanogen species formed another subnetwork (Figure 6D). The production of CH4 was positively correlated with the relative abundances of Lachnospiraceae NK4B4, Lachnospiraceae NK4A136, and Treponema but negatively correlated with the relative abundance of Bifidobacterium.



In the goat subnetwork, nine bacterial genera and Mbr. ruminantium M1 formed a connected subnetwork, which was positively correlated with the relative abundances of Blautia, Treponema, and uncultured Barnesiellaceae but negatively correlated with the relative abundances of Ruminococcus, Lachnoclostridium, and Rikenellaceae RC9 (Figure 6E). Moreover, the relative abundances of Lachnospiraceae FCS020, Lachnospiraceae AC2044, and Prevotella were positively correlated with the relative abundance of Succinivibrio, which was negatively correlated with DM digestibility and NDF digestibility (Figure 6F).





4. Discussion


Ruminants can be classified into three overlapping morphophysiological feeding types: concentrate selectors (e.g., roe deer, moose, bushbuck), grass and roughage eaters (e.g., sheep, cattle, yak, buffalo), and intermediate, opportunistic, mixed feeders (e.g., goat, red deer, sika deer) [36]. In this study, we first used respiration chambers to evaluate the gas yield of roe deer, a small ruminant species classified as a concentrate selector. The results showed that the CH4 yield of roe deer was significantly lower than that of goats, although the DMI was maintained at a similar level. Consistent with our findings, previous results indicated that roe deer are relatively weak CH4 emitters [19]. Moreover, the CH4 yield per kilogram of DMI of roe deer was significantly lower than that of growing male sika deer (25.4–26.1 g/kg DMI) with different feeding levels (1.5 to 2.5% of body weight) [37], castrated red deer fed ensiled Lucerne chaff (15.8–17.1 g/kg DMI) [38], and Holstein and Jersey’s cows fed a high- (forage: concentrate ratio = 39:61) or low-concentrate diet (forage: concentrate = 68:32, 14.1–21.4 g/kg DMI) [39]. These results demonstrated that concentrate selectors produced less CH4 than intermediate mixed feeders. The mechanism determining high/low CH4 yield in ruminants is complex, but the explanations include differences in passage rates due to differences in rumen size and the resulting digestibility and GIT microbiota [11,12,40]. A previous study demonstrated that low-CH4-yield sheep had a smaller rumen volume and thus a shorter mean retention time of particulate and liquid digest [40]. The physiological difference likely contributes to the difference in CH4 emissions. We also found that the DM digestibility was lower in roe deer than in goats, which was mainly attributed to CP and NDF. Consistent with our findings, Olijhoek et al. (2018) reported that a higher NDF digestibility produced more CH4 per kilogram of DMI [39], because the fermentation of NDF leads to the production of H2 that can subsequently be used to produce CH4. Moreover, the production of CH4 was reduced with a decrease in the rate of protein degradation [41]. CO2 is the main substrate for CH4 formation in ruminants via the removal of metabolic H2 [6]. However, the CO2 yield was not significantly different between roe deer and goats, indicating that H2 disposal is mediated by roe deer. Reductive acetogenesis by acetogens represents an alternative pathway to methanogenesis for removing metabolic H2. Although the molar proportion of acetate was not significant (p = 0.28) between the two groups, there was a decreasing trend in the proportion of acetate in goats (57.21%) compared to roe deer (55.53%). We previously demonstrated that roe deer harbor potentially novel acetogenins from Clostridium spp. [42], suggesting that the GIT microbiota is a main factor affecting CH4 emission. Together, these results suggested that nutrient digestibility and H2 utilization were affected in roe deer during the adaptation of GIT physiology, resulting in variations in CH4 emissions.



We also observed that the molar proportions of propionate and branched VFAs (isobutyrate and isovalerate) in roe deer were increased and decreased significantly, respectively, compared with those in goats. Fermentation leading to acetate and propionate production is typically associated with increased and decreased H2 release, respectively [43], potentially affecting CH4 production. Consistent with our findings, the proportion of propionate was higher in low-CH4-emitting sheep [44], and the molar concentration of propionate and the ratio of (acetate + butyrate) and propionate were lower in low-CH4-emitting dairy cows [45]. These results suggested that the metabolic pathway and fermentation type differed between the two species.



To further elucidate the contribution of the GIT microbiota to CH4 yield, we examined GIT bacteria and methanogens. Members of the phyla Firmicutes and Bacteroidota were the dominant bacteria in the GIT of roe deer and goats, consistent with our previous observations in Bovidae and Cervidae [46]. Our study showed that the weaker CH4 emitter, roe deer, harbored significantly higher relative abundances of Bifidobacterium, Ruminococcus, Succinivibrio, Treponema, Prevotella, Lachnoclostridium, Christensenellaceae R7, Lachnospiraceae AC2044, Lachnospiraceae NK4B4, Prevotellaceae UCG 001, and Prevotellaceae UCG 003. Similarly, the fecal microbiota was also significantly changed when CH4 emissions were suppressed by cashew nut shells [47]. Previous studies have also revealed associations between bacterial genera, including Prevotella, Treponema, and Ruminococcus, and CH4 emission [48,49]. These results suggested that the fecal microbiota likely represents an alternative proxy with which to evaluate CH4 yield, introducing the possibility of breeding animals for a particular microbiome. However, a longitudinal study with large sample size and different dietary conditions is needed to elucidate the role of fecal methanogens in predicting CH4 emissions. Bifidobacterium spp. are important bacteria for dietary carbohydrate degradation and produce lactate, which is further metabolized to either propionate or acetate [49]. Increased lactate production is associated with decreased CH4 yield in sheep [12]. Members of Succinivibrionaceae have also been found in wallabies and are suggested to explain their lower CH4 production per unit of digestible energy intake [50]. The relative abundance of the family Succinivibrionaceae was higher in low-CH4-emitting dairy cows than in high-CH4-emitting dairy cows [45]. A correlation between weak CH4 emitters and Succinivibrionaceae abundance was observed in the cow rumen [13,51]. Members within the family Succinivibrionaceae produce succinate, an intermediate product in propionate production, and in turn inhibit bacterial NADH-H hydrogenase and methanogen activity, leading to lower production of CH4 [52]. Ruminococcus spp. are cellulolytic bacteria that can break down cellulose, a major component of the typical plant-based ruminant diet, as represented by Ruminococcus albus producing ethanol acetate, formate, and H2 during cellulose metabolism and Ruminococcus flavefaciens producing succinate instead of ethanol [53]. Christensenella minuta is a member of Christensenellaceae R7 that can produce acetate and butyrate from glucose [54]. It is known to be a strong driver of the ability of different Prevotella species to utilize certain substrates, a nutritional adaptation that confers an advantage in the rumen environment with different components available through carbohydrate- and protein-rich feeds [55]. Accordingly, the molar proportion of propionate and the abundance of the predicted pathway of propionate metabolism in the feces of roe deer were significantly higher than those in the feces of goats. These results suggested that the increased production of propionate resulting from the changed fecal bacterial community contributed to the lower CH4 emissions of roe deer.



This study demonstrated that Methanocorpusculum and Methanobrevibacter were the most abundant methanogens in the feces of roe deer and goats, respectively. Methanobrevibacter species are the predominant archaea in the GIT of various ruminants and nonruminants [56]. Interestingly, we also previously showed the dominance of Methanocorpusculum in the cecum of juvenile sika deer, suggesting a possible role of host genetics in methanogen composition [57]. Difford et al. (2018) revealed a stronger effect of host genetics than other factors on rumen methanogens [14]. Moreover, a large-scale analysis of fecal archaea from 110 vertebrate species spanning five taxonomic classes also revealed that host–archaea coevolution was strongest for herbivorous mammals, and members of Methanocorpusculum were associated with camel species, while members of Methanobrevibacter and Methanosphaera were associated with Artiodactyla species [15]. Considering that the roe deer and goats were fed the same diets, these results suggested a clear effect of host genetics on GIT methanogens. A recent study that assessed archaeal diversity in great ape feces indicated a potentially diet-associated loss of archaeal taxa during primate evolution [58]. Together, these results revealed that the coadaptation between the diet and gut morphology of roe deer could explain the host-determined GIT methanogen compositions [40,59] and again highlighted that different strategies may be needed to effectively mitigate enteric CH4 emissions from ruminants.



The number of methanogens is not as important as the metabolic activity of the individual methanogenic species with regard to the level of CH4 production [11]. Roe deer specifically showed significantly higher relative abundances of Mcm. uncultured (Methanocorpusculum) and Mme. unclassified 1 (Methanomethylophilaceae), while goats had a higher proportion of Methanobrevibacter (Mbr. millerae, Mbr. sp. YE315, Mbr. unclassified 1, and Mbr. unclassified 2). Methanobrevibacter and Methanocorpusculum were classified as class I and class II methanogens based on 16S rRNA sequences, both of which commonly reduce CO2 using H2 and formate for methanogenesis [59,60]. Comparisons of methanogenesis between Methanobrevibacter and Methanosphaera have indicated that the former genus produces one mole of CH4 for each mole of CO2 [61]. Previous studies have also indicated the relative abundance of the Mbr. gottschalkii clade was linked with higher CH4 production in cows [45] and sheep [11]. Moreover, Methanobrevibacter was divided into two groups, namely, the SGMT clade (Mbr. smithii, Mbr. gottschalkii, Mbr. millerae, and Mbr. thaueri) and the RO clade (Mbr. ruminantium, and Mbr. olleyae) [62], and cows with a higher proportion of SGMT exhibited relatively high CH4 emissions [63]. These significantly enriched methanogen species within Methanobrevibacter were likely responsible for the increased CH4 yield of goats. However, Liu et al. (2018) found that the relative abundance of Methanocorpusculum significantly increased with increasing CH4 production during cow manure storage [64]. Thus, the underlying mechanism and contribution of Methanocorpusculum spp. require further investigation.



These variations in CH4 yield may reflect the different substrate-production capacities of bacteria. Thus, we further explored the correlations among gas emissions, digestibility, methanogens, and bacteria in roe deer and goats. The CH4 and CO2 yields were correlated with the relative abundances of only Romboutsia and Candidatus Soleaferrea in goats but with the relative abundances of several bacteria and methanogens in roe deer. This was unexpected because Methanobrevibacter has been identified as being associated with higher CH4 emissions in cattle [51]. However, the observation in the present study is consistent with our previous finding that the predicted CH4 yield was not associated with any identified microorganisms in ruminant species with the highest CH4 production [65]. The lack of association in this study was likely due to differences in absolute versus relative abundances [48]. Moreover, this study showed that the relative abundances of Alistipes and Blautia were negatively correlated with CH4 and CO2 yields, and the relative abundances of Bifidobacterium and Treponema were negatively and positively correlated, respectively, with the CH4 yield in roe deer. A study of the human gut showed that weak CH4 emitters were mainly defined by the presence of Bacteroides, Butyricicoccus, and Blautia, driving nutrient breakdown toward C1-C3 compounds [66]. Alistipes spp. belong to the Rikenellaceae family, members of which can produce propionate, acetate, and/or succinate as fermentation end product [54]. Blautia spp. are considered hydrogenotrophic acetogens that mediate the conversion of H2/CO2 to acetate using [FeFe]-hydrogenases, and the transcript level of an alternative H2 sink (AcsB) was significantly upregulated in low-CH4-yield sheep, indicating that these species may therefore be more active than methanogens and significantly limit the substrate supply for methanogenesis [67]. As mentioned above, Bifidobacterium spp. produce lactate as a major end product of carbohydrate fermentation. These results suggested that the GIT microbiota could facilitate the trapping of metabolites in the cycle until they are taken up by the host or used for microbial biomass production under low-CH4 conditions. A previous study revealed that dairy cows producing higher CH4 emissions had lower abundances of Succinivibrionaceae and Methanosphaera spp. [68]. Kittelmann et al. (2014) reported that the relative abundance of Methanosphaera was negatively and significantly correlated with CH4 yield [44], in agreement with the CH4 yield. Consistent with these findings, we also found that the relative abundance of Methanosphaera was negatively correlated with the CH4 and CO2 yields. These results suggested that Methanosphaera are likely to be common targets in the GIT for reducing CH4 emissions from ruminants. In the current study, however, several genera belonging to the family Lachnospiraceae formed two closely connected networks in goats. The family Lachnospiraceae was linked to high CH4 yield in sheep [44] and was represented among species that were more abundant in the microbiomes of inefficient cows’ microbiomes [69]. Members of the family Lachnospiraceae, playing an essential role in fiber digestion, were more frequently detected in high-CH4-yield sheep and showed strong interactions among themselves [70]. Thus, interventions targeting Lachnospiraceae members involved in metabolic interactions would be helpful for the mitigation of CH4 production in the future.




5. Conclusions


In this study, we first demonstrated that roe deer produced significantly less CH4 than goats under the same dietary conditions. Roe deer feces exhibited significantly different bacterial and methanogen compositions in comparison with goat feces, which accordingly affected the metabolic pathway and production of propionate. The co-occurrence network analysis revealed that the correlations between gas yields, bacteria, and methanogens were also different between roe deer and goats. The identified microorganisms that significantly changed and showed strong associations with CH4 yield could be targeted for intervention.
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Figure 1. The measurement and comparison of gas yields, digestibility, and VFAs between roe deer and goats. (A) CH4 and CO2 yields from the roe deer and goats were measured using open-circuit respiration chambers; (B) roe deer and goats were used in the present study; (C) comparisons of dry matter intake (DMI), CH4, and CO2 (g/kg DMI) from roe deer and goats; (D) comparing digestibility of nutrients and methane production per kilogram of digested NDF between roe deer and goats; (E) the molar proportion of VFAs in feces of roe deer and goats. The p-value indicates the statistical significance of the differences. The significances were determined using the Mann–Whitney test based on the Benjamini–Hochberg corrected p-values; ns means no significant differences. 
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Figure 2. Bacteria community and composition in feces of roe deer and goats. (A) Clustering the bacterial composition in the feces of roe deer and goats at the phylum level; (B) bacterial community composition in feces of roe deer and goats at the genus level; (C) the shared and unique bacterial OTUs between roe deer and goats; (D) comparing the diversity indices in feces between roe deer and goats; ns means no significant differences; (E) PCoA shows the change of bacterial community based on the Bray–Curtis dissimilarity matrix, unweighted UniFrac distance, and weighted UniFrac distance at the OTU level. ANOSIM and Adonis analyses were used for statistical testing of group similarities and differences. The proportion of variation explained for each axis is given after the colon. Samples from roe deer and goats were clustered into blue and red ellipses. 
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Figure 3. Heatmap showing the significantly changed bacteria in the feces of roe deer and goats at the genus level. Colors indicate the normalized relative abundance of each genus from minimum (blue) to maximum (yellow). The genera with relative abundances greater than 0.2% are presented in the heatmap. Samples from roe deer and goats are indicated by light blue and red bars at top of the heatmap. 
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Figure 4. Methanogen community composition in feces of roe deer and goats. (A) Clustering the methanogen in the feces of roe deer and goats at the phylum level; (B) the methanogen composition in feces of roe deer and goats at the species level; (C) the shared and unique OTUs of methanogens between roe deer and goats; (D) comparing the methanogen diversity indices in feces between roe deer and goats; ns means no significant differences; (E) PCoA results are based on the Bray–Curtis dissimilarity matrix, unweighted UniFrac distance, and weighted UniFrac distance at the OTU level. ANOSIM and Adonis analyses were used for statistical testing of group similarities and differences. The proportion of variation explained for each axis is given after the colon. Samples from roe deer and goats were clustered into blue and red ellipses. 
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Figure 5. The significantly different methanogen species in feces between roe deer and goats. The significances were determined using the Mann–Whitney test based on the Benjamini–Hochberg corrected p-values. 
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Figure 6. Differences in co-occurrence association networks between roe deer and goats. The association network of bacteria (genus), methanogens (species), digestibility, and gas yields between roe deer (A) and goats (B). The association network was calculated with the r.g function and was visualized in Cytoscape with the Radial layout algorithm layout. The densely connected networks in roe deer (C,D) and goats (E,F). The networks were identified by MCODE. The ellipse, rectangle, octagon, and diamond shapes represent bacteria, methanogens, digestibility, and gas yields, respectively. The shape size means the average relative abundance of taxa or the average amount of digestibility and gas yields. The colored ellipse and rectangle indicate bacteria and methanogens, respectively. The gray and pink edge lines represent negative and positive correlations, respectively. Edge width indicates the correlation coefficient, with bold lines for a greater coefficient, and thick lines for a weaker coefficient. 
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